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Stimuli-responsive biomaterials are useful for a variety of therapeutic applications because they 

function in concert with naturally occurring biological processes. This dissertation is focused on 

applications of a pH-responsive biomaterial known as the “Virus-Inspired Polymer for 

Endosomal Release,” or VIPER. VIPER is a cationic polymer-peptide conjugate designed for 

intracellular delivery of nucleic acids. It self-assembles into nanoparticles at neutral pH and 

disassembles at acidic pH to expose melittin, a membrane-lytic peptide. Using this pH-

responsive lytic mechanism, VIPER disrupts endosome membranes after cellular uptake into 

acidic endosomal compartments, delivering its cargo to the cytosol in a virus-like fashion. We 

aim to use VIPER as a platform technology for delivery of cancer vaccines. Because the 

bioactivities of tumor antigens and vaccine adjuvants may be augmented by VIPER’s 

membrane-lytic properties, VIPER-mediated delivery of vaccine components to immune cell 

populations may potentiate anticancer immune responses.
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EXECUTIVE SUMMARY 
 
 
This dissertation is formatted as a collection of articles. Opening and concluding remarks are 
provided in Chapter 1 and Chapter 6, respectively. Chapter 2 and Chapter 3 are adapted with 
permission from published works.1,2 Chapter 4 and Chapter 5 build upon the research described 
in Chapter 3, and they contain data that may be included in future publications. 
 
In Chapter 1, we provide an overview of how biomaterials synergize with cancer therapies. We 
also introduce the “Virus-Inspired Polymer for Endosomal Release” (VIPER), a pH-responsive 
biomaterial that may be utilized as a cancer nanovaccine. 

 
In Chapter 2, we describe development efforts for a VIPER-based mRNA nanovaccine.1 

 
In Chapter 3, we report a VIPER polyplex nanovaccine loaded with both lytic and antigenic 
peptides.2 We show that this polyplex nanovaccine primes antigen-specific immune responses by 
inducing local cell death. 
 
In Chapter 4 and Chapter 5, we highlight a mannosylated VIPER nanovaccine that modulates 
immune responses in unexpected ways. 
  
In Chapter 6, we propose future research directions for the VIPER nanovaccine platform. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
1 Yen, A.; Cheng, Y.; Sylvestre, M.; Gustafson, H. H.; Puri, S.; Pun, S. H. Serum Nuclease Susceptibility of mRNA Cargo 
in Condensed Polyplexes. Mol. Pharm. 2018, 15 (6), 2268–2276. 
 
2Peeler, D. J.*; Yen, A.*; Luera, N.; Stayton, P. S.; Pun, S. H. Lytic Polyplex Vaccines Enhance Antigen‐Specific 
Cytotoxic T Cell Response through Induction of Local Cell Death. Adv. Ther. 2021, 2100005. 
 
*Equally contributing authors. 
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CHAPTER 1  
 
 

Biomaterial Strategies for Cancer Therapy 
 
 
Synopsis. Although cancer afflicts many people around the world each year, we are becoming 

increasingly proficient at treating it. According to a 2020 report by the American Cancer Society, 

the overall cancer mortality rate declined by 29% in the United States from 1991–2017.1 This 

chapter describes biomaterial-based strategies for improving cancer therapies. 
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1.1   An Age-Old Disease 
 

Cancer was first documented in 3,000 B.C. by a scribe in Ancient Egypt.2 He wrote, rather 

ominously:  

 

“There is no treatment.”2 

 

The scribe’s pessimism was warranted. For much of history, the only available cancer treatments 

were surgery and cauterization.3  

 At the turn of the 20th century, treatment regimens for cancer began to evolve.3 Ionizing 

radiation was widely implemented as a cancer therapy within a few decades after the discovery of 

X-rays in 1896.3 Shortly after the end of World War II, the first chemotherapeutic compounds 

were derived from mustard gas, the infamous chemical warfare agent.3 Today, we have an 

astounding variety of cancer therapies available to us, ranging from small molecules to antibodies 

to genetically engineered cell therapies.3,4 

 

1.2   Biomaterials Synergize with Existing Cancer Therapies 
 

Most cancers are treated with a combination of surgery, radiotherapy, and chemotherapy.4 Each 

of these treatment modalities has its disadvantages. Surgical resection and radiotherapy are only 

applicable for patients with accessible, solid tumors.4 Chemotherapy is useful for patients 

presenting with disseminated tumors, but it often causes adverse side effects due to off-target 

drug toxicity.5  

 Biomaterials—defined by the National Institute of Biomedical Imaging and 

Bioengineering as materials “used in medical applications to support, enhance, or replace 

damaged tissue or a biological function”6—synergize well with existing cancer therapies and can 

mitigate some of their shortcomings.5 Many researchers are using biomaterials to reduce the side 
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effects of chemotherapy drugs without sacrificing their potency.5 This is usually accomplished by 

encapsulating drug molecules within a biomaterial or by conjugating drug molecules to the 

biomaterial.5 By encapsulating the drug or forming a drug conjugate, the physicochemical 

properties of the drug may be altered in a therapeutically beneficial manner. For instance, loading 

a small molecule drug into lipid nanoparticles can increase the drug’s stability and circulation 

half-life, reducing the dose required for therapeutic efficacy.5,7  

 Biomaterials can also be synthesized with stimuli-responsive properties, enabling fine 

control over how, where, and when a drug is released.8 Some stimuli-responsive biomaterials 

respond to external stimuli administered by the user (e.g., focused ultrasound), while others react 

to physiological stimuli (e.g., enzyme activity).8 For cancer drug delivery applications, 

biomaterials are often programmed to retain drug when circulating in healthy tissues, releasing 

their payloads after exposure to tumor-specific stimuli.9–11 This concentrates drug at the tumor 

site, enhancing tumor killing without increasing systemic drug toxicity.9–11 

  While much biomaterials-related cancer research is focused on improving the efficiency 

of chemotherapeutic drug delivery, biomaterials can also augment the effectiveness of other 

cancer treatment modalities. For example, tumor-targeted gold nanoparticles may boost the 

intensity of locally administered ionizing radiation.12 pH-sensitive “nanoprobes” that fluoresce in 

the acidic tumor microenvironment may help surgeons pinpoint and resect otherwise invisible 

tumors.13 Given the array of raw materials, synthesis schemes, and biologically relevant stimuli 

available to researchers, biomaterials with unique designs and functions are constantly reported 

in the literature. 

 

1.3   Potentiating Anticancer Immunity with Biomaterials 
 

Immunotherapy—a form of therapy that leverages the body’s immune system to eliminate 

tumors—is quickly emerging as a frontline treatment modality for cancer.14 Several types of cancer 
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immunotherapy have been tested in the clinic, including immune checkpoint inhibitors (e.g., anti-

PD-1 antibody therapies), cancer-targeted cell therapies (e.g., CAR T cell therapies), and cancer 

vaccines.14–16 

 Cancer immunotherapy only works because tumor cells may be recognized as foreign 

entities by the immune system, similar to how infectious pathogens are recognized and cleared 

from the body.14,16,17 In general, an immune response against a pathogen is mounted upon 

recognition of an antigen, a biomolecule signature unique to the pathogen.17,18 Antigen-presenting 

cells (APCs) take up antigen, process them, and present processed antigens to naïve T cells.14,19 

Upon recognition of an antigen presented by APCs, naïve T cells adopt functional effector 

phenotypes. CD8+ “cytotoxic” T cells seek out and destroy cells that express the antigen (e.g., a 

lung cell infected by the pathogen), and CD4+ “helper” T cells secrete cytokines that potentiate the 

activity of other immune cells.14,19 

 Like pathogens, tumor cells may express antigens recognized by the immune system.14,17,18 

However, tumor antigens are often poorly immunogenic—in other words, they do not activate 

sufficiently strong immune responses for tumor clearance.14,20,21 Since tumor cells are 

dysregulated or mutated versions of healthy somatic cells, their antigens are frequently identical 

or similar to self-antigens, biomolecule signatures of healthy cells that the immune system does 

not recognize.21,22 Furthermore, tumor cells normally do not express “danger signals" like 

pathogen-associated molecular patterns (PAMPs), which must be detected by an APC during 

antigen processing for the APC to prime effector T cell responses.17,23  

 The minimal immunogenicity of many tumor antigens has limited the efficacy of cancer 

vaccines developed to date.21,24 Like most traditional vaccines for infectious diseases, cancer 

vaccines often consist of disease-specific antigens co-formulated with vaccine adjuvants, 

substances designed to enhance immune responses.24,25 However, since many cancers occur 

spontaneously and are characterized by unpredictable antigen profiles, cancer vaccines are 

typically administered after a tumor is already established, whereas vaccines against infectious 
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diseases may be administered prophylactically.22,24,26–29 This established disease burden, when 

coupled with low tumor antigen immunogenicity, renders many cancer vaccines ineffective.21,24 

 Biomaterials may improve the therapeutic efficacy of cancer vaccines. For instance, prior 

research has shown that encapsulation of antigens within nanoparticles can increase antigen 

trafficking to lymph nodes—small organs rich in immune cells—after subcutaneous or 

intradermal injection.20,25,30–32 In addition, both antigens and vaccine adjuvants can be conjugated 

to a single biomaterial, maximizing antigen-specific immune responses by delivering both vaccine 

components into the same APC.33–35 Incorporation of stimuli-responsive delivery mechanisms 

into a biomaterial vaccine allows for sustained release of vaccine components and/or controlled 

delivery into specific intracellular compartments after APC uptake.25,36–39 Further research is 

needed to fully elucidate the physicochemical parameters—including size, shape, and surface 

charge—that determine biomaterial vaccine efficacy.20,25,40 

 

1.4   Virus-Inspired Polymer for Endosomal Release 
 

Our group recently reported a stimuli-responsive biomaterial known as the “Virus-Inspired 

Polymer for Endosomal Release,” or VIPER.41 This biomaterial was originally designed as a 

nonviral vector for nucleic acid delivery.41–43 It is a copolymer of two blocks: a cationic hydrophilic 

block and an acid-responsive hydrophobic block (Figure 1.1).41 The first block, consisting of 

water-soluble oligo(ethylene glycol) monomethyl ether methacrylate (OEGMA) monomers and 

positively charged 2-(dimethylamino)ethyl methacrylate (DMAEMA) monomers, interfaces 

electrostatically with nucleic acids and cell membranes, facilitating both nucleic acid 

complexation and cellular uptake. Under acidic conditions (pH < 6.5), hydrophobic 2-

diisopropylaminoethyl methacrylate (DIPAMA) monomers in VIPER’s second block transition 

into a hydrophilic state. Therefore, VIPER assembles into nanoparticulate micelles at neutral pH 

and disassembles back into free polymer at acidic pH. 
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Figure 1.1   Composition and function of VIPER.41 The cationic first block of VIPER (left) 
complexes nucleic acids and mediates their cellular uptake. The hydrophobic block (right) acts as 
a pH-responsive switch that assembles soluble polymer into micelles (at neutral pH) and 
disassembles micelles back into soluble polymer (at acidic pH). This second block is also 
functionalized with disulfide side groups for covalent conjugation of bioactive peptides. We have 
conjugated both melittin, a membrane-lytic peptide, and peptide antigen to the VIPER 
backbone.41,44,45 
  

 VIPER’s (conditionally) hydrophobic second block is also interspersed with pyridyl 

disulfide ethyl methacrylate (PDSEMA) monomers for conjugation of cysteine-bearing peptides 

via a reversible disulfide bond (Figure 1.1).41 Since VIPER micelle disassembly occurs under 

acidic conditions, PDSEMA-conjugated peptides are encapsulated within the micelle core under 

neutral pH conditions found in the extracellular space. Once the micelle is internalized into cells, 

the acidic pH of intracellular endosomal compartments drives micelle disassembly, exposing the 

attached peptides. The first generation of VIPER was conjugated to melittin, a cytolytic peptide 

that disrupts lipid membranes.41,46 By shielding melittin within the VIPER micelle core until entry 

into acidic endosomal compartments, melittin’s membrane-lytic effects are directed to endosomal 

membranes, enabling cytosolic delivery of complexed nucleic acids while minimizing melittin-

associated cytotoxicity.41 In principle, a multitude of thiolated biomolecules can be conjugated to 
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the VIPER backbone, and VIPER may be used to localize their bioactivities to the endosome 

and/or cytosol (Figure 1.1).45,47 

 This dissertation is focused on the application of VIPER as a cancer vaccine carrier. The 

modular nature of VIPER allows for conjugation and/or complexation of different peptide 

antigens and vaccine adjuvants.45,47 We hypothesize that the membrane-disruptive properties of 

VIPER will enhance the bioactivity of co-formulated vaccine cargo. The subsequent chapters of 

this dissertation highlight our research efforts and describe next-generation VIPER variants for 

intracellular cancer vaccine delivery. 
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CHAPTER 2  
 
 

Serum Nuclease Susceptibility of mRNA Cargo  
in Condensed Polyplexes† 

 
Albert Yen, Yilong Cheng, Meilyn Sylvestre, Heather H. Gustafson,  

Sanyogitta Puri, and Suzie H. Pun 
 
 
Synopsis. As the biomolecular “blueprint” for cellular protein synthesis, messenger RNA 

(mRNA) has many promising clinical applications. However, the instability of mRNA and its 

susceptibility to degradation by ribonucleases (RNases) necessitate the use of specialized 

formulations for delivery. Polycations are an emerging class of synthetic materials capable of 

packaging nucleic acids and may serve as stable, RNase-resistant carriers for mRNA 

administration. Here, we investigate whether the “Virus-Inspired Polymer for Endosomal 

Release” (VIPER) and the “sunflower” polycation—two cationic polymers previously synthesized 

by our group—could be used for delivery of mRNA. Both polycations efficiently deliver plasmid 

DNA (pDNA) to cultured cells. Although initial transfection studies were conducted with reporter 

gene mRNAs, our ultimate goal was to use VIPER and sunflower polycation for mRNA vaccine 

delivery. However, despite condensing and packaging mRNA with high efficiency, VIPER and 

sunflower polycation only transfect mRNA under serum-free conditions, whereas pDNA 

transfection was achieved even in the presence of serum. RNase resistance studies confirm that 

nuclease degradation of mRNA cargo remains a significant barrier to mRNA delivery using these 

polycations. These results emphasize that protection of administered mRNA drugs from 

endogenous nuclease activity may require more than just electrostatic complexation with 

polycation. 

 
 
 

 
†Adapted with permission from: Yen, A.; Cheng, Y.; Sylvestre, M.; Gustafson, H. H.; Puri, S.; Pun, S. H. Serum Nuclease 
Susceptibility of mRNA Cargo in Condensed Polyplexes. Mol. Pharm. 2018, 15 (6), 2268–2276. Copyright 2018 
American Chemical Society. 
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2.1   Introduction 
 

Messenger RNA (mRNA) therapies are emerging as an attractive alternative to plasmid DNA 

(pDNA) therapies. mRNA initially garnered less interest as a drug than pDNA because it is highly 

susceptible to degradation by ribonucleases (RNases) and difficult to produce on a clinically 

relevant scale.1 However, recent advances in nucleoside chemistry have led to the improved 

stability, increased protein production yield, and reduced immunogenicity of mRNA synthesized 

by in vitro transcription.2–5 Consequently, there has been a resurgence of interest in mRNA 

therapeutics.6,7 

 While both mRNA and pDNA are “blueprints” for therapeutic protein production, mRNA 

offers several benefits over pDNA. First, mRNA-induced effects are transient and do not carry risk 

of chromosomal integration and mutagenesis.8 Second, mRNA is translated in the cytoplasm, 

allowing for efficient therapeutic protein expression in nondividing cell populations by 

circumventing nuclear translocation.9–11 In contrast, pDNA must be delivered into the nucleus for 

transcription to occur, a major challenge for certain viral vectors and all synthetic carriers.12,13 

Finally, self-amplifying mRNA, which encode RNA replication machinery alongside therapeutic 

proteins, are potentially more effective than pDNA for vaccine applications because of their 

increased protein yield.14,15 Despite the promise of mRNA therapies, administration of mRNA is 

complicated by several biological barriers. First, the negative charge of mRNA limits cytoplasmic 

translocation.16,17 Furthermore, RNases present in serum rapidly degrade naked mRNA.16 

Therefore, mRNA administration requires carriers that can facilitate cytoplasmic entry of mRNA 

cargo while protecting this cargo from RNase activity, without compromising mRNA translation 

and subsequent protein expression.11,16  

 Due to their relatively high transduction efficiency, viruses are one of the most commonly 

used carriers for therapeutic genes.16 But the prohibitive cost, immunogenicity, and mutagenic 

potential of viral vectors have motivated the development of alternative platforms for gene 
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delivery.18 Lipid-based formulations for gene delivery have been described extensively in the 

literature, and a number of pharmaceutical companies are currently conducting gene therapy 

clinical trials with lipid nanoparticle technology.19 However, the overall efficacy of lipid-based 

gene delivery is limited by rapid clearance kinetics, suboptimal serum stability, and 

immunogenicity of formulation components.16,19  

Cationic polymers, or polycations, are another promising nonviral formulation for the 

delivery of genes.18 Electrostatic interactions between the positively charged side chains of 

polycations and the negatively charged sugar phosphate backbones of nucleic acids mediate the 

formation of nucleic acid–polycation complexes, or polyplexes.18 After cellular uptake, polyplexes 

typically escape the endolysosomal network via endosomal buffering mechanisms.18 pDNA cargo 

is subsequently translocated to the nucleus for transcription, or mRNA cargo is translated in the 

cytoplasm.16,18  

Numerous monomers and polymerization techniques are available for syntheses of 

polycations with diverse structures and functions. Our group has synthesized many polycations 

for nucleic acid delivery both in vitro and in vivo.20–22 Two of these polycations are (i) the “Virus-

Inspired Polymer for Endosomal Release” (VIPER) and (ii) the “sunflower” polycation.21,22 VIPER 

is a block copolymer functionalized with melittin, a lytic peptide that ruptures the endosomal 

membrane, allowing polyplex cargo to rapidly escape into the cytoplasm.21 Sunflower polycation 

is a cyclic polymer with cationic “petals” grafted from a circular backbone (Figure 2.1).22 Both 

polycations possess unique properties that make them suitable for delivery of pDNA.21,22 

Here, we utilize VIPER and sunflower polycation for mRNA delivery in comparison to 

branched polyethylenimine (bPEI), a commercially available “gold standard” polycation used for 

transfection.18 We specifically investigate the mechanisms by which mRNA polyplex transfection 

differs from pDNA polyplex transfection. The results of this work demonstrate that proper 

protection of nucleic acid cargo from nuclease activity is more critical for mRNA polyplexes than 

pDNA polyplexes. Neither VIPER nor sunflower polycation protect mRNA cargo during 
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transfection in serum-containing media; nuclease resistance assays confirm that mRNA remains 

susceptible to nuclease digestion even when packaged by VIPER or sunflower polycation. 

Synthetic modifications to our polycation delivery systems must be implemented to achieve 

mRNA transfection in RNase-rich conditions. 

 
 

 

Figure 2.1   Structure of the sunflower polycation.22 (A) Cationic, petal-like polymer 
chains decorate a (B) cyclic polymer backbone. See Section 2.2.3 for a brief description of the 
synthesis scheme. 

 

2.2   Experimental Section 
 

2.2.1   Materials 

Firefly luciferase mRNA (5meC, Ψ, L-6107), enhanced green fluorescent protein mRNA (5meC, 

Ψ, L- 6101), and cyanine 5 enhanced green fluorescent protein mRNA (5meC, Ψ, L-6402) were 

purchased from TriLink BioTechnologies. Branched polyethylenimine (bPEI), average Mw 

∼25,000, was purchased from Sigma-Aldrich. 
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2.2.2   VIPER synthesis 

VIPER was synthesized using reversible addition−fragmentation chain-transfer polymerization 

(RAFT) as previously described.21 Briefly, the hydrophilic block was copolymerized from 

oligo(ethylene glycol) monomethyl ether methacrylate (OEGMA) and 2-(dimethylamino)ethyl 

methacrylate (DMAEMA). p(OEGMA-DMAEMA) was then used as a macro chain transfer agent 

to polymerize the hydrophobic block, which consisted of 2-diisopropylaminoethyl methacrylate 

(DIPAMA) and pyridyl disulfide ethyl methacrylate (PDSEMA). The lytic peptide melittin was 

conjugated to PDSEMA via disulfide exchange, and the final product p(OEGMA11-DMAEMA56)-

b-p(DIPAMA26-(PDSE-melittin)1) was obtained. 

 

2.2.3   Sunflower polycation synthesis 

Sunflower polycation was synthesized using atom transfer radical polymerization (ATRP) as 

previously described.22 Briefly, the cyclic 2-hydroxylethyl methacrylate (HEMA) backbone was 

synthesized using ATRP and an interchain click macrocyclization (Figure 2.1). DMAEMA side 

chains were subsequently polymerized from the p(HEMA) backbone using a grafting-from 

approach, and the final product c-p(HEMA)25-g-(p(DMAEMA)22)25 was obtained. 

 

2.2.4   Polyplex formulation 

Polycations and nucleic acids were suspended in molecular biology grade water for in vitro studies 

and 5% (w/v) glucose for in vivo studies. Polyplexes were then formulated by adding aqueous 

polycation to an equivalent volume of 0.1 mg/mL nucleic acid at the desired nitrogen to phosphate 

(N/P) ratio. 

 

2.2.5   ζ-potentials and hydrodynamic diameters of polyplexes 

Polyplexes were formulated at N/P = 5. Twenty microliters of polyplex were diluted to a final 

volume of 800 μL in 10 mM NaCl, and diluted polyplex was loaded into a DTS1070 Zetasizer cell 
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(Malvern Instruments). A Zetasizer Nano ZS (Malvern Instruments) was used to measure the ζ-

potentials and hydrodynamic diameters of polyplexes. 

 

2.2.6   Transmission electron microscopy 

Polyplexes were formulated at N/P = 5. Ten microliters of polyplex solution were applied onto 

400 mesh Formvar/copper grids (Ted Pella). After 30 min, grids were whisked dry by filter paper, 

and polyplex samples were stained with 4% (w/v) aqueous uranyl acetate. After uranyl acetate 

staining, grids were again whisked dry by filter paper and allowed to dry overnight. Polyplex 

images were taken at 20,000× magnification with a JEOL JEM 1400 electron microscope (Fred 

Hutchinson Cancer Research Center). 

 

2.2.7   Gel condensation assay 

Polyplexes were formulated at N/P = 5 and loaded onto a denaturing 1% (w/v) agarose gel 

composed of 1× MOPS buffer (Thermo Fisher Scientific) and 37% (w/v) formaldehyde (Sigma-

Aldrich). Gels were electrophoresed at 110 V for 45 min and subsequently stained with SYBRTM 

Gold (Thermo Fisher Scientific). Gels were then imaged with a Gel Doc EZ Gel Documentation 

System (Bio-Rad). 

 

2.2.8   Fluorophore packaging assay 

Polyplexes were formulated at N/P = 5. A working solution of RiboGreenTM nucleic acid dye 

(Thermo Fisher Scientific) was prepared by diluting RiboGreenTM stock solution 200-fold in 1× 

TE buffer. One hundred microliters of polyplex (diluted in 1× TE buffer to a final nucleic acid 

concentration of 2 μg/mL) was added to 100 μL of RiboGreenTM working solution and incubated 

at room temperature for 5 min. The fluorescence intensity of polyplex cargo was measured via 

fluorescence spectroscopy at excitation/emission wavelengths of 480/520 nm. 
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2.2.9   Luciferase reporter gene transfection 

HeLa cells (ATCC) were seeded in 12-well plates at 4×104 cells/well. Cells were incubated 

overnight in complete media formulated by adding 10% fetal bovine serum (FBS; Gibco) to 

Minimal Essential Media (MEM; Gibco). After overnight incubation, parallel transfections were 

performed in complete media and serum-free OptiMEM (Gibco). For complete media 

transfections, cells were transfected with 2 µg/well of either pCMV-Luc2 plasmid (Luc pDNA) or 

luciferase mRNA (Luc mRNA). VIPER, sunflower polycation, and bPEI were used as transfection 

reagents with all polyplexes formulated at N/P = 5. Cells were incubated with transfection reagent 

for 4 h at 37 °C. For serum-free OptiMEM transfections, cells were transfected with 1 µg/well of 

either Luc pDNA or Luc mRNA. VIPER, sunflower polycation, and bPEI were used as transfection 

reagents, with polyplexes formulated at N/P = 3, 5, and 5, respectively. Cells were incubated with 

transfection reagent for 1 h at 37 °C. After transfection, cells were washed with phosphate-

buffered saline (PBS) and incubated for 24 h. Luciferase reporter gene expression was 

subsequently quantified with a Luciferase Assay System (Promega) according to manufacturer 

protocol, and total protein content per well was quantified by a Micro BCATM assay (Thermo 

Fisher Scientific). Luciferase expression was then reported in relative light units (RLU) and 

normalized to total protein content on a per well basis. 

 

2.2.10   GFP reporter gene transfection 

HeLa cells were seeded in 12-well plates at 4×104 cells/well and incubated overnight in complete 

media formulated by adding 10% FBS to MEM. After overnight incubation, parallel transfections 

were performed in complete media and serum-free OptiMEM. For complete media transfections, 

cells were transfected with 2 μg/well of either pmaxGFP plasmid (GFP pDNA) or enhanced green 

fluorescent protein mRNA (GFP mRNA). VIPER, sunflower polycation, and bPEI were used as 

transfection reagents, with all polyplexes formulated at N/P = 5. Cells were incubated with 

transfection reagent for 4 h at 37 °C. For serum-free OptiMEM transfections, cells were 
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transfected with 1 μg/well of either GFP pDNA or GFP mRNA. VIPER, sunflower polycation, and 

bPEI were used as transfection reagents, with polyplexes formulated at N/P = 3, 5, and 5, 

respectively. Cells were incubated with transfection reagent for 1 h at 37 °C. After transfection, 

cells were washed with PBS and incubated for 24 h. Cells were then stained with Zombie NIRTM 

(BioLegend), and the percentage of viable cells expressing GFP was quantified by flow cytometry. 

 

2.2.11   Cellular association of mRNA polyplexes 

In a first experiment, HeLa cells were seeded in 24-well plates at 4×104 cells/well and incubated 

overnight in complete media formulated by adding 10% FBS to MEM. VIPER, sunflower, and 

bPEI polyplexes were formulated at N/ P = 3, 5, and 5, respectively, with cargo consisting of GFP 

mRNA labeled with cyanine 5 (Cy5). HeLa cells were then incubated with these polyplex 

formulations in serum-free OptiMEM at an equivalent mRNA dose of 0.5 μg/well. After 30 min 

of incubation at 37 °C, transfection media containing polyplexes was collected from each well, and 

the Cy5 fluorescence intensity remaining in the media was quantified by fluorescence 

spectroscopy at excitation/emission wavelengths of 649/666 nm. To determine the percentage of 

polyplexes bound to cells, the measured Cy5 fluorescence intensities of transfection media 

samples were divided by the Cy5 fluorescence intensities of those obtained from wells containing 

no cells. In a second experiment, HeLa cells were seeded in 12-well plates at 8×104 cells/well and 

incubated overnight in complete media formulated by adding 10% FBS to MEM. After overnight 

incubation, parallel transfections were performed in complete media and serum-free OptiMEM. 

For both complete media and serum-free OptiMEM transfections, 1 μg/well of Cy5-labeled GFP 

mRNA was administered. VIPER, sunflower polycation, and bPEI were used as transfection 

reagents, with VIPER, sunflower, and bPEI polyplexes formulated at N/P = 3, 5, and 5, 

respectively. After 30 min of incubation with polyplexes at 37 °C, cells were immediately harvested 

for staining with Zombie VioletTM (BioLegend). The percentage of viable Cy5-positive cells, along 

with Cy5 median fluorescence intensity, was quantified by flow cytometry. 
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2.2.12   Nuclease resistance assay 

Polyplexes were formulated at N/P = 5 and incubated at 37 °C in the presence of 15 μg/mL 

ribonuclease (RNase) A (Thermo Fisher Scientific) or 10% FBS for 1 h. The formulation pH was 

then increased to 10.2 for VIPER and sunflower polyplexes and to 12.8 for bPEI polyplexes to 

reverse binding of mRNA to polycation. mRNA fragments greater than 200 nucleotides in length 

were recovered using a RNeasy Mini Kit (Qiagen). During the recovery process, RNA spin columns 

were rinsed with a denaturing buffer, inactivating RNases in the polyplex samples. Recovered 

mRNA was stained with RiboGreenTM nucleic acid dye, and fluorescence spectroscopy was used 

to measure the fluorescence intensity of recovered mRNA at excitation/emission wavelengths of 

480/520 nm. A RiboGreenTM standard curve was prepared according to the manufacturer 

protocol, and the quantity of recovered mRNA was determined using this standard curve. The 

quantities of recovered RNase- and FBS-treated mRNA were normalized to that of untreated 

mRNA. 

 

2.2.13   Intratumoral mRNA delivery 

All animal procedures were conducted under protocols approved by the Institutional Animal Care 

and Use Committee at the University of Washington. Intratumoral transfection efficiency in mice 

was measured as previously described.21 Female BALB/c mice (Charles River Laboratories), 4–5 

weeks old, were subcutaneously inoculated in the right hind flank with 106 CT26 mouse colon 

carcinoma cells (ATCC). Tumor volumes were calculated every two days after inoculation using 

the equation V = (L×W2)/2, with tumor dimensions obtained via caliper measurements. After 11 

days, when tumor volumes reached ~150 mm3, tumors were transfected with 10 µg of Luc mRNA 

using VIPER and bPEI as transfection reagents, with polyplexes formulated at N/P = 10 in 50 µL 

of 5% (w/v) glucose. Tumors were harvested 10 h after mRNA transfection and immersed in 

Reporter Lysis Buffer (Promega) with added cOmplete™ protease inhibitor (Roche). After three 

freeze-thaw cycles in liquid nitrogen, tumors were mechanically homogenized. Homogenized 
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tumor samples were then centrifuged at 2.1×104 rcf for 15 min at 4 °C. Luciferase content in 

recovered supernatant was quantified with a Luciferase Assay System according to manufacturer 

protocol. Total protein content per tumor was quantified by a Micro BCATM assay. Luciferase 

expression was then reported in RLU and normalized to total protein content on a per tumor 

basis. 

 

2.2.14   Statistical analyses 

Significance between two group means was calculated using a two-tailed Student’s t-test. 

Significance across multiple group means was calculated using an one-way ANOVA with post-hoc 

Tukey HSD test. All statistical analyses were performed in Microsoft Excel or GraphPad Prism. 

All flow cytometry data were analyzed in FlowJo software. 

 

2.3   Results and Discussion 
 

2.3.1   Reporter gene mRNA packaging by VIPER and sunflower polycation 

VIPER (p(OEGMA11-DMAEMA56)-b-p(DIPAMA26-(PDSE-melittin)1)) and sunflower (c-

p(HEMA)25-g-(p(DMAEMA)22)25) polycations have been shown to efficiently package pDNA of 

varying size.21,22 We first investigated whether VIPER and sunflower polycation could also 

package mRNA. To assess the mRNA packaging efficiency of these two polycations, we selected a 

996-nucleotide enhanced green fluorescent protein mRNA (GFP mRNA) and a 1,921-nucleotide 

firefly luciferase mRNA (Luc mRNA). Polyplexes were formulated by adding polycation solution 

directly to an equal volume of mRNA solution (Figure 2.2A). Corresponding pDNA polyplexes 

were formulated with pCMV-Luc2 (Luc pDNA) and pmaxGFP (GFP pDNA) plasmids. Successful 

packaging of both GFP mRNA and Luc mRNA by VIPER and sunflower polycation at N/P = 5 was 

demonstrated by a gel condensation assay (Supplemental Figure 2.1). A fluorophore 

packaging assay further showed mRNA packaging by these polycations, where fluorescent signal 
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associated with free mRNA was quenched upon the addition of polycation (Supplemental 

Figure 2.2). The ζ-potentials and hydrodynamic diameters of VIPER and sunflower mRNA 

polyplexes were comparable to those of their pDNA counterparts and were also similar to those 

reported for bPEI mRNA polyplexes (Supplemental Figure 2.3).23 Transmission electron 

microscopy (TEM) images confirmed formation of amorphous but distinct mRNA polyplexes with 

diameters of approximately 50–200 nm (Figure 2.2B). 

 
 

 

Figure 2.2   VIPER and sunflower polycation readily form polyplexes with mRNAs 
of varying length. (A) Polyplexes were formulated by adding polycations directly to either GFP 
mRNA (996 nucleotides) or Luc mRNA (1,921 nucleotides). (B) As shown by transmission 
electron microscopy, VIPER and sunflower polycation formed polyplexes of approximately 50–
200 nm in diameter when formulated with GFP mRNA or Luc mRNA. The diameters of VIPER 
and sunflower pDNA polyplexes were comparable to those of corresponding mRNA polyplexes 
(20,000× magnification; scale bar = 200 nm). 
 
 
 
2.3.2   Reporter gene mRNA transfection in cultured cells 

We previously showed that VIPER and sunflower polycation could deliver pDNA with high 

efficiency.21,22 To determine whether VIPER and sunflower polycation could also deliver mRNA 
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with high efficiency, we used Luc mRNA and GFP mRNA as transgene reporters in cell 

transfection studies. First, HeLa cells were transfected with Luc mRNA using VIPER, sunflower 

polycation, and bPEI as transfection reagents, and cellular bioluminescence was quantified 24 h 

after transfection. Transfections were performed in complete media, which was formulated by 

adding 10% fetal bovine serum (FBS) to minimal essential media (MEM). Because serum proteins 

may block transfection by adsorbing to polyplexes and disrupting nucleic acid–polycation 

interactions, we also performed parallel transfections in serum-free OptiMEM to ascertain 

whether removing serum could improve mRNA transfection efficiency.18,20 For complete media 

transfections, we transfected 2 µg/well of nucleic acid using a N/P = 5 for all polyplexes. For 

serum-free OptiMEM transfections, we transfected only 1 µg/well of nucleic acid at optimized N/P 

ratios for VIPER, sunflower, and bPEI polyplexes to minimize polymer toxicity, which is normally 

mitigated by serum proteins in complete media (Supplemental Table 2.1). Transfection of Luc 

mRNA in serum-free OptiMEM gave rise to significant levels of bioluminescence (Figure 2.3A). 

However, no bioluminescence was observed in HeLa cells 24 h after transfection in complete 

media with either VIPER or sunflower polycation, whereas minimal bioluminescence was 

observed in cells transfected with bPEI (Figure 2.3A). In contrast, significant luciferase 

expression was observed in cells transfected with Luc pDNA, regardless of media condition or 

polycation used for transfection (Figure 2.3B).  

 Transfections of HeLa cells with GFP mRNA and GFP pDNA were then performed under 

conditions identical to those used for Luc mRNA and Luc pDNA transfections. The percentage of 

HeLa cells transfected with GFP mRNA was quantified by flow cytometry and compared to the 

percentage of HeLa cells transfected with GFP pDNA. Despite administering only half the amount 

of mRNA used for complete media transfections, we observed significant transfection of GFP 

mRNA (over 60% of cells transfected) in serum-free OptiMEM (Figure 2.3C). Conversely, 

VIPER and sunflower polycation were unable to efficiently transfect HeLa cells with GFP mRNA 

in complete media (Figure 2.3C). VIPER and sunflower polycation could transfect HeLa cells 
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with GFP pDNA in complete media, although GFP pDNA transfection by sunflower polycation 

was attenuated to some degree (Figure 2.3D). Minimal transfection of both GFP mRNA and 

GFP pDNA (less than 5% of cells transfected) was observed in both complete media and serum-

free OptiMEM when bPEI was used as the transfection reagent, with no significant difference in 

transfection efficiency between the two media conditions (Figure 2.3C,D). 

 
 

 

Figure 2.3   The presence of serum prevents transfection by mRNA polyplexes. (A) 
Luc mRNA transfection efficiency was poor in complete media regardless of polycation used. 
Significantly greater mRNA transfection levels were observed in serum-free OptiMEM. (B) For 
all polycations, significant transfection of Luc pDNA was observed in both complete media and 
serum-free OptiMEM. (C) Significant GFP mRNA transfection was achieved in serum-free 
OptiMEM using VIPER and sunflower polycation, but no transfection was observed in serum-
containing complete media using these same polycations. Some expression of GFP was observed 
in complete media with bPEI mRNA polyplexes. (D) All polycations transfected GFP pDNA in 
complete media. Data are expressed as mean + SD, n = 3 (*p-value ≤ 0.05; **p-value ≤ 0.01; ***p-
value ≤ 0.001; n.s. = no significance; Student’s t-test). Bioluminescence is expressed in relative 
light units (RLU). 
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2.3.3   Cellular association of mRNA polyplexes 

Because VIPER and sunflower polycation could efficiently transfect HeLa cells with mRNA under 

serum-free conditions, we identified serum proteins as a potential barrier to mRNA transfection 

by these polycations. We first confirmed binding of polyplexes to cells by incubating HeLa cells in 

serum-free OptiMEM with VIPER, sunflower, and bPEI polyplexes packaging a GFP mRNA 

labeled with cyanine 5 (Cy5). After a 30 min incubation period, the decrease in Cy5 fluorescence 

intensity of the transfection media was used to quantify the percentage of polyplexes bound to 

cells. We then investigated whether serum proteins were blocking cellular association of mRNA 

polyplexes by transfecting HeLa cells with Cy5-labeled GFP mRNA using VIPER, sunflower 

polycation, and bPEI as transfection reagents. Cells were harvested 30 min after the addition of 

transfection reagent, and Cy5-positive cells were analyzed by flow cytometry to measure the 

cellular association of mRNA polyplexes.  

We showed that approximately 13% of VIPER mRNA polyplexes, 12% of sunflower mRNA 

polyplexes, and 16% of bPEI mRNA polyplexes were bound to HeLa cells after 30 min of 

incubation in serum-free OptiMEM (Supplemental Figure 2.4). More importantly, VIPER, 

sunflower, and bPEI polyplexes formulated with Cy5-labeled GFP mRNA were bound to or 

endocytosed by 100% of cells exposed to transfection reagent, as virtually all cells were positive 

for Cy5 fluorescence (Figure 2.4A). However, cells transfected with VIPER and sunflower 

polyplexes in complete media exhibited markedly lower Cy5 median fluorescence intensity 

(Cy5MFI) relative to those transfected in serum-free OptiMEM (Figure 2.4B). For bPEI 

transfections, a low Cy5MFI was observed under both serum-containing and serum-free 

conditions, where Cy5MFI under serum-containing conditions was marginally higher than that 

measured under serum-free conditions (Figure 2.4B). We suspected that the reduction in 

Cy5MFI associated with VIPER- and sunflower polycation–mediated transfections was due to the 

abundance of serum ribonucleases (RNases) in complete media. While virtually all cells  
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associated with mRNA polyplexes to some degree, the amount of cell-associated mRNA may have 

been significantly reduced by these serum RNases. 

 
 

 

Figure 2.4   The presence of serum does not restrict cellular association of mRNA 
polyplexes, but the amount of cell-associated mRNA is significantly reduced. Cy5-
labeled mRNA polyplexes were formulated by adding VIPER or sunflower polycation to Cy5-
labeled GFP mRNA. (A) Although GFP mRNA transfection of HeLa cells by VIPER and sunflower 
polycation was eliminated when performed in serum-containing media, Cy5-labeled mRNA 
polyplexes underwent some degree of cellular association under both serum-rich and serum-free 
conditions. (B) The Cy5 median fluorescence intensity (Cy5MFI) of transfected HeLa cells was 
noticeably reduced by the presence of serum, indicating that significantly less mRNA was 
associated with transfected cells under serum-containing conditions than under serum-free 
conditions. Data are expressed as mean + SD, n = 3 (*p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value 
≤ 0.001; n.s. = no significance; Student’s t-test). 

 

 
2.3.4   Nuclease resistance of mRNA polyplexes 

Serum RNases may have degraded mRNA polyplex cargo without completely blocking cellular 

association of polyplexes, resulting in reduced gene expression despite successful mRNA delivery 
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to the cell. To test our hypothesis that RNases degraded mRNA polyplex cargo, we conducted a 

nuclease resistance assay to determine whether VIPER and sunflower polycation could protect 

mRNA cargo from serum RNase activity.  

 VIPER, sunflower, and bPEI Luc mRNA polyplexes were formulated at N/P = 5 and 

incubated in 15 µg/mL of RNase A or 10% FBS for 1 h at 37 °C (Figure 2.5A). After 1 h of 

incubation, we reversed mRNA-polycation binding interactions by increasing VIPER and 

sunflower polyplex formulation pH to 10.2 and bPEI polyplex formulation pH to 12.8, neutralizing 

the positive charge of amine-functionalized side chains present on our polycations and releasing 

mRNA polyplex cargo into solution. mRNA fragments greater than 200 nucleotides in length were 

subsequently recovered with a RNA spin column, whereas shorter mRNA fragments were eluted 

from the column and discarded (recall that Luc mRNA is 1,921 nucleotides in length). The 

quantity of recovered mRNA was determined using a fluorescent nucleic acid stain. Note that we 

rinsed the RNA spin columns with a denaturing buffer (provided in the RNA recovery kit), 

inactivating RNases during the recovery process.  Overall, we recovered significantly less mRNA 

from RNase-treated and FBS-treated polyplexes than from untreated polyplexes, indicating that 

VIPER, sunflower, and bPEI mRNA polyplex cargo were cleaved into short mRNA fragments (less 

than or equal to 200 nucleotides in length) when polyplexes were incubated in the presence of 

RNases (Figure 2.5B). In conclusion, VIPER, sunflower polycation, and bPEI do not completely 

shield mRNA cargo from RNase degradation. 

While the results of our nuclease resistance assay show the amount of mRNA recovered 

from our polyplexes is significantly reduced after exposure to RNase, we did observe slight 

expression of GFP mRNA when using bPEI as the transfection reagent for both complete media 

and serum-free OptiMEM transfections (Figure 2.3C,D). This suggests that the mRNA 

recovered after RNase treatment of bPEI polyplexes—albeit small in quantity—may be fully intact. 

bPEI has been shown to bind nucleic acid cargo with very high affinity.10,24 It forms a very tight 

complex with pDNA and may interact so strongly with mRNA that ribosomes cannot access the  
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Figure 2.5   VIPER, sunflower polycation, and bPEI do not fully protect mRNA cargo 
from RNase activity. (A) Luc mRNA polyplexes were formulated by (1) adding VIPER, 
sunflower polycation, or bPEI to Luc mRNA at N/P = 5. (2) Polyplexes were incubated for 1 h at 
37 °C in the presence of RNase. (3) Binding of mRNA to polycations was reversed by raising 
polyplex formulation pH (pH = 10.2 for VIPER and sunflower polycation, and 12.8 for bPEI), 
neutralizing the positive charge of amine-functionalized side chains. (4) mRNA cargo was 
recovered by a spin column–based RNA recovery kit, which contains denaturing buffers to 
inactivate RNases during the recovery process. (5) The amount of recovered mRNA was quantified 
by a fluorescent nucleic acid stain. (B) A significantly smaller percentage of Luc mRNA was 
recovered from RNase- or FBS-treated polyplexes than from untreated polyplexes. Data are 
expressed as mean + SD, n = 3 (*p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001; n.s. = no 
significance; one-way ANOVA with post-hoc Tukey HSD test). 
 

 

transcript to initiate translation.10,24 We experienced firsthand the high packaging efficiency of 

bPEI when we conducted our nuclease resistance assay. A formulation pH of 10.2, which was 

sufficient for recovery of mRNA from VIPER and sunflower polyplexes, resulted in no mRNA 

recovery from bPEI polyplexes. Only after increasing formulation pH to 12.8 did we recover 

enough mRNA for quantification by fluorescence spectroscopy. Furthermore, we observed slight 

transfection of GFP mRNA when using bPEI as the reagent for both complete media and serum-

free OptiMEM transfections (Figure 2.3C). Because bPEI packages mRNA tightly, full mRNA 

strands within a bPEI polyplex may have been partially shielded from both serum RNases and 

ribosomes, giving rise to a minimal expression profile. A similar hypothesis was presented by 
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Lallana et al.25, who showed that the transfection efficiency of chitosan mRNA nanoparticles 

increases as a function of chitosan avidity towards mRNA, a trend partially attributed to improved 

protection of mRNA cargo from nuclease activity.  

 

2.3.5   Intratumoral mRNA delivery with VIPER 

The poor RNase protection offered by VIPER and sunflower polycation ruled out the possibility 

of employing these polycations for intravenous mRNA delivery.16 However, localized mRNA 

delivery into tissues with low serum content may have still been possible, as VIPER and sunflower 

polycation both transfected cells with high efficiency in the absence of serum RNase (Figure 2.3). 

The tumor microenvironment is often characterized by a lack of blood vessels.26 Therefore, we 

expected the tumor microenvironment to contain relatively little serum and be more conducive 

to mRNA delivery by our polycations. To test this hypothesis, we attempted intratumoral Luc 

mRNA transfections in BALB/c mice bearing syngeneic CT26 flank tumors. Flank tumors were 

transfected with 10 µg of Luc mRNA using either VIPER or bPEI as transfection reagents (N/P = 

10), and intratumoral luciferase expression was quantified 10 h post-transfection. An initial study 

showed that VIPER transfection induced significantly greater intratumoral luciferase expression 

than bPEI transfection (Figure 2.6). Interestingly, we observed no significant difference in 

luciferase expression between VIPER-treated tumors and free Luc mRNA–treated tumors 

(Figure 2.6). The high level of luciferase expression associated with injection of free Luc mRNA 

was not surprising, as previous studies have shown that endocytosis of free mRNA can occur 

through scavenger receptor–mediated pathways.27 We sought to improve the intratumoral 

transfection efficiency of VIPER relative to that of free mRNA by conducting further studies to 

optimize N/P ratio and mRNA dose. 

 Unfortunately, no luciferase expression was observed in all subsequent intratumoral 

transfection studies using this CT26 flank tumor model, regardless of whether polyplex or free  

Luc mRNA was injected into the tumor (data not shown). Serum-free transfections of cultured  
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Figure 2.6   Intratumoral mRNA transfection with VIPER induces local gene 
expression. Luciferase expression in CT26 flank tumors was measured 10 h after Luc mRNA 
transfection. VIPER-treated tumors expressed significantly more luciferase than bPEI-treated 
and vehicle-treated tumors but not free mRNA–treated tumors. Data are expressed as mean with 
individual biological replicates shown, n = 6 for VIPER and n = 7 for all other treatments (*p-
value ≤ 0.05; n.s. = no significance; one-way ANOVA with post-hoc Tukey HSD test). 
 

 

CT26 cells with VIPER–Luc mRNA polyplexes resulted in measurable cellular luciferase 

expression, confirming that neither polycation nor mRNA stocks were compromised by RNase 

contamination (data not shown). Because the RNase content of transplanted CT26 tumors was 

not quantified prior to transfection, we could not definitively conclude that tumor RNase activity 

impeded intratumoral mRNA transfection by our polycations. Nonetheless, the data from our in 

vitro transfection studies and nuclease resistance assay strongly suggest that tumor RNases did 

contribute to the irreproducibility of our intratumoral VIPER transfection data. Other 

physiological barriers may have also reduced intratumoral transfection efficiency. For example, 
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extracellular matrix in the tumor may destabilize mRNA-polycation interactions and expose 

mRNA polyplex cargo to RNases.28 

 To fully realize mRNA delivery with our polycations in vivo, modifications to our current 

polyplex formulations must be implemented to improve physiological stability and protect mRNA 

cargo against serum RNase activity. Other polycations reported for mRNA delivery also require 

serum-free conditions for in vitro transfection.23,29,30 One potential polyplex modification is the 

incorporation of a lipid bilayer around the polyplex, forming a lipid-encapsulated polyplex, or 

lipopolyplex.11,31–35 This lipid coating, which usually consists of charged lipids mixed with helper 

lipids, serves numerous functions.36 First, the lipid coating can decrease cytotoxicity associated 

with naked polyplex, as the lipids may neutralize positive charge associated with the polycationic 

lipopolyplex core.37 Furthermore, the lipid coating acts as a physical barrier against nucleases, 

protecting nucleic acid cargo from nuclease degradation.11,33   

 Indeed, lipid nanoparticles are currently utilized as nuclease-resistant delivery vehicles for 

mRNA vaccines against SARS-CoV-2, the virus behind the COVID-19 pandemic.38 Hybrid 

lipopolyplex formulations have been shown to transfect cells more efficiently than formulations 

comprising solely lipids or polycations, combining the cargo-protective effects of lipid 

encapsulation with endosomal escape mechanisms conferred by polycations.18,36 We anticipate 

that lipopolyplexes based on VIPER and sunflower polycation will exhibit greater RNase 

resistance and transfection efficiency than the polyplexes we have used to date. 

 

2.4   Conclusions 
 

In this work, we investigated mechanistic differences between VIPER- and sunflower polycation–

mediated delivery of pDNA and mRNA, with the goal of confirming whether these polycations are 

applicable for delivery of mRNA therapies. An effective mRNA therapy must (i) produce sufficient 

therapeutic protein after administration to generate a beneficial effect (e.g., sufficient production 
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of tumor suppressor protein after intratumoral delivery) or (ii) transfect a significant percentage 

of the target cell population (e.g., widespread transfection of tissue-resident antigen-presenting 

cells after injection of mRNA vaccines). In vitro transfections of Luc mRNA and GFP mRNA, 

respectively, were used to assess whether VIPER and sunflower mRNA polyplexes could satisfy 

these two criteria while protecting mRNA cargo from serum RNase activity. Luciferase expression 

levels correlated to the total amount of translated mRNA in a transfected cell population, whereas 

GFP expression levels correlated to the total percentage of cells transfected. 

Although both VIPER and sunflower polycation could readily package mRNA, their ability 

to deliver mRNA was limited by RNases. We showed that RNases degraded the cargo of VIPER 

and sunflower mRNA polyplexes, preventing mRNA translation after endocytosis (Figure 2.7). 

Therefore, delivery of intact mRNA in vitro by VIPER and sunflower polycation was only achieved 

under serum-free conditions (Figure 2.7). In contrast, VIPER and sunflower polycation 

delivered pDNA to cells in vitro under serum-rich conditions without a total loss of gene 

expression. The poor degree of RNase protection offered by VIPER and sunflower polycation rules 

out the possibility of employing these polycations for in vivo mRNA delivery. However, ex vivo 

mRNA delivery may still be possible, as VIPER and sunflower polycation transfected cells with 

high efficiency in serum-free media. Overall, the results of this work highlight polycation design 

parameters required for efficient delivery of mRNA. These parameters may include (i) rapid 

induction of endosomolysis, (ii) chemical moieties that bind mRNA without blocking translation, 

and (iii) mechanisms to protect mRNA cargo from RNase activity.10,29,39–42 
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Figure 2.7   RNases hinder mRNA transfection by VIPER and sunflower polycation 
in serum-containing media. In serum-free media (top), there are no serum RNases present. 
mRNA polyplex uptake occurs unobstructed. After endosomal escape of the polyplex, mRNA is 
translated into functional protein. In serum-containing media (bottom), serum RNases degrade 
mRNA polyplex cargo before cellular uptake. After endosomal escape of the polyplex, any 
remaining mRNA fragments (if translated) give rise to non-functional protein. 
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Supplemental Figure 2.1   Gel condensation assays show that VIPER and sunflower 
polycation package both Luc mRNA and GFP mRNA. (A) As evidenced by the lack of free 
Luc mRNA in the polyplex lanes, Luc mRNA was readily packaged by VIPER and sunflower 
polycation at N/P = 5. (B) Similar packaging efficiency was observed with GFP mRNA polyplexes.
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Supplemental Figure 2.2   Fluorophore labeling of mRNA polyplex cargo confirms 
packaging of mRNA by VIPER and sunflower polycation. Luc mRNA and pDNA 
polyplexes were formulated with VIPER and sunflower polycation at N/P = 5, and polyplexes were 
subsequently stained with RiboGreenTM nucleic acid dye. Luc mRNA cargo fluorescence of both 
VIPER and sunflower polyplexes was significantly decreased relative to that of free Luc mRNA, 
indicating successful packaging of free mRNA by polycations. Similarly, GFP mRNA cargo 
fluorescence of both VIPER and sunflower polyplexes was also significantly decreased relative to 
that of free GFP mRNA. Data are expressed as mean + SD, n = 3 (*p-value ≤ 0.05; **p-value ≤ 
0.01; ***p-value ≤ 0.001; n.s. = no significance; one-way ANOVA with post-hoc Tukey HSD test).
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Supplemental Figure 2.3   VIPER and sunflower polycation form mRNA polyplexes 
with defined ζ-potentials and hydrodynamic diameters. (A–B) VIPER and sunflower 
mRNA polyplexes had mean ζ-potentials between 20–40 mV. These ζ-potentials were comparable 
to those of VIPER and sunflower pDNA polyplexes. (C–D) VIPER and sunflower mRNA 
polyplexes had Z-average hydrodynamic diameters between 80–140 nm. These hydrodynamic 
diameters were comparable to those of VIPER and sunflower pDNA polyplexes. 
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Supplemental Figure 2.4   VIPER, sunflower, and bPEI mRNA polyplexes bind to 
HeLa cells. HeLa cells were incubated with polyplexes packaging Cy5-labeled GFP mRNA for 
30 min under serum-free conditions. After 30 min, the amount of polyplex remaining in the 
transfection media was measured and the percentage of polyplexes bound to cells was calculated. 
Approximately 13% of VIPER mRNA polyplexes, 12% of sunflower mRNA polyplexes, and 16% of 
bPEI mRNA polyplexes were bound to HeLa cells after 30 min of transfection in serum-free 
media. Error bars are expressed as mean + SD, n = 3.  
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Supplemental Table 2.1   Polyplex formulations for in vitro mRNA transfections. 
 

Parameter Serum-free OptiMEM Complete Media 
Quantity of mRNA per well 1 µg 2 µg 

VIPER N/P 3 5 
Sunflower N/P 5 5 

bPEI N/P 5 5 
Duration of transfection 1 hour 4 hours 
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CHAPTER 3  
 

 

Lytic Polyplex Vaccines Enhance Antigen-Specific Cytotoxic T 
Cell Response through Induction of Local Cell Death†,‡ 

 
David J. Peeler*, Albert Yen*, Nicholas Luera, Patrick S. Stayton, and Suzie H. Pun 

 
 
Synopsis. Endosomolytic vaccine nanocarriers can potentiate cellular immune responses by 

enhancing cross-presentation. We recently developed a cationic polymer–lytic peptide conjugate 

(VIPER) that greatly improves endosomal escape and intracellular activity of nucleic acid cargoes. 

We hypothesized that VIPER’s unique mechanism of endosomal disruption can increase 

cytoplasmic delivery of other biomacromolecules (e.g., peptides). Herein, VIPER is formulated as 

a polyplex subunit vaccine composed of conjugated peptide antigens and electrostatically 

complexed poly(I:C) nucleic acid adjuvant. This polyplex vaccine is evaluated to determine 

whether conjugation of the lytic peptide melittin to the pH-responsive micelle core improves 

vaccination outcomes. Although VIPER delivers peptide antigens intracellularly, disrupts 

endosomes in antigen-presenting cells (APCs) in vitro, and generates strong antigen-specific 

cytotoxic T cell responses in vivo, significantly enhanced cross-presentation is only observed in 

conjunction with VIPER-induced local cell death. While these results demonstrate that VIPER is 

a useful platform technology for the study of vaccine delivery, full elucidation of how endosomal 

disruption by VIPER improves vaccination outcomes will require decoupling of endosomolysis 

from cytotoxicity, as well as precise targeting of VIPER vaccine formulations to APC populations 

in vivo. 

 
 
†Adapted with permission from: Peeler, D. J.*; Yen, A.*; Luera, N.; Stayton, P. S.; Pun, S. H. Lytic Polyplex Vaccines 
Enhance Antigen‐Specific Cytotoxic T Cell Response through Induction of Local Cell Death. Adv. Ther. 2021, 2100005. 
Copyright 2021 Wiley-VCH GmbH. 
 
‡An initial draft of the above publication appears as Chapter 5 in the doctoral dissertation of David J. Peeler, an equally 
contributing author (URI: http://hdl.handle.net/1773/45109). The above publication is adapted for inclusion in this 
dissertation with permission from both David J. Peeler and Suzie H. Pun (Chair of the Supervisory Committee). 
 
*Equally contributing authors.  
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3.1   Introduction 
 

Peptide vaccines are a promising cancer immunotherapy because of their tolerability and 

customizability.1–3 Through judicious selection of peptide epitopes, a peptide vaccine regimen can 

be tailored to patient-specific cancers.1,2 Regardless of the cancer’s epitope signature, an effective 

cancer peptide vaccine must induce antiviral-like responses from tumor-specific, CD8+ cytotoxic 

T cells (CTCs).2 Antigen-presenting cells (APCs) prime antitumor CTCs by taking up exogenous 

tumor antigens, processing them into peptide epitopes, and presenting these epitopes on MHC 

class I (MHCI) molecules to naïve CD8+ T cells, a phenomenon known as cross-presentation.1,4,5  

It is well established that processing of antigens by proteasomes in the APC cytosol is a 

primary pathway for cross-presentation.6–8 For example, Moore and colleagues demonstrated 

that delivering ovalbumin-derived peptide antigens into the APC cytosol through osmotic lysis of 

pinosomes gives rise to APC populations that prime ovalbumin-specific CTCs.9 However, delivery 

of tumor antigens alone is usually insufficient for durable antitumor immunity, as T cell priming 

is inefficient without concomitant stimulation of APC maturation by vaccine adjuvants (e.g., 

alum).10 Most cancer vaccine formulations include adjuvants, but since many tumor antigens 

exhibit low immunogenicity and CTC effector function is often suppressed by tumor 

microenvironments, cancer peptide vaccines have achieved only modest treatment outcomes in 

clinical trials.3,10–12 

Integrating adjuvants and tumor peptide antigens into nanoparticle-based formulations, 

or “nanovaccines,” may improve the potency of cancer peptide vaccines.13–16 Polymeric 

nanoparticles are particularly promising vaccine carriers because they can be synthetically 

designed to navigate biological barriers impeding vaccine delivery to APCs.15–19 For instance, 

loading polymeric nanoparticles with antigen and adjuvant allows for simultaneous uptake of 

both cargoes by the same APC, which is difficult to realize with soluble vaccine formulations.16 

Furthermore, while most conventional subunit vaccines suffer from rapid clearance and poor 
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lymph node accumulation, the dimensions and surface chemistries of polymeric nanovaccines can 

be optimized for lymphatic transport and APC uptake, thereby reducing toxicity associated with 

systemic adjuvant biodistribution.19,20 Once internalized by APCs, polymeric nanovaccines with 

endosomolytic properties may also enhance cross-presentation by improving the efficiency of 

cytoplasmic antigen delivery and/or by releasing inflammasome-activating molecules from 

endosomal compartments.21–29 

A variety of technologies for cytosolic delivery of nucleic acid therapeutics have been 

described in the literature, and the same endosomal disruption mechanisms utilized by these 

technologies may be repurposed for vaccine delivery.30–32 We recently reported a cationic polymer 

(“Virus-Inspired Polymer for Endosomal Release,” or VIPER) that facilitates efficient endosomal 

escape of nucleic acid cargo through selective display of membrane-lytic peptides as a result of 

pH-triggered micelle disassembly.33,34 We further demonstrated that VIPER micelles can 

encapsulate a wide variety of peptides regardless of the peptides’ physicochemical properties.35 

Inspired by these observations and prior applications of cationic polymers for co-delivery of 

adjuvants and antigens, we hypothesized that VIPER polyplex formulations could increase cross-

presentation efficiency by mediating endosomal escape of vaccine components.27,36 

In this work, we synthesize VIPER polymers that co-deliver peptide antigen via a 

reversible disulfide bond and nucleic acid adjuvant via electrostatic complexation. We 

demonstrate that VIPER delivers its cargo intracellularly and that inclusion of a membrane-lytic 

peptide, melittin, within the VIPER formulation via covalent conjugation enhances endosomal 

disruption in APCs in vitro. However, this enhanced endosomal disruption does not correlate 

directly with increased cross-presentation, as APCs treated directly with VIPER do not cross-

present more efficiently. Further investigation reveals that cross-presentation efficiency is 

increased only when APCs are co-cultured with “bystander” cell populations pre-treated with 

cytotoxic VIPER doses. These findings suggest that VIPER’s lytic bioactivity augments cellular 

immune responses by inducing local cell death, upon which resident APCs process and cross-
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present antigens from the apoptotic milieu.37 Indeed, intradermal immunization of mice with 

VIPER generates strong antigen-specific T cell responses and prolongs survival in a subset of 

therapeutically vaccinated, melanoma-bearing mice, supporting the use of VIPER as a platform 

technology for further study of vaccine delivery. 

 

3.2   Experimental Section 
 

3.2.1   Materials 

All chemicals used for polymer and peptide synthesis were purchased from either Sigma-Aldrich 

or Thermo Fisher Scientific and used without further purification as previously described.35 All 

cell culture reagents were purchased from Gibco. Bovine serum albumin was purchased from 

Miltenyi Biotec. Endotoxin-free plasmid pmaxGFP, produced in E. coli using a pmaxCloningTM 

vector (Lonza), was purified with the Plasmid Giga Kit (Qiagen) according to manufacturer 

protocol. Incomplete Freund’s adjuvant (InvivoGen) was stored at 4 °C until emulsification with 

antigen and adjuvant according to the manufacturer protocol. Endotoxin-free SIINFEKL peptide 

(InvivoGen) was dissolved in endotoxin-free 5% (w/v) glucose in water (Sigma-Aldrich) and 

stored at -20 °C until further use. Endotoxin-free high molecular weight poly(I:C) (InvivoGen) 

was annealed in sterile saline according to manufacturer protocol. Annealed poly(I:C) was then 

buffer exchanged into 5% (w/v) glucose in water via centrifugal filtration on a 10 kDa cutoff 

Amicon® centrifugal filter (EMD Millipore) before sterile filtration with a 0.22 µm pore filter 

(EMD Millipore) and storage at -20 °C until further use. The H-2Kb/SIINFEKL tetramer was a 

gift of the NIH Tetramer Core Facility at Emory University. 

 

3.2.2   Peptide synthesis 

Lytic (cysteine-melittin; GIGAVLKVLTTGLPALISWIKRKRQQC) and antigenic (CSSSIINFEKL) 

peptides were obtained through solid-phase peptide synthesis as previously described.35 Briefly, 
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standard Fmoc amino acids and NovaPEG Rink Amide resin (EMD Millipore) were loaded onto 

a Liberty BlueTM microwave peptide synthesizer (CEM) at 0.25 mmol product scale. After 

synthesis, resin was immersed in trifluoroacetic acid (TFA) comprising 5% (v/v) 

dimethoxybenzene, 2.5% (v/v) triisopropylsilane, and 2.5% (v/v) ethanedithiol to cleave off 

peptides. For melittin, 2.5% (v/v) water was also added to the TFA. Crude peptide was recovered 

after two successive cold ether precipitations, and peptide product was purified to > 98% purity 

by reversed-phase HPLC with a mobile phase of water/acetonitrile + 0.1% (v/v) TFA and a 

gradient elution method. MALDI-TOF (University of Washington Department of Medicinal 

Chemistry Mass Spectrometry Center) was used to confirm molecular weights of purified 

peptides. To synthesize rhodamine-CSSSIINFEKL, 5/6-carboxy-tetramethyl-rhodamine 

succinimidyl ester (Thermo Fisher Scientific) was conjugated to deprotected peptide N-terminal 

amines on resin via reaction with 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide 

hydrochloride (Sigma-Aldrich), followed by peptide cleavage and purification.  

 

3.2.3   Polymer synthesis, peptide conjugation, and micelle formation 

Block copolymer (p(OEGMA8.6-co-DMAEMA50.0)-b-p(DIPAMA25.3-co-PDSEMA1.0) was 

synthesized by reversible addition−fragmentation chain-transfer (RAFT) polymerization, 

purified by dialysis, and characterized by 1H NMR and size exclusion chromatography as 

previously described.33,35 Peptides were conjugated to this polymer backbone via disulfide 

exchange between cysteine and PDSEMA as described in previous work, and reported methods 

were used to purify polymer-peptide conjugates.33,35 Micelles were formed by mixing various 

polymer-peptide conjugates in acidic phosphate buffer before a rapid pH increase via addition of 

basic phosphate buffer as previously described.33,35 After addition of basic phosphate buffer, 

polymer-peptide conjugate solution was rested overnight to form micelles. Micelles were then 

buffer exchanged into 5% (w/v) glucose in water on a 10 kDa cutoff Amicon® centrifugal filter, 
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sterile filtered through a 0.22 µm pore filter, and stored as a 0.5 µg CSSSIINFEKL/µL solution at 

4 °C until use. 

 

3.2.4   Preparation and characterization of polyplexes 

To form polyplexes, micelle solution was added to either plasmid DNA or poly(I:C) solution, and 

the mixture was vigorously pipetted. Polyplexes were rested for 30 min at room temperature 

before characterization. Nucleic acid loading was confirmed by a gel retardation assay, where 

polyplexes f0rmulated at various nitrogen to phosphate (N/P) ratios were loaded into a 1% (w/v) 

agarose gel made from 1× Tris-acetate-EDTA buffer (40 mM Tris-acetate and 1 mM EDTA) 

containing 0.5 µg/mL ethidium bromide. Gel electrophoresis was performed at 100V for 40 min. 

After electrophoresis, the gel was imaged on a UV transilluminator to visualize nucleic acid 

migration. Polyplex size and surface charge (ζ-potential) were also measured on a Zetasizer Nano 

ZS (Malvern Instruments). For each Zetasizer measurement, 20 µL of polyplex loaded with 1 μg 

of poly(I:C) were diluted in 10 mM NaCl to a final volume of 800 µL. Three independent 

measurements were taken for each polyplex formulation. 

 

3.2.5   Cell culture 

The DC2.4 mouse dendritic cell line (gift of Prof. Kim Woodrow) was cultured in RPMI 1640 

supplemented with 10% heat-inactivated fetal bovine serum (HIFBS), L-glutamine, 1× 

penicillin/streptomycin (P/S), 10 mM HEPES buffer, 1× non-essential amino acids, and 55 µM β-

mercaptoethanol (BME). The Gal8-DC2.4 cell line was generated by co-transfecting plasmids 

containing a transposable galectin 8–green fluorescent protein (Gal8-GFP) construct and 

PiggyBac transposon (gifts of Prof. Jordan Green) using Lipofectamine 2000 (Thermo Fisher 

Scientific) and then sorting for the top 5% brightest GFP+ singlet cell events using a custom 

FACSAriaTM sorter (BD). Transfected cells were expanded and sorted three times to yield a 

polyclonal population of Gal8-GFPhigh cells. The B3Z mouse CD8+ T cell hybridoma line (gift of 
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Prof. Nilabh Shastri) was cultured in RPMI 1640 supplemented with 10% HIFBS, L-glutamine, 

1× P/S, 1 mM sodium pyruvate, and 50 µM BME. The NIH/3T3 mouse fibroblast line (ATCC) was 

cultured in DMEM supplemented with 10% HIFBS, L-glutamine, 4.5 g/L D-glucose, 1× P/S, and 

110 mg/mL sodium pyruvate. The B16-OVA mouse melanoma line (gift of Prof. Amanda Lund) 

was cultured in DMEM supplemented with 10% FBS, L-glutamine, 4.5 g/L D-glucose, and 1× P/S. 

DC2.4, NIH/3T3, and B16-OVA cells were passaged every three days or when 75% confluent and 

seeded to reach 50–100% confluency at time of treatment or harvest. B3Z cells were passaged no 

more than 10 times and maintained at a cell density under 7×105 cells/mL. 

 

3.2.6   Gal8 endosomal disruption assay 

Gal8-DC2.4 cells were seeded in glass-bottom half-area 96-well plates at 104 cells/well and 

cultured overnight. Mixed micelles with varying molar ratios of antigen-conjugated polymer (AP) 

to either melittin-conjugated polymer (MP) or control polymer without peptide (CP) were 

formulated to yield 1:1, 1:2, 1:3, and 1:4 MP:AP (VIPER-Vax) micelles or CP:AP (Control-Vax) 

micelles. Micelles were mixed with poly(I:C) to form polyplexes (N/P = 10) and added to wells to 

a final antigen concentration of 2 µg/mL. After 8 h of incubation, culture media was removed and 

replaced with imaging media (FluoroBrite DMEM supplemented with 25 mM HEPES, 10% FBS, 

and Hoechst 33342). Live cell imaging was performed using a 20× objective on a custom Leica 

SP8X laser scanning confocal microscope to capture > 2×104 cells per condition. Summation of 

punctate Gal8 pixel area and normalization to cell count was performed using a slightly modified 

version of the original MATLAB code provided by Kilchrist et al.38 (available upon request). Each 

experiment was repeated three times on different passages of the same cell line and data are 

presented as the mean of these three experiments. 
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3.2.7   In vitro dendritic cell transfection 

DC2.4 cells were seeded in 24-well tissue culture plates at 2.5×104 cells/well and cultured for 16 

h prior to transfection. Polyplexes loaded with 1 µg of pmaxGFP plasmid were formulated as 

described in Section 3.2.4 by mixing micelle solution with 0.1 mg/mL plasmid solution at desired 

N/P ratios. Polyplexes were rested for at least 10 min at room temperature. Cells were then 

transfected with polyplex for 4 h, washed with phosphate-buffered saline (PBS), and resuspended 

in culture media. After 40 h more of culture, cells were lifted by scraping and stained with Zombie 

Violet™ viability dye (BioLegend). An Attune NxT Flow Cytometer (Thermo Fisher Scientific) was 

used to determine percent GFP expression in the viable cell population. 

 

3.2.8   In vitro dendritic cell uptake 

DC2.4 cells were incubated with 2 µg/mL rhodamine-CSSSIINFEKL delivered as soluble peptide, 

VIPER-Vax micelles, or VIPER-Vax polyplexes (N/P = 10) for various durations before uptake 

was quantified by flow cytometry as described in Section 3.2.7. 

 

3.2.9   Dendritic cell cross-presentation and viability assays 

DC2.4 cells were seeded in 96-well U-bottom tissue culture plates at 5×104 cells/well. Twenty four 

hours after seeding, DC2.4 cells were pulsed for 2 h with 2.5 µg/mL CSSSIINFEKL in 100 µL of 

culture media, administered as soluble peptide or as poly(I:C) polyplexes (N/P = 10). After the 2 

h pulse, DC2.4 cells were washed two times with PBS and co-cultured for an additional 20–24 h 

with B3Z cells (mouse CD8+ T cell hybridomas that produce β-galactosidase upon binding of 

SIINFEKL-MHCI complexes) at 105 B3Z cells/well in 200 µL of B3Z media.27,39 After 20–24 h of 

co-culture, cells were centrifuged at 500 rcf for 7 min and culture media was removed. Cells were 

subsequently resuspended in 150 µL/well of CPRG lysis buffer (0.15 mM chlorophenol red-β-D-

galactopyranoside [Roche], 0.1% [v/v] Triton X-100, 9 mM MgCl2, and 100 µM BME in PBS) and 

incubated in the dark at 37 °C for 1.5 h.27 After 1.5 h of incubation, cross-presentation levels were 
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quantified by measuring the absorbance of chlorophenol red at 570 nm (reference 650 nm) using 

a Tecan Infinite M200 plate reader. To assess DC2.4 cell viability after polyplex treatment, DC2.4 

cells were first seeded in tissue culture plates and pulsed with vaccine formulations as described 

above. Cell viability was measured 20–24 h after pulsing with an MTS assay (Promega) according 

to manufacturer protocol. 

 

3.2.10   Bystander cross-presentation and viability assays 

NIH/3T3 cells were seeded in 96-well U-bottom tissue culture plates at 2.1×103 cells/well. Twenty 

four hours after seeding, NIH/3T3 cells were pulsed for 4 h with 0.625, 1.25, 2.5, or 5.0 µg/mL 

CSSSIINFEKL in 100 µL of culture media, administered as soluble peptide or as poly(I:C) 

polyplexes (N/P = 10). After the 4 h pulse, polyplex-containing media was removed and fresh 

culture media was added without any PBS washes. NIH/3T3 cells were subsequently co-cultured 

with DC2.4 cells (5×104 cells/well) in 100 µL of NIH/3T3 media supplemented with 10 mM 

HEPES buffer.40 Note that DC2.4 cells were maintained in NIH/3T3 media supplemented with 10 

mM HEPES buffer for at least three days prior to co-culture with NIH/3T3 cells. After 24 h of 

DC2.4 co-culture, cross-presentation levels were quantified using the same B3Z co-culture assay 

described in Section 3.2.9. To assess NIH/3T3 cell viability after polyplex treatment, NIH/3T3 

cells were first seeded in tissue culture plates and pulsed with vaccine formulations as described 

above, with the addition of two PBS washes after pulsing. Cell viability was measured 24 h after 

pulsing with an MTS assay according to manufacturer protocol. 

 

3.2.11   Immunization of mice. All animal procedures were conducted under protocols 

approved by the Institutional Animal Care and Use Committee at the University of Washington. 

Female C57BL/6 mice (Charles River Laboratories), 6–8 weeks old, were immunized via 

intradermal injection at the right base of the tail. In all studies comparing efficacy of polyplex 

formulations, mice were immunized with 10 µg of peptide antigen (SIINFEKL or CSSSIINFEKL) 
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and 17.5 µg of poly(I:C) in 50 µL of 5% (w/v) glucose. All formulations were prepared < 1 h prior 

to injection. 

 

3.2.12   Tetramer staining and intracellular cytokine staining 

Female C57BL/6 mice were immunized intradermally on D0 and D21 with either (i) vehicle (5% 

glucose), (ii) SIINFEKL + poly(I:C), (iii) CSSSIINFEKL + poly(I:C), (iv) Control-Vax polyplexes 

(N/P = 10), or (v) VIPER-Vax polyplexes (N/P = 10) using antigen and adjuvant doses listed in 

Section 3.2.11 (n = 6 per treatment group).27 On D28, mice were euthanized by Avertin overdose, 

and harvested spleens were placed on ice in RPMI 1640 supplemented with 10% FBS (cRPMI). 

Spleens were mechanically dissociated into a single cell suspensions using a syringe plunger and 

a 40 µm cell strainer, which was rinsed with media to collect single cells and replaced for each 

spleen. Splenocytes were pelleted by centrifugation at 800 rcf and resuspended in cRPMI with 

100 U/mL DNase I (Worthington) for 5 min before lysis of red blood cells with ammonium-

chloride-potassium (ACK) lysing buffer (Gibco). Following a PBS wash, splenocytes were split for 

either immediate surface staining or SIINFEKL restimulation followed by surface and 

intracellular cytokine staining (ICCS). Surface staining of 2×106 splenocytes per mouse (2×106 

splenocytes per well, 96-well U-bottom plate) was conducted at room temperature beginning with 

Zombie NIRTM viability staining (1:500; BioLegend), two washes with PBS + 1% (v/v) bovine 

serum albumin (PBSA), 15 min room temperature incubation with PE H-2Kb/SIINFEKL tetramer 

(1:200; NIH Tetramer Core Facility), two washes with PBSA, 30 min incubation on ice with 

antibody cocktail (eFluor450 CD3ε [1:100; clone 145-2C11; Invitrogen], FITC CD8α [1:1000; 

clone KT-15; ProImmune], APC CD19 [1:1000; clone 1D3; Invitrogen]), and three final washes 

with PBSA before analysis by flow cytometry. For SIINFEKL restimulation, 2×106 splenocytes 

were plated per well (96-well U-bottom plate) in cRPMI with 20 µg/mL SIINFEKL peptide and 

incubated for 1 h at 37 °C and 5% CO2, after which Protein Transport Inhibitor Cocktail (Thermo 

Fisher Scientific) was added to a 1× concentration. Cells were incubated an additional 8 h to 
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accumulate intracellular cytokines. Following a PBSA wash, cells were stained for viability, CD3ε, 

CD8α, and CD19 as described above and then fixed and permeabilized using the 

Cytofix/CytopermTM kit (BD) according to manufacturer protocol. Finally, ICCS was performed 

on ice for 30 min with PE-Cy7 IFN-γ antibody (1:50; clone XMG1.2; Invitrogen), followed by three 

washes with Perm/WashTM buffer (BD) and analysis by flow cytometry. 

 

3.2.13   Tumor inoculation and monitoring 

Female C57BL/6 mice were inoculated subcutaneously with 105 B16-OVA cells in the right hind 

flank and randomized into treatment groups (n = 8 per treatment group), with immunization on 

D4 and D11 after inoculation. Animal weight was recorded immediately prior to inoculation and 

every two days thereafter. Once tumors were palpable, tumor dimensions were measured by 

caliper every two days, and tumor volumes were calculated using the equation V = (L×W2)/2. Mice 

were euthanized when tumor mass exceeded 10% of body weight, when body weight loss exceeded 

20%, or when severe tumor ulceration was observed. 

 

3.2.14   Tumor dissociation and analysis of tumor-infiltrating T cells 

Mice were overdosed with Avertin upon reaching tumor volume criteria for euthanasia (n = 3; 

D42). Tumors were resected and minced with a scalpel in a dissociation cocktail of 1 mM L-

cysteine, 0.5 mM EDTA, 20 U/mL papain, 20 U/mL collagenase D (Sigma-Aldrich), and 125 

U/mL DNase I (Worthington) in 5 mL of RPMI 1640 per tumor. Each tumor was placed in a C-

tube and subjected to two “imp_tumor” dissociations cycles performed by a gentleMACSTM 

Dissociator (Miltenyi Biotec) separated by a 40 min incubation at 37 °C before filtration through 

a 70 µm cell strainer into a 50 mL tube. Single cell suspensions were washed three times with 50 

mL of PBS before 2×106 cells per tumor were stained for analysis by flow cytometry. Antibody 

staining and flow cytometry was performed as described in Section 3.2.12 for splenocytes with the 

addition of mouse Fc block (1:100; clone 93; BioLegend) before staining with eFluor506 PD-1 
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(1:100; clone J43; Invitrogen) and PE CD45 (1:500; clone REA737; Miltenyi Biotec) antibodies in 

addition to eFluor450 CD3ε and FITC CD8α antibodies. 

 

3.2.15   Statistical analyses 

Statistical tests were performed with GraphPad Prism and included a two-tailed Student’s t-test 

with Welch’s correction, an one-way ANOVA with post-hoc Tukey HSD test, and a logrank test. 

All flow cytometry data were analyzed with FlowJo software. 

 

3.3   Results and Discussion 
 

3.3.1   Design of a nanocarrier for subunit antigen and nucleic acid adjuvant 

We designed our VIPER nanovaccine with the goal of using an endosomolytic polymer to (i) 

improve cross-presentation via delivery of peptide antigens into APC cytosols and (ii) co-deliver 

a nucleic acid adjuvant to these cross-presenting cells (Figure 3.1). VIPER was synthesized as a 

block copolymer with a hydrophilic, cationic block for adjuvant loading and a pH-sensitive, 

hydrophobic block for either endosomal release or peptide antigen delivery.33 The former block 

comprises 2-(dimethylamino)ethyl methacrylate (DMAEMA) copolymerized with oligo(ethylene 

glycol) monomethyl ether methacrylate (OEGMA). The pH-sensitive block consists primarily of 

2-diisopropylaminoethyl methacrylate (DIPAMA) with copolymerized pyridyl disulfide ethyl 

methacrylate (PDSEMA) for conjugation to thiolated peptides.41,42 This DIPAMA-rich block 

transitions sharply from hydrophobic to hydrophilic upon decreasing pH below 6.4.33 

Consequently, the block copolymers self-assemble into core-shell structures at physiological, 

extracellular pH (pH > 7.0) but disassemble into individual polymer chains in acidic 

environments (pH < 6.5). Peptides conjugated to the pH-sensitive block are thus protected by 

polymer micellization in extracellular environments but are exposed after cellular internalization 

into acidic endosomes.  
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The exogenous antigen ovalbumin is a popular model antigen for cancer vaccine research 

because of its high immunogenicity and well-characterized epitopes.43 For our studies, we selected 

CSSSIINFEKL, a variant of the ovalbumin MCHI epitope SIINFEKL, as a model peptide antigen 

because it bore an N-terminal cysteine for conjugation and was cross-presented more efficiently 

than SIINFEKL in other reported work.44,45 For endosomal release, the bee venom–derived 

peptide melittin was selected based on our results from our previous work, where we screened a 

panel of lytic peptides for endosomolytic activity.35 The resulting polymers used for formulation 

of the VIPER nanovaccine were (i) control polymer (p(OEGMA8.6-co-DMAEMA50.0)-b-

p(DIPAMA25.3-co-PDSEMA1.0) without conjugated peptide (CP), (ii) CSSSIINFEKL antigen-

conjugated polymer (AP), and (iii) melittin-conjugated polymer (MP, also known as VIPER). Prior 

to micellization, polymers were mixed in acidic buffer at defined molar ratios of AP to MP or AP 

to CP (Figure 3.1). Neutralization of the acidic buffer triggered micellization of the polymer 

chains, forming mixed micelles with encapsulated melittin (VIPER-Vax) or without encapsulated 

melittin (Control-Vax). 

Because the hydrophilic block of VIPER was designed for nucleic acid condensation, we 

selected poly(I:C) as an adjuvant.33 Poly(I:C) is a synthetic viral RNA analog that triggers APC 

maturation and inflammatory cytokine production through agonism of Toll-like receptor 3.11,46  

Importantly, localized delivery of poly(I:C) via nanovaccines has been shown to limit its systemic 

toxicity while also amplifying on-target effects in APCs.47,48 Poly(I:C) was incorporated into the 

VIPER nanovaccine by electrostatic complexation with VIPER’s cationic micelle shell, similar to 

how polyethyleneimine and cationic liposomes were used for poly(I:C) complexation in previous 

work.36,49,50 Complete adjuvant encapsulation was achieved at a polymer to adjuvant nitrogen to 

phosphate (N/P) ratio of five (polymer DMAEMA to adjuvant phosphate) (Supplemental 

Figure 3.1). VIPER-Vax and Control-Vax polyplexes (N/P = 10) shared similar physicochemical 

properties, exhibiting ζ-potentials of +10–12 mV and diameters of ~150 nm (Supplemental 

Figure 3.2). Based on our previous work with cationic polymer–nucleic acid complexes and  
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Figure 3.1   Proposed mechanism for agonism of Toll-like receptor 3 and 
enhancement of cross-presentation by VIPER-Vax. pH-sensitive polymers conjugated to 
lytic (triangle) or antigenic (circle) peptide persist as single polymer chains when stored under 
acidic conditions. At physiological pH, the polymer chains assemble into mixed micelles. Poly(I:C) 
vaccine polyplexes (VIPER-Vax) are formulated by simple mixing of micelles with naked 
poly(I:C). When delivered to an antigen-presenting cell, VIPER-Vax (1) undergoes endocytosis 
followed by (2) pH-triggered disassembly in the acidic endosome, allowing poly(I:C) to bind and 
activate Toll-like receptor 3. Lytic peptide–conjugated polymers also (3) disrupt the endosomal 
membrane, releasing peptide antigens into the cytosol for (4) processing in the endoplasmic 
reticulum and loading onto MHCI molecules. MHCI-antigen complexes are then transported to 
the cell membrane for (5) cross-presentation. 
 

other reports of such work in the literature, we expected efficient cellular internalization of our 

positively charged poly(I:C) polyplexes.51–53 Indeed, the size and surface charge of these 
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polyplexes allowed for uptake of rhodamine-labeled CSSSIINFEKL by DC2.4 mouse dendritic 

cells in vitro (Supplemental Figure 3.3). 

 

3.3.2   Intracellular vaccine delivery and endosomal disruption 

We first evaluated the ability of mixed micelle VIPER formulations to mediate endosomal 

disruption in Gal8-GFP–expressing DC2.4 cells. Kilchrist et al.38 recently developed a high-

throughput confocal microscopy–based assay that correlates endosomal release of intracellularly 

delivered cargoes with recruitment of galectin-8 (Gal8) to disrupted endosomal membranes. In 

this assay, the total pixel area of bright, punctate Gal8–green fluorescent protein (Gal8-GFP) 

signal in a given image is summed and divided by the number of cells in that image, such that 

greater GFP pixel area per cell correlates with a greater number of disrupted endosomes. We 

generated a Gal8-DC2.4 cell line and used it to determine the minimum ratio of MP to AP in 

micelle formulations required for efficient endosomal disruption.  

 Gal8-DC2.4 cells were treated with poly(I:C) polyplexes (N/P = 10) consisting of 1:1, 1:2, 

1:3, or 1:4 MP:AP (VIPER-Vax) or CP:AP (Control-Vax) mixed micelles, and Gal8 signal was 

quantified by live cell imaging after an 8 h incubation (Figure 3.2A,B). Increased MP content in 

VIPER-Vax formulations correlated with increased endosomal disruption (ΣGal8/cell = 650 for 

1:1 MP:AP vs. 102 for 1:4 MP:AP), and all Control-Vax formulations induced little detectable 

endosomal disruption (Figure 3.2A). Because treatment with both 1:1 and 1:2 VIPER-Vax 

formulations gave rise to significantly greater ΣGal8/cell than equivalent Control-Vax 

formulations, we proceeded with 1:2 MP:AP mixed micelles to maximize micellar antigen 

concentration (5% w/w) while retaining effective endosomal escape functionality. 

 After confirming that VIPER-Vax disrupts endosomes in DC2.4 cells, we investigated 

whether this increase in endosomal disruption would augment cytosolic delivery of  

 

biomacromolecule cargo. We substituted poly(I:C) with pmaxGFP, a GFP reporter transgene. Like 

poly(I:C), this plasmid is encapsulated by cationic polymers via electrostatic interactions.35  
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Figure 3.2   Melittin is essential for endosomal disruption and plasmid transfection 
in DC2.4 cells. (A) Gal8-DC2.4 cells were treated with poly(I:C) polyplexes (N/P = 10) 
consisting of 1:1, 2:1, 3:1, or 4:1 AP:MP (VIPER-Vax) or AP:CP (Control-Vax) mixed micelles, and 
Gal8 signal was quantified through live cell imaging after 8 h of incubation. Data are expressed as 
mean + SD, n = 3 independent experiments. Statistical significance is derived from Student’s t-
test comparing VIPER-Vax to Control-Vax at each mixed micelle AP:MP or AP:CP ratio (**p-value 
≤ 0.01). (B) Representative images of Gal8-DC2.4 cells treated with the mixed micelle 
formulations carried forward in this work. Hoescht stained nuclei appear in blue and Gal8-GFP 
appears in green; punctate Gal8-GFP is localized to disrupted endosomes. Scale bar = 50 µm. (C) 
GFP expression and (D) cell viability were analyzed by flow cytometry 48 h after transfection of 
DC2.4 cells with polyplexes composed of pmaxGFP plasmid and either MP or CP. Data are 
expressed as mean + SD, n = 3 independent experiments. Statistical significance is derived from 
Student’s t-test comparing MP and CP at each N/P ratio (***p-value ≤ 0.001). 
 
 

Cytosolic delivery and subsequent nuclear translocation of the plasmid results in expression of 

GFP, and the percentage of transfected GFP+ cells can be quantified by flow cytometry analysis.35 

We observed that MP polyplexes transfected more efficiently than CP polyplexes (69% GFP+ cells 

vs. 0.77% GFP+ cells at N/P = 12) in culture media, verifying that pH-dependent display of melittin 

facilitates cytosolic delivery of plasmids (Figure 3.2C,D).33–35 For all subsequent experiments, 

we formulated VIPER-Vax and Control-Vax polyplexes at N/P = 10 to minimize polyplex 
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destabilization by anionic extracellular matrix components while maintaining poly(I:C) doses 

comparable to those used in previously reported in vivo studies.47,49,50,54 

 
 
3.3.3   Cross-presentation 

Given that VIPER-mediated endosomal disruption resulted in efficient cytosolic plasmid delivery 

in APCs, we then assessed whether this same endosomal disruption could improve cross-

presentation efficiency via cytosolic peptide antigen delivery.6,7 To measure cross-presentation 

and downstream T cell priming, we utilized the B3Z cell line, a mouse CD8+ T cell hybridoma that 

produces β-galactosidase upon binding of its T cell receptor to the mouse SIINFEKL-MHCI 

complex.39 Therefore, cross-presentation by mouse APCs can be indirectly quantified by co-

culturing vaccine-pulsed APCs with B3Z cells and performing a colorimetric β-galactosidase assay 

(Figure 3.3A).27,39 With this colorimetric assay, we surprisingly found that DC2.4 cells pulsed 

directly with VIPER-Vax polyplexes cross-presented at statistically similar levels to those pulsed 

with Control-Vax polyplexes and free CSSSIINFEKL (Figure 3.3A).  

 Interestingly, we achieved greater cross-presentation efficiency in this B3Z assay format 

by increasing VIPER-Vax dose to cytotoxic levels (data not shown). Based on this observation, we 

hypothesized that cross-presentation may be mediated (at least in part) by apoptotic “bystander” 

cells, where antigen-loaded apoptotic bodies from VIPER-pulsed APCs are processed by their 

viable counterparts for cross-presentation (Figure 3.3C).37,55,56 This phenomenon has been 

reported for similar polyplex vaccine carriers complexed with antigen-encoding plasmid.40 To 

explore our hypothesis, we pulsed NIH/3T3 fibroblasts with cytotoxic doses of polyplexes (0.625, 

1.25, 2.5, and 5.0 µg/mL antigen doses) and subsequently co-cultured the fibroblasts with DC2.4 

cells (Supplemental Figure 3.3).40 We demonstrated ~7.3-, ~2.7-, and ~1.5-fold increases in 

cross-presentation when melittin was included in the polyplexes, at 1.25, 2.5, and 5 µg/mL  

antigen, respectively (Figure 3.3B). Note that NIH/3T3 fibroblasts express an MHC haplotype 

(H-2q) incompatible for antigen presentation to H-2Kb–restricted B3Z cells, so any detectable  
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Figure 3.3   Melittin potentiates cross-presentation via induction of local cell death. 
(A) DC2.4 cells were pulsed with free CSSSIINFEKL, VIPER-Vax polyplex, or Control-Vax 
polyplex (2.5 µg/mL antigen) for 2 h and subsequently co-cultured for 20–24 h with B3Z cells. 
Recognition of MHCI-bound SIINFEKL by B3Z cells was detected using a colorimetric assay. Data 
expressed as mean + SD, n = 3 independent experiments. Statistical significance is derived from 
an one-way ANOVA with post-hoc Tukey HSD test (ns = no significance). (B) NIH/3T3 cells were 
pulsed with VIPER-Vax polyplex or Control-Vax polyplex for 4 h at cytotoxic polyplex doses. 
NIH/3T3 cells were subsequently co-cultured for 24 h with DC2.4 cells. B3Z cells were added after 
24 h of NIH/3T3-DC2.4 co-culture, and the same colorimetric assay from (A) was used to quantify 
cross-presentation. Data are expressed as mean + SD, n = 3 independent experiments. Statistical 
significance is derived from a two-tailed Student’s t-test with Welch’s correction (*p-value ≤ 
0.05). (C) Cross-presentation may occur after direct vaccine transfer into APCs or APC uptake of 
vaccine-loaded apoptotic bodies from bystander cells. 
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activation of B3Z cells may be directly attributed to DC2.4 cross-presentation and not NIH/3T3 

antigen presentation.57
 

 Taken altogether, these results suggest that our polyplex formulations stimulate cross-

presentation through two distinct mechanisms: polyplexes may deliver vaccine cargo directly into 

APCs, or APCs may uptake vaccine-loaded apoptotic bodies produced by polyplex-pulsed 

bystander cells (Figure 3.3C).40 Importantly, addition of melittin—which possesses cytolytic 

properties and has been utilized as a cancer immunotherapy agent—into the poly(I:C) polyplex  

formulation significantly increases cross-presentation through the latter mechanism.58,59 In this 

way, VIPER-Vax behaves much like its virus namesake, “infecting” non-APC populations, killing 

them, and allowing local APCs to cross-present “viral” antigens of interest from apoptotic 

debris.37,55 However, the degree to which melittin-mediated endosomal disruption affects cross-

presentation remains unclear, as increasing melittin dose also increases cytotoxicity, resulting in 

cross-presentation associated with local cell death (Supplemental Figure 3.3). It is worth 

noting that MHCI loading may also take place within endosomes, and thus efficient endosomal 

peptide delivery alone may account for the cross-presentation observed in CSSSIINFEKL- and 

Control-Vax–treated DC2.4 cells, whereas cytosolic delivery of nucleic acid cargo is necessary for 

its bioactivity (Figure 3.2, Figure 3.3A).7 Although cytocompatible VIPER-Vax doses are 

sufficiently endosomolytic for gene transfer in APCs, the corresponding quantity of cytosolically 

delivered antigen may be insufficient to enhance cross-presentation via cytosolic MHCI loading 

pathways (Figure 3.2C,D).6,7 

 An isolated investigation of how VIPER may augment cross-presentation through 

cytosolic peptide antigen delivery will require reduction of polymer cytotoxicity while preserving 

melittin’s endosomal release properties. One possible approach for reducing VIPER cytotoxicity 

is the replacement of cationic DMAEMA in the polymer’s hydrophilic block with neutrally charged 

monomers, as DMAEMA itself can lyse cell membranes and cause cell death.60,61 Neutralizing 

VIPER’s hydrophilic block may enable determination of a micellar melittin dose that potentiates 
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cross-presentation while minimizing cytotoxicity; furthermore, alternative vaccine adjuvant 

strategies may be explored, as neutral VIPER cannot electrostatically complex with nucleic acid 

adjuvants like poly(I:C). 

 

3.3.4   Cytotoxic T cell responses in tumor-naïve mice 

Armed with a vaccine nanocarrier capable of inducing efficient cross-presentation of peptide 

antigen cargo in vitro (albeit via a different mechanism than we expected), we sought to establish 

whether VIPER-Vax could elicit a therapeutically relevant, antigen-specific CTC response in mice. 

We hypothesized that our nanoformulation would prime a greater adaptive immune response 

than soluble vaccine formulations due to (i) enhanced co-delivery of antigens and adjuvants to 

APCs and (ii) reduced lymphatic clearance.14–16 Based on our in vitro results, we further 

hypothesized that delivery of poly(I:C) in the context of VIPER-enhanced cross-presentation 

would result in greater expansion and functional maturation of anti-SIINFEKL CTCs. As a first 

step towards characterizing the cellular immune responses generated by VIPER-Vax, we 

intradermally vaccinated healthy mice with various antigen/poly(I:C) formulations on days 1 and 

21 and analyzed splenic CTCs using tetramer staining and intracellular cytokine staining (ICCS) 

on day 28 (Figure 3.4, Supplemental Figure 3.5). We selected the dermis as the 

immunization site because it is rich in non-APC populations (e.g., fibroblasts) through which 

VIPER-induced cell death can mediate antigen transfer into skin-resident APCs.62,63 

Compared to mice vaccinated with soluble CSSSIINFEKL/poly(I:C), mice vaccinated with 

VIPER-Vax had significantly more H-2Kb/SIINFEKL tetramer–bound CD8+ T cells (4.57% vs. 

2.55%) and significantly more SIINFEKL-specific, IFN-γ+ CTCs (6.85% vs. 1.86%) (Figure 3.4). 

While mice treated with Control-Vax also exhibited an increased antigen-specific CTC response 

relative to mice treated with soluble CSSSIINFEKL/poly(I:C), this increase was not statistically 

significant. Surprisingly, vaccination with SIINFEKL/poly(I:C) yielded no detection of antigen-

specific T cells beyond assay background established by vehicle-treated mice. 
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Figure 3.4   Polyplex vaccination enhances the generation of antigen-specific 
cytotoxic T cells. On days 1 and 21, female C57BL/6 mice were vaccinated intradermally at the 
base of the tail with various formulations containing 10 µg CSSSIINFEKL and 17.5 µg poly(I:C) in 
50 µL of 5% glucose or with vehicle (5% glucose) alone. On day 28, spleens were harvested and 
dissociated splenocytes were either (A) directly stained with H-2Kb/SIINFEKL tetramer or (B) 
restimulated in culture with 20 µg/mL SIINFEKL for 8 h before intracellular staining of IFN-γ. 
Data are expressed as mean + SEM, n = 6. Statistical significance is derived from Student’s t-test 
(*p-value ≤ 0.05; **p-value ≤ 0.01; ns = no significance). 
 
 

 These results demonstrate that VIPER-Vax can be used for subunit antigen delivery and 

further support the correlation between cross-presentation efficiency and antigen-specific CTC 

response levels.27,44,64,65 As measured by tetramer staining and ICCS, vaccination with VIPER-Vax 

generated the largest number of anti-SIINFEKL CTCs of any formulation tested in this study. 

Furthermore, both VIPER-Vax and Control-Vax formulations generated a greater antigen-specific 

cellular immune response than either soluble antigen/adjuvant mixture, corroborating the 

importance of co-delivering antigens and adjuvants to APCs. The poor performance of 



63 
 

SIINFEKL/poly(I:C) relative to CSSSIINFEKL/poly(I:C) has been reported in a previous study 

and is attributed to less efficient MHCI loading in the absence of the CSS linker.44,45 Overall, these 

data shows that VIPER-Vax immunization produces large quantities of antigen-specific CTCs with 

robust IFN-γ expression; inclusion of melittin in the VIPER formulation is also necessary to 

significantly enhance adaptive immune responses over those elicited by the control formulations. 

 

3.3.5   Therapeutic cancer vaccination 

Having validated that VIPER-Vax induces a strong anti-SIINFEKL CTC response, we sought to 

evaluate the therapeutic relevance of this response in mice bearing syngeneic B16-OVA flank 

tumors. B16 tumors grow rapidly after subcutaneous inoculation and undergo metastatic-like 

engraftment when injected intravenously.66 This tumor line also expresses several well-defined 

endogenous neoantigens that render the tumor susceptible to vaccine-induced immunity.66 

Because B16 neoantigens are typically poorly immunogenic, B16 cells expressing exogenous, 

highly immunogenic ovalbumin (B16-OVA) are often used for initial screens of vaccine efficacy, 

where ovalbumin or its epitopes are administered as antigens to B16-OVA–bearing mice.43  

Prophylactic immunization of mice with a sufficiently potent ovalbumin vaccine can 

prevent engraftment of B16-OVA tumors.44 Nevertheless, we opted for a survival analysis of 

therapeutically vaccinated mice because most cancers occur spontaneously.67 VIPER-Vax was 

administered on days 4 and 11 after B16-OVA tumor inoculation with dosing equivalent to our 

previous study in tumor-naïve mice (Figure 3.5A). Average tumor growth rates and the survival 

of VIPER-Vax–vaccinated mice were benchmarked against those of mice vaccinated with (i) a 

soluble mixture of SIINFEKL and poly(I:C), (ii) SIINFEKL and poly(I:C) emulsified in incomplete 

Freund’s adjuvant (IFA), or (iii) vehicle (5% glucose). All vaccine formulations delayed tumor 

growth and statistically prolonged survival relative to vehicle (Figure 3.5B,C). However, survival 

rates between the three vaccine treatment groups were not statistically different (Figure 3.5C). 
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Figure 3.5   Therapeutic polyplex vaccination delays tumor growth and prolongs 
survival in a subset of B16-OVA tumor–bearing mice. (A) Female C57BL/6 mice were 
subcutaneously inoculated with 105 B16-OVA cells and randomized into various treatment groups. 
On days 4 and 11 after inoculation, mice were vaccinated intradermally at the right base of the tail 
with various formulations containing 10 µg CSSSIINFEKL and 17.5 µg poly(I:C). 5% glucose was 
used as a vehicle control. Tumor volume and animal weight were measured every other day. 
Animals were euthanized when tumor mass exceeded 10% body weight, when body weight loss 
exceeded 20%, or when severe tumor ulceration was observed. (B) Average tumor volumes as 
measured over the course of 42 days. Data are expressed as mean + SEM, n = 8. (C) Kaplan–
Meier survival curves for mice immunized with various vaccine formulations. All vaccine 
formulations prolonged survival relative to vehicle. VIPER-Vax extended survival in 3/8 mice. 
Statistical significance is derived from a logrank test (*p-value ≤ 0.05; **p-value ≤ 0.01). 
 
 

 Although VIPER-Vax elicited strong anti-SIINFEKL CTC responses in tumor-naïve mice, 

therapeutic vaccination with VIPER-Vax in B16-OVA–bearing mice did not significantly improve 

survival outcomes over vaccination with conventional formulations. Notably, vaccination with 

VIPER-Vax delayed tumor growth in a subset of mice (3 of 8 mice) and extended their survival 

beyond all other mice in the study (Figure 3.5C, Supplemental Figure 3.6). We performed a 

terminal analysis of spleen- and tumor-resident cells from this subset of VIPER-Vax–treated mice 

and found that only 0.75% of CD8+ splenocytes were IFN-γ+ and that 44% of tumor-infiltrating 

CD45+CD8+ cells were PD-1+ (Supplemental Figure 3.7). These data indicate T cell exhaustion, 

a hallmark of tumor immunosuppression.2,4 Gradual immunosuppression of CTC effector 
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function by the tumor is a disappointing but not surprising outcome. Previously reported cancer 

nanovaccines—even those that statistically outperform soluble antigen/adjuvant formulations—

required co-administration with immune checkpoint inhibitors for long-lasting antitumor 

immunity.44,64 

Prior work has also shown that cationic polyplexes aggregate after injection into the 

dermis, likely because of charge interactions between cationic polymer side groups and anionic 

proteoglycans in extracellular matrix.68,69 We suspect this aggregation may slow uptake of 

polyplexes by skin-resident APCs, reducing the rate of antigen transport to lymph nodes. Thus, 

intradermal vaccination with VIPER-Vax may not prime a sufficiently rapid immune response 

against aggressive cancers like B16 melanoma. The persistence of antigen in peripheral tissue may 

also result in antigen tolerance or CTC fratricide, a known disadvantage of slow-releasing vaccine 

formulations like IFA.4 Indeed, immunization with an IFA emulsion of SIINFEKL and poly(I:C) 

provided the least therapeutic benefit of the vaccine formulations tested in the B16-OVA survival 

study. Given these results, we expect that VIPER-Vax would perform better as a prophylactic 

vaccine. Its therapeutic efficacy may also be improved by addition of MHC class II epitopes (to 

activate a TH1 CD4+ T cell response) or by co-administration of immune checkpoint inhibitors.1,70 

Future work in our laboratory will focus on altering the surface chemistry of VIPER micelles to 

enable rapid lymphatic trafficking. These surface chemistry modifications will also eliminate 

DMAEMA-associated toxicity as previously discussed, allowing direct investigation of how 

endosomal melittin exposure in APCs affects immune responses and therapeutic vaccination 

outcomes. 

 

3.4   Conclusions 
 

VIPER-Vax, a polymer micelle/poly(I:C) polyplex nanovaccine, disrupted endosome membranes 

via pH-sensitive exposure of encapsulated melittin, a lytic peptide. We hypothesized that VIPER-
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Vax would enhance cross-presentation by efficiently delivering co-encapsulated peptide antigens 

into cytosolic MHCI loading pathways. However, we found that cross-presentation is enhanced 

only when VIPER-Vax induces lytic cell death, enabling resident APCs to cross-present antigens 

after uptake of vaccine-loaded apoptotic bodies. Despite the unexpected mechanism by which 

VIPER-Vax augments cross-presentation efficiency, intradermal immunization with VIPER-Vax 

generated larger numbers of antigen-specific CTCs in vivo than soluble antigen/adjuvant 

mixtures. While therapeutic vaccination with VIPER-Vax delayed B16-OVA tumor growth in a 

subset of mice, it did not consistently outperform traditional antigen/adjuvant formulations. This 

lack of therapeutic efficacy was likely due to slow T cell priming kinetics, which may be caused by 

polyplex depot formation after intradermal VIPER-Vax administration. In summary, we report a 

polyplex formulation for subunit antigen delivery that increases cross-presentation and improves 

antigen-specific CTC response. Future work will focus on new micelle surface chemistries that (i) 

decouple VIPER-Vax cytolysis from endosomolysis and (ii) facilitate rapid trafficking of VIPER-

Vax to APCs in vivo, thereby enabling further investigation of how co-delivering lytic and 

antigenic peptides to APCs affects therapeutic CTC responses in aggressive cancer models. 
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Supplemental Figure 3.1   VIPER micelles form condensed polyplexes with 
poly(I:C). Cationic polymer micelles were mixed with poly(I:C) nucleic acid adjuvant at various 
N/P ratios. (A) Nucleic acid packaging efficiency was characterized by a gel retardation assay. At 
higher N/P ratios, poly(I:C) was trapped within polyplexes and was unable to migrate through the 
gel during electrophoresis. (B) Polyplex size was evaluated by dynamic light scattering (DLS). 
Data are expressed as mean + SD, n = 3 independent measurements. 
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Supplemental Figure 3.2   Characterization of VIPER-Vax and Control-Vax 
polyplexes at N/P = 10. Cationic mixed micelles with (VIPER-Vax) or without (Control-Vax) 
melittin were mixed with poly(I:C) at N/P = 10 to form polyplexes. Polyplex diameter and surface 
charge were evaluated by dynamic light scattering and ζ-potential measurements, respectively. 
Data are expressed as mean + SD, n = 3 independent measurements.  
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Supplemental Figure 3.3   DC2.4 cells uptake fluorescently labeled peptide antigen. 
DC2.4 cells were incubated with 2 µg/mL rhodamine-CSSSIINFEKL formulated as free peptide, 
cationic micelle, or N/P=10 poly(I:C) polyplex. Uptake was quantified by flow cytometry at 
various time points. Data are expressed as mean + SD, n = 3 independent experiments. Statistical 
significance is derived from Student’s t-test (*p-value ≤ 0.05; **p-value ≤ 0.01).
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Supplemental Figure 3.4   Cell viability corresponding to B3Z assays. (A) DC2.4 cells 
were pulsed with 2.5 µg/mL CSSSIINFEKL delivered as either soluble peptide, VIPER-Vax 
polyplex, or Control-Vax polyplex for 2 h. An MTS assay was used to measure cell viability 20-24 
h after pulsing. Data expressed as mean + SD; n = 3 independent experiments. (B) NIH/3T3 cells 
were pulsed with VIPER-Vax polyplexes or Control-Vax polyplexes for 4 h at the indicated antigen 
doses. An MTS assay was used to measure cell viability 24 h after pulsing. Data are expressed as 
mean + SD, n = 3 independent experiments.  
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Supplemental Figure 3.5   Flow cytometry gating strategy for intracellular cytokine 
staining. Representative scatter plots showing CD8+IFN-γ+ T cells after SIINFEKL restimulation 
of harvested splenocytes from immunized mice.
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Supplemental Figure 3.6   Spider plots of B16-OVA tumor growth in individual mice. 
Mice were immunized with the formulations indicated. Note the subset of VIPER-Vax–
immunized mice with extended survival duration relative to other mice.
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Supplemental Figure 3.7   At time of sacrifice, tumor-bearing mice have relatively 
few cytotoxic T cells, and their tumor-infiltrating T cells express PD-1. On D42 of the 
tumor study described in Figure 3.5, spleens were harvested from the surviving VIPER-Vax–
immunized mice and tumor-naïve mice. (A) Dissociated splenocytes were restimulated in culture 
with 20 µg/mL SIINFEKL for 8 h before intracellular staining of IFN-γ in CD8+ cells. Data are 
expressed as mean + SD, n = 3. Statistical significance is derived from Student’s t-test (*p-value 
≤ 0.05). (B) On D42 of the tumor study described in Figure 3.5, tumors were harvested from the 
surviving VIPER-Vax–immunized mice (n = 3) and dissociated into single-cell suspensions for 
flow cytometry. Shown is a representative flow cytometry histogram of PD-1 expression in tumor-
infiltrating CD45+CD8+ cells from a VIPER-Vax–immunized mouse. 
  



75 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Table 3.1   Staining panel used for flow cytometry analysis of T cells. 
 

Marker Vendor Clone (If Antibody)  Fluorophore 

Viability BioLegend N/A Zombie NIRTM 

CD3ε Invitrogen 145-2C11 eFluor450 

CD19 Invitrogen 1D3 APC 

CD8α ProImmune KT-15 FITC 

IFN-γ Invitrogen XMG1.2 PE-Cy7 

SIINFEKL T Cell 
Receptor 

NIH Tetramer 
Core Facility 

N/A (H-2Kb/SIINFEKL Tetramer) PE 
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CHAPTER 4  
 

 

Mannosylated Polymer Micelles Target Peptide Antigens to 
Dendritic Cells†,‡ 

 
Albert Yen*, David J. Peeler*, Selvi Srinivasan, Yunshi Zhou, Meilyn Sylvestre, Clinton M. 

Heinze, Lucy F. Yang, Nicholas Luera, Patrick S. Stayton, and Suzie H. Pun 
 
 
Synopsis. Nonspecific biodistribution and poor antigen immunogenicity limits the efficacy of 

many subunit cancer vaccines. Activation of tumor-specific cellular immunity is mediated by 

dendritic cells (DCs). Cancer vaccine potency may be enhanced by targeting tumor antigens and 

vaccine adjuvants to these DCs. Here, we report mannosylated polymer micelles loaded with 

monomeric adjuvant prodrugs, or “drugamers,” as well as covalently conjugated lytic peptides 

and peptide antigens. The mannosylated micelle corona targets vaccine cargo to DCs, but 

subsequent studies show that inclusion of lytic peptides in the micelle core may attenuate antigen-

specific T cell responses. Nonetheless, in a model of mouse melanoma, our micelle formulation 

prolongs survival in comparison to soluble vaccine. Additional work is needed to elucidate how 

the bioactivities of drugamer, lytic peptide, and mannose combine to modulate antigen-specific 

immunity. 

 

 

 

 

 
 
 

 
†All biomaterial synthesis schemes described in this chapter (and the next) are based on the foundational scheme 
reported in this seminal publication from our group: Cheng, Y.; Yumul, R. C.; Pun, S. H. Virus-Inspired Polymer for 
Efficient In Vitro and In Vivo Gene Delivery. Angew. Chemie Int. Ed. 2016, 55 (39), 12013–12017. 
 

‡A preliminary discussion of this research effort can be found in Chapter 6 of David J. Peeler’s doctoral dissertation 
(URI: http://hdl.handle.net/1773/45109). 

 
*Equally contributing authors.  
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4.1   Introduction 
 

Subunit vaccines are a cornerstone of modern medicine.1 Long-lasting protective immunity 

against infectious diseases can be conferred by administration of antigens—unique protein or 

peptide “subunits” of pathogens—before an infectious disease ever manifests.1 In addition, 

subunit vaccines are less toxic and cheaper to manufacture than attenuated or inactivated 

vaccines derived from whole pathogens.2  

 The main disadvantage of subunit vaccines is the low immunogenicity of most protein and 

peptide antigens.1 Since attenuated and inactivated vaccines consist of whole pathogens, they 

contain both antigens and pathogen-associated molecular patterns (PAMPs), biomolecules that 

bind pattern recognition receptors (PRRs) expressed by immune cells, activating 

immunostimulatory signaling pathways.3 Activation of these signaling pathways during antigen 

processing is necessary for disease clearance and protective immunity.3 To compensate for the 

poor immunogenicity of subunit antigens, vaccine adjuvants are typically incorporated into 

subunit vaccine formulations.1–5 These vaccine adjuvants are synthetic substances that act as 

antigen depots, increasing antigen bioavailability, or they may be designed to mimic PAMPs, 

triggering pathogen-specific immune responses in the absence of pathogen.1,3,5 

 The clinical success rates of subunit vaccines for infectious diseases has inspired 

development of similar vaccines for cancer. To date, however, clinical outcomes for subunit cancer 

vaccine regimens have been subpar.6–8 Several biological barriers limit the efficacy of subunit 

cancer vaccines. First, cancer vaccines are typically administered after a tumor is already 

established, and strong immune responses are needed to fully eliminate the tumor.6 Furthermore, 

tumor antigens are often identical to self-antigens from noncancerous tissue and do not elicit 

robust immunity.9–11 Finally, tumor microenvironments are known to suppress the function of 

effector immune cells.4,6 Administration of more potent adjuvants or combinatorial adjuvant 
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therapies may improve the efficacy of subunit cancer vaccines, but systemic toxicity caused by 

nonspecific adjuvant bioactivity is a major safety concern.12,13 

 The potency of subunit cancer vaccines may be safely enhanced through targeted delivery 

of tumor antigens and vaccine adjuvants to dendritic cells (DCs). Cellular immune responses are 

initiated by DCs.14 When stimulated with adjuvant in the presence of antigen, immature DCs 

undergo maturation, process antigens into peptide epitopes, and present these epitopes on MHC 

molecules to naïve T cells.14 Presentation of epitopes on MHC class I (MHCI) molecules primes 

CD8+ cytotoxic T cells (CTCs) that destroy antigen-expressing cells (e.g., tumor cells), whereas 

presentation of epitopes on MHC class II (MHCII) molecules primes CD4+ helper T cells that 

boost the function of DCs, CTCs, and other immune cells.15 Primed T cells are key effector immune 

cells, and both CD8+ and CD4+ T cell immunity are crucial for tumor clearance.7,16,17 

 Since T cell priming occurs primarily in lymphatic organs, delivery strategies that localize 

vaccine components to lymph node–resident DCs are a subject of extensive research. One such 

strategy is the use of synthetic nanoparticles for DC-targeted vaccine delivery.18–21 How 

nanoparticle vaccines, or “nanovaccines,” traffic through the lymphatics is a function of particle 

size, shape, surface charge, and material.19,21 The interplay between these design parameters is 

not fully understood, but prior research has shown that nanovaccines with 20–100 nm diameters 

drain passively to lymphoid DCs after injection into the interstitium.19,22,23 Larger particles drain 

inefficiently into the lymphatics because they are often trapped by extracellular matrix, but they 

may still be taken up by migratory DCs, which transport peripheral antigens to lymph nodes for 

presentation to T cells.19,24,25  

 Active targeting mechanisms may further increase association of nanovaccines with DCs. 

Functionalization of vaccines with mannose ligands can improve vaccine uptake by DCs through 

binding of C-type lectins, a broad class of carbohydrate-binding proteins that interact with 

mannose moieties found on many pathogens.26–28 Some C-type lectins are PRRs expressed by DCs 

(e.g., CD206) and facilitate receptor-mediated endocytosis of mannosylated vaccines.28,29 Others 
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are soluble PRRs (e.g., mannose-binding lectin) that promote DC phagocytosis of mannosylated 

vaccines via opsonization.28,30,31 

 We draw upon these nanoparticle targeting principles to create nanovaccines that 

efficiently deliver cancer vaccine cargo to DCs. In Chapter 3, we reported “VIPER-Vax,” the first 

subunit cancer nanovaccine based on our group’s “Virus-Inspired Polymer for Endosomal 

Release,” or VIPER.32–34 VIPER-Vax is a cationic polyplex vaccine with co-encapsulated melittin, 

a membrane-lytic peptide, and peptide antigen.32 Poly(I:C), a nucleic acid adjuvant, is loaded into 

VIPER-Vax via cation-driven condensation.32,35 As discussed in Chapter 3, VIPER-Vax and its 

encapsulated cargo are readily internalized by DCs in vitro and potentiate antigen presentation 

via a bystander killing mechanism.32,36,37 However, its cationic charge may hinder uptake by DCs 

after administration, limiting its therapeutic potential.32 Indeed, prior research has shown that 

cationic polyplexes like VIPER-Vax may be trapped in anionic extracellular matrix, preventing DC 

uptake and lymphatic transport despite persistent depot formation at the injection site.38,39 In this 

chapter, we build on our work with VIPER-Vax polyplexes and synthesize a neutrally charged, 

mannosylated VIPER-Vax for receptor-targeted delivery of cancer peptide vaccines to DCs. 

 

4.2   Experimental Section 
 

4.2.1   Materials 

Resiquimod (R848) was purchased from InvivoGen. RPMI 1640 culture media (with L-

glutamine) was purchased from Corning, fetal bovine serum (FBS) was purchased from Gibco, 

and bovine serum albumin was purchased from Miltenyi Biotec. Mannose ethyl methacrylate 

(MMA; MW = 292.72) and self-immolating R848 carbamate methacrylate (SRCMA; MW = 676.2) 

were synthesized by Selvi Srinivasan using reported methods from the Ratner and Stayton 

groups.40,41 Chain transfer agents (CTAs) 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-

cyanopentanoic acid (CCC) and 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid 
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(CCP) for reversible addition−fragmentation chain-transfer (RAFT) polymerization were 

purchased from Sigma-Aldrich. Azo initiators V-60 (azobisisobutyronitrile, or AIBN), V-70, and 

V-501 were purchased from Wako Chemical. Pyridyl disulfide ethyl methacrylate (PDSEMA) was 

obtained with previously reported synthesis methods.42 2-Diisopropylaminoethyl methacrylate 

(DIPAMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), and oligo(ethylene glycol) 

monomethyl ether methacrylate (OEGMA, average Mn = 300, 4–5 pendent ethylene oxide units) 

were purchased from Sigma-Aldrich; polymerization inhibitors were removed by passing 

monomers stocks through a basic alumina column.33,34 2-N,N′-diisopropylcarbodiimide (DIC), 4-

(dimethylamino)pyridine (DMAP), and polyethylene glycol methyl ether (mPEG-OH, average Mn 

= 5,000) were purchased from Sigma-Aldrich. Methanol (MeOH, HPLC grade, 99.9%), 

dichloromethane (DCM), anhydrous N,N’-dimethylacetamide (DMAc, HPLC grade, 99.9%), 

N,N’-dimethylformamide (DMF, HPLC grade, 99.9%), anhydrous N-methyl-2-pyrrolidone 

(NMP, 99.5%), and dimethylsulfoxide (DMSO, > 99%) were purchased from Sigma-Aldrich and 

stored with activated molecular sieves. 

 

4.2.2   Cationic VIPER synthesis 

Block copolymer p(OEGMA8.6-co-DMAEMA50.0)-b-p(DIPAMA25.3-co-PDSEMA1.0) was 

synthesized by RAFT polymerization as described in Section 3.2.3.32 Additional synthesis details 

are reported in previous work from our group.33,34 

 

4.2.3   Polyethylene glycolsylated VIPER synthesis 

Block copolymer PEG5000-b-p(DIPAMA35-co-PDSEMA2) was synthesized by RAFT 

polymerization. First, a polyethylene glycol–CCP (mPEG-CCP) macroCTA was obtained through 

a coupling reaction between mPEG-OH (1 mol eq.) and CCP (1.1 mol eq.) mediated by DIC and 

DMAP (10 mol eq. each) in DCM (20 mg/ml final reaction concentration). After a 24 h incubation 

with stirring at room temperature, mPEG-CCP macroCTA was separated from unreacted CCP via 
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flash chromatography and dried in a rotary evaporator. Next, mPEG-CCP macroCTA (1 mol eq.), 

AIBN (0.1 mol eq.), DIPAMA (35 mol eq.), and PDSEMA (5 mol eq.) were dissolved in DMAc at 

30% w/w in a round-bottom flask. The reaction mixture was purged with argon for 15 min before 

vigorous stirring at 70 °C for 20 h. The reaction was then terminated by air perfusion. Serial 

dialysis in MeOH and deionized (DI) water was used to purify the final polymer product prior to 

lyophilization. The polymer was dissolved in deuterated chloroform (Sigma-Aldrich) for 1H NMR 

and block 2 degree of polymerization was confirmed relative to known block 1 PEG5000 content. 

 

4.2.4   Mannosylated VIPER synthesis 

Block copolymer pMMA35-b-p(DIPAMA26.8-co-PDSEMA2.4) was synthesized by RAFT 

polymerization. First, a MMA-CCC macroCTA was polymerized from MMA (38 mol eq.) using V-

501 (0.1 mol eq.) as the initiator and CCC (1 mol eq.) as the CTA. Reaction components were 

dissolved in DMSO at 25% w/w final concentration in a round-bottom flask. The reaction mixture 

was purged with argon for 15 min and vigorously stirred at 70 °C for 7 h. The reaction was then 

terminated by air perfusion. Degree of polymerization was calculated through 1H NMR analysis 

of the reaction mixture in deuterated DMSO (Sigma-Aldrich). Dialysis in DI water was used to 

purify the MMA-CCC macroCTA before lyophilization. Next, the MMA-CCC macroCTA (1 mol 

eq.), AIBN (0.1 mol eq.), DIPAMA (200 mol eq.), and PDSEMA (20 mol eq.) were dissolved in 

NMP at 30% w/w in a round-bottom flask. The reaction mixture was purged with argon for 15 

min and vigorously stirred at 70 °C for 3 h. The reaction was then terminated by air perfusion. 

Serial dialysis in NMP and DI water was used to purify the final polymer product before 

lyophilization. The final polymer product was dissolved in deuterated DMSO for 1H NMR and 

block 2 degree of polymerization was confirmed relative to known block 1 MMA content. 
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4.2.5   Drugamer VIPER synthesis 

Block copolymer p(MMA22.1-co-SRCMA8.0)-b-p(DIPAMA27.3-co-PDSEMA2.0) was synthesized by 

RAFT polymerization. First, a MMA-SRCMA-CCC macroCTA was polymerized from MMA (24 

mol eq.) and SRCMA (8 mol eq.) using V-70 (0.1 mol eq) as the initiator and CCC (1 mol eq.) as 

the CTA. Reaction components were dissolved in DMSO at 25% w/w final concentration in a 

round-bottom flask. The reaction mixture was purged with argon for 15 min and vigorously stirred 

at 35 °C for 20 h. The reaction was then terminated by air perfusion. Dialysis in DI water was used 

to purify the MMA-SRCMA-CCC macroCTA before lyophilization. Degree of polymerization was 

calculated through 1H NMR analysis of the reaction mixture and lyophilized product in deuterated 

DMSO. Next, MMA-SRCMA-CCC macroCTA (1 mol eq.), AIBN (0.1 mol eq.), DIPAMA (200 mol 

eq.), and PDSEMA (20 mol eq.) were dissolved in NMP at 30% w/w in a round-bottom flask. The 

reaction mixture was purged with argon for 15 min and vigorously stirred at 70 °C for 3 h. The 

reaction was then terminated by air perfusion. Serial dialysis in NMP and 4 °C DI water was used 

to purify the final polymer product before lyophilization. The polymer was dissolved in deuterated 

DMSO for 1H NMR and block 2 degree of polymerization was confirmed relative to known block 

1 MMA-SRCMA content. 

 

4.2.6   Polymer characterization 

As reported in previous work, polymer composition and dispersity (D) were determined by 1H 

NMR and size exclusion chromatography, respectively.33,34 

 

4.2.7   Peptide synthesis 

As described in Section 3.2.2 and previous work, cysteine-terminated melittin 

(GIGAVLKVLTTGLPALISWIKRKRQQC) and cysteine-serine-serine–terminated ovalbumin 

MHCI epitope (CSSSIINFEKL) were produced by solid-phase peptide synthesis and purified by 

reversed-phase HPLC.32,34 
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4.2.8   Polymer-peptide conjugation 

As reported in Section 3.2.3 and previous work, polymer-peptide conjugates were obtained 

through a disulfide exchange reaction.32,34 Briefly, polymers and cysteine-terminated peptides 

were mixed in a compatible solvent at ≥ 20 mg/mL (MeOH for cationic and polyethyelene 

glycosylated VIPER conjugations, and DMF for mannosylated and drugamer VIPER 

conjugations). Reaction mixtures were incubated at room temperature, and disulfide exchange 

was confirmed by spectroscopic detection of pyridyl-2-thione byproduct.32,34 For all polymers with 

≥ 2 PDSEMA per chain (polyethylene glycolsylated, mannosylated, and drugamer VIPER), one 

melittin or two peptide antigens were conjugated per chain. Conjugates were dialyzed at 4 °C in 

DI water prior to lyophilization. 

 

4.2.9   Micelle formation 

Mixed VIPER micelles consisted of (i) peptide antigen–conjugated polymer (AP) mixed with (ii) 

melittin-conjugated polymer (MP) or (iii) unconjugated polymer (CP). As described in Chapter 3, 

a 2:1 molar ratio of AP:MP or AP:CP was used for all micelle formulations.32 For cationic, 

polyethylene glycolsylated, and mannosylated VIPER, micelles were generated using the pH 

transition method described in Section 3.2.3 and previous work.32,34 For drugamer VIPER, 

micelles were generated by mixing the desired polymers in DMF before nanoprecipitation in pH 

7.4 phosphate-buffered saline (PBS) with concurrent probe sonication (2.5 mg/mL final polymer 

concentration). DMF was removed by dialysis in PBS at 4 °C, and micelle aliquots were frozen at 

-20 °C to minimize drugamer degradation. Prior to use, micelle aliquots were thawed and re-

sonicated to ensure monodisperse size distribution (data not shown). 
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4.2.10   Micelle size measurements 

For size measurements, micelles were diluted in 150 mM PBS at pH 7.4 to a final polymer 

concentration of 0.1 mg/mL. After resting samples at room temperature for 30 min, micelle size 

was measured with a ZetaPlus instrument (Brookhaven Instruments). 

 

4.2.11   Hemolysis assay 

Human blood samples were collected according to guidelines from the University of Washington 

Institutional Review Board. The lytic bioactivity of drugamer VIPER micelles was quantified in 

vitro using a previously reported hemolysis assay.33,34 Briefly, red blood cells (RBCs) were treated 

with test formulations (free melittin, drugamer VIPER micelles with melittin, or drugamer VIPER 

micelles without melittin) in phosphate buffer (pH 7.4 or 5.5) for 1 h at 37 °C. Melittin-free and 

melittin-loaded micelles were formulated at equimolar polymer concentrations. A range of 

melittin concentrations was tested (0.3125–50 μM) with 1% (v/v) Triton X-100 as a positive 

control. After treatment, RBC samples were centrifuged, and supernatant hemoglobin content 

was quantified via absorbance measurements at 541 nm. Percent hemolysis was calculated by 

standardizing absorbance values to that of the Triton X-100 sample.  

 

4.2.12   Mice 

All animal studies were conducted under protocols approved by the Institutional Animal Care and 

Use Committee at the University of Washington. Female C57BL/6 mice (Charles River 

Laboratories), 6–8 weeks old, were used for all studies. 

 

4.2.13   Collection of lymph node–resident cells 

Inguinal lymph nodes (ILNs) were harvested from euthanized mice. Each pair of ILNs from a 

mouse were stored at room temperature in 500 µL of RPMI 1640 + 10% FBS + 1 mg/mL 

collagenase D (Sigma-Aldrich) + 100 U/mL DNase I (Sigma-Aldrich) until homogenization. To 



90 
 

homogenize, ILNs were mashed against a 40 µm cell strainer with the end of a syringe plunger. 

Homogenized tissue was rinsed through the cell strainer into a conical tube with RPMI 1640 and 

stored on ice until analysis. 

 

4.2.14   Vaccine localization to dendritic cells 

VIPER micelle variants containing 20 µg of CSSSIINFEKL (10% rhodamine-labeled) were 

suspended in 40 µL of 5% (w/v) glucose. Mice were injected subcutaneously with micelles at the 

right tail base (n = 3 per treatment group). After 48 h, mice were euthanized and ILNs were 

harvested as described in Section 4.2.13. Bulk fluorescence of whole ILNs was visualized on a 

Xenogen IVIS-200 (Caliper Life Sciences). ILN–resident cells were then collected as described in 

Section 4.2.13. Collected cells were stained with Zombie VioletTM viability dye (1:500; BioLegend) 

for 15 min at room temperature. After viability staining, cells were blocked with CD16/CD32 

antibody (1:100; clone 93; BioLegend) for 10 min at 4 °C. Cells were then stained for 30 min at 4 

°C with the following antibodies: FITC CD45 (1:250; clone 30-F11; BioLegend), APC CD11c (1:250; 

clone N418; BioLegend), and PerCP-Cy5.5 MHCII (1:800; M5/114.15.2; BioLegend). After 

antibody staining, cells were washed with PBS + 1% (v/v) bovine serum albumin (PBSA) and 

resuspended in 250 µL of PBSA for analysis on an Attune NxT Flow Cytometer (Thermo Fisher 

Scientific). ILN–resident cells from untreated mice were used as assay baselines.  

 

4.2.15   Analysis of antigen-specific T cells 

On D0 and D21, mice were immunized with VIPER vaccine formulations (n = 6 per treatment 

group).32,42 For each immunization, vaccines were suspended in 100 µL PBS, and 50 µL was 

administered subcutaneously on each side of the tail base (13 µg CSSSIINFEKL and 20 µg R848 

per immunization). On D28, splenocytes were harvested for flow cytometry analysis as outlined 

in Section 3.2.12 with the following modifications: (i) inclusion of a CD16/CD32 blocking step 

after viability staining as described in Section 4.2.14, (ii) a different vendor and dilution for the 
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FITC CD8α antibody (1:800; clone KT-15; Invitrogen), (iii) a 1:250 PE H-2Kb/SIINFEKL tetramer 

dilution (NIH Tetramer Core Facility), (iv) cell fixation in 200 µL of PBS + 0.5% (v/v) 

paraformaldehyde before flow cytometry analysis (tetramer staining only), and (v) exclusion of 

CD3ε and CD19 antibody stains.32 

 

4.2.16   Tumor survival study 

Mice were inoculated with 105 B16-OVA cells via subcutaneous flank injection as described in 

Section 3.2.12 (n = 8 per treatment group).32 Mice were immunized as described in Section 4.2.15 

on D4 and D11 after tumor inoculation. Every two days after inoculation, mice were weighed and 

tumor volumes were measured by caliper. Mice were euthanized if one or more of the following 

criteria were met: (i) tumor volume as measured by the equation V = (L×W2)/2 exceeds 1.5×103 

mm3, (ii) tumor weight exceeds 10% of body weight, (iii) over 20% of body weight is lost, and (iv) 

sever ulceration is observed. 

 

4.2.17   Statistical analyses 

FlowJo software was used to analyze flow cytometry data. GraphPad Prism was used to conduct 

statistical tests. 

 

4.3   Results and Discussion 
 
 
4.3.1   A mannosylated hydrophilic block 

To synthesize a mannosylated VIPER vaccine carrier, we replaced the cationic first block of 

VIPER-Vax with a new block consisting of (i) mannose ethyl methacrylate (MMA) and (ii) R848 

carbamate methacrylate, or “drugamer” (Figure 4.1A).32,40,41 The drugamer was synthesized by 

conjugating R848—a small molecule agonist of Toll-like receptor 7/8, both endosomal pattern 

recognition receptors—to methacrylate with a self-immolating carbamate linker.41,43,44 The  
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Figure 4.1   Synthesis and characterization of mannosylated, adjuvant-loaded 
VIPER-Vax micelles. (A) The hydrophilic block was composed of mannose ethyl methacrylate 
and a prodrug R848 carbamate methacrylate (drugamer).40,41 Degradation of the drugamer’s self-
immolating carbamate linker releases free R848.41 (B) The pH-switching hydrophobic block of 
this mannosylated polymer controlled micelle assembly and contained conjugation handles for 
thiolated melittin (a lytic peptide) and peptide antigen.32,33 (C) The final micelle product (coined 
Drugamer-VIPER-Vax) exhibited a Z-average diameter of 269 nm (as measured by dynamic light 
scattering). (D) Micelle disassembly at acidic pH exposed melittin, lysing red blood cells. Melittin: 
free melittin; MP: melittin-loaded micelles; CP: melittin-free micelles. The polymer concentration 
of CP was matched to that of MP. This assay was conducted in triplicate. 
 
 

composition of this new polymer’s hydrophobic second block was the same as that of VIPER-Vax, 

with pH-switching 2-diisopropylaminoethyl methacrylate (DIPAMA) for modulation of micelle 
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formation and pyridyl disulfide ethyl methacrylate (PDSEMA) for loading of cysteine-terminated 

peptides (Figure 4.1B).32,33 As with the original VIPER-Vax, the second block of the new polymer 

was conjugated to melittin or SIINFEKL (cysteine-serine-serine-SIINFEKL, abbreviated 

CSSSIINFEKL), the MHCI epitope of ovalbumin (Figure 4.1B).32,45 Mixed micellization of 

CSSSIINFEKL-conjugated polymers and melittin-conjugated polymers at a 2:1 molar ratio 

produced mannosylated, drugamer-loaded micelles (denoted Drugamer-VIPER-Vax) roughly 

270 nm in diameter (Figure 4.1C, Supplemental Table 4.1, Supplemental Table 4.2). 

 The two blocks of Drugamer-VIPER-Vax may act in concert to augment potency of 

conjugated vaccine cargo. Multivalent display of mannose ligands in the hydrophilic block may 

actively target both polymerized R848 and conjugated peptide antigen to DCs via C-type lectin 

binding, minimizing nonspecific adjuvant toxicity and maximizing antigen presentation 

efficiency.29 The R848 drugamer—a prodrug monomer designed for slow adjuvant release—may 

sustain DC maturation and downstream T cell responses.27,29,41,46 Furthermore, VIPER-induced 

lysis of DC endosomes may enhance antigen-specific CTC priming, as antigen presentation 

through the cytosolic MHCI pathway requires endosomal release of antigen.42 Using a hemolysis 

assay, we confirmed that Drugamer-VIPER-Vax retained acid-responsive lytic bioactivity similar 

to that of the original cationic VIPER, with micelle disassembly and melittin-induced hemolysis 

observed only at acidic endosomal pH (Figure 4.1C).33,34 

 

4.3.2   Targeting of mannosylated VIPER to dendritic cells 

To assess whether mannose ligands target VIPER nanovaccines to DCs in vivo, we injected mice 

subcutaneously at the right tail base with VIPER-Vax micelles displaying (i) cationic p(OEGMA-

co-DMAEMA) (Cationic-VIPER-Vax), (ii) neutrally charged, polyethylene glycolsylated (PEG-

VIPER-Vax), or (iii) mannosylated (MMA-VIPER-Vax) coronas, all loaded with rhodamine-

labeled CSSSIINFEKL (Figure 4.2A, Supplemental Table 4.1, Supplemental Table 4.2). 

Note that the hydrophilic block of MMA-VIPER-Vax contained no drugamer. 
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Figure 4.2   Mannosylated VIPER-Vax is preferentially targeted to dendritic cells. 
(A) VIPER-Vax micelles with cationic, polyethylene glycolylated (netural), or mannosylated 
coronas were loaded with rhodamine-labeled CSSSIINFEKL. (B) Micelles were administered 
subcutaneously at the right tail base of mice. Draining inguinal lymph nodes (ILNs) were 
harvested 48 h after administration. As visualized by Xenogen imaging of harvested ILNs, 
mannosylated VIPER-Vax drained most efficiently to ILNs after subcutaneous tail base 
administration (L = left ILN, R = right ILN). (C) Efficient ILN drainage of mannosylated VIPER-
Vax correlated with preferential micelle accumulation in ILN-resident CD11c+MHCII+ DCs. Data 
are expressed as mean + SD, n = 3. Statistical significance is derived from an one-way ANOVA 
with post-hoc Fisher’s LSD test (**p-value ≤ 0.01; ***p-value ≤ 0.001). 
  
  

 Fluorescent imaging of harvested inguinal lymph nodes (ILNs) 48 h after micelle injection 

showed that MMA-VIPER-Vax was transported more efficiently to draining ILNs than Cationic-

VIPER-Vax and PEG-VIPER-Vax; preferential drainage of micelles into the right ILN 

corresponded with the chosen injection site (Figure 4.2B). Flow cytometry analysis of ILN-

resident cells verified that MMA-VIPER-Vax and its antigen cargo were internalized more readily 

by CD11c+MHCII+ DCs than the other micelle variants (Figure 4.2C). The minimal accumulation 

of Cationic-VIPER-Vax in ILN-resident DCs—less than even that of free rhodamine-labeled 

CSSSIINFEKL—corroborated findings from Chapter 3, which suggested that retention of cationic 

VIPER-Vax polyplex at the injection site reduced its therapeutic efficacy.32,38,39  

 Although MMA-VIPER-Vax is targeted to DCs after subcutaneous administration, the 

exact mechanism through which this targeting occurs is unknown. Wilson et al.29 found that 
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mannosylated unimer vaccines (i.e., free polymer chains) can target DCs via binding of CD206 

and CD209, both cell membrane–bound C-type lectins. To date, we have been unable to 

demonstrate DC internalization of mannosylated VIPER-Vax micelles via similar surface 

receptor–mediated pathways (data not shown). However, mannose also binds soluble C-type 

lectins.47 Therefore, opsonization by circulating C-type lectins and subsequent phagocytosis may 

also be a viable pathway for DC uptake of mannosylated VIPER nanovaccines.28,30,31 

 

4.3.3   Antigen-specific T cell response 

After verifying that mannosylation of the micelle corona targets VIPER-Vax to DCs, we 

investigated whether inclusion of melittin and drugamer in the micelle formulation would 

potentiate priming of antigen-specific CTC responses. Antigen-conjugated polymer was mixed 

with melittin-conjugated polymer at a 2:1 molar ratio to obtain Drugamer-VIPER-Vax micelles 

(Figure 4.1A). MMA-VIPER-Vax, the drugamer-free equivalent, was also prepared. Melittin-

free equivalents of Drugamer-VIPER-Vax and MMA-VIPER-Vax—denoted Drugamer-Control-

Vax and MMA Control-Vax, respectively—were formulated by mixing antigen-conjugated 

polymer with unconjugated polymer. Mice were immunized subcutaneously at the tail base on D0 

and D21 with 13 µg of CSSSIINFEKL and 20 µg of R848 using the following formulations: (i) free 

CSSSIINFEKL + free R848, (ii) MMA-Control-Vax + free R848, (iii) MMA-VIPER-Vax + free 

R848, (iv) Drugamer-Control-Vax, and (v) Drugamer-VIPER-Vax (Figure 4.3A). All 

formulations were suspended in phosphate-buffered saline (PBS). The 20 µg R848 dose was 

based on those reported in previous studies with similar R848-loaded particulate vaccine 

systems.29,46,48 Mice were euthanized on D28, and splenocytes were harvested for tetramer 

staining and intracellular cytokine staining of SIINFEKL-specific splenic CTCs as described in 

Chapter 3 (Figure 4.3A).32 

 Surprisingly, immunization with MMA-Control-Vax + R848 and Drugamer-Control-Vax 

elicited stronger SIINFEKL-specific CTC responses than immunization with their melittin-loaded  
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Figure 4.3   Micellar melittin diminishes cytotoxic T cell activity. (A) Mice were 
immunized on D0 and D21 via subcutaneous tail base injection. Splenic CTC responses were 
quantified on D28. Melittin-free vaccines (MMA-Control-Vax + R848 and Drugamer-Control-
Vax) induced higher splenic levels of SIINFEKL-specific CTCs than melittin-containing vaccines 
(MMA-VIPER-Vax + R848 and Drugamer-VIPER-Vax), as indicated by differential (B) 
expression of SIINFEKL-specific T cell receptors (% CD8+Tetramer+) and (C) IFN-γ production 
by CD8+ cells upon SIINFEKL restimulation (% CD8+IFN-γ+). Data are expressed as mean + SD, 
n = 6. Statistical significance is derived from an one-way ANOVA with post-hoc Tukey HSD test 
(**p-value ≤ 0.01; ***p-value ≤ 0.001; ****p-value ≤ 0.0001). 
 
 

counterparts (Figure 4.3). MMA-Control-Vax + R848 and Drugamer-Control-Vax were also the 

only nanovaccine formulations to generate statistically greater CTC responses than the soluble 

vaccine formulation (CSSSIINFEKL + R848). At first glance, these findings contradict literature 

reporting the inflammatory effects of melittin.49,50 However, there is a parallel body of literature 

that describes the opposite phenomenon—melittin may also suppress inflammation.51 

Incidentally, binding of mannose to C-type lectins expressed on innate immune cells (e.g., DCs) 

activates inflammatory cell signaling pathways.52 Thus, the mannosylated VIPER-Vax corona may 

possess adjuvant properties that are attenuated by intracellular melittin bioactivity in DCs, 
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thereby reducing antigen-specific CTC responses. Additional studies are required to characterize 

DC maturation and cross-presentation after immunization with mannosylated VIPER-Vax. 

 While the aforementioned findings were perhaps the most prominent of this study, it is 

also important to note that inclusion of drugamer in the VIPER-Vax formulation did not affect 

CTC priming. We observed similar SIINFEKL-specific CTC responses in mice immunized with 

drugamer and those immunized with admixed R848 (Figure 4.3). Because no drugamer release 

studies were conducted, drugamer stability remains uncharacterized. The drugamer carbamate 

linker may have hydrolyzed during polymerization and/or storage, releasing free R848.41,53 

Nonetheless, covalent conjugation of adjuvant onto VIPER-Vax polymers—whether in prodrug 

form or as non-degradable units—is a worthwhile endeavor, as administration of free R848 may 

result in damaging systemic inflammation.54–58 Loading of adjuvant into a targeted nanovaccine 

localizes adjuvant immunostimulation to immune cell populations of interest.29,46,48 

 

4.4.4   B16-OVA tumor survival model 

We moved forward with a tumor survival study to investigate whether VIPER-Vax–induced CTC 

responses would correlate with anticancer efficacy. Mice were immunized subcutaneously at the 

tail base on D4 and D11 after flank inoculation with B16-OVA, a murine melanoma tumor line that 

expresses ovalbumin (Figure 4.4A).59 Although micellar vaccine formulations delayed tumor 

growth, all micelle-immunized mice showed similar tumor growth rates (Figure 4.4B, 

Supplemental Figure 4.1). Survival rates mirrored tumor growth rates. Mice immunized with 

micellar vaccine formulations exhibited statistically greater survival than mice immunized with 

soluble peptide vaccine (Figure 4.4C–F). However, all micelle-immunized mice died within 32–

36 days after tumor inoculation, indicating little difference in therapeutic efficacy between the 

various micelle formulations. Moreover, the overall efficacy of these micellar vaccines was limited; 

in all micellar vaccine treatment groups, the last mouse succumbed to disease only 4–8 days after 

the last mouse immunized with soluble vaccine (Figure 4.4C–F). 
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Figure 4.4   Mannosylated nanovaccines slow progression of mouse melanoma. (A) 
On D0, B16-OVA melanoma was inoculated into the subcutaneous hind flanks of mice. After 
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inoculation, mice were immunized on D4 and D11. (B) Mannosylated micelle vaccines slowed 
tumor growth. Data are expressed as mean + SEM, n = 8. (C–F) Micelle-immunized mice 
survived significantly longer than those immunized with soluble vaccine. All micelle vaccines 
showed similar efficacy regardless of melittin or drugamer content. Statistical significance is 
derived from a logrank test comparing survival of the micelle vaccine treatment group with that 
of the soluble vaccine treatment group (*p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 0.001). 
 
  

 Our survival data suggest that anticancer efficacy of mannosylated VIPER-Vax may not 

depend solely on direct priming of antigen-specific cellular immunity via the canonical DC-CTC 

axis. Since a variety of innate immune cells express C-type lectins, administration of 

mannosylated micelles may induce inflammation similar to that associated with acute infection, 

which can cause tumor regression.52,60 Hence, any deleterious effect of micellar melittin on cross-

presentation and CTC priming may be offset by inflammatory mannose bioactivity in non-DC 

innate immune cell populations, resulting in similar survival profiles across all micellar vaccine 

treatment groups (Figure 4.4C–F).   

 The overall efficacy of mannosylated VIPER-Vax may also be limited by other factors. First 

and foremost, no MHCII epitopes were included in this formulation. Durable tumor regression is 

dependent on CD4+ helper T cell activity, so the lack of an MHCII ovalbumin epitope may have 

reduced vaccine potency (albeit the therapeutic efficacy of micellar vaccine against B16-OVA was 

still greater than that of soluble peptide vaccine).7,17 Moreover, the true therapeutic benefit of 

mannosylated VIPER-Vax may remain unclear without parallel administration of immune 

checkpoint inhibitors (e.g., anti-PD-1 antibodies), as comparable nanovaccine systems cannot 

completely abrogate tumor growth without blockade of tumor immunosuppression 

mechanisms.45,61,62  

 

4.4   Conclusions 
 

We synthesized a new VIPER-Vax variant with a neutrally charged, mannosylated hydrophilic 

block. A prodrug R848 monomer, or “drugamer,” was also copolymerized into this hydrophilic 
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block. This mannosylated VIPER-Vax variant efficiently delivered conjugated peptide antigen 

cargo to DCs. Unexpectedly, inclusion of melittin in the VIPER-Vax formulation had deleterious 

effects on CTC priming. Future work with the VIPER-Vax platform will include (i) synthesis of 

multiantigen nanovaccine formulations, where combined libraries of MHCI and MHCII epitopes 

are covalently conjugated to VIPER-Vax polymers, and (ii) tumor survival studies with co-

administration of immune checkpoint inhibitors. We anticipate that incorporation of 

multiantigen cargo and immune checkpoint inhibitors into mannosylated VIPER-Vax regimens 

will further improve their anticancer efficacy. However, it may be prudent to investigate cross-

talk between mannose, melittin, and R848 bioactivities before adding more bioactive components 

to VIPER-Vax. 
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4.6   Supporting Information 
 
 

 
 
 
 
 

 

Supplemental Figure 4.1   Spider plots showing progression of B16-OVA mouse 
melanoma. Mice were immunized therapeutically with the indicated vaccine formulations.
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Supplemental Table 4.1   VIPER-Vax polymers, their chemical compositions, and 
other polymer characteristics. 
 

VIPER-Vax 
Polymer Variant 

Chemical Composition 
(via 1H NMR) 

Mn 
(via 1H NMR) 

D 
(via GPC) 

Cationic-VIPER-Vax 
p(OEGMA8.6-co-DMAEMA54.2)-b-

p(DIPAMA25-co-PDSEMA1) 
16,072 1.19 

PEG-VIPER-Vax PEG5000-b-p(DIPAMA35-co-PDSEMA2) 12,977 1.24 

MMA-VIPER-Vax 
pMMA35-b-p(DIPAMA26.8-co-

PDSEMA2.4) 
19,106 1.23 

Drugamer-VIPER-Vax 
p(MMA22.1-co-SRCMA8.0)-b-

p(DIPAMA27.3-co-PDSEMA2.0) 
18,506 1.26 
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Supplemental Table 4.2   VIPER-Vax micelle sizes. 

 

VIPER-Vax 
Polymer Variant 

Z-Average Diameter* (nm) 

Cationic-VIPER-Vax 22.7 ± 1.9 
PEG-VIPER-Vax 96.0 ± 12.4 

MMA-VIPER-Vax 120.9 ± 16.0 
Drugamer-VIPER-Vax 268.9 ± 4.8 

 
*Mean ± SD of three independent measurements. 
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Supplemental Table 4.3   Staining panels used for flow cytometry. 
 
Dendritic Cell Panel 
 

Marker Vendor Clone (If Antibody)  Fluorophore 

Viability BioLegend N/A Zombie VioletTM 

CD16/CD32 BioLegend 93 N/A 

CD45 BioLegend 30-F11 FITC 

CD11c BioLegend N418 APC 

MHCII (I-A/I-E) BioLegend M5/114.15.2 PerCP-Cy5.5 
 
 
T Cell Panel 
 

Marker Vendor Clone (If Antibody)  Fluorophore 

Viability BioLegend N/A Zombie NIRTM 

CD16/CD32 BioLegend 93 N/A 

CD8 Invitrogen KT-15 FITC 

IFN-γ Invitrogen XMG1.2 PE-Cy7 

SIINFEKL T Cell 
Receptor 

NIH Tetramer 
Core Facility 

N/A (H-2Kb/SIINFEKL Tetramer) PE 
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CHAPTER 5  
 

 

Immunization with Mannosylated Melittin Micelles Attenuates 
Dendritic Cell Maturation 

 
Albert Yen*, Shixian Lv*, Kefan Song, David J. Peeler, Selvi Srinivasan,  

Patrick S. Stayton, and Suzie H. Pun 
 
 
Synopsis. Herein, we offer a retrospective critique of our research approach to date and discuss 

experiments that explore unanswered questions raised throughout the previous chapters of this 

dissertation. Our key finding is that mannose-decorated, melittin-loaded micelle vaccines 

attenuate dendritic cell maturation, providing a possible explanation for the diminished antigen-

specific T cell responses observed in mice immunized with these vaccines (see Chapter 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
*Equally contributing authors. 
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5.1   Introduction 
 

Thus far, our work on vaccine variants (VIPER-Vax) of the “Virus-Inspired Polymer for 

Endosomal Release” (VIPER) has been driven by two core hypotheses. In Chapter 3, we 

hypothesized that VIPER-Vax–enhanced endosomal release of peptide antigens would increase 

cross-presentation by dendritic cells (DCs) via cytosolic pathways.1,2 In Chapter 4, we 

hypothesized that mannosylation of VIPER-Vax would improve DC targeting through mannose-

directed binding of C-type lectins, thereby augmenting T cell immunity.3,4 Unexpected biological 

phenomena subverted both hypotheses. 

 We approached the first of these hypotheses from the perspective of a gene delivery 

scientist (after all, VIPER was originally designed as a gene carrier).5,6 Genes encoding protein are 

non-functional in the endosome; when such genes are delivered intracellularly, endosomal escape 

is a hard prerequisite for protein expression.7–9 On the other hand, protein and peptide antigens 

initiate immune responses even if trapped in endosomes, as DCs are capable of cross-presenting 

antigens through vacuolar pathways independent of the cytosol.2 While studies with other 

endosomolytic polymer vaccines show that endosomal escape of antigen can increase cross-

presentation efficiency, it is not a prerequisite for cross-presentation.10,11 In Chapter 3 of this 

dissertation and in previously published works, we conclusively demonstrated that VIPER is 

endosomolytic and efficiently delivers condensed nucleic acid into the cytosol.1,5,12 However, as 

evidenced by data reported in Chapter 3, peptide antigens bound to VIPER-Vax are not cross-

presented more efficiently in vitro than soluble peptide antigens or those bound to melittin-free 

carrier.1 We only enhance cross-presentation at cytotoxic VIPER-Vax doses, but under such 

cytotoxic treatment conditions, corpse-associated antigen transfer becomes a dominant 

mechanism for induction of cross-presentation.1,13,14 

 Our second hypotheses was subverted by happenstance. Targeting ligands that guide 

bioactive compounds to specific cell populations in vivo through receptor binding (e.g., antibodies 
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conjugated to drugs) are well-reported throughout the literature.15,16 Mannose, in particular, 

serves as an effective targeting ligand for vaccine delivery, as DCs express a variety of C-type 

lectins, or carbohydrate-binding receptors.17–19 What differentiates our mannosylated VIPER 

vaccine (reported in Chapter 4) from similar polymer vaccines is the covalent loading of both 

melittin and peptide antigen into a mannosylated micelle formulation, which unexpectedly 

suppresses cytotoxic T cell priming instead of augmenting it. Since both melittin and mannose 

possess immunostimulatory properties, it is surprising that combining the two biomolecules 

within a micellar vaccine mitigates T cell responses after immunization.20–22 Interestingly, 

however, melittin may also inhibit activation of nuclear factor kappa B (NF-κB), a transcription 

factor that plays a key role in inflammatory cell signaling pathways.23–26 Because binding of C-

type lectins on innate immune cells (e.g., DCs) stimulates inflammatory signaling mechanisms 

dependent on NF-κB, co-delivery of melittin and mannose in micellar form to DCs may abrogate 

DC maturation and subsequent cross-presentation.21,25 Elucidation of intracellular signaling 

cross-talk triggered by combined melittin and mannose bioactivities is beyond the scope of this 

dissertation. Nevertheless, further investigation of how mannosylated VIPER vaccines affect DC 

maturation may inform improvements to our vaccine design. 

 Taken together, the findings presented throughout this dissertation raise two important 

questions: 

 

1. Is “[decoupling] VIPER-Vax cytolysis from endosomolysis”1 possible? In other words, can 

VIPER vaccines enhance cross-presentation via endosomolysis without killing the 

antigen-presenting cell?1  

2. What is the effect of mannosylated VIPER vaccines on DC maturation phenotype? 

 

This chapter discusses results from a series of experiments that answer (at least in part) the above 

questions. 
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5.2   Experimental Section 
 

5.2.1   Materials 

Concanavalin A was purchased from InvivoGen. All other materials are listed in Section 4.2.1. 

 

5.2.2   Synthesis of a new mannosylated VIPER 

The reversible addition−fragmentation chain-transfer (RAFT) polymerization scheme described 

in Section 4.2.4 was modified for synthesis of a new mannosylated VIPER. The first block of this 

new copolymer, composed of mannose ethyl methacrylate (MMA), was the same as that of the 

original mannosylated VIPER and was synthesized as described in Section 4.2.4.27 For synthesis 

of the second block, feed quantities of 2-diisopropylaminoethyl methacrylate (DIPAMA) and 

pyridyl disulfide ethyl methacrylate (PDSEMA) were decreased to 60 mol eq. (from 200 mol eq.) 

and 10 mol eq. (from 20 mol eq.), respectively. In addition, the reaction time for second block 

synthesis was increased to 18 h (from 3 h). Reaction conditions were otherwise identical to those 

reported in Section 4.2.4. The final copolymer product, pMMA35-b-p(DIPAMA43-co-PDSEMA3.4), 

Mw ~24,000, had a higher DIPAMA and PDSEMA content than its previous iteration. 

 

5.2.3   Polymer characterization 

1H NMR and size exclusion chromatography were used to measure polymer composition, Mw, and 

dispersity (D) as detailed in previous work from our group.5,12 

 

5.2.4   Peptide synthesis 

Ovalbumin (OVA) MHC class I (MHCI) epitope (CSSSIINFEKL), and OVA MHC class II (MHCII) 

epitope (CSSISQAVHAAHAEINEAGR), both functionalized with a terminal cysteine-serine-

serine linker, were prepared using synthesis and purification protocols outlined in Section 3.2.2 
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and previous work.1,12,28 A cysteine-terminated melittin (GIGAVLKVLTTGLPALISWIKRKRQQC) 

was also prepared.1,12 

 

5.2.5   Conjugation of peptides to polymers 

Purified peptides were conjugated to mannosylated VIPER following a protocol similar to those 

described in Section 3.2.3, Section 4.2.8, and previous work, with conjugation reactions 

performed in deionized (DI) water containing 2% (v/v) trifluoroacetic acid (Sigma-Aldrich), at a 

3:5 molar ratio of peptide to polymer, and at a ≥ 20 mg/mL reaction concentration.1,5,12 After 

dialysis in DI water and lyophilization, the following polymer-peptide conjugates were obtained: 

(i) melittin-conjugated polymer (MP) with two peptides per polymer, (ii) OVA MHCI epitope–

conjugated polymer (1P) with two peptides per polymer, and (iii) OVA MHCII epitope–

conjugated polymer (2P) with 1.5 peptides per polymer. 

 

5.2.6   Formation of mannosylated VIPER micelles 

Mannosylated VIPER micelles comprised some combination of MP, 1P, 2P, or unconjugated 

polymer and were formulated according to (i) the target dose of antigen and melittin, as well as 

(ii) the target molar ratio of antigen to melittin. Micelles were formulated using the pH transition 

protocol reported in Section 3.2.3 and previous work.1,5,12 In brief, polymers were dissolved in 

acidic phosphate buffer (pH 4.4). To form micelles, basic phosphate buffer (pH 10) was then 

slowly added until a final solution pH of 7.4. 

 

5.2.7   Measurement of micelle size 

Micelles were diluted in pH 7.4 phosphate-buffered saline (PBS) to a 0.2 mg/mL polymer 

concentration. A ZetaPlus instrument (Brookhaven Instruments) was used to measure micelle 

size. 
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5.2.8   Lectin binding assay 

Binding of mannosylated VIPER micelles to concanavalin A was assessed using an agglutination 

assay described in a previous doctoral dissertation published at the University of Washington.29 

Briefly, micelles at a 50 µg/mL polymer concentration were mixed by pipetting with 100 µg/mL 

concanavalin A in 1× PBS + Ca2+ + Mg2+ (Corning). Immediately after mixing, micelle 

agglutination was quantified via optical density measurements at 350 nm. 

 

5.2.9   Cell culture 

DC2.4 cells (gift of Prof. Kim Woodrow) were maintained in RPMI 1640 (with L-glutamine) + 

10% heat-inactivated fetal bovine serum (HIFBS; Gibco) + 1× non-essential amino acids (Gibco) 

+ 10 mM HEPES buffer (Gibco) + 1× penicillin/streptomycin (Gibco) + 55 µM β-mercaptoethanol 

(Bio-Rad). B3Z CD8+ T hybridoma cells (gift of Prof. Nilabh Shastri) were maintained below 7×105 

cells/mL in RPMI 1640 (with L-glutamine) + 10% HIFBS + 1 mM sodium pyruvate + 1× 

penicillin/streptomycin + 50 µM β-mercaptoethanol. After 10 passages, B3Z cells were discarded. 

 

5.2.10   DC2.4–B3Z T cell cross-presentation assay 

This assay protocol was adapted from the one outlined in Section 3.2.9.1,11 DC2.4 cells were seeded 

in 96-well U-bottom tissue culture plates at 104 cells/well. Immediately after seeding, DC2.4 cells 

were treated with micelle vaccine formulations at 37 °C and 5% CO2 for 24 h (final volume of 100 

µL/well). After 24 h, DC2.4 cells were co-cultured with B3Z cells for 24 h as described in Section 

3.2.9.1,11 Cells were then treated in the dark for 1.5 h at 37 °C with 150 µL per well of lysis buffer 

made from PBS (no Ca2+ or Mg2+) + 0.15 mM chlorophenol red-β-D-galactopyranoside (Roche) + 

0.1% (v/v) Triton X-100 + 9 mM MgCl2 + 100 µM β-mercaptoethanol. The absorbance of 

chlorophenol red byproduct at 570 nm (reference 650 nm) was then measured to determine cross-

presentation efficiency. To quantify cell viability, DC2.4 cells were treated with vaccine 
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formulations as described above. Cells were then washed twice with PBS, and an MTS assay 

(Promega) was performed according to manufacturer protocol. 

 

5.2.11   Immunization of mice 

All animal studies were conducted under protocols approved by the Institutional Animal Care and 

Use Committee at the University of Washington. Female C57BL/6 mice (Charles River 

Laboratories), 8–9 weeks old, were used for all studies. Mice were immunized by subcutaneous 

administration of vaccine in 50 µL PBS at both sides of the tail base (total volume of 100 µL per 

immunization). 

 

5.2.12   Preparing a single cell suspension from lymph node tissue 

Immunized mice were euthanized 24 or 48 h after immunization. Inguinal lymph nodes (ILNs) 

were harvested and stored on ice in Eppendorf tubes filled with RPMI 1640 + 10% FBS until 

further processing. ILNs were then incubated for 30 min at 37 °C in a tissue digest solution 

consisting of RPMI 1640 + 10% FBS + 1 mg/mL collagenase type IV (Worthington Biochemical) 

+ 100 U/mL DNase I (Sigma-Aldrich). To quench enzyme activity after incubation, UltraPureTM 

0.5M EDTA, pH 8.0 (Thermo Fisher Scientific) was added to a final concentration of 10 mM 

EDTA.30 The end of a syringe plunger was then used to homogenize lymph nodes against a 70 µm 

cell strainer. Single cell suspensions were obtained by flushing strainers with PBS + 1% (v/v) 

bovine serum albumin (Miltenyi Biotec) + 2 mM EDTA (PBSA/EDTA). Cell suspensions were 

deposited in conical tubes and kept on ice until analysis. 

 

5.2.13   Dendritic cell maturation and cross-presentation 

ILN-resident cells from immunized mice were collected as described in Section 5.2.12 and stained 

with Zombie NIRTM viability dye (1:500; BioLegend) for 15 min at room temperature. Cells were 

then washed with PBSA/EDTA and blocked with CD16/CD32 antibody (1:100; clone 93; 
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BioLegend) for 10 min at 4 °C. Cells were subsequently stained for 30 min at 4 °C with the 

following antibody panel: Alexa Fluor 488 CD8α (1:50, clone 53-6.7, BioLegend), Brilliant Violet 

421TM CD11b (1:100; clone M1/70; BioLegend), Super Bright 600 CD103 (1:50, clone B-Ly7; 

Invitrogen), APC CD11c (1:200; clone N418; BioLegend), PerCP-Cy5.5 MHCII (1:500; 

M5/114.15.2; BioLegend), Brilliant Violet 510TM CD86 (1:50; clone GL-1; BioLegend), and PE H-

2Kb bound to SIINFEKL (1:50; clone 25-D1.16; BioLegend). Once stained, cells were washed twice 

with PBSA/EDTA and suspended in 200 µL of fixation buffer (PBS + 0.5% [v/v] 

paraformaldehyde) prior to analysis on an Attune NxT Flow Cytometer (Thermo Fisher 

Scientific). For fluorescence compensation, UltraComp eBeadsTM (Thermo Fisher Scientific) were 

used according to manufacturer protocol for antibody fluorophores, and single-stained cells were 

used for Zombie NIRTM. 

 

5.2.14   Statistical analyses 

To analyze flow cytometry data, FlowJo software was used. Statistical tests for all data sets were 

performed with GraphPad Prism. 

 

5.3   Results and Discussion 
 

5.3.1   Resynthesis of mannosylated VIPER-Vax 

In Chapter 4, we synthesized MMA-VIPER-Vax and Drugamer-VIPER-Vax, two VIPER vaccine 

variants with a mannosylated hydrophilic block. In short, the hydrophilic block of the former 

consisted entirely of mannose ethyl methacrylate (MMA), whereas the hydrophilic block of the 

latter was derived from copolymerization of MMA and a resiquimod (R848) prodrug 

monomer.27,31 Based on dynamic light scattering measurements, both MMA-VIPER-Vax and 

Drugamer-VIPER-Vax micelles were greater than 100 nm in size, with Drugamer-VIPER-Vax 

close to 300 nm. Due to colloidal stability issues encountered during use of both micelle 
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formulations, we resynthesized MMA-VIPER-Vax by following a modified reaction scheme and 

increased 2-diisopropylaminoethyl methacrylate (DIPAMA) content in the hydrophobic block to 

improve micelle stability.5 We obtained a new polymer with composition pMMA35-b-

p(DIPAMA43-co-PDSEMA3.4) instead of the original composition pMMA35-b-p(DIPAMA26.8-

co-PDSEMA2.4) reported in Chapter 4. 

 This new MMA-VIPER-Vax polymer was conjugated with (i) two cysteine-terminated 

melittins per polymer, (ii) two OVA MHCI epitopes (SIINFEKL) per polymer, or (iii) 1.5 OVA 

MHCII epitopes (ISQAVHAAHAEINEAGR) per polymer via its pyridyl disulfide side groups.5,32 

As in Chapter 3 and Chapter 4, OVA epitopes were synthesized with an N-terminal cysteine-

serine-serine linker for conjugation.1,28 Epitope-conjugated and melittin-conjugated polymers 

combined to form mixed VIPER-Vax micelles between ~20–3o nm in size (data not shown). 

Notably, homogeneous micelles comprised solely of unconjugated polymers or melittin-

conjugated polymers were ~40–50 nm in size (data not shown), indicating that peptide cargo 

content modulated VIPER micelle assembly in some way.33 

 Although this new MMA-VIPER-Vax micelle was smaller than its previous iteration, we 

did not anticipate any loss in lymphatic trafficking or DC targeting. Particles 20–100 nm in size 

drain readily into lymph nodes after subcutaneous administration, and the new micelle falls 

within this size range regardless of cargo content.34,35 Moreover, this micelle was the first dual 

epitope VIPER-Vax formulation, and its efficacy may have predicted that of VIPER-Vax 

formulations with more diverse antigen cargo. 

 
 
5.3.2   Binding of mannosylated VIPER-Vax to soluble lectins 

After formulating dual epitope micelles with a newly synthesized MMA-VIPER-Vax polymer, we 

assessed whether these micelles could bind C-type lectins. To model this binding interaction, we 

mixed MMA-VIPER-Vax micelles with concanavalin A (ConA)—a soluble plant lectin with four 

mannose binding sites—in phosphate-buffered saline (PBS) and assayed for lectin-mediated  
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Figure 5.1   Soluble lectins agglutinate mannosylated VIPER-Vax micelles. (A) 
Mannosylated VIPER-Vax micelles (MMA) agglutinated immediately upon mixing with 
concanavalin A (ConA), a soluble plant lectin with multiple mannose binding sites.29,36 A VIPER 
micelle variant with a polyethylene glycol (PEG) corona did not agglutinate in the presence of 
ConA.22 Optical density measurements (350 nm) were taken every 10 seconds over a 5 min 
interval. Singlicate data shown. (B) Optical density was measured immediately after mixing 
micelles with ConA. MMA agglutinated only in the presence of ConA. Data are represented as 
mean ± SD, n = 3 independent measurements. Statistical significance is derived from an one-way 
ANOVA with post-hoc Tukey HSD test (****p-value ≤ 0.0001). 
 
 

micelle agglutination via measurement of optical density.29,36 MMA-VIPER-Vax micelles 

agglutinated instantly after mixing with ConA, whereas a VIPER micelle variant with a 

polyethyelene glycol (PEG) corona did not agglutinate (Figure 5A).22 In the absence of ConA, no 

agglutination was observed with either micelle variant (Figure 5B). 

 Note that ConA is a soluble lectin, and agglutination of MMA-VIPER-Vax by ConA does 

not necessarily mean similar binding activity will be observed with cell membrane–bound C-type 

lectins.21 Separate cell uptake studies are needed to confirm that MMA-VIPER-Vax micelles can 

be internalized by DCs through interaction with mannose-binding surface receptors (e.g., 

CD206).3 Nonetheless, MMA-VIPER-Vax may still be phagocytosed by DCs if opsonized by 

soluble C-type lectins of the complement system.37,38  
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5.3.3   Preliminary analysis of dendritic cell maturation phenotype 

Encouraged by our ConA agglutination assay results, we revisited the T cell suppression 

phenomenon observed in Chapter 4. In summary, mice immunized with Drugamer-VIPER-Vax 

or the previous iteration of MMA-VIPER-Vax (admixed with soluble R848) presented with 

markedly weaker antigen-specific T cell responses than mice immunized with melittin-free 

micelles. Using formulation parameters from Chapter 4 as a starting point, we prepared mixed 

micelles with our new MMA-VIPER-Vax polymer. Mixed VIPER-Vax micelles were formulated at 

a 4:1 molar ratio of OVA epitope to melittin, and equivalent melittin-free micelles were prepared 

by combining epitope-conjugated and unconjugated polymers. Final micelle formulations, 

whether melittin-loaded (MMA-VIPER-Vax) or not (MMA-Control-Vax), contained 10 µg each of 

OVA MHCI epitope and OVA MHCII epitope. As we were interested in analyzing SIINFEKL cross-

presentation efficiency of DCs in situ, we also prepared an antigen-free, melittin-loaded vehicle 

(MMA-VIPER-Vehicle) with unconjugated polymers in place of epitope-conjugated polymers. All 

formulations (except a PBS control) were admixed with 20 µg of soluble R848. We then 

immunized mice subcutaneously at the tail base and harvested draining inguinal lymph nodes 

(ILNs) 24 h after immunization to evaluate DC maturation levels (Figure 5.2). 

 DCs are typically identified by co-expression of CD11c and MHCII.39–41 For flow cytometry 

analysis of ILN-resident DCs, we further partitioned the CD11c+MHCII+ DC population by 

expression of CD8, CD11b, or CD103 (Supplemental Figure 5.1). In general, CD8+ DCs are 

lymphoid-resident, whereas CD103+ DCs are of nonlymphoid origin and migrate to lymphatic 

tissue after antigen uptake; CD11b+ DCs may be of either lymphoid or nonlymphoid 

backgrounds.39–41 All three DC subtypes are critical for induction of adaptive immunity, and 

analysis of their maturation phenotypes may provide additional insight into how MMA-VIPER-

Vax affects DC activation (e.g., MMA-VIPER-Vax is more bioactive in lymphoid DCs than in 

nonlymphoid DCs).3,39–41 The expression level of CD86, a costimulatory receptor necessary for 

priming of antigen-specific T cell responses, was utilized as a maturation metric.42,43 In mice  
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Figure 5.2   Dendritic cell maturation is marginally increased by a low dose of 
micellar melittin. Mannosylated micelles were formulated at a 4:1 molar ratio of OVA epitope 
to melittin, with 10 µg per OVA epitope and 20 µg of admixed soluble R848. Formulation 

i. PBS 
ii. Free OVA epitope + R848 
iii. MMA-Control-Vax + R848 
iv. MMA-VIPER-Vehicle + R848 
v. MMA-VIPER-Vax + R848 
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parameters corresponded to a ~3 nmol (~8.8 µg) melittin dose. Maturation of (A) CD8+, (B) 
CD11b+, and (C) CD103+ DCs from inguinal lymph nodes of mice immunized at the tail base with 
(i) PBS, (ii) free OVA epitope + R848, (iii) MMA-Control-Vax + R848, (iv) MMA-VIPER-Vehicle 
+ R848, or (v) MMA-VIPER-Vax + R848 was quantified by flow cytometry analysis of CD86 
median fluorescence intensity (MFI) 24 h after immunization. Micellar melittin increased CD86 
expression by a statistically significant (albeit marginal) amount over immunization with 
melittin-free formulations. Data are expressed as mean ± SD, n = 6. Statistical significance is 
derived from an one-way ANOVA with post-hoc Tukey HSD test (*p-value ≤ 0.05; **p-value ≤ 
0.01; ns = no significance). 
 
 

immunized with MMA-VIPER-Vax or MMA-VIPER-Vehicle, CD8+ and CD103+ DCs expressed 

statistically greater levels of CD86 (but only marginally so) than the same DCs from mice 

immunized with MMA-Control-Vax (Figure 5.2A,C). Similar trends were observed in CD11b+ 

DCs, but no statistical difference in CD86 expression was achieved (Figure 5.2B). Furthermore, 

MMA-Control-Vax and free OVA epitope stimulated comparable levels of DC maturation. 

Unfortunately, no SIINFEKL cross-presentation (as quantified by antibody staining of 

SIINFEKL-bound MHCI) was detected in any treatment group (Supplemental Figure 5.2).44 

 

5.3.4   Decoupling cytolysis from endosomolysis 

At a 4:1 molar ratio of OVA epitope to melittin and a dose of 10 µg per OVA epitope, the new 

MMA-VIPER-Vax had no deleterious effect on DC maturation phenotype (Figure 5.2). 

Encouraged by this finding, we sought to increase the overall potency of the vaccine, as inclusion 

of melittin in the VIPER-Vax micelle in accordance with the aforementioned formulation 

parameters (corresponding to ~3 nmol of melittin, or ~8.8 µg) only marginally increased DC 

maturation. 

 In previous work with cationic VIPER-Vax polyplexes (see Chapter 3), we were unable to 

ascertain whether melittin-induced endosomal disruption could improve cross-presentation of 

antigen cargo through cytosolic pathways, as the formulation was cytotoxic in cultured DCs at 

high melittin doses.1 Although endosomal disruption at tolerable doses was adequate for cytosolic 

plasmid transfer, such doses did not increase cross-presentation beyond what could be achieved 



122 
 

with melittin-free formulations.1 We conjectured that the outer corona of VIPER-Vax polyplexes—

partially composed of lytic cationic monomers—compounded the cytolytic bioactivity of melittin, 

rendering it difficult to study melittin endosomolysis and its effect on cross-presentation 

efficiency without also killing the DC.1,12,45–47 The synthesis of mannosylated VIPER-Vax 

presented an opportunity for renewed study of melittin endosomolysis, as the lytic cationic 

monomers of the original VIPER-Vax were replaced with the non-charged MMA.1  

 Because MMA-VIPER-Vax formulated at a 4:1 molar ratio of antigen to melittin was not 

particularly potent, with no cross-presentation detected after immunization, we surmised that 

increasing melittin content would improve formulation potency and increase cross-presentation 

levels (Figure 5.2, Supplemental Figure 5.2). We prepared MMA-VIPER-Vax micelles at 1:1, 

2:1, and 3:1 molar ratios of melittin-conjugated polymer to CSSSIINFEKL-conjugated polymer 

(1:1, 2:1, and 3:1 molar ratios of melittin to antigen, respectively) along with the melittin-free 

equivalents of these formulations (MMA-Control-Vax). To evaluate formulation potency, we 

conducted a DC2.4–B3Z T cell cross-presentation assay as described in Chapter 3 and in other 

nanovaccine publications.1,28,48,49 We expected MMA-VIPER-Vax to be less cytotoxic than VIPER-

Vax polyplexes, so we incubated DC2.4 cells for 24 h with MMA-VIPER-Vax to maximize DC 

uptake, whereas a 2 h pulse was used in Chapter 3 to minimize polyplex cytotoxicity.1,50 It is 

important to note that this assay format does not offer any conclusive information about receptor-

mediated uptake. DCs are phagocytic cells, and extended culture with MMA-VIPER-Vax may 

result in micelle uptake via receptor-independent mechanisms (e.g., macropinocytosis).50–53 

 Though we only completed one replicate of this assay, DC2.4 cells treated with MMA-

VIPER-Vax cross-presented SIINFEKL more efficiently than cells treated with MMA-Control-Vax 

at all tested molar ratios of melittin to antigen, across a range of antigen concentrations (Figure 

5.3). This trend was most prominent at a 1:1 molar ratio of melittin to antigen, where little 

decrease in viability was observed even at the highest antigen concentration tested (2 µM). In fact, 

higher molar ratios of melittin to antigen decreased viability without further increase in cross- 
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Figure 5.3   Mannosylated VIPER-Vax enhances cross-presentation in vitro. (A) 
Viability and (B) cross-presentation efficiency of DC2.4 cells pulsed for 24 h with the indicated 
vaccine formulations. Concentration values on the y-axis denote antigen dose. Molar ratios of 
melittin to CSSSIINFEKL are listed on the right side of the figure. DC2.4 cells pulsed for 4 h with 
30 µM SIINFEKL (SIINFEKL Pulse) were included in this assay as a positive control. Mel: MMA-
VIPER-Vax, Con: MMA-Control-Vax, Free: free CSSSIINFEKL. Data are represented as mean ± 
SD, n = 3 technical replicates. 
 
 

presentation efficiency. Interestingly, free CSSSIINFEKL outperformed micelle formulations at 

equivalent antigen doses. Proteolytic processing of CSSSIINFEKL into the MHCI-bound 

SIINFEKL epitope may occur immediately after DC uptake in both cytosolic and endosomal 

compartments.2 In contrast, micelles must disassemble and antigen-polymer disulfide linkages 
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must be reduced before antigen processing and MHCI loading can proceed.54 Therefore, in an 

artificial culture environment where DCs are in direct contact with antigen, free CSSSIINFEKL 

may be presented more quickly than micelle-encapsulated CSSSIINFEKL. However, soluble 

peptide antigens are unstable in serum, and thus encapsulation of peptide antigens within a 

micelle carrier may be more beneficial in vivo, where peptide antigens must be transported to DCs 

before they can be presented.55 

 
 
5.3.5   Suppression of dendritic cell maturation 

Motivated by results from the latest DC2.4–B3Z T cell cross-presentation assay, we resumed in 

vivo investigation of vaccine efficacy and reformulated mannosylated VIPER-Vax micelles at a 1:1 

molar ratio of OVA epitope to melittin. Following a review of similar nanovaccine work reported 

by Shae et al.43, we increased antigen loading in mannosylated VIPER-Vax formulations to 25 µg 

per OVA epitope. To accommodate the target 1:1 molar ratio of OVA epitope to melittin, we 

concurrently loaded ~32 nmol (~94.4 µg) of melittin into our micelle formulation. Incidentally, 

this melittin dose closely matched that reported in a study by Yu et al.20, where lipid nanoparticles 

were loaded with 35 nmol of melittin for lymph node delivery.  

 Since a 35 nmol dose of nanoparticulate melittin was found by Yu et al.20 to stimulate DC 

maturation in lymph nodes after subcutaneous administration, we also investigated whether 

mannosylated VIPER-Vax at a ~32 nmol melittin dose could act as a self-adjuvant. Due to the 

systemic toxicity associated with administration of soluble R848, an “all-in-one” VIPER-Vax 

micelle formulation with self-adjuvant properties may be more clinically applicable.56–59 As in our 

preliminary study of post-immunization DC maturation phenotype, we prepared MMA-Control-

Vax, MMA-VIPER-Vax, and MMA-Vehicle-Vax formulations admixed with soluble R848. We also 

formulated MMA-Control-Vax and MMA-VIPER-Vax without admixed R848 to assess the self-

adjuvant bioactivity of these mannosylated micelles. Mice were then immunized subcutaneously 

at the tail base. A flow cytometry analysis of DCs in the ILNs 24 h after immunization returned  
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Figure 5.4   A high dose of micellar melittin abrogates dendritic cell maturation. 
Mannosylated micelles were formulated at a 1:1 molar ratio of OVA epitope to melittin with 25 µg 
per OVA epitope. Some formulations were admixed with 20 µg of soluble R848. Formulation 

i. MMA-VIPER-Vax + R848 
ii. MMA-VIPER-Vax 
iii. MMA-VIPER-Vehicle + R848 
iv. MMA-Control-Vax + R848 
v. MMA-Control-Vax 
vi. Free OVA epitope + R848 
vii. PBS 
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parameters corresponded to a ~32 nmol (~94.4 µg) melittin dose. Maturation of (A) CD8+, (B) 
CD11b+, and (C) CD103+ dendritic cells (DCs) from inguinal lymph nodes of mice immunized at 
the tail base with (i) MMA-VIPER-Vax + R848, (ii) MMA-VIPER-Vax, (iii) MMA-VIPER-Vehicle 
+ R848, (iv) MMA-Control-Vax + R848, (v) MMA-Control-Vax, (vi) free OVA epitope + R848, or 
(vii) PBS was quantified by flow cytometry analysis of CD86 median fluorescence intensity (MFI) 
24 h after immunization. This high dose of micellar melittin suppressed DC maturation. Data are 
expressed as mean ± SD, n = 4. Statistical significance is derived from an one-way ANOVA with 
post-hoc Tukey HSD test (**p-value ≤ 0.01; ***p-value ≤ 0.001; ****p-value ≤ 0.0001). 
 
 

striking results. Immunization with micellar melittin abrogated maturation in CD8+, CD11b+, and 

CD103+ DC subsets (Figure 5.4). It was also apparent that MMA-Control-Vax (not MMA-

VIPER-Vax) exhibited self-adjuvant activity, as DC maturation levels generated by MMA-Control-

Vax were statistically greater than those generated by MMA-VIPER-Vax, even with R848 

admixed. Loading melittin into the micellar vaccine may have actually counteracted this self-

adjuvant effect. Once again, no cross-presentation was detected (Supplemental Figure 5.3). 

 In a final study of DC maturation phenotype, we formulated micelles without admixed 

R848 to eliminate any confounding R848 bioactivity. We subcutaneously immunized mice at the 

tail base with MMA-VIPER-Vax micelles containing 25 µg per OVA epitope at a 2:1, 4:1, or 8:1 

molar ratio of OVA epitope to melittin. MMA-Control-Vax and free OVA epitope were included as 

controls. As expected, DCs from mice immunized with MMA-VIPER-Vax showed reduced CD86 

expression 24 h after immunization (Figure 5.5). Reduced CD86 expression was also observed 

at a 48 h end point, suggesting persistent attenuation of DC maturation by MMA-VIPER-Vax. 

MMA-Control-Vax elicited statistically higher CD86 expression in ILN-resident DCs than all 

other vaccine formulations tested, verifying the self-adjuvant activity observed in our prior study 

(Figure 5.4).21 No analysis of cross-presentation was conducted in this final study, as no vehicle 

control (MMA-VIPER-Vehicle) was included for gating of H-2Kb/SIINFEKL+ DCs 

(Supplemental Figure 5.1). 

 Overall, the results from this series of experiments corroborated our findings from 

Chapter 4, where we reported diminished cytotoxic T cell priming after immunization with MMA-  
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Figure 5.5   Melittin-free mannose micelles exhibit self-adjuvant activity. MMA-
VIPER-Vax micelles were formulated at the indicated molar ratios of OVA epitope to melittin (2:1, 

CP MMA-Control-Vax 
2:1, 4:1, 8:1* MMA-VIPER-Vax 

Free Free OVA epitope 
 

*Molar ratio of epitope:melittin 
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4:1, and 8:1) with 25 µg per OVA epitope. MMA-Control-Vax (CP) and free OVA epitope (Free) 
were used as positive and negative controls, respectively. Maturation of (A) CD8+, (B) CD11b+, 
and (C) CD103+ DCs from inguinal lymph nodes of mice immunized at the tail base was quantified 
by flow cytometry analysis of CD86 median fluorescence intensity (MFI) 24 h and 48 h after 
immunization. Data are expressed as mean ± SD, n = 3. Statistical significance is derived from an 
one-way ANOVA with post-hoc Tukey HSD test (*p-value ≤ 0.05; **p-value ≤ 0.01; ***p-value ≤ 
0.001; ****p-value ≤ 0.0001). 
 

VIPER-Vax. The opposite effect was observed with MMA-Control-Vax, which primed robust T cell 

responses. Potentiation of both DC maturation and T cell priming by MMA-Control-Vax—as 

reported herein and in Chapter 4, respectively—aligns with research demonstrating the 

inflammatory effects of mannose.21 That mannose and melittin act deleteriously on maturation 

phenotype when co-delivered to DCs may impede further application of MMA-VIPER-Vax, 

especially if multiantigen cargo of high molar content is to be loaded into micelles with equimolar 

quantities of melittin.25,60 In addition, the lack of detectable cross-presentation—even in DCs 

harvested from mice immunized with the more potent MMA-Control-Vax—indicates that 

intracellular unloading and processing of antigen cargo may be inefficient.2 Cross-presentation 

studies focusing on DC maturation kinetics may be required to determine whether MMA-Control-

Vax induces cross-presentation in situ, as cross-presentation efficiency can vary temporally, 

fluctuating with the maturation stage of the DC.61 

 

5.4   Conclusions 
 

Although MMA-VIPER-Vax bound soluble lectins and enhanced cross-presentation in vitro, its 

two primary bioactive components—a multivalent mannose corona and endosomolytic melittin—

acted in concert to attenuate DC maturation. Furthermore, no DC cross-presentation was 

observed in situ after immunization of mice with either MMA-VIPER-Vax or its melittin-free 

equivalent, MMA-Control-Vax. Importantly, MMA-Control-Vax potentiated DC maturation 

without co-administered soluble adjuvant, suggesting that mannosylated micelle alone may serve 

as a potent vaccine nanocarrier for multiepitope delivery. 
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5.6   Supporting Information 
 
 
 
Dendritic Cell Subsets 
 

 
 
 
 
SIINFEKL Cross-Presentation 
 

 
 
Supplemental Figure 5.1   Flow cytometry gating strategies for analysis of dendritic 
cell populations. 
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Supplemental Figure 5.2   A low dose of micellar melittin does not induce cross-
presentation in situ. Mannosylated micelles were formulated at a 4:1 molar ratio of OVA 
epitope to melittin, with 10 µg per OVA epitope and 20 µg of admixed soluble R848. Formulation 
parameters corresponded to a ~3 nmol (~8.8 µg) melittin dose. SIINFEKL cross-presentation in 
(A) CD8+, (B) CD11b+, and (C) CD103+ DCs from inguinal lymph nodes of mice immunized at 
the tail base with (i) PBS, (ii) free OVA epitope + R848, (iii) MMA-Control-Vax + R848, (iv) MMA-
VIPER-Vehicle + R848, or (v) MMA-VIPER-Vax + R848 was quantified by flow cytometry 
analysis of cells expressing SIINFEKL-bound H-2Kb (MHCI) 24 h after immunization. Data are 
expressed as mean ± SD, n = 6. 
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Supplemental Figure 5.3   A high dose of micellar melittin does not induce cross-
presentation in situ. Mannosylated micelles were formulated at a 1:1 molar ratio of OVA 
epitope to melittin with 25 µg per OVA epitope. Some formulations were admixed with 20 µg of 
soluble R848. Formulation parameters corresponded to a ~32 nmol (~94.4 µg) melittin dose. 
SIINFEKL cross-presentation in (A) CD8+, (B) CD11b+, and (C) CD103+ DCs from inguinal 
lymph nodes of mice immunized at the tail base with (i) MMA-VIPER-Vax + R848, (ii) MMA-
VIPER-Vax, (iii) MMA-VIPER-Vehicle + R848, (iv) MMA-Control-Vax + R848, (v) MMA-
Control-Vax, (vi) free OVA epitope + R848, or (vii) PBS was quantified by flow cytometry analysis 
of cells expressing SIINFEKL-bound H-2Kb (MHCI) 24 h after immunization. Data are expressed 
as mean ± SD, n = 4. 
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Supplemental Table 5.1   Dendritic cell staining panel for flow cytometry analysis. 
 

Marker Vendor Clone (If Antibody) Fluorophore 

Viability BioLegend N/A Zombie NIRTM 

CD16/CD32 BioLegend 93 N/A 

CD8 BioLegend 53-6.7 Alexa Fluor 488 

CD11b BioLegend M1/70 Brilliant Violet 421TM 

CD103 Invitrogen B-Ly7 Super Bright 600 

CD11c BioLegend N418 APC 

MHCII (I-A/I-E) BioLegend M5/114.15.2 PerCP-Cy5.5 

CD86 BioLegend GL-1 Brilliant Violet 510TM 

H-2Kb bound to 
SIINFEKL 

BioLegend 25-D1.16 PE 
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CHAPTER 6  
 

 

Future Directions 
 
 
Synopsis. Here, we briefly propose future work on vaccines derived from the “Virus-Inspired 

Polymer for Endosomal Release,” or VIPER. 
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6.1   Proposed Work 
 

6.1.1   Alternative routes of administration 

To date, we have administered anticancer VIPER vaccines intradermally or subcutaneously at the 

tail base of mice, which targets the vaccine to inguinal lymph nodes.1–3 Recent work in the 

nanovaccine field has shown that splenic dendritic cells—targeted via intravenous vaccine 

administration—are potent mediators of adaptive immune responses against cancer.4 VIPER 

vaccines may have greater anticancer efficacy when administered intravenously. 

 

6.1.2   In situ VIPER vaccines 

As a corollary to the proposed approach above, VIPER vaccines may also be administered 

intratumorally as an “in situ” vaccine.5–7 No antigen cargo is needed, for the cytolytic bioactivity 

of VIPER after intratumoral injection should release tumor-associated antigen for processing by 

immune cells.8,9 Since VIPER (in its original form) is a transfection reagent, genes encoding for 

therapeutically useful biomolecules (e.g., inflammatory cytokines) may be also delivered into the 

tumor.10,11 

 

6.1.3   VIPER endosomolysis and its effect on cross-presentation in situ 

In Chapter 5 of this dissertation, we reported preliminary data suggesting that VIPER 

endosomolysis can enhance cross-presentation efficiency.12 Does enhanced cross-presentation 

induced by VIPER in vitro correlate with increased cross-presentation in situ? To date, we have 

no data to confirm this is true, and further in situ study of cross-presentation phenomena is 

necessary. Doing so may require a shift away from melittin as an endosomal escape mechanism, 

as mannosylated polymer-melittin conjugates (the mannosylated VIPER-Vax reported in Chapter 

4 and Chapter 5) appear to attenuate, not augment, dendritic cell activation.13,14 
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6.1.4   Alternative adjuvants 

In Chapter 4 of this dissertation, we described early-stage experiments with copolymers 

consisting of adjuvant prodrug monomers, or “drugamers.” Our adjuvant of choice for drugamer 

synthesis was resiquimod, which has been incorporated into other nanovaccine systems in both 

prodrug and non-prodrug (non-degradable) form.15–18 Are there other adjuvants compatible with 

drugamer synthesis schemes?19 

 

6.1.5   Tolerogenic therapy 

This line of research will likely involve synthesis of an entirely new biomaterial (and devising of a 

catchy new acronym for it—“VIPER” does not sound like a drug for autoimmune diseases). 

However, the same biomaterial-based strategies used for delivery of tumor antigens to dendritic 

cells may also be used for autoantigen delivery.20–22 

 
 
 
 
 
 
 
 
 
 
 
 

Finis. 
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