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Biomacromolecules such as nucleic acids and peptides have great potential as therapeutics but 

must overcome many challenging biological barriers to succeed in the clinic. In this work, we 

present several investigations of stimulus-responsive polymers developed to navigate both 

extracellular and intracellular barriers to biologic drug delivery. We begin with a review of past 

applications of pH-responsive chemistries in nucleic acid delivery (Chapter 1). After screening a 

panel of lytic peptides in a pH-sensitive polymer conjugate system that mediates endosomal escape 

of plasmid cargo (Chapter 2), we evaluate the most promising gene delivery vector in a mouse 

model of traumatic brain injury (Chapter 3). Our efforts to develop engineered stem cells 

transplants as alternatives to gene delivery are then discussed (Chapter 4). Finally, we adapt our 

pH-responsive polymer for the delivery of peptide vaccine cargo (Chapter 5) and detail future 

directions to further improve antigen and adjuvant delivery with polymers (Chapter 6).
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Chapter 1. PH-SENSITIVE POLYMERS AS DYNAMIC MEDIATORS 

OF BARRIERS TO NUCLEIC ACID DELIVERY 
 
Abstract 

The non-viral delivery of exogenous nucleic acids (NA) into cells for therapeutic purposes has 

rapidly matured into tangible clinical impact. Synthetic polymers are particularly attractive vectors 

for NA delivery due to their relatively inexpensive production compared to viral alternatives and 

their highly tailorable chemical properties; indeed, many preclinical investigations have revealed 

the primary biological barriers to non-viral NA delivery by systematically varying polymeric 

material properties. This review focuses on applications of pH-sensitive chemistries that enable 

polymeric vectors to serially address multiple biological barriers to NA delivery. In particular, we 

focus on recent innovations with in vivo evaluation that dynamically enable colloidal stability, 

cellular uptake, endosomal escape, and nucleic acid release. We conclude with a summary of 

successes to date and projected areas for impactful future research. 
 

1.1 INTRODUCTION 
Biology is fundamentally organized by the propagation, regulation, and expression of nucleic acids 

(NA).1 With every new insight into the molecular mechanisms of this central dogma, delivery of 

exogenous NA into cells becomes a more powerful therapeutic prospect.2,3 Indeed, at least 1,250 

clinical trials focused on “gene therapy” were initiated between 2007 and 2017 worldwide, with a 

steady average of 114 trials per year.4 Over 70% of all known, categorized gene therapy clinical 

trials have been conducted with viral NA delivery vectors, at least 20% have administered naked 

NA, but less than 5% have utilized synthetic non-viral vectors.4 However, recent successes like 

FDA approval of the first non-viral siRNA drug, Onpattro®,5 confirm that non-viral materials can 

deliver NA in clinically meaningful doses. Descriptions of the categories of therapeutic nucleic 

acids, the benefits of non-viral versus viral delivery, the classes of synthetic materials used as non-

viral delivery vectors, and the fundamental challenges facing the non-viral delivery field have been 

discussed at length in other reviews.6–12 

 

It is important to note that successful intracellular nucleic acid delivery requires all of the 

following: 1) extracellular protection of NA cargo 2) carrier stability 3) cellular uptake 4) cytosolic 
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delivery and 5) release of NA cargo. Polymers stand out among the many classes of non-viral 

vectors in part due to the vast diversity of polymeric synthesis and modification chemistries that 

can tailor material properties to address biological barriers to NA delivery. For example, 

polycations (polymers with many functional groups that are positively charged at neutral pH, e.g. 

polyethyleneimine [PEI]) have attracted much interest due to their inherent electrostatic abilities 

to condense NA into “polyplexes” and promote cellular uptake.13 

 

In this review we highlight a specific subset of “responsive” polymers14–16 that impart property 

changes to NA delivery vectors triggered by changes in physiological pH. Importantly, these 

responses enable vectors to dynamically address serial barriers to NA delivery that otherwise have 

solutions at odds with each other (Figure 1.1). This review is organized around three critical 

“balancing acts” that pH-sensitive strategies negotiate to improve polymeric NA delivery: 

extracellular stability versus cell internalization, extracellular stability versus nucleic acid release, 

and endosomal escape versus low cell toxicity. 

 

Figure 1.1 An overview of the barriers that nucleic acid delivery systems face and pH-sensitive 
polymer responses that have been employed to balance them.  

2 
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Figure 1.2 outlines the predominant pH-sensitive chemistries applied in the subjects of this 

review; interested parties may wish to consult additional reviews on the topic.17–19 Due to the vast 

work in this field we have focused on a few illustrative examples of pH-responsive polymeric 

carriers from the recent literature and apologize to those whose work are not covered. In particular, 

pH-sensitive lipoplexes and lipopolyplexes are outside the scope of this review and are covered by 

other recent reviews.12,20,21 

 
Figure 1.2 Major pH-sensitive chemistries. 
(A) Bonds that are hydrolyzed in acidic conditions. For maleic anhydride derivatives: cis-aconitic 
anhydride (R2 = H, R3 = CH2-COOH); citraconic anhydride (R2 = H, R3 = CH3); dimethyl maleic 
anhydride (R2 = CH3, R3 = CH3). (B) Examples of functional groups that protonate in acidic 
conditions and their functions.  
 

1.2 METHODS FOR BALANCING EXTRACELLULAR COLLOIDAL STABILITY WITH CELL 

INTERNALIZATION 
For systemic administration applications, it is critical for polyplexes to maintain colloidal stability 

in blood circulation conditions in order to reach target cells and avoid toxicity that often results 

from lung accumulation of polyplex aggregates. As with all colloidal suspensions of nanoparticles, 

polyplexes are susceptible to Van der Waals force-induced aggregation that increases as a function 
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of particle concentration and decreases as a function of the strength of repulsive electrostatic forces 

and steric hindrances. Because the repulsive net positive surface charge of binary polyplexes is 

screened in physiological salt conditions, chemical modifications that increase steric repulsion 

between polyplexes have been widely investigated to increase particle stability.7 

 

Incorporation of highly flexible, hydrophilic functional groups like poly(ethylene glycol) (PEG) 

and hyaluronic acid (HA) or zwitterions like carboxybetaine (PCB) and poly(2-

methacryloyloxyethyl phosphorylcholine) (PMPC) has been shown to effectively stabilize 

polyplexes in physiological salt concentrations. 22–25 In addition, hydrophilic functional groups 

have been shown to reduce serum protein adsorption, which mitigates polyplex unpackaging 

and/or rapid clearance by cells of the innate immune system.22–25 Although PEG has long been the 

de facto steric stabilizer of choice, it is becoming increasingly clear that widespread pre-existing 

immunity to PEG in humans may limit the clinical application of designs incorporating this 

material.26,27 Biomimetic alternatives like dextran sulfate25,28 and hyaluronic acid29,30 or synthetic 

zwitterionic materials like PCB31 and PMPC24 have already demonstrated promise as alternative 

“stealth” coatings for polyplexes and would also benefit from further development involving 

dynamic, pH-responsive strategies discussed mainly in the context of PEG below. 

 

Early investigations of polycation PEGylation revealed that the length of PEG chains, the density 

of the displayed PEG brush layer, and the chemical route to PEG incorporation all dramatically 

affect the primary useful properties of cationic polyplexes.22,32 While balancing polycation 

molecular weight (MW) and structure with PEG MW, brush density, and structure can yield 

polyplexes that condense nucleic acid into serum-stable nanoparticles, material properties that 

convey steric shielding are fundamentally at odds with those that mediate efficient cellular 

association and uptake.33,34 This dichotomy is well represented by an early example from the 

literature, where the modification of just 10% of the primary amines in 25 kDa PEI with 5 kDa 

PEG yielded polyplexes incapable of transfection.35 Thus, dynamic strategies are needed in order 

to sequentially navigate the primary extracellular barriers to nucleic acid delivery: colloidal 

stability, cellular targeting, and cellular uptake. 
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One such strategy incorporates steric shielding through electrostatically reversible or acid-

cleavable linkages to imbue polyplexes with extracellular colloidal stability that is released in the 

event of a decrease in environmental pH.36 (Figure 1.3) If delivered intravenously, polyplexes 

employing this strategy have the added benefit of selective de-shielding and targeted uptake in 

mildly acidic extracellular microenvironments found in conditions of ischemia or inflammation. 

To our knowledge there are no reports of pH-mediated inflammation targeting polyplexes to 

compare to equivalent small molecule carriers37; however, the relatively acidic (6.5 < pH < 7.2)38 

extracellular tumor microenvironment has been targeted through several creative designs.  

Figure 1.3 Methods for balancing extracellular colloidal stability with cell internalization 

 

Modifying polyplexes with dense shields of flexible, hydrophilic polymers creates steric 

hindrances that not only prevent aggregation in serum but also limit interactions with cellular 

membranes. Endocytosis can be enhanced in acidic microenvironments by the release of the shield 

and/or charge switching to increase positive particle charge through the application of pH-sensitive 

chemistries. (Adapted from reference 39) 

 

1.2.1 Reversible shielding with hydrophilic shells conjugated via acid-cleavable linkers 

Several pH-degradable chemistries (hydrazone, Schiff base, acetal, ketal) have all been applied to 

the “PEG dilemma” of reversible polyplex shielding and provide insights into the general rules 

that govern the success of pH sensitive approaches in vivo.  
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A PEG-hydrazone-PEI conjugate bearing an EGFR ligand was the first reversible PEG design to 

achieve greater tumor transfection than non-reversibly shielded designs with the same targeting 

ligand.40 Although an intriguing proof of concept, the reversibly shielded construct also 

demonstrated higher transfection in all other organs investigated relative to the non-reversibly 

shielded construct, with an overall biodistribution of transfection more similar to the unshielded, 

untargeted construct. Other homologs (acetal and ketal linkages) designed for more rapid pH-

triggered degradation were reported soon thereafter.41,42 While both of these constructs 

demonstrated equivalent transfection to unshielded polyplexes in vitro and improved 

biocompatibility, in vivo transfection results were not presented in the reports. 

 

Other reversible-shielding designs that utilize Schiff base (SB) linkages between PEG-PEI 

constructs have demonstrated mixed results, perhaps also due to the even greater instability of the 

SB bond relative to other pH-sensitive bonds such as the oxime.43,44 For example, Guan et al. 

formed PEI/poly-l-glutamic acid/DNA ternary nanoparticles and crosslinked excess PEI amines 

with PEG-bis(aldehyde) to both sterically and physically stabilize the particles with pH-sensitive 

bonds.45 While charge neutralization with poly(glutamic acid) had a dramatic impact on construct 

biodistribution and target gene knockdown, further incorporation of PEG through SB did not 

greatly improve CT26 tumor reduction. In a later study, mPEG-aldehyde modified PEI showed 

increased tumor transfection relative to naked PEI polyplexes; however, it is difficult to assess the 

importance of the SB linkage as no non-cleavable PEG coating was tested.46 Jiang et al recently 

showed that polyplexes formed from PEG-SB-PEI can achieve even greater colloidal stability 

through the electrostatic association of hydrophobic small molecule tetraphenylene-(COOH)4 

(TPE).47 SB-PEGylation was shown to be sufficient to limit in vivo toxicity following tail vein 

injection but PEG-SB-PEI-TPE constructs demonstrated 10- and 12-fold higher luciferase 

expression in xenograft A549 tumors relative to naked PEI or PEG-SB-PEI without TPE. Although 

a later section of this review will discuss the importance of hydrophobic polyplex modifications 

in more depth, it is worth noting here that inclusion of hydrophobic groups may also increase the 

stability of pH-sensitive linkages to external hydrophilic groups as a result of particle compaction 

and decreased hydration. 
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1.2.2 Enhanced cellular uptake of stabilized complexes by charge switching 

Polyplexes typically are comprised of a molar excess of positively charged polymeric amino 

groups to bind phosphate groups of nucleic acid for effective condensation (N:P, or amine to 

phosphate ratio, > 1). Thus, polyplexes display a net positive surface charge that may be used to 

electrostatically layer additional functional materials (such as PEG shields) bearing a negatively 

charged component to form “ternary” complexes. Disruption of ternary electrostatic interactions 

via pH-dependent protonation has been used to dissociate shielding material or shift material 

properties to enhance uptake in a number of creative ways. 

Reversible addition of a PEG layer to polyplex through a pH-sensitive electrostatic interaction was 

first demonstrated through coating of pre-formed pDNA/PEI polyplexes with PEG2k coupled to 

3 kDa sulfonamide oligomers.48 Such oligomeric sulfonamides are negatively charged at pH 7.4 

but neutral when protonated at pH < 6.8. Sulfonamide protonation led to apparent dissociation of 

the PEG shield and enabled greater in vitro transfection efficiency of the ternary complex in pH 

6.6 media than in pH 7.4 media. Despite showing lower transfection than standard PEI polyplexes, 

this initial effort also showed that reversible PEG shielding could improve the toxicity profile of 

polyplexes at neutral pH in vitro. 

 

Following in the footsteps of a large body of work utilizing maleic anhydride derivatives to reverse 

the charge of polycations,49 Yang et al used a negatively charged 2,3-dimethylmaleic anhydride 

(DMMA)-modified poly(cystamino-phosphoester)-bl-mPEG2k copolymer to form ternary 

complexes with ssPEI800/siRNA polyplexes.50 The authors demonstrate that DMMA cleavage at 

pH 6.8 reveals cystamino-phosphoester primary amines and switches the outer layer charge to net 

positive. Thus, enhanced cell uptake is mediated by both PEG dissociation and locally increased 

positive charge. The pH-sensitive PEG-releasing polyplexes achieve 2-fold enhancement of 

siRNA uptake and 2.5-fold enhancement of Plk1 mRNA knockdown relative to insensitive 

polyplexes in an MDA-MB-231 xenograft tumor model. Although systemic biodistribution is not 

reported, both sensitive and insensitive PEGylated complexes achieve much higher tumor uptake 

and knockdown then uncoated PEI polyplexes, reinforcing the importance of steric serum 

stabilization in IV polyplex administration. 
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In contrast to strategies that utilize PEG as a shielding agent, Chen et al synthesized 

OEAL/PEI/DNA ternary complexes that respond to pH < 6.8 with the dissociation of a zwitterionic 

outer layer (OEAL = oligoethylenimine-poly(l-aspartate)-poly(l-lysine)).51 Protonation of OEAL 

carboxylic acids yielded dramatic charge switching from a zeta potential of −19 mV at pH 7.4 to 

+21 mV at pH 6.8. The authors show pH-selective enhancement in DNA uptake and 20-fold 

enhanced luciferase expression by cells transfected in pH 6.8 media relative to transfection in pH 

7.4 media in vitro. When complexed with therapeutic pDNA and repeatedly injected 

intratumorally in a hind flank HeLa xenograft tumor, the charge reversing ternary complexes 

elicited a larger decrease in tumor volume relative to unshielded PEI polyplexes and non-reversibly 

shielded PEI polyplexes. Although the difference was not statistically significant, this zwitterionic 

strategy circumvents antibody response to PEG52 and may be better suited for the treatment of a 

different tumor model through IV administration. 

 

In conclusion, these examples demonstrate the inherent difficulty in balancing the need for steric 

shielding in blood with sensitive and specific shield release at slightly acidic pH. Serum stable 

polyplexes have rapidly improved in the past decade and multifunctional materials have enabled 

progress towards the goal of tumor-sensing transfection. Nonetheless, in order to maximize 

translation potential, non-viral delivery materials need to move beyond PEG-based strategies.26,27 

Alternatively, selecting an alternative route of polyplex administration (e.g. intratumoral, 

intradermal, intracerebroventricular) may provide sufficient targeting while forgoing the need for 

extreme steric stabilization. Application of pH-mediated de-shielding for targeted transfection of 

inflamed tissues should also provide a route to less frequent dosing than current steroidal and non-

steroidal inflammatory drugs.37 
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1.3 METHODS FOR BALANCING EXTRACELLULAR STABILITY WITH NUCLEIC ACID 

RELEASE 
Just as hydrophilic shielding modifications that enable extracellular polyplex stability can limit 

intracellular access, strategies that enhance polyplex stability and uptake have been shown to limit 

intracellular nucleic acid release. For example, while increasing the N:P ratio of a given polyplex 

formulation or utilizing a polycation with high MW can lead to smaller polyplexes that are rapidly 

endocytosed, these polyplexes can be too tightly complexed with inefficient release of cargo in the 

cytoplasm or nucleus.53 Schaffer and Lauffenburger demonstrated that polyplexes formed from 

lower MW polycations readily unpackage their contents in the cytoplasm due to cation exchange 

with endogenous mRNA, spermine, and chromosomal DNA.53 While optimizing polycation MW 

may seem a simple strategy to engineer the precise balance of extracellular stability and 

intracellular instability, high MW vectors (bPEI25k-PEG5k) have been shown to can unpackage 

prematurely in organs with highly anionic extracellular matrix (ECM) like the liver.54 Moreover, 

additional strategies for cargo packaging beyond electrostatics are warranted because polycation 

molecular weight and toxicity are typically directly correlated.55 This section will discuss pH-

responsive solutions to this stability dilemma in the context of three polyplex strategies: 1) 

reversible hydrophobization 2) polymer degradation and 3) charge-switching. (Figure 1.4) 

 

Figure 1.4 Methods for pH-sensitive nucleic acid release. 
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Assuming endosomal escape can occur, high MW polycations must incorporate an active 

mechanism for cargo unpackaging, especially when non-electrostatic (e.g. hydrophobic) material 

properties are utilized for polyplex stabilization. 

 

1.3.1 Reversible hydrophobization 

Hydrophobic modification can improve polyplex serum stability and adsorptive endocytosis by 

endowing the complexes with amphipathic characteristics.56 Improved circulation time and higher 

transfection efficiency relative to naked PEI was first reported for PEI hydrophobized with amino 

acids such as alanine57 and tyrosine58 or aliphatic chains of varying length.59,60 Incorporation of 

relatively hydrophobic yet biodegradable poly(lactic acid) (PLA) or poly(ε-caprolactone) (PCL) 

blocks has also been shown to aid nucleic acid encapsulation while improving biocompatibility.61–

63 Several groups have also shown that poly-β-amino esters bearing hydrophobic alkyl tails can 

incorporate helper PEG-lipids that increase serum stability and alter biodistribution in vivo.64,65 Of 

the examples listed above, only the hydrolytically-degradable polymers possess an additional 

(albeit slow) mechanism for nucleic acid release beyond highly inefficient cation exchange. 

Responsive chemistries, including acid-cleavable linkers and protonatable functional groups, are 

among the tools used to selectively enhance polyplex unpackaging through the release or reversal 

of hydrophobic modifications. 

 

Our group addressed the need for selective, rapid release of hydrophobic modifications by linking 

hydrophobic and polycationic polymer blocks with an intracellularly-reducible disulfide bond. 

These polymers displayed high extracellular stability and significantly higher transfection in vivo 

compared to a non-reducible control polymer.66 In order to obviate concerns that the cytoplasmic 

release of hydrophobic polymer chains could affect cell viability, we next developed reversibly 

hydrophobized polycationic micelles based on pH-sensitive small molecule capping agents.67 In 

this diblock copolymer design, the first block provided hydrophilic steric stabilization and cationic 

nucleic acid condensation while the second block was grafted with methoxy benzoic imine that 

drove hydrophobic micelle assembly. We showed that polymeric benzoic imines were rapidly 

hydrolyzed at pH 5.5 to generate primary amine groups, which enabled a switch from hydrophobic 

to hydrophilic properties, micelle disassembly, and cytoplasmic release of fluorescently labeled 

DNA. Although the pH-sensitive polymer demonstrated greater in vivo luciferase transfection than 
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either bPEI20k or a polymer grafted with a pH-insensitive phenyl cap, it is difficult to determine 

whether this enhancement was due to enhanced vehicle disassembly or enhanced endosomal 

escape as a result of conversion from neutrally charged imines to positively charged primary 

amines. 

 

In addition to acid-cleavable linkages, protonatable groups can be used to mitigate pH-responsive 

destabilization of hydrophobic polyplex cores. Building on work initiated by the Stayton 

group,68,69 the Duvall group has investigated copolymerization of 2-(dimethylamino)ethyl 

methacrylate (DMAEMA) with varying amounts of butyl methacrylate (BMA) to simultaneously 

optimize polyplex stabilization and endosomal lysis.70 Even though pDMAEMA pKa and 

therefore siRNA loading capacity was reduced with higher BMA content, this strategy enabled the 

simultaneous usage of a polycation for nucleic acid loading and as a pH-responsive trigger for 

complex disassembly and endosomal escape. As a hydrophilic PEG block was present in all 

formulations tested, this study also illustrates the additive importance of all three forms of colloidal 

polyplex stabilization discussed thus far in this review. Numerous other studies have applied a 

wide array of variously substituted tertiary amine monomers to elucidate the impact of monomer 

structure,71 monomer copolymerization,72 and polymer block ordering73 in multiparameter 

optimizations of polyplex stability and endosomal escape. In these cases, the tertiary amine 

monomers are hydrophobic and contribute to polyplex stability when unprotonated at neutral pH 

but become hydrophilic and participate in endosomal buffering when protonated at pH below their 

pKa. One common lesson is that incorporation of monomers with pKa above extracellular pH is 

required for efficient nucleic acid condensation and cellular uptake, but the ratio and ordering of 

these monomers alongside those with endosomal pKa can be tuned to achieve greater endosomal 

escape than that of constitutively protonated homopolymers. 

 

1.3.2 Polymer degradation 

Many pH- and hydrolysis-sensitive cationic polymers have been developed in an effort to improve 

the biodegradation, clearance, and thereby safety of transfection reagents. Summarizing the full 

panel and chemistry of all functional groups utilized in these approaches is beyond the scope of 

this review, but a brief list must include: amides (e.g. polypeptides), carbamates, carbonates, 

phosphoesters, phosphazenes, and esters (e.g. orthoesters, PHP, PAGA, PBAE). Most confer an 
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additional level of safety beyond bPEI while equaling or exceeding its transfection efficiencies in 

serum-free conditions; however, none of these designs can surpass all the barriers to gene delivery 

in a single material formulation.74 In addition, since bulk hydrolysis typically occurs over the 

course of hours, many pH-sensitive strategies have been investigated to provide more rapid 

polyplex degradation following endocytosis. 

 

Modifications to enhance the degradability of the main backbone of PEI were among the first 

investigated. Kim et al first demonstrated that low MW PEI polymerized with PEG succinimidyl 

succinate was first much less toxic than non-degradable PEI of similar MW.75 Later efforts 

utilizing diacrylate-PEG crosslinkers enabled the creation of better controlled, higher MW 

degradable PEI with efficiencies exceeding that of non-degradable PEI.76,77 Modification of PEI 

primary amines with an acid-degradable dimethyl ketal linkage conferred hydrophobicity to the 

polyplexes and improved their safety.78,79 Ketalization increased nucleic acid complexation 

efficiency of LMW PEI, likely due to hydrophobic packing. However, both complexation and 

dissociation of nucleic acids by HMW PEI was hindered by ketalization due to the stiff structure 

and high charge density present after pH-mediated side chain degradation. Thus, in the absence of 

charge conversion, backbone degradation appears to be a more efficient mechanism for achieving 

nucleic acid release. 

 

Poly-β-amino esters (PBAEs) are among the most widely used biodegradable polycations due 

to their large potential for structural diversity and their inherent hydrophobic nature at neutral 

pH. Although PBAEs become hydrophilic and swell when they are ionized below pH 6.5, first 

generation PBAEs paradoxically degraded more rapidly at pH 7.4 than at pH 5.1.80 Crosslinking 

PBAE with methyl ketal crosslinkers achieved rapid degradation in acidic pH but poor uptake 

and transfection due to these particular material’s negative zeta potential.81,82 Later generations 

of PBAEs have further succeeded by incorporating many of the design strategies mentioned in 

this review, including: the identification of capping agents that promote uptake and endosomal 

escape;83 mixed formulations of non-PEGylated PBAE and PBAE-PEG copolymers to enable 

plasmid condensation and tissue penetration;84 and the incorporation of reducible linkages that 

enable rapid intracellular particle dissociation and miRNA release.85 It is also interesting to note 
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that pre-mixed PBAE/DNA nanoparticles have been shown to retain transfection efficiency 

when re-constituted after lyophilization for several months.86 

 

The dynamic covalent bond formed between phenylboronic acids (PBA) and diols has attracted 

increased attention as a mechanism for polyplex disassembly as both pH and diol affinity can 

be used to trigger bond dissociation.87,88 For example, low MW PEI grafted with either PBA or 

galactose can be mixed to form biocompatible high MW PEI (“crossPEI”).89 In this study, the 

authors further modified the crossPEI with a star PEG and additional PBA moieties to convey 

serum stability and targeting to upregulated sialic acid glycoproteins on CT-26 tumors, 

respectively. The authors demonstrate that PBA surface-modified polyplexes achieve an 

impressive 2-fold enhancement of polyplex uptake and significant reduction in tumor volume 

relative to untargeted PEGylated constructs with the same core. However, in vitro gel 

retardation assays showed that this design was likely hindered by inefficient DNA release. 

 

Kataoka et al recently expanded on this concept by forming crosslinked polyplex micelles of 

PEG-b-PAsp(DET) grafted with either 4-carboxy-3-fluorophenylboronic acid (FPBA) or d-

gluconamide (GlcAm).90 Due to charge reduction inherent to this grafting approach, the authors 

had to carefully balance crosslinking ratio with charge density. Again, pH-mediated 

disassembly was not very efficient (only 10-15% of strands were released during pH drop in 

vitro); however, ATP-mediated GlcAm displacement in the cytoplasm led to very efficient 

unpackaging. Crosslinked micelles demonstrated impressive six-fold enhanced luciferase 

transfection in vitro relative to control PEG-b-PAsp(DET) polyplexes. Crosslinked micelle 

cellular uptake was agnostic to the presence of heparin on cell surfaces, indicating that uptake 

was driven by the particle’s positive zeta potential in contrast to PBA-mediated ECM targeting 

in the previously mentioned example. 

 

1.3.3 Charge switching vectors for nucleic acid unpackaging 

Tertiary and quaternary amines employed by polycations for nucleic acid condensation are 

constitutively protonated and thus tightly associated with nucleic acid phosphate groups at both 

extracellular and intracellular pH. Although some competitive displacement of nucleic acid by 

endogenous, negatively charged intracellular species has been demonstrated for low MW 
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polycations, this exchange is limited by high MW vectors.53 Responsive chemistries that shift the 

charge of polyplexes towards net neutral or negative values have thus been explored as methods 

for enhanced cargo unpackaging and intracellular activity. In order to balance efficacy and 

biocompatibility, an ideal charge-switching vector will: 1) convert charges on biologically relevant 

time scales (within minutes) 2) fully neutralize all positive charge and 3) generate no cytotoxic 

byproducts. 

 

Initial applications of charge-converting chemistries (e.g. hydrolysis of positively charged 

functional groups) for polyplex unpackaging successfully generated fully neutralizing and highly 

biocompatible polyplexes, yet limited transfection efficiencies as a result of slow charge 

conversion (<50% charge conversion in less than 20 hours).31,91,92 The approaches cited depend 

on pH-insensitive ester hydrolysis, which has proved difficult to accelerate without compromising 

extracellular vector stability.93–95 Recently, the Wender and Waymouth groups demonstrated 

exceptionally high mRNA transfection with cationic oligo(carbonate-b-α-amino ester)s that 

achieve charge neutralization, nucleic acid unpackaging, and endosomal escape.96 Organocatalytic 

ring-opening polymerization (OROP) was utilized to synthesize a hydrophobic block containing 

various alkyl side-chains, followed by OROP of morpholin-2-ones with various amine 

substitutions for nucleic acid condensation. As all hydrophobic monomers were linked by 

carbonate bonds and all positively charged amines convert to neutrally charged amides during α-

amino ester self-immolation, this work represents an interesting application of both reversible 

hydrophobization and charge conversion strategies. Importantly, the authors demonstrate that 

polyplex disassembly and endosomal escape, not uptake, are the critical bottlenecks to mRNA 

expression. Similar to other carbonate materials that are unstable at alkaline pH, the oligomers 

described above degraded in minutes at pH 7.4.  However, mRNA polyplexes were stable for 2 

hours at pH 7.4 (and achieved transfection in vivo) due to decreased deprotonation and thus self-

immolation. Further optimization of oligomer hydrophobic blocks of these materials has resulted 

in increased transfection in the lymphocytes beyond commercially available reagents.97 In addition 

to alkaline pH-responsive materials, we suggest that acid-sensitive chemistries that initiate charge 

reduction or neutralization could also provide a simple route to rapid intracellular polyplex 

unpackaging due to endosomal pH. 
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1.4 METHODS FOR BALANCING POTENT ENDOSOMAL ESCAPE WITH LOW NON-

SPECIFIC CELL TOXICITY 
After navigating the extracellular barriers to delivery and achieving endocytosis, polyplexes must 

also escape endosomal trafficking in order to avoid lysosomal degradation and to release their 

nucleic acid cargo into the cytoplasm.98 (Figure 1.5) Viruses evolved functional mechanisms for 

exiting endosomes millions of years ago;99,100 in contrast, endosomal escape remains a bottleneck 

in the development of non-viral gene delivery to this day.10,101 The vast majority of non-viral 

strategies that address endosomal release are predicated on a response to decreases in pH mediated 

by ATP-dependent proton pumps during endosomal maturation.102 In particular, the widespread 

availability of polycations like PEI and pDMAEMA has facilitated their use as “all-in-one” 

multifunctional gene delivery vectors.8 The tertiary amines of pDMAEMA have an average pKa 

of 7.5, which enables not only endocytosis but also “proton sponge” endosomal buffering that 

results in a combination of rapid osmotic swelling, membrane destabilization, and endosomal 

rupture in some cell types.103,104 Many structurally diverse monomers that protonate within the 

endosome (e.g. imidazoles) have been shown to provide enhanced endosomal escape relative to 

PEI/PLL/pDMAEMA and have been reviewed elsewhere.102,105 However, it is well documented 

that endosomal escape mediated by the proton sponge effect is not only very inefficient (1-2%) 

but also highly variable based on cell type specific properties such as endosomal size and 

membrane leakiness.106–108 Thus, as the true mechanism109 and even the existence110 of proton 

sponge effects remain the matter of continuing debate, this review will primarily focus on proton 

sponge-independent strategies for pH-dependent endosomal escape. 
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Figure 1.5 Endosomal escape is required for cytoplasmic access. 
Carriers have been developed that utilize pH-sensitive chemistries to 1) charge switch to enhance 
the proton sponge and to 2) display amphipathic materials with lytic properties. 
 

1.4.1 Charge switching for enhanced proton sponge 

Modification of an amine with a maleic anhydride derivative (Figure 2) results in a negative charge 

at neutral pH that is quickly converted back to a positively charged amine through cleavage of the 

maleic amide at acidic pH. Several groups have utilized this chemistry to construct ternary 

complexes that convert from net neutral or negative charge to net positive charge exclusively in 

the endosome, thereby minimizing toxicity due to polycation interaction with extracellular 

membranes and dually enhancing proton sponge endosomolysis.111–116 

 

The Kataoka group has demonstrated that ternary complexes formed from cis-aconitylamide (Aco) 

modified pAsp(DET), unmodified pAsp(DET), and plasmid DNA show enhanced endosomal 

escape and transfection relative to both simple pAsp(DET) polyplexes and non-charge converting 

ternary complexes.111 A block copolymer of PEG and charge converting pAsp(DET-Aco) was 

later utilized to enhance the endosomal escape of calcium phosphate siRNA nanoprecipitates.112 

This approach is especially notable for its lack of any cationic charge at neutral pH, which led to 

significantly higher endosomal escape, target knockdown, and biocompatibility than non-

converting ternary complexes. Subsequent work that enhanced the rate of Aco hydrolysis resulted 
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in further increases in silencing efficiency, presumably due to earlier release from endosome 

before recycling to the cell surface could occur.113 

 

Similar approaches have conveyed enhanced transfection efficiencies to ternary complexes formed 

from a wide variety of gene delivery vehicles, including: cis-aconitic anhydride-masked 

poly(allylamine) + PEI + gold nanoparticles114; citraconic anhydride-masked PEI + iron oxide 

nanoparticles115; citraconic anhydride-masked poly(allylamine) + chitosan.116 

 

1.4.2 Responsive hydrophobization of endosomolytic polymers 

Despite improvements in proton sponge strategies for endosomal escape like those mentioned 

above, alternative escape mechanisms that do not solely rely on endosomal buffering have the 

potential to achieve cell-type agnostic escape that is also more rapid and efficient. The application 

of pH-responsive polymers that gain amphipathic properties and membrane lytic activity upon 

protonation at endosomal pH has shown great promise as an alternative means of endosomal 

rupture. 

 

Initial biophysical investigations by Tirrell et al demonstrated that poly(2-alkylacrylic acid) 

polymers such as poly(2-ethylacrylic acid) (PEAA) could solubilize lipid membranes once 

protonated at slightly acidic pH ~ 6.3 through hydrophobically driven micellization processes 

analogous to those evolved in membrane-lytic peptides like melittin.117,118 Murthy et al. 

investigated a slightly more hydrophobic polymer, poly(propyl acrylic acid) (PPAA), which was 

found to disrupt red blood cells 15 times more efficiently than PEAAc at pH 6.1119 and to enhance 

lipopolyplex gene transfer much more than other 2-alkylacrylic acid polymers.120 Importantly, 

these mechanisms have inherent selectivity towards endosomal versus cytoplasmic membranes 

because they rapidly transition back to a hydrophilic, non-lytic state at cytoplasmic pH following 

endosomal escape. However, their negative charge at neutral pH intrinsically complicates their use 

in simple cationic polyplex systems. Block polymerization of pDMAEMA (for siRNA 

condensation) followed by copolymerization of PPAA, DMAEMA, and butyl methacrylate 

(BMA) enabled the formation of micelles with a neutrally charged second block that could undergo 

pH-sensitive disassembly and endosomal escape.68,69 The observation that increased polymeric 

BMA content was directly correlated with greater siRNA knockdown efficiency eventually led to 
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the development of lytic polymers without PPAA, where a copolymerized core of DMAEMA and 

BMA was sufficient to achieve pH-responsive endosomal escape.70 The Duvall group has most 

recently optimized the hydrophilic corona of these micelleplexes to include zwitterionic 

phosphorylcholine (PMPC) in place of PEG, further increasing the already high siRNA delivery 

efficiency and systemic biocompatibility of these systems.24 

Others have used acid-cleavable linkages to incorporate lytic polymers in a variety of interesting 

polyplex carriers including polyion complex micelles121, comb polycations122, and β-

cyclodextrins.123 An important consideration in translational use of these materials is feasibility 

for large scale and reproducible synthesis and formulation. 

 

1.4.3 Responsive display or activation of non-polymeric membrane lytic agents 

Non-polymeric lytic agents such as small molecules and peptides have been applied to polyplex 

endosomal escape with great success. Again, a key challenge in these systems is the complete 

limitation of membrane-disrupting activity to the endosome so as to prevent off-target toxicity. 

Two main pH-sensitive strategies have emerged: 1) masking of lytic agents with acid-degradable 

protecting groups and 2) encapsulation of lytic agents in polymeric micelles that dissociate upon 

protonation. A few interesting strategies utilizing small molecule drugs to enhance endosomal 

escape have been recently reviewed;124 thus, for the purposes of brevity we will limit our 

discussion in this section to peptide-enabled endosomal escape. 

 

Many researchers have enhanced polyplex uptake and endosomal escape through the incorporation 

of unmodified membrane lytic peptides such as melittin,125,126 KALA,127 gp41,128 or diphtheria 

toxin.129 However, all of these designs are dose-limited by toxicity that results from non-specific 

interaction with cellular membranes. Peptides that offer sequence-dependent enhanced membrane 

destabilization at acidic pH versus neutral pH, such as influenza hemaglutinnin-derived HA-2 

conjugated to PLL,130 engineered melittin analogs conjugated to PEI,131 or various applications of 

GALA,132 have indeed shown reduced carrier toxicity but only convey modest enhancements in 

transfection efficiency. 

 

Protection of amino acid side chains with acid-cleavable groups is an alternative strategy to restrict 

lytic peptide activity to endosomes that avoids potentially deleterious alterations to primary 
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peptide sequences. Rozema et al pioneered the usage of maleic anhydride groups to reversibly 

mask lysine residues thought to contribute to melittin’s interactions with membranes.133 Wagner’s 

group developed conjugates of masked-melittin and PEGylated PLL for siRNA delivery;134,135 

unfortunately, these nanoparticles were prone to aggregation and induced severe, acute liver and 

abdominal toxicity in mice.136 Unimeric, “dynamic polyconjugates” have enjoyed more success in 

part due to their small size.137 In this design, pH-responsive masking groups reversibly inactivate 

a lytic polymer chain that is directly conjugated to siRNA. The use of targeting ligands and PEG 

as masking groups endows additional functionality and stability to the conjugates without 

compromising its endosomal escape properties. This design was moved to clinical trials by 

Arrowhead Pharmaceuticals after demonstrating impressive knockdown in non-human 

primates.138 Current designs have replaced the lytic polymer component of the original dynamic 

polyconjugate with a masked melittin-like peptide that will serve as the primary conjugate 

scaffold.139  

 

Polymer-mediated, pH-sensitive micellar encapsulation of lytic agents provides another method 

for endosomal release that may offer greater selectivity and safety profiles in comparison to acid-

labile protecting groups. We recently reported a self-assembling block copolymer that responds to 

endosomal acidification with the revelation of melittin conjugated to a reversibly hydrophobic 

polymer block.140 This Virus-Inspired Polymer for Endosomal Release (VIPER) combines serum 

stable nucleic acid condensation with pH-sensitive display of a potent lytic peptide to achieve safe 

and highly efficient plasmid and siRNA delivery in vivo.140–142 Importantly, we avoid both non-

specific extracellular lysis and enzyme-mediated peptide degradation by concealing peptides in 

the hydrophobic micelle core until environmental pH drops to < 6.4 in maturing endosomes. Our 

most recent work with this system investigated how variation in lytic peptide size, net charge, 

hydrophobicity, isoelectric point, and polymer conjugation would affected micelle stability, 

endosomolysis, and transfection efficiency.142 We have demonstrated that the sharp pH-transition 

of VIPER exerts highly sensitive control over peptide-mediated membrane lysis, such that 

polymer-peptide conjugates with more potent lytic peptides achieved more effective transfection 

in vivo. Future work seeks to apply this technology as a mechanism for the efficient endosomal 

escape of additional biomacromolecular cargos. 
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1.5 CONCLUSION: ACHIEVEMENTS AND CHALLENGES 

It is clear from the examples above that polymer chemistry has enabled investigators to better 

understand and overcome barriers to nucleic acid delivery. In addition to control over molecular 

weight, monomer incorporation, and polymer structure (among many other variables), the 

application of pH-sensitive chemistries in polycation design has yielded a new generation of 

highly-tuned carriers that are responsive to extra- and intracellular cues. These dynamic carriers 

achieve much higher transfection in vivo than earlier static, single-property carriers as a result of 

their ability to overcome serial roadblocks that require dramatic material property changes within 

narrow timeframes. Indeed, the fact that some recent designs are able to overcome endosomal 

barriers that have long remained key limitations in non-viral success is not only encouraging but 

also a testament to the decades of work that have elucidated reproducible strategies to manage 

extracellular barriers to delivery. 

 

As there are currently no clinically approved polymer nucleic acid carriers, much work remains to 

realize their broad potential. In order to effectively balance properties that overcome multiple 

barriers simultaneously, systematic iteration within a chosen synthetic framework may yield 

insight into which chemistries yield the greatest multifunctional benefit. One such inspiring study 

involved a massive, multi-parameter optimization to improve the therapeutic index (TI) of 

poly(vinyl ether) terepolymer siRNA conjugates by varying pH-labile PEG shielding, pH-labile 

targeting ligand conjugation, and protonatable imidazole/pirazole/carboxylic acid incorporation. 

In the end, incorporation of a specific ratio of 1-methyl-2-imidazole provided the largest increase 

in TI as a result of enhanced endosomal escape, yet again underlining the relatively large 

importance of intracellular barriers.143 

 

Despite the exciting progress in siRNA delivery and the immense therapeutic prospects of gene 

silencing, there remains a large need for materials that can deliver nucleic acids that express 

proteins (e.g. mRNA, pDNA), especially in post-mitotic cells. Although mRNA is actively 

translated in both mitotic and post-mitotic cells, it has been well-documented that mRNA is more 

difficult to deliver in vivo compared to pDNA or even siRNA due to its large size, extreme 

flexibility, immunogenicity, and high susceptibility to hydrolytic and nuclease degradation.144,145 

However, lessons may be learned from pDNA delivery, as demonstrated in a recent work where 
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hydrophobic properties conveyed enhanced serum stability and transfection following systemic 

administration.63 

 

Efforts to improve translocation of pDNA through the nuclear envelope have mostly focused on 

the conjugation of NLS peptides to carriers and plasmids, which has yielded highly variable levels 

of success.146–148 Taking nuclear entry into account when addressing other barriers could 

simultaneously improve the efficiency of breaching this limitation. For example, since polyplex-

containing endosomal vesicles are concentrated in perinuclear region, selectively delaying 

endosomal escape could improve nuclear uptake by allowing for longer vesicular trafficking 

towards the nucleus.149 Moreover, improving vector unpackaging in the cytoplasm should enable 

sequence-mediated nuclear localization (e.g. EBV oriP; SV40) by increasing plasmid access for 

transcription proteins that bind to and transport plasmids to the nucleus.150 Certain polymers have 

also demonstrated increased nuclear translocation of plasmids containing NFκB–binding sites due 

to material-based activation of NFκB signaling.151 Lastly, certain small molecule drugs have 

shown promise in the manipulation of the nuclear barrier. Glucocorticoid priming of human 

mesenchymal stem cells enhanced PEI plasmid transfection efficiency 3-fold and prolonged 

transgene expression compared to transfection without glucocorticoids, in part due to increased 

cellular (5-fold) and nuclear (6–10-fold) DNA uptake.152 Pharmacological inhibition of epigenetic 

processes has recently been shown to both enhance the amount of plasmid DNA delivered to the 

nucleus and also limit plasmid silencing by preventing interaction with endogenous histones.153 

Co-delivery of plasmid and small molecule HDAC inhibitors therefore represents a novel approach 

to overcome unaddressed epigenetic barriers on the other side of the nuclear pore. 

 

Finally, the development and widespread adoption of methods for the quantification of delivery 

efficiency at each aforementioned barrier are necessary in order for the field to gain fundamental 

understanding of the material properties that beget success at those barriers. For example, Dahlman 

et al have pioneered an inspirational approach that utilizes the encapsulation and subsequent 

sequencing of DNA barcodes to enable the in vivo screening of thousands of vector formulations 

for biodistribution and transfection efficiency.154,155 High-throughput investigations of 

intracellular barriers has proved more challenging. While there are a vast array of complementary 

methods for the analysis of where, when, and how endosomal escape occurs, few studies employ 
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multiple techniques to unravel the temporal and spatial dynamics of vector trafficking.156 Although 

detailed investigations involving highly labor intensive live cell tracking microscopy techniques 

have provided invaluable insights into the inefficiencies of non-viral delivery,157–159 the 

development of higher throughput techniques would likely enhance the frequency of these 

investigations. 
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Chapter 2. PH-SENSITIVE POLYMER MICELLES PROVIDE 

SELECTIVE AND POTENTIATED LYTIC CAPACITY TO VENOM 

PEPTIDES FOR EFFECTIVE INTRACELLULAR DELIVERY 
 
Abstract 

Endocytosed biomacromolecule delivery systems must escape the endosomal trafficking pathway 

in order for their cargo to exert effects in other cellular compartments. Although endosomal release 

is well-recognized as one of the greatest barriers to efficacy of biologic drugs with intracellular 

targets, most drug carriers have relied on cationic materials that passively induce endosomal 

swelling and membrane rupture with low efficiency. To address the endosome release challenge, 

our lab has developed a diblock copolymer system for nucleic acid delivery that selectively 

displays a potent membrane-lytic peptide (melittin) in response to the pH drop during the 

endosomal maturation. To further optimize this system, we evaluated a panel of peptides with 

reported lytic activity in comparison to melittin. Nineteen different lytic peptides were synthesized 

and their membrane-lytic properties at both neutral and acidic pH characterized using a red blood 

cell hemolysis assay. The top five performing peptides were then conjugated to our pH-sensitive 

diblock copolymer via disulfide linkers and used to deliver a variety of nucleic acids to cultured 

mammalian cells as well as in vivo to the mouse brain. We demonstrate that the sharp pH-transition 

of VIPER compensates for potential advantages from pH-sensitive peptides, such that polymer-

peptide conjugates with poorly selective but highly lytic peptides achieve safe and effective 

transfection both in vitro and in vivo. In addition, peptides that require release from polymer 

backbones for lysis were less effective in the VIPER system, likely due to limited endosomal 

reducing power of target cells. Finally, we show that certain peptides are potentiated in lytic ability 

by polymer conjugation and that these peptide-polymer constructs are most effective in vivo. 
 

2.1 INTRODUCTION 
Selective endosomal membrane disruption technology remains the “missing key” in most 

intracellular delivery vehicles for biologic therapeutics. While viral vectors possess efficient 

mechanisms for endosomal escape,1,2 few, if any, synthetic systems offer matching levels of 

cytosolic delivery efficiency for macromolecular drugs such as nucleic acids.3–5   Moreover, the 
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commercial availability of polycationic materials like polyethylenimine (PEI) and poly(2-

dimethylaminoethyl methacrylate) (pDMAEMA) has facilitated their widespread use as all-in-one 

multifunctional gene delivery vectors.6–8 A model polycation, pDMAEMA’s average pKa value 

of 7.5 enables partial protonation in the extracellular environment that promotes endocytosis and 

also “proton sponge” endosomal buffering that enables rapid osmotic swelling, membrane 

destabilization, and endosomal rupture in some cell types.9,10 However, it is well documented that 

endosomal escape mediated by the proton sponge effect is not only very inefficient (1-2%) but 

also highly variable based on cell type specific properties (e.g. endosomal size and membrane 

leakiness).10–12 The insufficiencies of passive, polycationic approaches in endosomal escape 

motivate the development of active escape strategies and materials that are more efficient, cell-

type agnostic, and amenable to in vivo biomacromolecule delivery. 

 

Advances in controlled polymerization technologies have enabled the facile synthesis of polymeric 

materials with more complex behavior.13,14 For example, Jianjun Cheng’s group recently reported 

helical polypeptides with potent endosomal release properties that are effective in in vivo 

CRISPR/Cas9 delivery.15,16 Inspired by adenovirus’ endosomal escape mechanism, which 

involves capsid rearrangement after cellular internalization to display membrane-lytic protein 

VI,17,18 we recently reported a self-assembling block copolymer that responds to endosomal 

acidification by revealing a membrane-lytic peptide that is conjugated to a reversibly hydrophobic 

polymer block.19 This Virus-Inspired Polymer for Endosomal Release (VIPER) combines highly 

sensitive and tunable state-switching polymeric materials20–23 with reducible conjugation of the 

potent lytic peptide melittin to achieve safe and highly efficient plasmid and siRNA delivery in 

vivo.19,24 In comparison to the many strategies for active endosomal escape reviewed in depth 

elsewhere,5,25 relatively few have employed the bioconjugation of membrane-lytic/pore-forming 

peptides to drug carriers, likely due to off-target lysis.26–35 Moreover, past efforts have only utilized 

a select number of the many lytic peptides described in the literature and much remains unknown 

about the peptide conjugate properties that may be optimized to improve drug delivery. 
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In this work, we present our expansive effort to (i) directly compare 19 reported membrane-lytic 

or cell penetrating peptides for their pH-dependent hemolytic activity, (ii) elucidate the impact of 

5 select peptide sequences on resulting self-assembly properties of peptide-polymer conjugates, 

and (iii) evaluate the resulting materials for in vitro and in vivo gene transfer. (Figure 1.1) We 

hypothesized that the backbone polymer of the VIPER system could serve as an effective scaffold 

for covalent conjugation and selective endosomal display of a wide variety of lytic peptides, 

thereby enabling a broad investigation into the peptide properties that enhance both polymer 

micellization and endosomolysis. In contrast to the vast majority of lytic peptide literature that has 

focused on the identification of peptides with dual antimicrobial potency and minimal lysis of 

mammalian cell membranes, we revisited this rich literature with a specific search for peptides 

with the ability to destabilize mammalian cell membranes. Because peptides in the VIPER system 

are concealed in the hydrophobic micelle core until environmental pH drops to < 6.4 in maturing 

endosomes, our pH-responsive polymer system should avoid non-specific extracellular lysis and 

enzyme-mediated peptide degradation before reaching its target. However, it is unknown how 

sequence-dependent variation in lytic peptide size, net charge, hydrophobicity, isoelectric point, 

and polymer conjugation would affect micelle stability, endosomolysis, and ultimately nucleic 

acid cargo delivery. We demonstrate that the sharp pH-transition of VIPER compensates for 

potential advantages from pH-sensitive peptides, such that polymer-peptide conjugates with 

poorly selective but highly lytic peptides achieve safe and effective transfection both in vitro and 

in vivo. Moreover, we show that certain peptides are poorly lytic in polymer-conjugated form such 

that the in vivo delivery efficiency of our disulfide conjugation system depends on the endosomal 

reducing power of target cells. 

Figure 2.1 Strategy for comparison of the transfection efficiency of lytic peptide polymer 
conjugates.36 
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2.2 MATERIALS AND METHODS 
2.2.1 Materials 

RAFT CTA 4-cyanopentanoic acid dithio-benzoate (CPADB), N,N′-Azobisisobutyronitrile 

(AIBN), anhydrous N,N’-dimethylacetamide (DMAc, HPLC, 99.9%), methanol (MeOH, HPLC, 

99.9%), and methylene chloride (DCM, HPLC, 99.9%) were purchased from Sigma-Aldrich and 

used without further purification. Pyridyl disulfide ethyl methacrylate (PDSEMA) was synthesized 

as described previously.23 2-(Dimethylamino)ethyl methacrylate (DMAEMA) and oligo(ethylene 

glycol) monomethyl ether methacrylate (OEGMA, Mn = 300 and pendent EO units DP 4~5), and 

2-Diisopropylaminoethyl methacrylate (DIPAMA) were purchased from Sigma-Aldrich and were 

purified by passing through a column filled with basic alumina to remove the inhibitor prior to 

polymerization. Nile Red was purchased from ACROS Organics. Endotoxin-free plasmid pCMV-

Luc™ (ProMega) and pmaxGFP™ (Lonza) were purified with the Qiagen Plasmid Giga kit 

(Qiagen) according to the manufacturer’s protocol. 

 

2.2.2 Peptide synthesis 

Lytic peptides (Table 2.1) were synthesized through solid phase peptide synthesis (SPPS) using a 

CEM Liberty Blue microwave peptide synthesizer (Matthews, NC) at 0.25 mmol scale using 

standard Fmoc amino acids and NovaPEG Rink Amide Resin (Millipore). Peptides were cleaved 

from the resin in a trifluoroacetic acid (TFA) cocktail with 5% dimethoxybenzene, 2.5% 

triisopropylsilane, and 2.5% ethanedithiol. Water was included at 2.5% for peptides containing 

arginine. Crude peptide was precipitated twice in cold diethyl ether and purified by reverse-phase 

HPLC using 0.1% TFA water and acetonitrile to >95% purity. Peptide molecular mass was 

determined by MALDI-TOF at the University of Washington Department of Medicinal Chemistry 

Mass Spectrometry Center. Peptide hydrophobicity was calculated as the average of each 

sequence’s amino acid values using the Eisenberg scale.37 

 

2.2.3 In vitro hemolysis of peptides 

A hemolysis assay was used to determine the lytic potency of synthesized peptides at pHs 

corresponding to extracellular (pH 7.4) and endosomal (pH 5.5) compartments using methods 

derived from others’ work with endosomolytic polymers.22 Briefly, plasma from human blood was 

removed by centrifugation, red blood cells (RBCs) were washed three times with 150 mM NaCl, 

37 
 



www.manaraa.com

and resuspended in 100 mM phosphate buffer (PB) at pH 7.4, or 5.5. Peptides were then incubated 

with RBC suspensions at various concentrations (0.012-100 µM) in a sealed 96-well V-bottom 

plate for 1 h at 37 °C. After centrifugation, the released hemoglobin (supernatant) was transferred 

to a new plate and the absorbance at 541 nm was measured by with a plate reader. Percent 

hemolysis was calculated relative to the positive control (1% Triton X-100). Experiments were 

performed in triplicate and EC50 (50% hemolysis) values were determined using a four-parameter 

dose-response curve fit in Prism software (Graph Pad Software). 

 

2.2.4 Cell culture 

HeLa cells (ATCC CCL-2) were maintained in Gibco Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal bovine serum and penicillin/streptomycin. A549 cells 

(ATCC CCL-185) were cultured and transfected in F-12K medium supplemented with 10% FBS 

and 1% penicillin/streptomycin (P/S). PC-12 cells (ATCC CRL-1721) were cultured and seeded 

in growth medium (F-12K medium supplemented with 15% horse serum, 2.5% fetal bovine serum, 

and 1% P/S). For differentiation to a neuron-like phenotype and subsequent transfection, cells were 

cultured in differentiation medium (F-12K medium supplemented with 1% horse serum, 100 

ng/mL nerve growth factor, and 1% P/S). Z310 cells38 were cultured and transfected in high 

glucose 1:1 DMEM:F12K medium supplemented with 10% FBS, 1% P/S, 40 ug/mL gentamicin, 

and 10 ng/mL nerve growth factor. Cells were passaged every three days or when 75% confluent 

and seeded to reach 75-90% confluency at time of transfection. 

 

2.2.5 Polymer synthesis and characterization 

Block copolymer p(OEGMA8.60-co-DMAEMA50.0)-bl-p(DIPAMA25.32-co-PDSEMA1.00) 

(“control polymer”, CP) was prepared with RAFT polymerization and purified by dialysis as in 

previous work.19 1H NMR spectra were recorded on a Bruker AV 500 (Bruker Corporation) 

nuclear magnetic resonance (NMR) instrument in deuterated chloroform (CDCl3). The molecular 

weight and molecular weight distribution (PDI) of the polymers were determined by size exclusion 

chromatography (SEC). To prepare materials for SEC analysis, the purified polymer was dissolved 

at 10 mg/mL in running buffer (0.15 M sodium acetate buffered to pH 4.4 with acetic acid) for 

analysis by SEC. Samples were then applied to an OHpak SB-804 HQ column (Shodex) in line 

with a miniDAWN TREOS light scattering detector (Wyatt) and a OptiLab rEX refractive index 
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detector (Wyatt). Absolute molecular weight averages (Mw and Mn) was calculated using ASTRA 

software (Wyatt). 

 

2.2.6 Conjugation of lytic peptides to block copolymer 

Lytic peptides were conjugated to CP through disulfide exchange as described in our previous 

work with slightly altered reaction conditions.19 CP (10 mg, 0.625 µmol groups) was dissolved in 

500 µL MeOH for each conjugate. Then, 1 equivalent (relative to PDS groups) of each peptide 

was added to the polymer stocks and purged with argon at room temperature for 5 min. The 

reaction was sealed and monitored by UV at 343 nm for the release of 2-thiopyridine 

(Supplemental Figure 2.7). Each reaction mixture was then diluted 10-fold in 0.15 M sodium 

acetate (pH 4.4) and then concentrated to the original volume on an Amicon 10 kDa centrifugal 

filter. Each polymer-peptide conjugate (PPC) was washed three times and then passed through a 

PD-10 column to ensure removal of unreacted peptide prior to lyophilization. Conjugation 

efficiency was confirmed by analysis of residual pyridyl disulfide (PDS) content as previously 

reported with slight adaptation.29 Briefly, aqueous CP or PPC solutions (2 mg/mL) were reduced 

with DTT (10 mM, 37 °C, 30 min), releasing one pyridine-2-thiol molecule per PDSEMA group 

left unreacted. Small molecule pyridine-2-thiol was purified from the polymer with a 3 kDa cut-

off Amicon spin filter (Millipore) and the UV-Vis absorbance of the flow-through was measured 

with a Nanodrop One (Thermo Fisher). Percent reacted PDSEMA was calculated according to the 

equation in Supplemental Table 2.3. 

 

2.2.7 Micelle formation and characterization 

Polymer micelles were formed through rapid pH-transition as in previous work.19 Briefly, up to 20 

mg of PPC was dissolved in 190 µL of 200 mM monobasic sodium phosphate (~pH 5.4), followed 

by addition of 810 µL of 200 mM dibasic sodium phosphate to bring the pH to 7.4. Micelles were 

allowed to form overnight before buffer exchange to nanopure distilled water on a 10 kDa cutoff 

Amicon centrifugal filter (Millipore) and stored at 4 °C as a 20 mg/mL solution until future use. 

 

Critical micelle concentrations were determined using Nile Red as previously reported.39 Micelle 

solutions at concentrations varying from 0.5 to 1024 mg/L were added to dry Nile Red and 

incubated for 24 hr before fluorescence intensity (excitation/emission: 556/625 nm) was recorded 
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using an Infinite 200 PRO plate reader (Tecan). As shown in a representative plot in Supplemental 

Figure 2.9, linear regression was separately performed on flat and exponential regions of 

fluorescence intensity; the CMC was taken to be x-value at the intersection of these lines for each 

sample. A slightly altered version of the Nile Red assay described above was performed to 

determine the pH transition point where micelles disassemble due to cooperative protonation of 

DIPAMA: micelle concentration was fixed at 0.2 mg/mL and incubation phosphate buffer pH was 

varied from 5.2 to 7.4 in increments of 0.2 pH units. 

 

Micelle size was determined by dynamic light scattering using a ZetaPLUS instrument 

(Brookhaven Instruments Corporation). Micelle stock solutions were diluted to 0.1 mg/mL in 800 

µL 150 mM phosphate buffered saline (PBS; pH 7.4) and measured in triplicate after 30 min 

incubation at room temperature. 

 

2.2.8 Preparation and characterization of DNA polyplexes 

Polyplexes were formed by adding polymer to DNA solution followed by 30 min incubation at 

room temperature. For the gel retardation assay, polyplexes with various N/P ratios were loaded 

onto a 1% agarose gel containing TAE buffer (40 μmM tris-acetate, 1 mM EDTA) and 0.5 µg/mL 

ethidium bromide, and were electrophoresed at 100 V for 40 min before imaging on a UV 

transilluminator. The size and surface charge of the polyplexes were also tested on a ZetaPLUS 

instrument; polyplexes (1 μg DNA, 20 μL solution, N/P = 5) were diluted in 800 µL in 10 mM 

NaCl and measured in triplicate. 

 

2.2.9 In vitro hemolysis of polymer-peptide conjugates 

Peptide-polymer conjugates (PPCs) were assayed as described above for peptides. PPCs were also 

tested in the presence of 10 mM glutathione (GSH) to determine whether PPCs recovered lytic 

potency upon peptide liberation from the polymer backbone. RBCs were first suspended in 20 mM 

GSH PB to give 10 mM GSH final when mixed with polymer dilutions. It should be noted that pH 

6.0 was used in place of pH 5.5 in this assay because RBCs were damaged during incubation with 

GSH at pH 5.5 but not at pH 6.0. Concentration ranges and all other methods were otherwise 

performed identically to the assay described above for peptides. 
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2.2.10 In vitro plasmid transfection 

For pmaxGFP™ transfection, HeLa cells were seeded at a density of 25,000 cells/well in complete 

cell culture medium in 24-well plates. Cells were first incubated at 37 °C, 5% CO2 for 16 h. 

Polyplexes were prepared at different N/P ratios using 1 μg of pmaxGFP™ pDNA (0.1 mg/mL) 

and allowed to rest for at least 10 min. Each polyplex solution was then added dropwise directly 

to each well (in triplicate). After 4 h, cells were washed with PBS and given fresh complete cell 

culture medium. After 40 additional hours, cells were washed with PBS, trypsinized and pelleted 

at 300 × g for 5 min at 4 °C. Cells were washed once more with PBS, resuspended in Zombie 

Violet™ viability dye (BioLegend) diluted 500-fold in PBS, and incubated at room temperature 

for 10 min. Cells were washed twice with cold 1% BSA in PBS and analyzed using an Attune NxT 

flow cytometer (Thermo Fisher). Singlet cell events were serially gated to analyze viable (Violet-

) and transfected (GFP+) cells as shown in Supplemental Figure 2.12. Transfection efficiency is 

reported as the mean percentage of single cells that were GFP+/Violet-. Luciferase transfection 

was performed at N/P 5 in the same manner as above. HeLa, A549, and Z310 cells were seeded at 

25,000 cells/well and transfected 16 h after seeding. PC-12 cells were seeded at 50,000 cells/well 

in growth media, exchanged to differentiation media after 16 h, and transfected in fresh 

differentiation media 3 d after initiation of differentiation. Polyplexes formed with commercially 

available branched polyethyleneimine (bPEI; MW = 20 kDa; Sigma) were also included as a 

control group in each transfection assay. At time of harvest (48 h post-transfection), cells were 

washed once in PBS and lysed directly in the plate using Reporter Lysis Buffer (ProMega). Lysates 

were subjected to one freeze-thaw cycle and clarified by centrifugation at 14,000 g for 10 m at 4 

°C. Clarified lysate was assayed for luminescence with luciferase substrate (ProMega) using a 

plate reader and relative light units (RLU) were normalized by protein content as determined by 

BCA Protein Assay Kit (Pierce). All experiments were performed in triplicate and variance is 

reported as the standard deviation of the mean.  
 

2.2.11 In vivo luciferase plasmid transfection in the brain 

All animal procedures were completed according to protocols approved by the Institutional Animal 

Care and Use Committee at the University of Washington. Intracerebroventricular (ICV) injection 

was performed as described before.40 Polyplex formulations were prepared in 5% glucose solution 

containing 2.5 µg of luciferase plasmid DNA (N/P 10). Female C57/Bl6 mice (8 wk old) were 
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anesthetized by intraperitoneal injection of Avertin (500 mg/kg body weight). After craniotomy, a 

burr hole (1 mm diameter) was made on the right-side of the skull using a dental drill, and 10 µL 

of polyplex was stereotaxically injected (Bregma, -0.5mm; Medial/Lateral, 1.0mm; 

Dorsal/Ventral, 1.8mm) using a 33 gauge Hamilton syringe. The injection was made at 2 µL/min 

and the syringe was kept in the injection site for 2 min to prevent backflow prior to needle removal. 

After two days, brain compartments were harvested as distinct tissues (left, right and hind brain) 

from mice and collected in lysis buffer supplemented with protease inhibitors (Roche, Nutley, NJ). 

Three freeze-thaw cycles were performed in liquid nitrogen, tissues were mechanically 

homogenized, and lysate was cleared by centrifugation at 21,000 g for 15 min at 4 °C. Clarified 

lysate was assayed in the same manner described for the in vitro assays. Thus, gene expression 

was reported as the average RLU/mg protein for each brain region with error reported as the 

standard deviation of the mean. Whole brain gene expression was calculated as the sum of RLU/mg 

values of all regions per brain. N=4 for Melittin, C6M3, MEP-2, CP; N=3 for CMA-2, FL-20, 

DNA. 
 

2.2.12 Histology and epifluorescence microscopy 

Polyplexes formulated with pmaxGFP™ and either CP or VIPER (melittin-PPC) were 

administered by intraventricular injection to mice as described above (N=2). Two days post-

injection, mice were euthanized and perfused intracardially with 0.9% saline followed by 4% 

paraformaldehyde in 0.1 M phosphate buffer. After perfusion and fixation, the brains were excised 

and equilibrated to 30% sucrose in phosphate buffer. Brains were embedded in OCT and sectioned 

into 30 µm-thick coronal slices. For immunofluorescent labeling, slides were rinsed with PBS and 

blocked in PBS, 0.3% TritonX- 100, 2% bovine serum albumin (BSA) for 1 h. Primary antibodies 

(mouse anti-Tuj1 [1:500, Biolegend]; chicken anti-GFAP [1:500, Millipore]) were applied to the 

tissue sections in PBS, 0.3% TritonX-100, 2% BSA overnight at 4 °C. Sections were rinsed three 

times for 20min in TBS, 0.1% Tween 20 and species appropriate secondary antibodies conjugated 

with fluorophore were incubated in PBS, 0.1% Tween 20, and 2% donkey serum for 2 h. Sections 

were rinsed three times for 20min in TBS–Tween, with the last rinse containing the nuclear marker, 

4′,6-diamidino-2-phenylindole (DAPI; 0.5 µg/ml). Sections were then mounted onto glass slides, 

sealed and cover-slipped with polyvinyl alcohol, and imaged using an epifluorescence microscope. 
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Hematoxylin and eosin (H&E) staining and imaging was performed on unstained, dry-mounted 

tissue slices by the University of Washington Histology and Imaging Core. 

 

2.2.13 Statistical analysis 

All statistical analyses were performed in Prism software (Graph Pad Software, La Jolla, CA) 

using a two-tailed Student’s t- test with unequal variance and Welch’s correction. All EC50 values 

were determined from curve fits with R2 > 0.95. 

 

2.3 RESULTS AND DISCUSSION 
2.3.1 Lytic peptide selection and synthesis 

We conducted an intensive review of literature describing venom-derived antimicrobial peptides 

and synthetic derivatives, focusing on peptides that are as small or smaller than melittin (~2.9 kDa 

and 27 a.a.) yet reported to display similarly potent hemolytic activity. We also sought to diversify 

our panel by selecting peptides that differed from melittin in regards to hydrophobicity (e.g. FL-

20), isolectric point (e.g. CMA-2), net charge (e.g. IsCT), and pH-dependent lytic behavior (e.g. 

C6M3). Peptides containing cysteine (e.g. defensins) were excluded so that a C-terminal cysteine 

could be added to facilitate polymer conjugation via pyridyl disulfide exchange as in previous 

work with cysteine-modified melittin.19 A final panel of 19 lytic and cell-penetrating peptides 

(Table 2.1) were synthesized via solid phase peptide synthesis (SPPS) on Rink Amide resin, 

purified by HPLC, and characterized by MALDI-TOF mass spectrometry before further testing. 
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Table 2.1 Key properties of the 19 peptides evaluated in this work. 
Peptides are listed in order of decreasing membrane lytic activity (hemolysis) at pH 5.5.36 
Peptide Biological origin Amino acid sequence # AA Molecular 

weight 
EC50 (µM) pH(I) Net charge Hydro- 

phobicity Ref pH 5.5 pH 7.4 pH 7 pH 5 
Melittin Bee venom GIGAVLKVLTTGLPALISWIKRKRQQC 27 2949.76 5 6 12.2 6 6 0.09 

19 
C6M3 Synthetic RLWHLLWRLWRRLHRLLRC 19 2681.00 6 >100 12.8 7 9 -0.23 

41,42 
MEP-2 Bee venom GFLSILKKVLKVMAHMKC 18 2043.80 12 16 11.2 5 6 0.22 

43 
CaLL Synthetic hybrid KWKLFKKIFKRIVQRIKDFLRC 22 2892.52 13 9 12.0 9 9 -0.25 

44 
CMA-2 Melittin GIGAVLKVLTTGLPALISWIHHHHEEC 27 2929.46 14 9 7.4 0 4 0.35 

29 
FL-20 Florae/Melittin GIGAILKVLATGLPTLISWIC 21 2136.60 16 30 10.1 2 2 0.61 

45 
EB1 Penetratin LIRLWSHLIHIWFQNRRLKWKKKC 24 3205.11 18 9 12.5 8 10 -0.22 

46 
Meucin-18 Scorpion venom FFGHLFKLATKIIPSLFQC 19 2207.25 20 12 10.7 3 4 0.39 

47 
LAH KALA/synthetic KKLAHALHLLALLWLHLAHALKKAC 25 2811.39 20 >100 11.2 5 9 0.34 

48 
V681-S11K Synthetic KWKSFLKTFKKAVKTVLHTALKAISSC 27 3064.24 22 10 11.5 8 9 0.04 

49 
Endoporter Synthetic LHKLLHHLLHHLHKLLHHLHHLLHKLC 27 3374.48 31 >100 11.0 5 16 0.12 

50 
Crabrolin Hornet venom FLALILRKIVTALC 14 1571.86 38 16 11.4 3 3 0.42 

51 
LPE3-1 GALA/melittin GWWLALAEAEAEALALASWIKRKRQQC 27 3099.13 75 >100 9.9 2 2 0.02 

52 
Aurein1.2 Southern bell frog GLFDIIKKIAESFC 14 1582.70 95 98 8.8 1 1 0.24 

30 
IsCT Scorpion venom ILGKIWEGIKSLFC 14 1604.71 >100 57.5 10.0 2 2 0.31 

53 
Lyco-L17E M-lycotoxin IWLTALKFLGKHAAKHEAKQQLSKLC 26 2962.34 >100 >100 10.9 5 7 -0.03 

28 
HE Magainin 2 GIHHWLHSAHEFGEHFVHHIMNSC 24 2860.38 >100 >100 6.8 0 5.5 0.19 

54 
SPFK Bovine semen PKLLKTFLSKWIGC 14 1631.82 >100 >100 11.1 4 4 0.23 

55 
TAT HIV YGRKKRRQRRRC 12 1661.20 >100 >100 12.4 9 9 -1.77 

56 
 

2.3.2 In vitro hemolysis of lytic peptides 

Lytic peptides functionalized with a C-terminal cysteine were first evaluated with a standard 

hemolysis assay for direct comparison of membrane-lytic ability. In this assay, red blood cell lysis 

is quantified by monitoring hemoglobin release through absorption measurements. Although 

conjugated peptides are expected to reside in the hydrophobic core of VIPER micelles until 

disassembly at pH 6.4, we hypothesized that peptides with minimal lytic activity at neutral pH and 

high lytic activity at acidic pH would confer additional safety and endosomolytic selectivity. Thus, 

peptide hemolysis was tested at both extracellular (7.4) and endosomal (5.5) pH in order to 

prioritize polymer conjugation according to hemolytic potency at acidic pH (Table 2.1). Indeed, 

many peptides displayed much less potent hemolysis (e.g. SPFK) or no pH-selective lysis (e.g. 

CMA-2) compared to reported values when tested in our hands, although the discrepancy in 

potency may be due to the addition of a C-terminal cysteine or assay differences such as the species 

of red blood cell used. Peptides with redundant characteristics were eliminated and four peptides 

with potent hemolytic activity at acidic pH were selected for conjugation to the VIPER polymer 
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backbone (Figure 2.2): FL-20 (short melittin homolog with greater hydrophobicity); CMA-2 

(melittin homolog with identical length but neutral isolectric point); MEP-2 (bee venom-derived 

and similar in charge to melittin but shorter in length); and C6M3 (shorter than melittin, selectively 

lytic at low pH, but greater positive charge). 

 

Figure 2.2 Lytic peptide hemolysis at various pH. 
Peptides were incubated with human red blood cells at pH 7.4, 6.4, or 5.5 and hemolysis measured 
by UV absorbance at 541 nm relative to the positive control, 0.1% Triton X-100.36 
 

2.3.3 Polymer synthesis and characterization 

VIPER block copolymers with the general block formula of p(OEGMA-co-DMAEMA)-b-

p(DIPAMA-co-PDSEMA) were synthesized using reversible addition-fragmentation chain 

transfer (RAFT) polymerization according to protocols established in previous work.[19] 

Molecular weight analysis via GPC revealed a monodisperse polymerization product characteristic 

of living polymerization (D = 1.19), while 1H NMR analysis confirmed nearly identical monomer 

composition relative to the previously reported polymer. (Supplemental Figure 2.6) All 

experiments, p(OEGMA8.60-co-DMAEMA50.0)-b-p(DIPAMA25.32-co-PDSEMA1.00) is 

referred to hereafter as the control polymer (CP); various polymer-peptide conjugates (PPCs) are 

referred to by the name of the respective peptide conjugate. 
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2.3.4 Micelle formation and characterization 

We first characterized the impact of varied peptide biochemical properties such as size, isoelectric 

point, and hydrophobicity on PPC micelle size and pH-dependent stability. Micelle diameter as 

determined by DLS was consistent across all PPCs (21.7-26.0 nm), indicating that VIPER micelles 

can encapsulate peptides with a variety of biochemical properties and molecular weights without 

affecting size (Table 2.2). The critical micelle concentration of PPCs was determined using a Nile 

Red encapsulation assay (Table 2.2, Supplemental Figure 2.9); the CMCs of all 6 polymers 

(control and five peptide conjugates) were all in relatively narrow range of 46.2 mg/L (for CMA-

2 PPC) to 59.4 mg/L (for FL-20 PPC). 

 

We next monitored micelle disassembly as a function of pH between 5.4 and 7.2 in 0.2 pH unit 

increments using the Nile Red encapsulation assay. Again, micelle disassembly for all 6 polymers 

occurred within a narrow range of pH of 6.38 to 6.47, dominated by the pKa of the p(DIPAMA) 

block (Table 2.2, Supplemental Figure 2.10). Notably, the most hydrophobic PPC (FL-20) 

displayed a lower and more gradual pH transition than CP, while all other PPCs transitioned 

sharply at approximately the same pH as the melittin PPC. Thus, increasing micelle core 

hydrophobicity effectively lowered monomer pKa as a result of decreased water and ion transport 

that limits “all-or-nothing” cooperative protonation characteristic of charge/state-switching 

polymeric micelles.57–60 

 
Table 2.2 Micelle and polyplex characterization. 
Critical micelle concentration (CMC) and pH transition point as determined by a Nile Red 
encapsulation assay. Micelle and polyplex diameter as determined by DLS. Polyplex Zeta 
potential as determined by electrophoretic mobility.36 

Polymer or  
Conjugate 

CMC 
(mg/L) 

pH transition 
point 

Micelle 
diameter (nm) 

Polyplex 
diameter (nm) 

Polyplex Zeta 
potential (mV) 

CP 46.9 6.38 21.7 ± 1.9 112.4 ± 4.2 16.2 ± 3.3 
Melittin 49.9 6.41 22.7 ± 1.9 133.0 ± 3.4* 17.8 ± 1.7 
CMA-2 46.2 6.47 26.0 ± 1.2 108.3 ± 3.2 16.3 ± 1.4 
FL-20 59.4 6.34 24.1 ± 1.5  103.3 ± 9.4 12.8 ± 1.0 
MEP-2 54.1 6.40 22.7 ± 2.0 141.5 ± 1.5* 15.4 ± 4.3 
C6M3 52.6 6.42 23.8 ± 2.1 127.8 ± 17.9 19.4 ± 1.3 

* = p < 0.05 
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2.3.5 Characterization of DNA polyplexes 

PPC and CP polyplexes formed by electrostatic complexation of cationic micelles with plasmid 

DNA were characterized by gel retardation (DNA condensation), DLS (diameter), and 

electrophoretic mobility (zeta potential/surface charge). Imaging polyplex gel retardation showed 

that all PPCs fully condensed plasmid DNA (pDNA) at N/P 2, while CP condensed pDNA at N/P 

1 (Supplemental Figure 2.11). Since only the number of polymeric tertiary amines was used to 

determine the N/P ratio (same mass concentration used for each polymer), the difference in N/P 

required for full DNA condensation is attributed to the mass of peptide present in PPC samples as 

in previous work.19 

 

Statistical analysis of polyplex DLS Z-avg diameters revealed that MEP-2 and melittin PPC 

polyplexes had significantly larger diameters compared to CP. (Table 2.2) However, all 

diameters were between 105-145 nm and therefore typically representative of polyplexes 

described by our lab and others.4,19,24 Because peptides are conjugated to the polymer chains that 

occupy the micelle core at neutral pH, the lack of statistically significant differences in zeta 

potential (surface charge) between CP and PPC polyplexes is also unsurprising. However, the 

most hydrophobic PPC (FL-20) registered the lowest surface charge of polyplexes tested (12.8 

mV), which was significantly lower than that of the PPC with the highest net peptide charge 

(C6M3, 19.4 mV; p = 0.0028). 

 

2.3.6 In vitro hemolysis of polymer-peptide conjugates 

PPC-mediated hemolysis of human RBCs was evaluated in buffer conditions mimicking various 

cellular compartments to determine which PPCs possessed specificity for lytic behavior in acidic 

endosomes. The majority of literature support the claims that the cytoplasm is a reducing 

environment with high concentrations of glutathione (1-10 mM GSH) and relatively neutral pH 

(7.4),61,62 while endosomes are essentially as oxidative as the extracellular space (1-100 µM GSH) 

but establish pH as low as pH 5.4 through ATP-dependent proton pumps.63–65 Thus, we tested PPC 

hemolysis without GSH at pH 7.4 (extracellular mimic) and pH 5.5 (endosomal mimic), as well 

as with 10 mM GSH at pH 7.4 (cytoplasm mimic) and pH 6 (non-physiologic control; see note in 
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Section 2.2.9). A broad range of polymer concentrations spanning four orders of magnitude (0.01 

to 100 µM polymer) was tested (Figure 2.3A; Supplemental Figure 2.8). 

 

No hemolysis was observed at pH 7.4 without GSH for all samples, confirming that lytic peptides 

remain hidden inside the DIPAMA micelle core in extracellular environments (Figure 2.3A). 

Hemolysis was observed only at high concentrations of melittin and MEP-2 PPCs (>10 µM) at pH 

7.4 in the presence of GSH, likely due to GSH penetration into the micelle core and subsequent 

release of small amounts of lytic peptide (Supplemental Figure 2.8). Most interestingly, in 

endosomal mimicking conditions (acidic pH without GSH), the EC50s of the three melittin-like 

PPCs tested (melittin, CMA-2, FL-20) were lower than the corresponding peptide-only EC50s (2.0, 

2.3, 1.9 µM, respectively), whereas the EC50s of MEP-2 and C6M3 PPCs increased relative to 

peptide-only values (23.5, 22.9 µM, respectively) (Figure 2.3B). We hypothesized that certain 

peptide sequences must be released from the polymer backbone to retain lytic activity and tested 

this hypothesis by conducting the PPC hemolysis assay at acidic pH with 10 mM GSH. As 

expected, all EC50 values of GSH-reduced PPCs at acidic pH are similar that of the free peptide at 

acidic pH (Figure 2.3B; Supplemental Figure 2.8). This fact indicates that melittin-like PPCs 

may be better suited to endosomal lysis than MEP-2 or C6M3 as a result of the former’s ability to 

retain and/or enhance peptide activity following conjugation to a polymer backbone through 

disulfide bond. Importantly, no hemolysis was observed for the control polymer (CP) at any 

concentration tested in any condition, demonstrating that the polymer backbone itself is non-lytic 

and therefore all lysis observed in PPC samples was peptide mediated. 
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Figure 2.3 Peptide-polymer conjugate (PPC) hemolysis. 
(A) PPC hemolysis at various pH. (B) Compiled low pH hemolysis curves of free peptide, non-
reduced peptide-polymer conjugates, and reduced peptide polymer conjugates. Polymers were 
incubated with red blood cells at various effective peptide concentrations at pH 7.4 and pH 5.4 
for 1 h. For CP, an equivalent concentration of polymer was used in place of PPC concentration. 
Hemolysis was monitored by UV absorbance for released hemoglobin at 541 nm.36 
 

2.3.7 In vitro plasmid transfection 

Next the gene transfer efficiency and cell compatibility of PPCs were tested in cultured 

mammalian cells. HeLa cells were transfected in serum-containing media with PPC polyplexes 

formulated at various N/P ratios with pmaxGFP™ plasmid (Figure 2.4A; Supplemental Figure 

2.12). Cell viability decreased with increasing N/P as expected, but was acceptable (>75%) even 

at the highest N/P (N/P 8) tested. Moreover, no significant differences in viability were observed 
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between any PPC and CP at each N/P. Therefore, the previously observed cytotoxicity was not 

due to the presence of a particular lytic peptide as we had hypothesized, but rather due to charge-

dependent toxicity associated with increased p(DMAEMA) content.66,67 All PPCs transfected 

exceptionally well even in the presence of serum proteins (>60% GFP+) at N/P 5 and above and 

were significantly more effective than CP (<20% GFP+) at all N/P tested (p < 0.002), confirming 

results from our previous work that pH-dependent display of the lytic peptide is required for 

efficient transfection.19,24 Of the PPCs, CMA-2, FL-20, MEP-2, and melittin transfected with 

>96% efficiency, while C6M3 transfected with 76% efficiency at N/P 8. The reduced transfection 

efficiency of C6M3 is likely due to compromised lytic activity when conjugated to the polymer 

backbone (Figure 2.3B). Since peptides are susceptible to lysosomal protease degradation that 

increases in activity as pH decreases to pH 5.5,68–70 C6M3 activity may be compromised by 

degradation at the pH required for membrane lysis. 

 

PPC transfection efficiency was also screened in several other cells lines using a luciferase plasmid 

in order to confirm the cell type-agnostic nature of our active endosomal escape mechanism. We 

conducted this screen at N/P 5 because transfection at this N/P yielded the largest total number of 

GFP+ cells in the previous studies. We chose to compare HeLa cells, A549 cells (which have 

larger endosomes than HeLa cells12), ventricular zone choroid plexus epithelial Z310 cells38, and 

neuron-like 3-day differentiated PC-12 cells.71 The resulting trends in transfection mirror those of 

the HeLa GFP transfection in that melittin, CMA-2, FL-20, and MEP-2 PPCs transfect more 

efficiently than C6M3 PPC (Figure 2.4B) and transfect with 1-3 orders of magnitude greater 

efficiency than “proton sponge” control polymers (CP, 20 kDa bPEI) in all cell types tested. These 

results demonstrate the broad applicability of our lytic peptides and highlight the large impact that 

“active” endosomal escape strategies and can have on non-viral gene delivery. 
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Figure 2.4 In vitro plasmid transfection 
 (A) HeLa transfection viability and GFP expression efficiency. Transfection efficiency of CP and 
PPCs to HeLa cells in serum-containing media as determined by flow cytometry analysis of GFP 
expression 48 hours post transfection. Cell viability was determined by flow cytometry using 
Zombie Violet staining. All values are reported as mean ± SD. (N =3; * = p < 0.002) (B) Relative 
luciferase activity in cell lysates 48 h after transfection with N/P 5 polyplexes. All values are 
reported as mean ± SD with significance in comparison to CP, bPEI, DNA, and cells only. (N =3; 
* = p < 0.002) 
 

2.3.8 In vivo plasmid transfection in the brain 

As all PPCs displayed excellent transfection efficiencies in vitro, we evaluated in vivo delivery 

efficiency by delivering polyplexes formed with the reporter luciferase plasmid to the mouse brain 

by intracerebroventricular (ICV) injection (Figure 2.5). This route of administration enables 

access to neural progenitor cells (NPCs) which reside in the subventricular zone (SVZ) and extend 

foot processes through the choroid plexus epithelium.72 We are interested in transfection to this 

region with our non-viral vector because expression of transcription and growth factors in SVZ 
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NPCs has shown therapeutic promise as a means for the regeneration of cortical neurons following 

ischemic injury.73–77 We have previously shown that dividing NPCs can be transfected by N/P 10 

polyplexes delivered through this administration route, 78 and have achieved higher transfection in 

the right brain over the left after injection into the right ventricle.40,79,80 In this study we observed 

no significant differences between transfection in the left and right brains for any polymer tested 

(Supplemental Figure 2.13). Importantly, overall transfection efficiency was highest for PPCs 

that achieved potent lysis at low pH without GSH (i.e. melittin and its homologs CMA-2 and FL-

20). Thus, cells transfected in the brain from intraventricular polyplex delivery likely do not have 

sufficient endosomal GSH levels to release disulfide conjugated peptides from PPCs. 

Figure 2.5 Luciferase activity in whole brain lysates 48 h after ICV injection of N/P 10 polyplexes. 
N=3-4; Data are plotted as the mean + SD. Statistical significance derived from Student’s t-test 
comparing expression to one of two controls. (* p < 0.05 vs CP; † p < 0.05 vs DNA) 
 

Epifluorescence microscopy was also used to analyze the distribution of transfection in a separate 

in vivo study where mice received polyplexes formulated with pmaxGFP™ and either CP or 

melittin PPC. We observed greater transfection for brains receiving PPC polyplexes but saw 

similar localization of transfection throughout the SVZ for both treatments (Supplemental Figure 

2.14). It is not surprising that both polyplexes (CP and melittin PPC) undergo non-specific uptake 

along the SVZ epithelial barrier because association with cellular membranes and endocytosis of 

polyplexes is driven by their positive surface charge.81 Although co-localization was not observed 
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between transfected cells (GFP+) and either Tuj1 (neuronal marker) or GFAP (glial marker), 

transfection was observed predominantly in the periventricular space throughout the brain as in 

our previous studies with other polycations.80 Transfection of cells in the subventricular zone was 

also observed for melittin PPC polyplex-treated animals. Finally, injections were well-tolerated by 

the animals and H&E staining revealed neither gross toxicity nor major tissue disruption along the 

needle track (Supplemental Figure 2.15). These results confirm that lytic peptides are well-

protected in polyplexes in vivo and that transfection efficiency in vivo correlates with the lytic 

activity of non-reduced PPCs. 

 

2.4 CONCLUSION 
Herein we report the synthesis and evaluation of a panel of synthesized lytic peptides and the 

transfection capabilities they convey to acid-sensitive block copolymer micelles. Peptide polymer 

conjugates (PPCs) created from selected lytic peptides all demonstrated pH-dependent lysis and 

significantly enhanced in vitro transfection relative to unconjugated polymer, indicating that 

various peptide sequences may be encapsulated in VIPER micelles and are sufficient for 

endosomal escape. Surprisingly, only melittin-like PPCs showed greater hemolysis at pH 5.5 than 

their corresponding free peptides, implying that polymer-conjugated peptides may have enhanced 

lytic properties as a function of peptide sequence. As these most potently hemolytic PPCs also 

achieved the highest transfection in vivo, we conclude that only certain lytic peptides are able to 

promote endosomal escape when covalently conjugated to a polymer backbone. In summary, these 

data show that our pH-responsive micelle system exerts highly sensitive control over peptide-

mediated membrane lysis regardless of the pH-responsiveness of the peptide conjugate, further 

establishing this technology as an active, universal mechanism for the endosomal escape of nucleic 

acid cargo. 
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Supplemental Figure 2.6 Polymer characterization by GPC and 1H NMR. 
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Supplemental Figure 2.7 Schematic of peptide-polymer conjugation by disulfide exchange. 

 
Supplemental Figure 2.8 PPC hemolysis at various pH in the presence of 10 mM GSH. 
Polymers were incubated with red blood cells at various effective peptide concentrations at pH 7.4 
and pH 6 for 1 h in the presence of 10 mM GSH. For CP, an equivalent concentration of polymer 
was used in place of PPC concentration. Hemolysis was monitored by UV absorbance for released 
hemoglobin at 541 nm. 

 

 

Supplemental Table 2.3 Quantification of peptide conjugation via analysis of residual 
PDSEMA content. 
 

Conjugate Abs343 
% 

PDSEMA 
reacted 

Unreacted 0.41 0 
Melittin 0.02 95 
CMA-2 0.08 81 
FL-20 0.02 95 
C6M3 0.10 76 
MEP-2 0.00 100 
 

% 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 100 ∗ �1 −
𝑃𝑃𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎343

𝑈𝑈𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎343
� 
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Supplemental Figure 2.9 Representative results of two CMC assays. 
Micelle solutions at concentrations varying from 0.5 to 1024 mg/l were added to dry Nile Red 
and incubated for 24 hr before fluorescence intensity (excitation/emission: 556/625 nm) was 
recorded. Linear regression was separately performed on flat and exponential regions of 
fluorescence intensity; the CMC was taken to be x-value at the intersection of these lines for 
each sample. 

 
 
Supplemental Figure 2.10 Determination of micelle disassembly transition pH. 

Micelles (0.2 mg/mL; CMC = 0.07 mg/mL) were incubated in phosphate buffers of varying pH 
with1 µM Nile Red for 24 hr and then fluorescence intensity was measured (ex. 556 nm em. 625 
nm). Fluorescence intensity is dependent on the amount of encapsulated Nile Red which is 
directly correlated to the number of intact polymeric micelles. 
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Supplemental Figure 2.11 Gel retardation of plasmid DNA by CP and PPCs. 
Polymer stocks were diluted to give a variety of molar ratios between tertiary amines (polymer, 
N) and phosphate groups (DNA, P) relative to a 0.1 mg/mL plasmid DNA stock. Polymer and 
DNA were mixed, incubated at room temperature for 10 minutes, and then run on a 1% agarose 
gel at 110 V for 30 min before imaging on a UV transilluminator. 

 
 
Supplemental Figure 2.12 Representative flow cytometry transfection data. 
(A) Representative flow cytometry gating on negative control samples and (B) GFP histogram 
plots of HeLa transfection at N/P 8 (above). Singlet cell events were serially gated to analyze 
viable (Violet-) and transfected (GFP+) cells. 
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Supplemental Figure 2.13 Relative luciferase activity in various brain compartment lysates 48 h 
after ICV injection of N/P 10 polyplexes. 
N=3-4; Data are plotted as the mean + SD. Statistical significance was derived from Student’s t-
test comparing expression in each brain compartment to one of two corresponding controls. (* p 
< 0.05 vs CP; ** p < 0.01 vs CP; † p < 0.05 vs DNA; †† p < 0.01 vs DNA) 
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Supplemental Figure 2.14 Epifluorescence micrographs of cells expressing GFP in a region 
rostral to the site of polyplex injection. 
Brains injected with polyplexes formed with control polymer (A-E) had fewer transfected cells 
(GFP+, green) than brains injected with polyplexes formed with melittin PPC (F-I). In both cases, 
transfection is primarily localized to the vicinity near the ventricle wall, with some penetration 
into the subventricular zone (I) observed for the melittin PPC. Scale bar = 100 µm. 

 
 

Supplemental Figure 2.15 Digital micrographs of brain tissue stained with H & E at the site of 
melittin-PPC polyplex injection. 
Although the stain displays large-scale artifacts due to slide preparation (A 1.25X, B 5X; scale 
bar = 1 mm), the path of the needle is visible at high magnification (C 20X; scale bar = 100 µm) 
as a small, straight track of red stain indicative of local capillary rupture. Aside from local 
damage due to the injection, all other tears are a result of slide preparation and no other signs of 
tissue damage or inflammation were observed. 
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Chapter 3. POLYPLEX TRANSFECTION FROM 

INTRACEREBROVENTRICULAR DELIVERY IS NOT 

SIGNIFICANTLY AFFECTED BY TRAUMATIC BRAIN INJURY 

 

Abstract 

Traumatic brain injury (TBI) is largely non-preventable and often kills or permanently disables its 

victims. Because current treatments for TBI merely ameliorate secondary effects of the initial 

injury like swelling and hemorrhaging, strategies for the induction of neuronal regeneration are 

desperately needed. Recent discoveries regarding the TBI-responsive migratory behavior and 

differentiation potential of neural progenitor cells (NPCs) found in the subventricular zone (SVZ) 

have prompted strategies targeting gene therapies to these cells to enhance neurogenesis after TBI. 

We have previously shown that plasmid polyplexes can non-virally transfect SVZ NPCs when 

directly injected in the lateral ventricles of uninjured mice. We describe the first reported 

intracerebroventricular transfections mediated by polymeric gene carriers in a murine TBI model 

and investigate the anatomical parameters that dictate transfection through this route of 

administration. Using both luciferase and GFP plasmid transfections, we show that the time delay 

between injury and polyplex injection directly impacts the magnitude of transfection efficiency, 

but that overall trends in the location of transfection are not affected by injury. Confocal 

microscopy of quantum dot-labeled plasmid uptake in vivo reveals association between our 

polymers and negatively charged NG2 chondroitin sulfate proteoglycans of the SVZ extracellular 

matrix. We further validate that glycosaminoglycans but not sulfate groups are required for 

polyplex uptake and transfection in vitro. These studies demonstrate that non-viral gene delivery 
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is impacted by proteoglycan interactions and suggest the need for improved polyplex targeting 

materials that penetrate brain extracellular matrix to increase transfection efficiency in vivo. 

 

3.1 INTRODUCTION 

Approximately 1.7 million people suffer a traumatic brain injury (TBI) each year in the United 

States alone, injuries that can result in death or permanent disability while costing the healthcare 

system over $50 billion annually. [1,2]  While focal TBI is initiated as an acute blunt-force trauma 

to the exterior of the skull that causes immediate cortical zone cell death, larger ischemic or 

swollen regions then develop throughout the cortex that produce permanent scarring and neuron 

loss.[3] The current standard of care for TBI seeks to curtail these secondary damages by limiting 

bleeding and inflammation but requires prompt implementation and does not ultimately restore the 

function of the neural tissue lost to injury.[4] This is in part because injured neurons in the central 

nervous system (CNS) demonstrate virtually no endogenous regenerative capacity, unlike injured 

axons in the peripheral nervous system.[5] Thus, therapeutic strategies for the regeneration and 

integration of neurons at the site of injury could greatly impact patient recovery after TBI. 

 

While stem cell transplantation therapies for tissue regeneration in the CNS have rapidly 

progressed into clinical study,[6] gene therapies that manipulate endogenous neural progenitor 

cells (NPCs) with transcription or growth factors offer a promising alternative.[7–9] Compared to 

cultured cell therapies used as transplants, “direct reprogramming” approaches are more cost 

effective, less toxic, and promise access to different neuronal subtypes that may repair damaged 

nerve circuits with greater efficacy.[8,10] Interestingly, it has been shown that a variety of injuries 

including TBI stimulate the endogenous reservoir of NPCs in the subventricular zone (SVZ) to 
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proliferate and migrate to the site of injury in adult rodents, primates, and humans.[11–14] Upon 

arrival in the TBI cortex, these cells primarily differentiate into astrocytes but also a small number 

of neurons, resulting in minor improvements to motor and sensory function in rodents.[15,16] 

While naturally-occurring neurogenesis is not enough to restore function following TBI, it 

motivates research that will enhance the proliferation, migration, and differentiation of SVZ NPCs 

into cortical neurons.[8,10] Although intracerebroventricular (ICV) retrovirus injection has shown 

initial promise as a means for endogenous NPC reprogramming,[17] viral strategies are 

translationally limited by their immunogenicity, genetic cargo capacity, and complex 

manufacturing processes in comparison to non-viral methods.[18,19] Thus, we seek to augment 

the NPC repair response through non-viral transfection of therapeutic genes in SVZ NPCs through 

ICV injection of polyplexes. 

 

We have previously demonstrated delivery of reporter plasmids to cells of the SVZ in healthy 

mice;[20,21] however, very little is known about the impact of TBI on in vivo transfection. In this 

work, we utilize our most promising polymeric gene carrier (VIPER[21,22]) to deliver various 

plasmid cargoes through ICV injection in a controlled cortical impact (CCI) mouse model of TBI. 

Although the clinical etiology of TBI is extremely diverse, CCI offers promise as a translational 

model that generates reproducible and quantifiable cognitive and motor deficits in mice that mimic 

human symptoms.[23,24] As a first step towards therapeutic transfection after TBI, we first 

optimize the timing of transfection post-injury using luciferase reporter plasmids in order to 

capitalize on the dynamic cellular proliferation response to injury. We next analyze the distribution 

of GFP transfection after injury in various brain regions contacting the ventricular space through 

confocal microscopy, and then further investigate extracellular barriers to gene delivery in these 
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regions through a combined in vivo and in vitro approach. This work highlights the significant 

hurdles between current non-viral transfection approaches and therapeutic transfection after CCI 

in mice and establishes guidelines for future vector development. 

 

3.2 EXPERIMENTAL SECTION 

3.2.1 Material sourcing and polymer synthesis 

Endotoxin-free plasmid pCMV-Luc™ (ProMega) and pMAX-GFP™ (Lonza) were purified with 

the Qiagen Plasmid Giga kit (Qiagen) according to the manufacturer’s protocol. EdU (5-ethynyl-

2’-deoxyuridine) purchased from Lumiprobe was dissolved at 10 mg/mL in saline by heating at 

80 °C for 10 min before storage at -20 °C in 0.22 µm sterile-filtered aliquots until use. 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.18 The 

block copolymer p(OEGMA8.6-co-DMAEMA50.0)-bl-p(DIPAMA25.3-co-[PDSEMA-g-

melittin]1.0) termed “VIPER” was prepared and characterized in previous work.18 

 

3.2.2 Controlled Cortical Impact (CCI) 

All animal procedures were completed according to protocols approved by the Institutional Animal 

Care and Use Committee at the University of Washington. Moderate CCI was performed on female 

C57Bl/6 mice (8 wk old) using a custom electromechanical impactor described by the Ohio State 

University ESCID Contusion Model.23 Briefly, in this model, a 3.5 mm by 3.5 mm craniotomy is 

performed followed by exposure of the dura via electric drilling of a burr hole (centered 1 mm 

medial/lateral, -1.5 mm rostral/caudal to Bregma). A 2 mm wide metal probe attached to the 

contusion device is lowered onto the dura covering the motor cortex until contact is visualized by 
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the dampening of force oscillations on an oscilloscope. Brain deformation of 0.8 mm at a velocity 

of 5 m/sec is performed with a slope of 0.3 V/ms; actual displacement and mean force are recorded 

for each impact. Bleeding is dried with gauze, gel foam is used to patch the burr hole, and staples 

are utilized for skin closure prior to recovery and analgesia. While the primary necrotic injury 

occupies the somatosensory and parietal association cortexes, the secondary injury zone comprised 

of inflammation and disrupted blood-brain-barrier function extends into the hippocampus.24,25 

(Supplemental Figure 3.6) This overall moderate injury leads to significant motor and learning 

deficits that can be reliably evaluated through behavioral assessment.26 

 

3.2.3 In vivo plasmid transfection in the brain 

Intracerebroventricular (intraventricular) injection was performed as described before.27 Polyplex 

formulations were prepared in 5% glucose solution containing 2.5 µg of plasmid DNA (N/P 10) 

by vigorously pipetting polymer into DNA and resting the mixture for at least 10 minutes. Female 

C57/Bl6 mice (8 wk old) were anesthetized by intraperitoneal injection of Avertin (500 mg/kg 

body weight). After craniotomy, a burr hole (1 mm diameter) was made on the right-side of the 

skull using a dental drill, and 10 µL of polyplex was stereotaxically injected (Bregma, -0.5mm; 

Medial/Lateral, 1.0mm; Dorsal/Ventral, 1.8mm) using a 33 gauge Hamilton syringe. The injection 

was made at 2 µL/min and the syringe was kept in the injection site for 2 min to prevent backflow 

prior to needle removal. When used, EdU was injected intraperitoneally at a dose of 50 mg/kg 8 h 

after transfection. 

 

For luciferase plasmid transfections, brain compartments were harvested 48 h after transfection as 

distinct tissues (left, right and hind brain) from mice and collected in lysis buffer supplemented 
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with protease inhibitors (Roche). Three freeze-thaw cycles were performed in liquid nitrogen, 

tissues were mechanically homogenized, and lysate was cleared by centrifugation at 21,000 g for 

15 min at 4 °C. Clarified lysate was assayed for luminescence with luciferase substrate (ProMega) 

using a plate reader and relative light units (RLU) were normalized by protein content as 

determined by BCA Protein Assay Kit (Pierce). Thus, gene expression was reported as the average 

RLU/mg protein for each brain region with error reported as the standard deviation of the mean. 

Whole brain gene expression was calculated as the sum of RLU/mg values of all regions per brain. 

 

For GFP plasmid or QD585-labeled luciferase plasmid transfection, mice were euthanized 48 h or 

1 h after transfection, respectively, and perfused intracardially with 0.9% saline followed by 4% 

paraformaldehyde in 0.1 M phosphate buffer. Brains were then processed for histology as 

described below. 

 

3.2.4 Histology and confocal microscopy 

After perfusion and fixation, brains were excised and equilibrated to 30% sucrose in phosphate 

buffer. Brains were embedded in OCT and sectioned into 30 µm-thick coronal slices stored floating 

in PBS. For immunofluorescent labeling, slices were rinsed with PBS and blocked in PBS, 0.3% 

Triton X-100, 2% bovine serum albumin (BSA) for 1 h. If performing click chemistry staining of 

EdU, slices were washed three times with PBS, incubated for 30 m in labeling cocktail (1 µM N3-

Cy5 [Click Chemistry Tools], 1 mM CuSO4, 100 mM sodium ascorbate), and then washed three 

times in TBS before proceeding.28 Primary antibodies (chicken anti-GFAP [1:500, Millipore 

AB5541]; rabbit anti-Iba1 [1:500, Wako 019-19741]; rabbit anti-NG2 [1:500, Millipore AB5320]) 

were applied to the tissue sections in PBS, 0.3% TritonX-100, 2% BSA overnight at 4 °C. Sections 
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were rinsed three times for 20min in TBS, 0.1% Tween 20 and species appropriate secondary 

antibodies conjugated with fluorophore were incubated in PBS, 0.1% Tween 20, and 2% donkey 

serum for 2 h. Sections were rinsed three times for 20min in TBS–Tween, with the last rinse 

containing the nuclear marker, 4′,6-diamidino-2-phenylindole (DAPI; 0.5 µg/ml). Sections were 

then mounted onto glass slides, sealed and cover-slipped with polyvinyl alcohol, and imaged using 

a custom Leica SP8X confocal scanning laser microscope housed at the W. M. Keck Microscopy 

Center at the University of Washington Medical Center. 

 

3.2.5 Conjugation of luciferase plasmid DNA with QD585 

Luciferase plasmid was labeled with Qdot™ 585 Streptavidin Conjugate (QD585, ThermoFisher) 

utilizing the DNA-intercalating crosslinker Psoralen-PEO-biotin (ThermoFisher) as previously 

described with minor protocol modifications.29 In brief, the psoralen crosslinker (20 mM in 

DMSO) was diluted 1:100 v/v with luciferase plasmid DNA (2 mg/mL in water) and irradiated 

using a 50 W longwave UV lamp for 1 h at room temperature. The plasmid was ethanol/acetate 

precipitated and biotin content verified to be in excess of 1000 biotins/plasmid using the 

Quant*Tag™ Biotin Kit (Vector Laboratories) and a Nanodrop spectrophotometer 

(ThermoFisher). Strep-QD585 solution was mixed with biotinylated plasmid at 1:1 molar ratio and 

incubated at room temperature overnight. Plasmids were ethanol/acetate precipitated to remove 

unconjugated Strep-QD585 and resuspended in 5% glucose for use in transfection. Conjugation 

purity was verified by gel electrophoresis and the degree of conjugation was determined to be 

between 0.5-1 QD585/pLuciferase using the HS dsDNA Qubit assay (ThermoFisher) to quantify 

DNA concentration and a fluorescence plate reader to quantify QD585 concentration via a custom 

standard curve. 
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3.2.6 Cell culture and in vitro plasmid uptake and transfection 

CHO cells (K1 wt ATCC# CCL-61; pgsE-606 ATCC# CRL-2246; pgsA-745 ATCC# CRL-2242) 

were maintained at 37 °C/5% CO2 in F-12K base media (Gibco) supplemented with 10% fetal 

bovine serum and penicillin/streptomycin and passaged every three days or when 75% confluent. 

Cells were seeded at a density of 25,000 cells/well in 24-well plates and incubated overnight before 

assay. Polyplexes were prepared at N/P 5 with 1 µg QD585-pLuciferase (for uptake studies) or 1 

μg pMAX-GFP™ pDNA (for transfection studies) and allowed to rest for at least 10 min. Each 

polyplex solution was then added dropwise directly to each well (in triplicate). In uptake studies, 

cells were washed twice with PBS and lifted with trypsin for analysis by flow cytometry at either 

2, 4, or 8 h after polyplex addition. In transfection studies, cells were given fresh complete medium 

after 4 h incubation with polyplexes and analyzed by flow cytometry 48 h after transfection. Singlet 

cell events recorded on an Attune NxT flow cytometer (ThermoFisher) were gated using untreated 

cells to determine %QD585+ or %GFP+ (Supplemental Figure 3.9). All experiments were 

performed in at least biological triplicate and variance is reported as the standard deviation of the 

mean. 

 

3.2.7 Polyplex unpackaging assays 

VIPER or bPEI polyplexes were formulated with pLuciferase at N/P 10 and incubated in the 

presence of various concentrations of heparan sulfate or chondroitin sulfate sodium salt (Sigma) 

for 30 min at 37 °C. Samples were then loaded onto a 0.5% agarose gel containing TAE buffer (40 

μmM tris-acetate, 1 mM EDTA) and 0.5 µg/mL ethidium bromide, and were electrophoresed at 

110 V for 30 min before imaging on a UV transilluminator. 
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3.2.8 Statistical analysis 

All statistical analyses were performed in Prism software (Graph Pad Software, La Jolla, CA) 

using a two-tailed Student’s t- test with unequal variance and Welch’s correction. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Luciferase transfection in the brain following controlled cortical impact (CCI) 

We first investigated whether overall intraventricular polyplex transfection efficiency was altered 

by CCI. We hypothesized that the length of time between injury and transfection could 

dramatically alter transfection efficiency due to both physical changes in brain anatomy that evolve 

with the primary and secondary injury over time (e.g. edema, inflammation)3,30 and due to 

increased mitosis among the neuroprogenitor cells (NPCs) of the subventricular zone (SVZ).11 It 

has been reported that SVZ NPC proliferation is enhanced as soon as 1 day post injury (DPI) and 

peaks sometime between 3 and 7 DPI in various rodent models of TBI.11,13,31,32 Because nuclear 

uptake and expression of plasmid DNA often depends on mitosis,33 we hypothesized that timing 

transfection to coincide with peak SVZ NPC proliferation would maximize transfection efficiency 

and eventually therapeutic benefit. Thus, we performed CCI and then intraventricular transfection 

of luciferase plasmid ipsilateral to the injury at various DPI, followed by harvest and in vitro 

luciferase detection in brain lysates 48 h after transfection. (Figure 3.1) 
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Figure 3.1 Transfection efficiency of polyplexes injected intraventricularly at various time 
points after CCI. 
Relative luciferase activity in homogenized brains displayed as a sum of all brain regions (A) 
and by brain compartment (B). Data are plotted as mean ± SD where N = 3-4 mice. (* p < 0.05) 
 

We observed that CCI increased subsequent transfection at all time points tested relative to 

transfection in uninjured mice. (Figure 3.1A) Although increases in transfection efficiency were 

not statistically significantly different between groups, we did observe a trend of increasing 

transfection with increased time post injury that peaked at 3 DPI, in agreement with past studies 

identifying this time point at the peak of SVZ proliferation.32 The relative distribution of 

transfection among brain compartments was not altered by TBI, with the lowest transfection 

observed in the left brain (contralateral to injection) and the highest transfection observed in the 

hind brain in all groups. (Figure 3.1B) This is in agreement with our past data from uninjured 

mice,18 and is likely a result of polyplex drainage into the fourth ventricle via the flow of cerebral 
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spinal fluid (CSF).34–36 Thus, CCI does not dramatically alter intraventricular transfection, and 

may even potentiate transfection if performed 3 DPI. 

 

3.3.2 Distribution of GFP transfection by anatomical location and cell type 

Encouraged by these results, we next sought to determine whether CCI influences the cell types 

that are transfected in specific anatomical locations in the brain. Thus, we performed 

intraventricular delivery of polyplexes in both injured and uninjured mice using a plasmid 

encoding GFP, chased transfection with an intraperitoneal injection of EdU to metabolically label 

mitotic cells, and processed brains for confocal microscopy 48 h after transfection. (Figure 3.2) 

As we observed in the luciferase study that intraventricular transfections were poorly tolerated at 

7 DPI, we only moved forward with comparisons between mice transfected without injury or at 1 

or 3 DPI. Transfection among EdU+ dividing cells of the SVZ was not drastically altered by injury, 

and was (in all groups) less frequent than in previous studies by our group with other polymers.17 

(Figure 3.2A-C) 
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Figure 3.2 Immunohistochemistry and EdU click-labeling reveal that CCI does not dramatically 
change proliferation or transfection in the SVZ. 
Confocal micrographs of the SVZ region following transfection with plasmid encoding GFP and 
fluorescent staining for GFAP and EdU. Mice were transfected without injury (A), 1 DPI (B), or 
3 DPI (C), EdU was administered IP 8 h after transfection, and mice were sacrificed and 
perfused 48 h after transfection. Images are representative of results from N = 4 mice per group. 
Scale bar = 50 µm. 
 

In qualitative agreement with luciferase transfection data, we observed slightly more GFP+ cells 

in mice transfected 3 DPI than in mice transfected 1 DPI or without injury, with the greatest 

frequency of transfection observed in the fimbria and at the base of the hippocampus within 1 mm 

of the injury on the rostral-caudal axis independent of injury. (Figure 3.3, Supplemental Figure 

3.7) Almost all transfected cell were found at interfaces of tissue and CSF (e.g. hippocampus and 

striatum; fimbria and ventricle), indicating that polyplexes did not penetrate tissue but were instead 

disseminated by CSF flow to various ventricle-facing surfaces. Indeed, relatively little transfection 

was observed rostral to the injection site compared to transfection observed in regions caudal to 

the injection, echoing distribution patterns identified by luciferase transfection and underlining the 

impact of CSF circulation. Other groups have reported similarly narrow distribution near CSF 

interfaces for both cationic and neutrally charged nanoparticles with diameters ~100 nm, indicating 

that both surface charge and size can limit nanoparticle penetration through brain tissue following 

direct intrathecal or intraventricular injection.37–40 

 

We observed heterogeneous transfection of various cell types dependent on the region investigated 

but independent of injury. For example, we observed transfection of morphologically complex 

cells resembling oligodendrocytes in the fimbria in all mice (Figure 3.3A) but were unable to 

identify the cells that were consistently transfected at the base of the hippocampus (Figure 3.3B). 

Although we did observe transfection of some GFAP+ astrocytes, in no cases were transfected 
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cells Iba1+ microglia. (Supplemental Figure 3.8) In summary, although the rate of transfection 

was much lower than we expected, we observed that only specific anatomical regions of the brain 

are transfected following intraventricular injection and that CCI does increase the number of cells 

transfected in these regions. 

Figure 3.3 Transfection observed primarily in specific anatomic regions of CSF-tissue interfaces. 
Confocal micrographs of the fimbria (A) and the base of the hippocampus (B) following 
transfection 3 DPI with plasmid encoding GFP and fluorescent staining for GFAP and Iba1. Scale 
bar = 50 µm. 
 

3.3.3 Quantum dot labeling reveals extracellular barriers to plasmid uptake 

Drawing on our experience investigating extracellular barriers to gene delivery following 

intravenous injection, we hypothesized that poor cellular uptake or premature polyplex 

unpackaging could also limit transfection in the ventricular space. We have previously shown that 

some cationic polymers will forgo the condensation of plasmid DNA in favor of electrostatic 

interactions with negatively charged extracellular matrix (ECM) components (e.g. 

glycosaminoglycans), thereby releasing unpackaged DNA outside the cell, coating the cell surface 

with polymer, and ultimately achieving very little intracellular plasmid uptake.29 Fluorescent 

labeling of plasmids with a small number of ultra-bright quantum dots (QDs) enables the detection 

of individual plasmids delivered by polyplexes in vivo without drastically altering polyplex 

properties.41 We transfected QD-plasmid conjugates in healthy mice to better characterize the 
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localization of plasmid cargo following intraventricular polyplex injection. We observed identical 

patterns in plasmid uptake as observed in GFP transfection, with most QD-plasmid found in the 

fimbria. (Figure 3.4) 

 

 

Figure 3.4 Plasmid delivery patterns mimic regional patterns of transfection and are driven by 
electrostatic interactions with sulfated proteoglycans. 
Confocal micrographs at low (A) and high (B) magnification of the fimbria following transfection 
with QD585-conjugated luciferase plasmid and fluorescent staining for NG2 chondroitin sulfate 
proteoglycan. Scale bar = 200 µm. 
 

Interestingly, all tissue within a ~200 µm radius of QD-plasmid displayed very little 

immunofluorescent staining for NG2, an extracellular chondroitin sulfate proteoglycan that is 

ubiquitously expressed throughout the brain and upregulated following TBI.42 As there is still 

some, but limited, NG2 staining in the tissue proximal to the plasmid, we hypothesize that this 

“blast radius” could be the result of electrostatic coating of sulfated glycosaminoglycan domains 

with VIPER chains that prevents antibody staining. We previously observed that fluorescently-

labeled polyethylenimine binds to liver ECM after systemic administration.29 Taken together, these 

observations strongly suggest that VIPER’s transfection is limited by premature polyplex 

unpackaging through electrostatic interactions with ECM components in neural tissue. 
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3.3.4 Plasmid transfection and uptake in ECM mutant cell lines 

In order to better understand which ECM components VIPER interacts with, we next performed 

in vitro GFP plasmid transfection in several mammalian cell lines with mutations in various 

glycosaminoglycan (GAG) synthetic pathways. We selected the Chinese hamster ovary (CHO) K1 

cell line derivative pgsE-606, which carries mutations in N-sulfotransferase that decrease the 

degree of GAG sulfation 3-5 fold, and the CHO pgsA-745 line, which carries a mutation in 

xylosyltransferase that completely eliminates GAG synthesis.43,44 We transfected K1 wildtype 

(wt), pgsE-606, and pgsA-745 CHO cells with pMAX-GFP/VIPER polyplexes at N/P 5 in serum 

containing media and quantified the percentage of viable cells that were GFP+ by flow cytometry 

two days after transfection. Our results show that VIPER transfects wt and pgsE-606 cells with 

similar efficiency at N/P 5 (36% vs 46% GFP+), and that this efficiency is significantly decreased 

in pgsA-745 cells (3% GFP+). (Figure 3.5A) 

 

To determine whether transfection efficiency was dictated by plasmid uptake, we next performed 

mock-transfections using polyplexes formulated with QD585-pLuciferase and quantified 

intracellular QD585+ signal using flow cytometry at various time points. (Figure 3.5B) Plasmid 

uptake increased with polyplex incubation time for all cell types, but while wt and pgsE-606 cells 

demonstrated near total uptake at 4 h (72% and 76%, respectively), only a small fraction of pgsA-

745 cells contained plasmid even after 8 h incubation (17%). Moreover, the overall shift in QD585 

median fluorescence intensity (MFI) from 0-8 h was significantly lower in pgsA-745 cells (6.3-

fold) compared to wt and pgsE-606 cells (16.5- and 20.5-fold, respectively), indicating that the 

total number of plasmids taken up by pgsA-745 cells was low. (Figure 3.5C; Supplemental 

Figure 3.9) These data demonstrate that VIPER polyplex uptake is enhanced by electrostatic 
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proteoglycan interactions at the cell surface and that polyplex uptake efficiency dictates transgene 

expression. Furthermore, we suggest that VIPER polyplexes may also be attracted to unproductive 

proteoglycan interactions with GAG-rich ECM that could hamper CNS tissue penetrance in vivo.  

 

Figure 3.5 In vitro plasmid transfection and uptake in GAG mutant CHO cell lines. 
Flow cytometry was used to quantify GFP+ cells 48 h after pMAX-GFP polyplex addition (A) or 
to quantify the percentage of QD585+ cells at various times after QD585-pLuciferase polyplex 
addition (B). The average median fluorescent intensity (MFI) of QD585 signal in single cells 
increased with uptake over time (C). Data are plotted as the mean ± SD of > 3 experiments and 
statistical significance derived from Student’s t-test (* p < 0.05; ** p < 0.01). 
 

The charge density, pKa, and molecular weight of both GAGs and polycations are known to have 

differentially positive and negative effects on polyplex transfection.[46–48] As demonstrated by 

previous studies, GAGs are required for polyplex uptake,[47] yet heparin sulfate proteoglycan can 

lead to premature polyplex unpackaging by out-competing DNA binding with polycations.[46,48] 

In this study, we observed a drastic reduction of VIPER uptake and transfection in GAG deficient 

cells, but transfection and uptake are not adversely affected in pgsE-606 cells lacking proteoglycan 
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sulfation. In order to determine if sulfate interactions could lead to polyplex unpackaging, we 

incubated VIPER or bPEI polyplexes (N/P 10) with varying concentrations of either heparan 

sulfate or chondroitin sulfate. (Supplemental Figure 3.10) While neither VIPER nor bPEI 

polyplexes were unpackaged by chondroitin sulfate ( 5 mg/mL),  both VIPER and bPEI polyplexes 

were unpackaged at 100 µg/mL heparan sulfate, which corroborates prior experiments that 

demonstrated charge density may differentiate GAG-polyplex interactions.[46] Taken together 

with in vivo NG2 staining (Figure 3.4) and in vitro transfection data (Figure 3.5), these results 

indicate that VIPER requires GAGs for transfection, but that the highly GAG-rich ECM of neural 

tissue may limit VIPER penetration or cause unpackaging in vivo. Future work will be needed to 

determine which GAG interactions dominate VIPER transfection in vivo, and whether polycations 

with different amine fucntional groups (i.e. primary or secondary amines)[49] or charge 

densities[50] would better suited for CNS transfection. 

 

3.4 CONCLUSION 

Herein we present the first investigation of intraventricular polyplex transfection following 

controlled cortical impact in mice. Using a custom polymer we previously reported to yield high 

luciferase plasmid expression in the brain, we show that CCI slightly increases overall transfection 

efficiency and that the distribution of transfection throughout the major compartments of the brain 

is unaffected by CCI, but polyplexes do not penetrate deep into brain tissue. We demonstrate that 

this pattern of distribution is not dependent on injury but may be a direct result of interactions 

between VIPER and ECM proteoglycans. Given that chondroitin sulfate proteoglycan 

upregulation has been implicated as a potential therapeutic target in TBI, this work motivates 

future polymer designs that can take advantage of charge-charge interactions for polyplex targeting 
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without sacrificing plasmid uptake, perhaps by increasing polycation charge density or altering 

polycation pKa. In summary, we report that polyplex-mediated plasmid transfection is largely 

unaffected by CCI in mice but that extracellular barriers to delivery must be accounted for in order 

to transfect therapeutically relevant numbers of cells in the intraventricular space. 
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Supplemental Figure 3.6 Controlled Cortical Impact (CCI) induces blood-brain barrier (BBB) 
disruption and peripheral immune invasion. 
CCI is performed with constant velocity and consistent displacement using an OSU impactor. In 
the top panels, immunohistochemistry shows that albumin extravasation increases with time 
post-injury (PI), confirming BBB disruption that mimics secondary injury in human TBI. In the 
bottom panels, H&E staining shows transient infiltration of the primary injury by inflammatory 
peripheral immune cells at 30 min PI that begins to contract as soon as 4 hr PI, behavior also 
consistent with human TBI. 
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Supplemental Figure 3.7 Transfection primarily found at the interface of hippocampus and 
striatum in 3 DPI mice. 
Scale bar = 100 µm. 
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Supplemental Figure 3.8 Transfected cells were never Iba1+ but some GFAP+ cells were 
observed. 
Scale bar = 25 µm. 
 

 

 
Supplemental Figure 3.9 Representative flow cytometry histograms of VIPER/QD585-plasmid 
polyplex uptake. 
VIPER polyplexes were prepared at N/P 5 with 1 µg QD585-pLuciferase and incubated with 
various CHO cell lines for either 2, 4, or 8 h. Cells were washed twice with PBS before being 
lifted for analysis by flow cytometry. Singlet cell event QD585 signal is shown below. 
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Supplemental Figure 3.10 Polyplex unpackaging by various sulfated ECM components. 
VIPER or bPEI polyplexes were formulated with pLuciferase at N/P 10 and incubated in the 
presence of various concentrations of heparan sulfate or chondroitin sulfate sodium salt for 30 
min at 37 °C. Samples were then loaded onto a 0.5% agarose gel containing TAE buffer and 
ethidium bromide, and were electrophoresed at 110 V for 30 min before imaging on a UV 
transilluminator. 
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Chapter 4. TRANSPLANTATION OF ENGINEERED NEURAL 

PROGENITOR CELLS TO REPAIR TRAUMATIC BRAIN INJURY 

 

Abstract 

Transplantation of engineered stem cells has emerged over the past few decades as one of the most 

promising avenues towards therapeutic regeneration of central nervous system function after 

traumatic injury.1–5 Thus far, induced neurons (iN) have been derived from three main transplant 

sources: neural, embryonic, or induced pluripotent stem cells.6–9 These studies have demonstrated 

that stem cells can be programmed by transcription factors to induce neurogenesis in the injured 

brain; however, strategies to ensure proper function and nerve-circuit repair are needed to advance 

these potential therapies into reliable regenerative medicines. We seek to generate new neurons in 

the traumatically injured mouse cortex through transplantation of neural progenitor cells (NPCs) 

transduced with neuronal-fate biasing transcription factor lentivirus ex vivo. We hypothesize that 

constitutive Neurogenin-2 (Ngn2) signaling in transplanted NPCs will result in improved motor 

function as a result of limited glial and improved neural differentiation relative to cells expressing 

cell-cycle dependent Ngn2 or non-programmed, naïve NPCs. In this chapter, we present 

preliminary data comparing the in vitro and in vivo differentiation capacity of Ngn2-programmed 

and naïve NPCs. We report that constitutive Ngn2 programming imbues NPCs with a resistance 

to glial differentiation in vitro and increases neuronal morphological phenotypes in cells 

transplanted to mice with traumatic brain injury. We conclude with a plan for future investigations 

of NPC fate in vivo, as well as strategies that could improve NPC survival and neuroregeneration. 
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4.1 RESEARCH APPROACH AND RATIONALE 

Human neural stem cell (NSC) transplants have already demonstrated improved neurological 

function in humans with severe TBI10 and spinal cord injury (SCI)11 and are being evaluated in 

ongoing clinical trials (e.g. NCT03296618). However, the relative therapeutic importance of 

neuronal differentiation and the derivation of specific cellular subtypes (versus the secretion of 

paracrine neurotrophic factors, etc.) is not well characterized. This is in part because the 

specification of a particular cell fate in a particular brain circuit requires a balance between 

extrinsic (i.e. environmental) and intrinsic (i.e. genetic) factors that are unique to the development 

of that region.12 For example, the inflammatory milieu of the injured CNS environment directs 

transplanted naïve embryonic stem cells to become scar tissue;8 conversely, iN that are fully 

differentiated ex vivo into a single subtype are unable to integrate into local circuits upon 

transplantation.13 Thus, there remains a need for transplant studies that 1) balance intrinsic and 

extrinsic differentiation signals and 2) correlate differentiated cellular subtypes with functional 

recovery. We have therefore chosen to investigate the differentiation of transplanted neural 

progenitor cells (NPCs) that have been transduced with lentivirus encoding a neuron-specifying 

transcription factor but cultured in proliferation media until time of transplant. 

 
We have chosen to employ ectopic expression of neurogenin-2 (Ngn2), a pioneer transcription 

factor that has been used for direct neuronal conversion of fibroblasts in vitro and reactive 

astrocytes in vivo, as well as the differentiation of various transplanted stem cells in vivo.14–20 Thus 

far, only one study has tested Ngn2-programmed NPCs for the repair of traumatic injury in the 

CNS.21 The authors showed that NPC Ngn2 expression increased functional recovery after 

traumatic SCI as result of limited glial differentiation, enhanced myelination, and increased 

neuronal differentiation. We hypothesize that Ngn2-programmed NPCs will similarly resist 
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inflammation-induced glial differentiation bias when transplanted into the traumatically injured 

brain, leading to greater neuronal differentiation and improved recovery of neural function 

compared to non-programmed naïve NPCs.  A previously reported phosphorylation-incompetent 

mutant of Ngn2 remains constitutively activated despite cell cycling (Ngn2S9A), altering NPC glial 

differentiation potential and neuronal subtype specification.22 We have therefore transduced 

murine NPCs to express either Ngn2wt or Ngn2S9A for comparison to naïve, non-programmed 

NPCs, and further hypothesize that Ngn2S9A cells will yield the greatest therapeutic benefit. 

Herein, we first compare the differentiation status of these three NPC cell lines under various 

culture conditions in vitro and then report preliminary observations of NPC survival following 

transplant into the dentate gyrus of CCI-injured mice. We propose future work to quantify 

differentiation of these cells and ultimately compare the motor function recovery of injured 

animals through various behavioral assessments. Finally, we suggest a few strategies to improve 

NPC survival and differentiation following transplantation. 

4.2 PRELIMINARY DATA 

4.2.1 Primary NPC isolation, culture, and transduction 

Primary neural progenitor cells (NPCs) were isolated from dissociated adult Ai14 mouse 

(Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) brain tissue and cultured in proliferative media as 

previously described.23 Cells were transduced with neomycin-resistant retrovirus encoding Cre 

and grown under G418 selection to generate polyclonal populations of fluorescently labeled naïve 

NPCs. Cells were separately transduced with lentivirus encoding Ngn2wt-T2A-Cre or Ngn2S9A-

T2A-Cre and sorted with FACS to generate polyclonal populations of tdTomato-labeled Ngn2 

NPCs, which were expanded and cryopreserved for future use. All cultures were utilized for in 

vitro differentiation or in vivo transplant before passage 20. 
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4.2.2 In vitro characterization of NPC differentiation potential 

We hypothesized that intrinsic Ngn2-programming might confer resistance to extrinsic glial 

differentiation signals and/or enhance response to extrinsic neurogenic signals. Thus, NPC culture 

conditions were crafted in vitro to institute neurogenic (NPC growth media + 1X B27 + 20 ng/mL 

BDNF + 20 ng/mL NGF + 10 ng/mL FGF2) or gliogenic (NPC growth media + 10% FBS) 

differentiation bias in NPCs cultured for 14 days in glass chamber slides. NPC fate choices were 

evaluated through immunocytochemistry for GFAP and Tuj1 with imaging performed at 20X 

magnification on an epifluorescence microscope. 

 

As shown in Figure 4.1 below, we observed that naïve NPCs differentiated into mixed 

GFAP+/Tuj1+ populations under neurogenic conditions, whereas both Ngn2-programmed NPCs 

yielded highly pure Tuj1+ neuronal cultures almost entirely devoid of GFAP staining. Moreover, 

Ngn2S9A NPCs qualitatively appeared to possess characteristics of more fuller neuronal 

differentiation compared to Ngn2wt NPCs, including longer neuronal processes with more 

branching and more intense Tuj1 staining.16 Ongoing work seeks to quantify Tuj1+ neurite length 

and complexity under these differentiation conditions through image analysis. When cultured in 

gliogenic media, naïve NPCs became morphologically flat and wide, upregulated GFAP, and 

downregulated Tuj1 as expected of cells committing to astrocytic fate. Some cells in both Ngn2-

programmed NPC cultures also adopted astrocytic morphology and stained GFAP+; however, 

most cells retained intense Tuj1 expression and extended a small number of Tuj1+ processes that 

appear more like neurites in morphology. No apparent difference between Ngn2wt and Ngn2S9A 

NPCs was discernible, although more characterization could reveal differences in cell identity. 

Thus, Ngn2-programming enhances resistance to gliogenic cues, as reported,21 and enhances 
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commitment to neuronal differentiation. Although programming with Ngn2S9A seems to provide 

more complete neuronal maturation than Ngn2wt, more work is required to both qualitatively and 

quantitatively assess these differences. 

 

Figure 4.1 In vitro differentiation of naïve, wt, and S9A NPCs in neurogenic (top row) or gliogenic 
(bottom row) media. 
Scale bar = 100 µm  
 

4.2.3 Transplant survival in CCI mice 

Having demonstrated variations in differentiation potential in vitro, we sought to compare the 

survival and differentiation status of various NPCs in the brains of traumatically injured mice. 

Controlled cortical impact (CCI) was performed on 8 wk old female C57Bl/6 mice as described in 

Chapter 3.2.2. Three days after injury, NPCs were lifted from culture and resuspended in ice cold 

HBSS supplemented with 5 mM EDTA (to prevent aggregation) and 5% glucose (to enhance 

survival) at a concentration of 1-6 x105 viable NPCs/µL and injected slowly (2 µL at 1 µL/min) 1 
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mm below the initial impact depth (1.8 mm ventral). The needle was allowed to rest for 5 min 

before removal and the wound closed with gel foam as before. Cell viability among was confirmed 

to be >90% at the beginning and end of the procedure using trypan blue staining. Uninjured mice 

were also given transplants so that neuronal differentiation and viability may be quantified in the 

absence of confounding hostile environment. (N = 5 mice per treatment; N = 30 total) Mice were 

sacrificed 4 weeks after injury and brains processed into floating sections for antibody staining as 

described in Chapter 3.2.4. Alternating tissue sections of a 1:6 series of the brain were imaged 

with epifluorescent microscopy in order to quantify NPC survival. 

 

We observed that overall Ngn2wt NPC survival was significantly lower than that of both naïve and 

Ngn2S9A NPCs. (Figure 4.2) However, due to variation in injected concentration of NPCs, percent 

survival was not significantly different between any group. These approximations of survival, 

although not fully quantitative due to a lack of stereological projection software, indicate lower 

overall survival compared to other transplant studies in moderate-to-severe TBI even though our 

injection parameters and cellular dosage are very similar (~2-5% injected dose regardless of 

programming).6,7,9,24–26 By binning NPC counts by hippocampal anatomical region, we also 

determined that programming with Ngn2 does not have a major effect on the rostral-caudal NPC 

migration or distribution away from the injection site. (Figure 4.3) 
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Figure 4.2 Survival of various NPCs transplanted in CCI injured mice 

 

 

Figure 4.3 Distribution of transplanted NPCs along the rostral-caudal axis near the injection site. 
tdTomato+ NPC counts were binned at 0.5 mm intervals throughout the hippocampus. DG = 
dentate gyrus; Hippo = hippocampus. 
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We observed that, regardless of programming, surviving NPCs mainly engrafted at regional 

interfaces between the dentate gyrus (DG) of the hippocampus and either the white matter tract 

above the DG, the ventricle lateral to the DG, or the posterior nuclei below the DG. (Figure 4.4A-

C) To a lesser degree, all NPC types also demonstrated some promising engraftment within and 

extension of processes throughout the granule cell layer of the DG. (Figure 4.4D) Unfortunately, 

surviving Ngn2S9A NPCs in this area were often found on the edge of a clumps of dead cells due 

to high cell concentration during injection. (Figure 4.4E) Several Ngn2S9A transplants displayed 

engraftment along the needle track (which passes through the injury site) and at the site of injury 

itself. (Figure 4.5) In summary, our preliminary survey of NPCs transplanted in CCI brains reveals 

that overall survival and location of engraftment does not vary greatly between naïve and Ngn2-

programmed cells, and that engraftment largely occurs in and around the DG with some cells found 

along the needle track and in the site of CCI. 

 

Figure 4.4 Anatomical distribution of transplanted NPCs does not depend on programming. 
Naïve (A), Ngn2wt (B) and Ngn2S9A (C) NPCs found at the interface of the DG with other tissues. 
Naïve NPC integration (D) and Ngn2S9A NPC death (E) in the DG. Scale bar = 100 um. 
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Figure 4.5 Ngn2S9A NPCs found in proximity of injury. 
Blue = DAPI; Red = tdTomato; Scale bar = 100 um. 
 

4.3 FUTURE DIRECTIONS 

4.3.1 Quantification of transplant differentiation through immunohistochemistry 

Methods: In order to investigate whether Ngn2-programming restricts glial fate and enhanced 

neural fate commitment of transplanted NPCs, tissue sections were also immunostained for 

neuronal (Tuj1) or astrocyte (GFAP) markers in alternate tissue series derived from the study 

described in Section 4.2.3. Work is ongoing to quantify the co-localization of these stains with 

reporter cell tdTomato through confocal microscopy. We propose that quantification of neuronal 

Nissl bodies through cresyl violet staining may also provide useful metrics for evaluating the 

extent of neural tissue loss and repair generated by the various treatments in future work. Taken 

together, these experiments should determine whether Ngn2wt or Ngn2S9A NPCs should be 

compared to naïve NPCs in the behavioral studies described later. 

 

100 
 



www.manaraa.com

Expected outcomes: We expect that mice treated with Ngn2S9A NPCs will display the highest 

percentage of neuronally differentiated cell types (tdTomato+/Tuj1+ cells) due to their constitutive 

expression of active Ngn27,22 and that mice treated with naïve NPCs will display the highest 

percentage of glial differentiated cell types (tdTomato+/GFAP+) due to their lack of programming 

and the influence of the injury environment.12,25 Animals receiving Ngn2 NPCs may or may not 

demonstrate more neuronal tissue sparing than animals receiving naïve NPCs as indicated by an 

increase in the number of cresyl violet labeled Nissl bodies in the region surrounding the CCI 

impact. Through this experiment, we will identify the transplant treatment that provides the 

greatest overall neuronal differentiation and survival so that we can compare the behavioral 

recovery achieved by this treatment to in vivo reprogramming in later aims. 

 

Potential pitfalls: The specific analyses we have chosen may fail to detect differences between 

treatment groups. For example, if all transplanted NPCs have differentiated to an extent that Tuj1 

staining is detectable, we may instead quantify the extent of neuronal differentiation by staining 

for NeuN, a marker that is expressed later in neuronal differentiation than Tuj1. Additional stains 

to visualize neural progenitor marker Sox2 or proliferation marker Ki67 may provide insight into 

variations of transplant “stemness” as an alternative to evaluations of differentiation. Furthermore, 

it has been shown Ngn2-transduced NSCs transplanted into the injured spinal cord primarily 

generated oligodendroglial cells with limited neuronal differentiation, a phenomena attributed to 

the gliogenic cues in the injury environment.21 In keeping with prior demonstrations that Ngn2 

suppresses astrocyte fate commitment,27 animals receiving Ngn2-NSCs in this study also displayed 

significantly reduced GFAP expression and improved motor function compared to animals 

receiving naïve NSCs.21 Thus, if little Tuj1 or NeuN expression is observed in transplanted cells, 
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reduced GFAP expression and increased NG2 expression compared to naïve cells may be 

considered an alternative route to future success in functional recovery experiments. 

 
4.3.2 Behavioral studies to assess transplant impact on motor function 

Although the clinical etiology of TBI is extremely diverse and patient outcomes are notoriously 

difficult to predict, acute locomotor functional assessments have been clinically validated (in 

addition to neurocognitive measures) as predictors of long term vocational outcomes in TBI 

patients.28,29 Importantly, CCI leads to quantifiable cognitive and motor deficits in mice that mimic 

acute symptoms experienced by human TBI patients.30 Thus, much preclinical research on 

regenerative therapies has focused on demonstrating improved performance in a variety of motor 

function tests that are performed during the first month after injury.25,31–36 We hypothesize that 

transplant of Ngn2 NPCs will enhance neurogenesis in the injured mouse motor cortex and result 

in recovery of motor function after injury. To evaluate this hypothesis, we will assess changes in 

gross and fine motor function following injury and treatment using rotarod and CatWalk tests, 

respectively. In addition, we will analyze tissue generated in this study with histology in order to 

correlate the generation of specific cell types with any behavioral changes observed. 

 

Strategy:  In order to understand the therapeutic impact of neurogenesis, injuries will be 

performed on 8 wk old female mice as previously described and transplants will be given at 

optimized times post-injury. In addition, EdU will be injected on days 0-7 post-injury in order to 

facilitate detection of all cells generated in the acute injury phase. Neuromotor functional testing 

will be performed in the Mouse Behavior Laboratory of the UW Center on Human Development 

and Disability Animal Behavior Core as described below. Study design is summarized in Figure 
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4.6 below. Injured mice receiving Ngn2-programmed NPCs will be compared to injured mice 

receiving either a naïve NPCs or no treatment (N = 10 each; N = 30 total). 

Figure 4.6 Experimental timeline of training, injury, treatment, and data collection. 

(CCI = Controlled cortical impact; RR = Rotarod; CW = CatWalk) 

 

CatWalk: The CatWalk gait analysis system (Noldus Information Technology) quantifies a broad 

range of clinically relevant locomotion parameters in an unbiased fashion.34–36 Briefly, as animals 

cross a glass walkway, light shining through the glass illuminates paw contact with the surface for 

video recording of footprints. Three days prior to injury, animals will be trained to cross the 

walkway and baseline data collected. Data will then be collected on the days 3, 7, 14, and 28 post-

injury (on days coinciding with treatment, data will be collected prior to surgery). During each 

session, each animal will be required to cross 3 times without pausing and averages of these 3 trials 

will be used for data analysis of each timepoint. After processing videos with Noldus CatWalk 

software, we will quantify the following parameters: step sequence pattern regularity index, print 

area, maximum contact area, base of support, stride length, and limb swing duration. 
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Rotarod: The rotarod apparatus (Columbus Instruments, Columbus, OH) will be used to measure 

motor coordination and balance.25,31–33 In this test, mice are placed on a 36-mm diameter rod with 

a rubber surface which is then rotated at one of two different rotational accelerations (slow or fast). 

The time it takes the mouse to fall off or grip and rotate with the rotarod during acceleration is 

recorded. For slow acceleration, the device is accelerated from 1 rpm to 18 rpm over 90 s, with 

each trial lasting a maximum of 120 s. For fast acceleration, the device is accelerated from 1 rpm 

to 30 rpm over 90 s, with each trial again lasting a maximum of 120 s.31,33 Mice receive four 

training trials per day with a 2 min inter-trial interval for 3 consecutive days leading up to injury 

to obtain baseline performance data. Data will then be collected on the days 3, 7, 14, and 28 post-

injury (on days coinciding with treatment, data will be collected prior to surgery). On testing days, 

each mouse will receive three trials at each rotational acceleration. The mean latency to fall off the 

rotarod at each acceleration will be recorded and reported as a percent of that individual’s baseline 

latency in subsequent analysis. 

 

Histology: Sections will be stained to identify reporter cells as astrocytes (GFAP), glial progenitor 

cells (NG2), immature or mature neurons (Tuj1 or NeuN), and oligodendrocytes (CNPase). 

Chemical EdU labeling will be performed to detect cells born during the first week of injury. 

 

Expected outcomes: We predict that Ngn2 expression will suppress astrocytic fate and generate 

new neurons in the injured somatosensory cortex that will result in observable improvement in 

motor function. We expect that latency to recovery will vary between tests, even in mice receiving 

no therapy, as shown in previous work.37–39 For example, data collected during CatWalk testing is 
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expected to show that TBI significantly affects fine motor coordination in terms of forepaw usage 

(intensity, maximal area), temporal parameters (swing duration, stance, stride length) and velocity 

related parameters (cadence, walk speed, swing speed).34–36 Pronounced deficits in these functions 

in injured mice are especially likely at early timepoints (3, 7 dpi); however, statistical significance 

may not be reached at later timepoints (14, 28 dpi) due to natural recovery of fine motor function 

in the CCI model.32 In contrast, we expect that performance in the Rotarod test will reveal a 

significant loss of gross motor ability in injured mice compared with baseline at all timepoints 

post-injury.25,31–33 Thus, while our measurement of fine motor coordination offers a highly 

sensitive, unbiased indicator of recovery, we may find that differences in gross motor function are 

more dramatic between treated and untreated animals. 

 

Finally, we expect that the histological outcomes of this study will support findings from previous 

aims—that forced Ngn2 expression increases neuronal markers and decreases glial markers in 

programmed NPC progeny.27,40 Importantly, we will be able to draw correlations between newly 

generated cellular phenotypes and recovery of locomotor function as in previous work with Ngn2-

programmed human embryonic stem cells in spinal cord injury.7 We expect that animals displaying 

a larger percentage of neuronally differentiated NPCs (Tuj1 or NeuN) will demonstrate better 

recovery than animals with NPC fates skewed towards glial subtypes (GFAP, NG2, CNPase). 

 

Potential pitfalls and alternative approaches: Although most previously cited studies conclude 

at one month post-injury, the time course planned may not be long enough to observe substantial 

differences in functional outcomes between treated animals and/or untreated animals. If recovery 

of neither gross nor fine motor function has occurred by 28 dpi, we may extend observation of 

105 
 



www.manaraa.com

animals for an additional 2 weeks before sacrifice. If significant differences are not observed 

between treatments in these evaluations of motor function, cognitive testing such as the adhesive 

removal test33 or Morris Water Maze may provide more obvious differences in future studies.42 

 

Lastly, our assumptions about which cellular phenotypes will correlate with recovery may not hold 

true. Although we hypothesize that recovery will be contingent on neurogenesis at the injury site, 

enhanced generation of oligodendrocytes or NG2 glial progenitors may also contribute to recovery 

through myelination and tissue sparing.38,39,43 Ngn2 therapy may contribute to this mechanism of 

recovery by suppressing astrocyte fate commitment, which has been shown to permit more NG2 

glia to form.21 Moreover, even if we do enhance neurogenesis, it may not be therapeutic, which 

will manifest as a lack of change in motor function or even a decline in function. If we see a decline 

in function, new neurons may have formed a neuronal subtype that disrupts the cortical circuitry 

or formed inappropriate connections.44 

 
4.3.3 Strategies to enhance NPC survival and differentiation 

Although several studies beyond our own have conducted transplants 2 or 3 days post-injury 

(DPI),6,45 delaying cell delivery may improve engraftment. Other groups have demonstrated that 

transplantation between 2–7 DPI is optimal25 in part because the injury cavity may be more stable 

and hospitable for transplants 7 DPI.7,26,46 By 7 DPI, peak toxicity due to necrotic cell death47,48 

and inflammation49 have passed, thus potentially aiding transplant survival. Systemic 

administration of anti-inflammatory drugs50,51, or encapsulation of NPCs within bio-derived 

matrices displaying growth or differentiation cues on hydrogels composed of laminin/collagen,26 

chondroitin sulfate,6 or hyaluronic acid52–55 may also allow for more permissive engraftment. 
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Chapter 5. ENDOSOMAL ESCAPE ENHANCES CYTOTOXIC T 

CELL RESPONSE TO POLYMER-MEDIATED PEPTIDE 

VACCINATION 

 

Abstract 

Nanobiomaterials empower fundamental and applied immunology research by enabling control 

over key temporal and spatial contexts of vaccine delivery. In particular, recent work has shown 

that membrane-disrupting endosomal escape strategies can potentiate cellular immune responses 

critical for therapeutic vaccination against cancer and other chronic diseases. Our lab has 

developed a cationic polymer-lytic peptide conjugate (VIPER) that greatly improves endosomal 

escape and intracellular activity of nucleic acid cargoes; furthermore, we hypothesize that VIPER’s 

unique mechanism of endosomal disruption can increase cytoplasmic delivery of other 

biomacromolecules (e.g. peptides).  Herein, we formulate VIPER as a nanoparticulate subunit 

vaccine composed of conjugated peptide antigens and electrostatically complexed poly(I:C) 

nucleic acid adjuvant and evaluate whether the presence of a lytic peptide in the pH-responsive 

micelle core improves vaccination outcomes. After demonstrating that formulation with lytic 

peptide is critical for VIPER-mediated endosomal disruption and antigen cross-presentation in 

vitro, we show that VIPER vaccine formulations generate potent antigen-specific cytotoxic T-cell 

responses in vivo and prolong melanoma survival in subset of therapeutically vaccinated mice. 

These results demonstrate that cellular immune responses to vaccination can be enhanced by 

endosomal disruption in peripheral cells and promote VIPER as a platform technology for the 

study of intracellular antigen delivery.  
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5.1 INTRODUCTION 

Therapeutically-administered subunit peptide vaccines hold great promise in cancer treatment as 

a relatively low cost approach to self-elicited immunotherapy that can be customized to patient-

specific targets or specific adaptive immune phenotypes by judicious peptide epitope and adjuvant 

selection.1,2 However, peptide subunit vaccines have only achieved modest benefit in anticancer 

clinical trials thus far, in part because the immunological relationships that govern the success of 

therapeutic vaccination against chronic disease remain undefined.3 Among other challenges, an 

effective anticancer peptide vaccine provokes potent antiviral-like adaptive cellular responses 

from cytotoxic (CD8+) T lymphocytes (CTLs) that are ultimately critical for the elimination of 

cancer cells.2 While advances in the design of synthetic vaccine adjuvants (e.g. TLR agonists4) 

have enabled the stimulation of antigen presenting cell (APC) maturation and secretion of 

antiviral/pro-inflammatory cytokines, there remains a need for vaccine designs that concomitantly 

enhance MHC class I (MHCI) antigen presentation in order to elicit a potent antigen-specific CTL 

response.5,6 

 

Nanoscale vaccine formulations (“nanovaccines”) offer many strategic opportunities to address 

the current shortcomings of soluble vaccines.7–10 Polymers are particularly promising nanovaccine 

vectors because they may be designed with diverse and responsive chemical properties to navigate 

extracellular and intracellular barriers impeding delivery of antigen and adjuvant cargo.9–13  For 

example, loading polymeric nanoparticles with both antigen and adjuvant facilitates co-delivery 

of these biomacromolecules into the same APC, which is difficult to achieve with soluble vaccine 

formulations, and which limits toxicity associated with systemic adjuvant biodistribution.10 

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

nanoparticles can be designed to enhance APC uptake and lymphatic transport.13,14 Once 

internalized by APCs, polymeric delivery systems with endosomolytic properties can also enhance 

the cross-presentation of exogenous peptide antigens on APC MHCI receptors, which is required 

for the generation of a CTL response.15–17 

 

Tuning the endosomal release of vaccines in APCs remains a largely untapped strategy for 

increasing potency of vaccine-induced cellular immune responses. While much research in the 

field of nucleic acid delivery has focused on developing methods that increase rates of endosomal 

escape, comparatively few strategies have been developed for vaccine cargo.18–20 Endosomal 

disruption in APCs has been hypothesized to increase the generation of cellular immune responses 

by enhancing cross-presentation via improved cytoplasmic antigen delivery21 and/or by releasing 

inflammasome-activating molecules from endosomal compartments.22–24 While initial studies 

performed by the Stayton group have correlated delayed endosomolysis with increased cross-

presentation,16,25–27 early escape has also been correlated with more productive antigen 

presentation,21 and the role of phagocytic disruption in APC stimulation remains a topic of 

debate.10,24 Thus, there remains a need for drug delivery technologies that enable investigation of 

how endosomal escape alters antigen presentation and the resulting adaptive immune responses. 

 

We recently reported a polymer (VIPER, “Virus-Inspired Polymer for Endosomal Release”) that 

facilitates efficient endosomal escape of nucleic acid cargo through selective display of membrane 

lytic peptides as a result of pH-triggered micelle disassembly.28,29 We have further demonstrated 

that VIPER micelles can encapsulate a wide variety of peptides regardless of peptide 
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hydrophobicity or charge.30 Inspired by these observations and prior applications of cationic 

polymers for co-delivery of nucleic acid adjuvants and protein antigens,16,31 we hypothesized that 

VIPER could be used to deliver all necessary vaccine components in endosomolytic mixed micelle 

formulations. 

 

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 

inclusion of a membrane-lytic peptide within the VIPER formulation is critical for endosomal 

disruption and antigen cross-presentation in vitro. The VIPER formulation also generates potent 

antigen-specific cytotoxic T-cell responses in vivo and prolongs melanoma survival in subset of 

therapeutically vaccinated mice. These results indicate that cellular immune responses to 

vaccination are augmented by endosomal disruption in peripheral cells and further promote VIPER 

as a platform technology for intracellular antigen delivery. 

 

5.2 EXPERIMENTAL SECTION 

5.2.1 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.30 All 

media and cell culture reagents were purchased from Gibco. Endotoxin-free plasmid pmaxGFP™ 

(Lonza) were purified with the Qiagen Plasmid Giga kit (Qiagen) according to the manufacturer’s 

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

control antigen and adjuvant according to the manufacturer’s protocol. Endotoxin-free SIINFEKL 

peptide (InvivoGen) was dissolved in endotoxin-free 5% glucose (Sigma) and stored at -20 °C 
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until further usage. Endotoxin-free high molecular weight poly(I:C) (InvivoGen) was annealed in 

sterile saline according to the manufacturer’s protocol and then buffer exchanged into 5% glucose 

via centrifugal filtration (10 kDa cutoff; Amicon) before sterile filtration with a 0.22 µm pore filter 

(Millipore) and storage at -20 °C until further usage. All antibodies were purchased from 

Invitrogen unless otherwise specified, and the SIINFEKL tetramer was a gift of the NIH tetramer 

core (see acknowledgements). 

 

5.2.2 Peptide synthesis 

Lytic (melittin; GIGAVLKVLTTGLPALISWIKRKRQQC) and antigen (CSSSIINFEKL) 

peptides were synthesized through solid phase peptide synthesis using a Liberty Blue microwave 

peptide synthesizer (CEM) at 0.25 mmol scale using standard Fmoc amino acids and NovaPEG 

Rink Amide Resin (Millipore). Peptides were cleaved from the resin in a trifluoroacetic acid (TFA) 

cocktail with 5% dimethoxybenzene, 2.5% triisopropylsilane, and 2.5% ethanedithiol. Water was 

included at 2.5% for peptides containing arginine. Crude peptide was precipitated twice in cold 

diethyl ether and purified by reverse-phase HPLC using 0.1% TFA water and acetonitrile to > 98% 

purity. Peptide molecular mass was determined by MALDI-TOF at the University of Washington 

Department of Medicinal Chemistry Mass Spectrometry Center. Rhodamine-CSSSIINFEKL was 

generated by reaction of Rhodamine-NHS (Thermo Scientific) with Fmoc-deprotected peptide N-

terminal amines through EDC/NHS chemistry on resin, followed by cleavage and purification as 

with the other peptides. 
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5.2.3 Polymer synthesis, peptide conjugation, and micelle formation 

Block copolymer p(OEGMA8.6-co-DMAEMA50.0)-bl-p(DIPAMA25.3-co-PDSEMA1.0) (“control 

polymer” CP) was prepared with RAFT polymerization, purified by dialysis, and characterized 

with 1H NMR and GPC in previous work.30 Synthesized peptides were conjugated to CP through 

disulfide exchange between cysteine and PDSEMA and conjugates were purified as in previous 

work.30 Mixed micelles were formed by mixing various polymers dissolved in acidic phosphate 

buffer at defined ratios before forming micelles through rapid pH shift as previously described.28,30 

Micelles were allowed to form overnight before buffer exchange to 5% glucose in water on a 10 

kDa cutoff Amicon centrifugal filter (Millipore), sterile filtered using a 0.22 µm pore filter 

(Millipore), and stored at 4 °C as a 0.5 µg CSSSIINFEKL/µL solution until use in future 

experiments. 

 

5.2.4 Preparation and characterization of polyplexes 

Polyplexes were formed by adding polymer micelles to either plasmid DNA or poly(I:C) solution 

followed by 30 min incubation at room temperature before further use or characterization. For the 

gel retardation assay, polyplexes with various N/P ratios were loaded onto a 1% agarose gel 

containing TAE buffer (40 μM tris-acetate, 1 mM EDTA) and 0.5 µg/mL ethidium bromide. 

Polyplexes were then electrophoresed at 100 V for 40 min before imaging on a UV 

transilluminator. The size and surface charge of the polyplexes were also tested on a Malvern 

Zetasizer instrument; polyplexes (1 μg poly(I:C), 20 μL solution) were diluted in 800 µL in 10 

mM NaCl and measured in triplicate. 
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The morphology and size of polyplex under dried state was imaged by transmission electron 

microscopy on a hydrophilic surface. Copper/Formvar grids (400-mesh) were treated with glow 

discharge for 45 s to create a hydrophilic surface. Twenty microliters of polyplex (in dH2O) was 

applied to the Formvar-side of the grid for 30 min. Then the grid was washed three times with 

dH2O, followed by dipping in 4% (w/v) uranyl acetate (in dH2O) to negatively stain the sample. 

Excess solution was wicked off the grid with filter paper, and the grid was allowed to dry overnight 

in a desiccator prior to imaging. Images of the sample grids were taken with a JEOL 1010 

transmission electron microscope (Electron Microscopy Facility, Fred Hutchinson Cancer 

Research Center).  

 

5.2.5 Cell culture 

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

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

penicillin/streptomycin (P/S), 10 mM HEPES buffer, 1X 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 Gal8-GFP construct and PiggyBac transposon (gifts of Prof. Jordan 

Green) using Lipofectamine 2000 and then sorting for the top 5% brightest GFP+ singlet cell events 

using a custom FACS Aria sorter (BD). Transfected cells were expanded and sorted a total of three 

times to yield a polyclonal population of Gal8-GFPhigh cells. The B3Z mouse CD8+ T-cell 

hybridoma line (gift of Prof. Nilabh Shastri) was cultured in RPMI supplemented with 10% 

HIFBS, L-glutamine, 1X P/S, 1 mM sodium pyruvate, and 50 µM BME. The NIH/3T3 mouse 

fibroblast line was cultured in DMEM supplemented with 10% HIFBS, L-glutamine, 4.5 g/L D-

glucose, 1X P/S, and 110 mg/mL sodium pyruvate. The B16-OVA mouse melanoma line (gift of 
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Prof. Amanda Lund) was cultured in DMEM supplemented with 10% FBS, L-glutamine, 4.5 g/L 

D-glucose, and 1X P/S. DC2.4, NIH/3T3, and B16-OVA cells were passaged every three days or 

when 75% confluent and seeded to reach 75-100% confluency at time of treatment or harvest. B3Z 

cells were passaged no more than 10 times and maintained at a cell density under 700,000 cells/mL. 

 

5.2.6 In vitro dendritic cell transfection 

For pmaxGFP™ transfection, DC2.4 cells were seeded at a density of 25,000 cells/well in 

complete cell culture medium in 24-well plates. Cells were first incubated at 37 °C, 5% CO2 for 

16 h. Polyplexes were prepared at different N/P ratios using either VIPER or CP micelles and 1 

μg of pmaxGFP™ pDNA (0.1 mg/mL) and allowed to rest for at least 10 min. Each polyplex 

solution was then added dropwise directly to each well (in triplicate). After 4 h, cells were washed 

with phosphate-buffered saline (PBS) and resuspended in fresh complete cell culture medium. 

After 40 additional hours, cells were lifted by scraping, stained with Zombie Violet™ viability dye 

(BioLegend), and analyzed using an Attune NxT flow cytometer (Thermo Fisher). Transfection 

efficiency is reported as the mean percentage of single cells that were GFP+/Violet-. 

 

5.2.7 Gal8 endosomal disruption assay 

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

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

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

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

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

wells to a final antigen concentration of 2 µg/mL. After 8 h incubation, culture media was 
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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 20X objective 

on a custom Leica SP8X laser scanning confocal microscope to capture > 20,000 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,32 

and is available upon request. Each experiment was repeated three times on different passages of 

the same cell line and data are presented as the average of these three experiments. 

 

5.2.8 In vitro dendritic cell uptake 

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

soluble peptide, VIPER-Vax micelles, or N/P 10 VIPER-Vax polyplexes for various durations 

before uptake was quantified by flow cytometry. 

 

5.2.9 DC2.4 cross-presentation and viability assays 

DC2.4 cells were seeded into 96-well U-bottom tissue culture plates at 50,000 cells/well. 24 h after 

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

administered directly as soluble peptide or loaded into N/P 10 VIPER-Vax or Control-Vax 

polyplexes. After the 2 h pulse, DC2.4 cells were washed 2 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 100,000 B3Z cells/well in 200 µL B3Z media.33 

After 20 h of co-culture, cells were centrifuged at 500 rcf for 7 m 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% Triton X-100, 9 mM MgCl2, and 100 µM BME in PBS) 

119 
 



www.manaraa.com

and incubated in the dark at 37 °C for 1.5 h. After 1.5 h of incubation, cross-presentation levels 

were 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 into tissue culture plates and pulsed with vaccine formulations as 

described above. 20-24 h after pulsing, an MTS assay (Promega) was performed in accordance 

with manufacturer protocol to measure cell viability. 

 

5.2.10 NIH/3T3-DC2.4 cross-presentation and viability assays 

NIH/3T3 cells were seeded into 96-well U-bottom tissue culture plates at 2,100 cells/well. 24 h 

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 culture media, administered directly as soluble peptide or loaded into 

N/P 10 VIPER-Vax or Control-Vax polyplexes. 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 (50,000 cells/well) in 100 µL NIH/3T3 media 

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

media supplemented with 10 mM HEPES buffer for at least 3 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 the previous section. To assess NIH/3T3 cell viability 

after polyplex treatment, NIH/3T3 cells were first seeded into tissue culture plates and pulsed with 

vaccine formulations as described above, with the addition of two PBS washes after pulsing. 24 h 

after pulsing, an MTS assay (Promega) was performed in accordance with manufacturer protocol 

to measure cell viability. 
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5.2.11 Immunization of mice 

All animal procedures were performed in accordance with protocols approved by the Institutional 

Animal Care and Use Committee at the University of Washington. Female C57Bl/6 mice (Jackson 

Laboratory), 6-8 weeks old, were immunized via intradermal injection at the right base of the tail 

in a total volume of 50 µL. In all studies comparing polyplex formulations, mice were immunized 

with 10 µg antigen (SIINFEKL or CSSSIINFEKL) and 17.5 µg poly(I:C). All formulations were 

prepared < 1 h prior to injection. 

 

5.2.12 Splenocyte surface staining, restimulation, intracellular cytokine staining, and flow 

cytometry 

Female C57Bl/6 mice, 6 weeks old, were immunized intradermally on D0 and D21 with either (i) 

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

or (v) VIPER-Vax polyplexes using antigen and adjuvant doses described above (N = 6). On D28, 

mice were killed by Avertin overdose and spleens placed in complete RPMI media (+10% FBS; 

cRPMI) on ice. Spleens were mechanically dissociated into a single cell suspensions using a 

syringe plunger and a 40 µm cell strainer, which was rinsed with media and replaced after each 

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

100 U/mL DNAse I (Worthington) for 5 minutes before lysis of red blood cells with ACK buffer 

(Gibco). Following a PBS wash, splenocytes were split for either immediate surface staining or 

SIINFKEL restimulation followed by surface and intracellular cytokine staining (ICCS). Surface 

staining of 200,000 splenocytes per mouse was conducted at room temperature beginning with 

Zombie NIR viability staining (1:500; Biolegend), two washes with PBS + 1% BSA (PBSA), 15 

m room temperature incubation with PE H-2K(b) SIINFEKL tetramer (1:200; NIH Tetramer 
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Core), two washes with PBSA, 30 m incubation on ice with antibody cocktail (eFluor450 CD3e 

[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, 200,000 splenocytes were plated per well in cRPMI with 

20 µg/mL SIINFEKL peptide and incubated 1 h at 37 °C and 5% CO2, after which Protein 

Transport Inhibitor Cocktail (eBioscience) was added to 1X and cells were incubated an additional 

8 h to accumulate intracellular cytokines. Following a PBSA wash, cells were stained for viability, 

CD3e, CD8α, and CD19 as described above and then fixed and permeabilized using the 

Cytofix/Cytoperm kit (BD) according to the manufacturer’s instructions. Finally, ICCS was 

performed on ice for 30 m with antibody cocktail (PerCP-710 TNFα [1:50; clone MP6-XT22; 

Invitrogen], PE-Cy7 IFNγ [1:50; clone XMG1.2; Invitrogen]), followed by three washes with 

Perm/Wash buffer and analysis on an Attune NxT Flow Cytometer (ThermoFisher). 

 

5.2.13 Tumor inoculation and monitoring 

Female C57Bl/6 mice, 6-8 weeks old, were inoculated subcutaneously with 100,000 B16-OVA 

cells in the right hind flank and randomized into various treatment groups (N = 8). Animal 

weight was recorded immediately prior to tumor 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 = (W2 × L) / 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. 
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5.2.14 Tumor dissociation and analysis of tumor-infiltrating lymphocytes 

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, and 125 U/mL DNAse I 

(Worthington) in 5 mL RPMI per tumor. Each tumor was placed in a C-tube and subjected to two 

“imp_tumor” dissociations cycles performed by a gentleMACS machine (Miltenyi) separated by 

a 40 m incubation at 37 °C before being filtered through a 70 µm cell strainer into a 50 mL tube. 

Single cell suspensions were washed three times with 50 mL PBS before 200,000 cells per tumor 

were stained for analysis by flow cytometry. Antibody staining and flow cytometry was performed 

as described above for splenocytes with the addition of mouse Fc block (1:100; Biolegend) before 

staining with eFluor506 PD-1 [1:100; clone J43; Invitrogen] and PE CD45 [1:500; clone REA737; 

Miltenyi] in addition to the eFluor450 CD3e and FITC CD8a described earlier. 

 

5.2.15 Statistical analysis 

All statistical analyses were performed in Prism software (GraphPad Software, La Jolla, CA) For 

analysis of in vitro data, a two-tailed Student’s t-test with unequal variance and Welch’s correction 

or a one-way ANOVA with post-hoc Tukey HSD test were used. For analysis of survival data, a 

logrank test was used. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Design of comprehensive delivery platform for subunit antigen and adjuvant 

Peptide epitopes from tumor-associated antigens and neoantigens have been investigated as cancer 

vaccines in clinical trials, but despite some promising results have not been broadly effective.3 The 

importance of eliciting MHCI presentation and subsequent CTL response in addition to 

MHCII/helper (CD4+) T cell response for prolonged anti-tumor response is now recognized.1,5,6 

While the specific trafficking profiles required for MHCI presentation of antigens are not yet fully 

understood, proteasome processing after cytosolic delivery is one demonstrated route.34–36 For 

example, Moore and colleagues demonstrated that a CTL response could be elicited by incubation 

of an ovalbumin-derived peptide with APCs followed by osmotic lysis of pinosomes for release 

into the cytosol.37 Antigen delivery and MHCI/II presentation alone is rarely efficacious due to the 

immunosuppressive environment of most solid tumors that biases adaptive immune responses 

towards tumor tolerance.2 Thus, adjuvants that stimulate APCs through the activation of danger-

sensing signaling pathways in the context of antigens are often required to shift adaptive responses 

towards tumor rejection for vaccine efficacy.4 We therefore designed a VIPER-based formulation 

with the goal of using a polymer to facilitate cytosolic delivery for MHCI peptide antigen 

presentation while providing co-delivery of an immunostimulatory adjuvant to the same cells 

receiving antigen (Figure 5.1). 
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Figure 5.1 VIPER-Vax chemical structure, formulation, and mechanism of dual TLR3 agonism 
and enhanced antigen cross presentation through the cytosolic MHCI loading pathway. 
Mixed micelles composed of pH-sensitive polymers conjugated to either lytic or antigen peptides 
are formulated as poly(I:C) vaccine polyplexes through simple mixing. Polyplexes undergo 
endocytosis followed by pH-triggered endosomal disassembly, which enables TLR3 agonism 
(blue) as well as cytoplasmic antigen delivery for TAP-assisted (grey) loading into MHCI (light 
green) in the endoplasmic reticulum. 
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We synthesized VIPER as a diblock copolymer with a hydrophilic, cationic block for adjuvant 

loading and a pH-sensitive block for either endosomal release or peptide antigen delivery. The pH-

sensitive block is comprised primarily of 2-diisopropylaminoethyl methacrylate (DIPAMA)38,39 

copolymerized with pyridyl disulfide ethyl methacrylate (PDSEMA) for conjugation to thiolated 

peptides. The DIPAMA-rich block transitions sharply from hydrophobic to hydrophilic upon 

decreasing pH below 6.4. Consequently, the block copolymers self-assemble into core-shell 

structures at physiological, extracellular pH (pH > 7.0) but dissemble into individual polymer 

chains in acidic environments (pH < 6.5). Peptides conjugated to the DIPAMA block are thus 

protected by polymer micellization in extracellular environments but are exposed after cell 

internalization into endosomes.  

 

The exogenous antigen ovalbumin is a popular model system for cancer vaccine delivery because 

of its high immunogenicity and well-characterized MHCI and MHCII peptide epitopes.40 We 

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

because it bears an N-terminal cysteine for conjugation and exhibited more efficient MCHI 

presentation than SIINFEKL in other reported work.41,42 For endosomal release, the bee venom-

derived peptide melittin was selected based on our previous work where we screened a panel of 

lytic peptides for endosomolytic activity. 30 The resulting polymers used in micelle formulation 

for this work were: Control Polymer (p(OEGMA8.6-co-DMAEMA50.0)-b-p(DIPAMA25.3-co-

PDSEMA1.0) without peptide (CP), CSSSIINFEKL Antigen-conjugated Polymer (AP), and 

Melittin-conjugated Polymer (MP, a.k.a. VIPER). Defined ratios of polymer chains—separately 

conjugated with lytic or antigen peptide—are mixed prior to micellization by combining polymers 
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in acidic buffer at a defined molar ratios of antigen-containing to non-antigen containing polymer 

(either lytic or control) followed by neutralization to induce micellization.  

 
We selected the TLR3 agonist poly(I:C) as an adjuvant because of its cost-effective, potent ability 

to stimulate APC maturation and inflammatory cytokine production.4 Importantly, localized 

delivery of poly(I:C) via nanovaccine systems has been shown to limit its systemic toxicity while 

also increasing on-target effects in APCs.43,44  Poly(I:C) was incorporated into the vaccine 

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

work using PEI and cationic liposomes.31,45,46 Adjuvant incorporation was efficient and complete 

adjuvant encapsulation could be achieved at polymer to adjuvant N/P ratios of 5 (polymer 

DMAEMA to adjuvant phosphate) (Supplemental Figure 5.8). We chose to proceed with N/P 10 

polyplexes in order to maximize polymer-mediated resistance to polyplex unpackaging by 

extracellular matrix components while still delivering poly(I:C) doses comparable to those used in 

other in vivo studies.43,45–47 The resulting +10-12 mV zeta potential complexes were ~ 150 nm in 

diameter as determined by dynamic light scattering, while transmission electron microscopy 

revealed highly monodisperse micelle structures ~ 26 nm (±4 nm) in diameter were preserved in 

both polyplex formulations (Figure 5.2). We confirmed that the size and surface charge of these 

VIPER/poly(I:C) polyplexes mediate efficient cellular uptake of rhodamine-labeled antigen 

peptide in vitro (Supplemental Figure 5.9). 

  

127 
 



www.manaraa.com

 
Figure 5.2 Polyplex characterization 
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 zeta potential measurements (A). Polyplex morphology and size were 
also confirmed by transmission electron microscopy (B). Data in (A) are plotted as mean + SD of 
three independent measurements. Scale bar = 50 nm 
 

5.3.2 Intracellular antigen delivery and MHCI presentation 

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

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

throughput confocal microscopy-based assay that correlates Galectin8 (Gal8) recruitment to 

disrupted endosomes with endosomal escape and intracellular cargo delivery.32 In this assay, the 

total pixel area of bright, punctate 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 define 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 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 incubation (Figure 5.3A-B). Increasing MP content correlated with 

increased endosomal disruption induced by VIPER-Vax formulations (ΣGal8/cell = 650 vs. 102 

for 1:1 vs 4:1 AP:MP) and all Control-Vax formulations rarely induced detectable endosomal 
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disruption. Because both 1:1 and 2:1 AP:MP formulations induced significantly greater ΣGal8/cell 

compared to Control-Vax formulations, we proceeded with 2:1 mixed micelles in order to 

maximize micelle antigen concentration (5% w/w) while retaining potent endosomal escape 

functionality. 

 

 
Figure 5.3 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 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 incubation. Data are plotted as the mean + SD of three 
independent experiments and statistical significance is derived from Student’s T-test comparing 
VIPER-Vax to Control-Vax at each mixed micelle ratio (** p < 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 cytoplasmic Gal8-GFP appears in green; punctate Gal8-
GFP is localized to disrupted endosomes. Scale bar is 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 pMAX-GFP plasmid DNA and either MP or CP. Data are plotted as the mean + SD 
of three independent experiments and statistical significance is derived from Student’s T-test 
comparing each N/P (*** p < 0.001) 
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After confirming enhanced endosomal disruption in dendritic cells, we evaluated cytosolic 

delivery of biological cargo. We substituted the poly(I:C) adjuvant for a transgene reporter 

plasmid, pmaxGFP™. Similar to poly(I:C), this plasmid is encapsulated by electrostatic 

interactions.30 Cytosolic and subsequent nuclear delivery of this plasmid results in expression of 

green fluorescence protein (GFP) which is assessed by flow cytometry analysis. We observed that 

MP transfected much better than CP (69% vs. 0.77% GFP+ at N/P 12) even in the presence of 

serum proteins, confirming results from our previous work that pH-dependent display of the lytic 

peptide is required for efficient transfection.28–30 (Figure 5.3C-D). 

 

Finally, we confirmed that cytosolic delivery mediated by VIPER improves antigen cross-priming. 

The B3Z cell line is a mouse CD8+ T-cell hybridoma that produces β-galactosidase upon binding 

of its T-cell receptor to the mouse SIINFEKL-MHCI complex.33 Therefore, cross-presentation by 

mouse APCs can be indirectly quantified by co-culturing antigen-pulsed APCs with B3Z cells and 

performing a colorimetric β-galactosidase assay. With this colorimetric assay, we demonstrated 

that pulsing DC2.4 cells directly with endosomolytic VIPER-Vax polyplexes consistently yielded 

the highest level of cross-presentation, which we attribute to enhanced access of antigen cargo to 

cytoplasmic proteasomes and MHCI loading machinery (Figure 5.4A).34,35 However, this level of 

cross-presentation was not statistically different from those obtained with Control-Vax polyplexes 

and free CSSSIINFEKL (Figure 5.4B).  

 

In preliminary B3Z co-culture assays, we detected significant cross-presentation after pulsing 

DC2.4 cells with micelle dosages that resulted in widespread DC2.4 cell death (data not shown). 

We hypothesized that cross-presentation may have been partly mediated by apoptotic “bystander” 
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cells, where antigen-loaded apoptotic bodies from micelle-pulsed DC2.4 cells were processed by 

their viable counterparts for antigen cross-presentation.48 To explore this 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 

5.10).48 Using this bystander co-culture assay, we confirmed that polyplex-pulsed bystander cells 

indeed serve as an antigen source for nearby APCs (Figure 5.4C). We also observed ~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 5.4C). These increases in cross-presentation 

may be due to not only the cytotoxic effect of melittin on NIH/3T3 fibroblasts, which drives 

production of apoptotic bodies, but also greater cytoplasmic delivery of antigen by melittin-loaded 

apoptotic bodies following endocytosis by APCs (Supplemental Figure 5.10). 

 

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

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

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

bystander cells. Importantly, inclusion of melittin into the polyplex formulation significantly 

increases antigen cross-presentation through the latter pathway, and this increase in cross-

presentation may be partially attributed to enhanced endosomal disruption by melittin after uptake 

of apoptotic bodies. As APCs are relatively rare in the intradermal space, we expect bystander-

mediated cross-presentation to be the primary mechanism by which our polyplexes potentiate 

cellular immunity.48 It is worth noting that MHCI loading may also take place within endosomes,35 

and thus efficient endosomal peptide delivery alone may account for the cross-presentation 

observed in Control-Vax–treated DC2.4 cells. 
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Figure 5.4 Active endosomal escape potentiates MHC class I antigen cross-presentation in vitro. 
(A) Cross-priming may occur after direct vaccine transfer into APCs or APC uptake of vaccine-
loaded apoptotic bodies from bystander cells. (B) DC2.4 cells were pulsed with 2.5 µg/mL 
SIINFEKL delivered as either soluble CSSSIINFEKL peptide, VIPER-Vax polyplex, or Control-
Vax polyplex for 2 h and subsequently co-cultured for 20-24 h with B3Z T-cell hybridoma cells. 
Production of β-galactosidase by B3Z cells upon recognition of MHCI SIINFEKL antigen 
presentation by DC2.4 cells was detected using a lysis buffer containing a colorimetric substrate 
with an absorbance maximum at 570 nm. Data expressed as mean ± SD; N = 3 independent 
experiments. (C) NIH/3T3 cells were pulsed with VIPER-Vax polyplex or Control-Vax polyplex 
for 4 h at cytotoxic polyplex doses (0.626, 1.25, 2.5, and 5 µg/mL antigen 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 (B) was used to quantify cross-
presentation 20-24 h after addition of B3Z cells. Data expressed as mean ± SD; N = 3 independent 
experiments. Statistical significance was determined using a two-tailed Student’s t-test with 
unequal variance and Welch’s correction (*p ≤ 0.05). 
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5.3.3 Cytotoxic T cell response in healthy mice 

Armed with a dual antigen/adjuvant delivery system capable of inducing efficient cross-

presentation of peptide antigens in vitro, we sought to establish whether VIPER-Vax could elicit 

a therapeutically relevant antigen-specific CTL response in tumor-naïve mice. Inspired by the body 

of nanovaccine literature, we hypothesized that nanoformulation of antigen and adjuvant would 

lead to a greater adaptive immune response compared to injections of soluble  mixtures of vaccine 

components due to enhanced vaccine co-delivery to APCs and reduced lymphatic clearance.8–10 

We further hypothesized that delivery of poly(I:C) in the context of VIPER-enhanced antigen 

cross-presentation would result in greater expansion and functional maturation of anti-SIINFEKL 

CTLs than that achieved with the Control-Vax formulation lacking endosomal escape. In contrast 

to previously reported endosomolytic vaccine vectors,15,16,22,23,49 the VIPER platform enables an 

isolated investigation of the impact of antigen delivery location on vaccine productivity, which is 

solely dictated by the presence (cytoplasmic delivery) or absence (endosomal delivery) of melittin 

in the micelle core. Thus, VIPER-Vax offers the opportunity to study T cell responses generated 

by antigens primarily processed through the cytosolic cross-presentation pathway, whereas 

Control-Vax antigens are more likely to be processed through the vacuolar cross-presentation 

pathway.34,35 

 

As a first step towards characterizing the cellular immune responses generated by our 

endosomolytic nanovaccine, we intradermally vaccinated healthy mice with various 

[CSS]SIINFEKL/poly(I:C) formulations on days 1 and 21 and analyzed splenocyte CTLs using 

tetramer staining and ICCS on day 28 (Figure 5.5; Supplemental Figure 5.11). Compared to mice 

vaccinated with soluble CSSSIINFEKL/poly(I:C), mice vaccinated with VIPER-Vax had 
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significantly more tetramer+ CD8+ T cells (4.57% vs. 2.55%) and significantly more antigen-

specific IFN-γ+ CTLs (6.85% vs. 1.86%). While mice treated with Control-Vax also exhibited an 

increased antigen-specific CTL response relative to mice treated with soluble 

CSSSIINFEKL/poly(I:C), this increase was not significant. Surprisingly, vaccination with 

SIINFEKL/poly(I:C) yielded no detection of antigen specific T cells beyond assay background 

established by vehicle treated mice. 

 

Figure 5.5 Polyplex vaccination enhances the generation of antigen-specific cytotoxic T cells. 
On D1 and D21, 6 week old female C57Bl/6 (N=6) were vaccinated intradermally at the base of 
the tail with various formulations containing 10 µg antigen and 17.5 µg poly(I:C) in 50 µL of 5% 
glucose or with 5% glucose alone. On D28, spleens were harvested and dissociated splenocytes 
were either directly stained with H-2K(b) SIINFEKL Tetramer (A) or restimulated in culture with 
20 µg/mL SIINFEKL for 8 h before intracellular cytokine staining for IFN-γ (B). Data are plotted 
as the mean + SEM and significance derived from Student’s t-test. (* p < 0.05, ** p < 0.01) 
 

These results benchmark VIPER-Vax among the most potent SIINFEKL vaccines reported to date 

and strongly reinforce the correlation between APC cross-presentation efficiency and antigen-

specific CTL response levels.16,41,50,51 Vaccination with VIPER-Vax not only generated the largest 

number of anti-SIINFEKL CD8+ T cells of any formulation tested in this study as measured by 

surface tetramer staining (4.6%), it generated an even more dramatic increase in the number of 

CD8+ T cells with antigen-specific CTL effector phenotype (> 3.5-fold increase in %IFN-γ+ vs. 

CSSSIINFEKL). Both VIPER-Vax and Control-Vax formulations tested herein generated a 

greater antigen-specific cellular immune response than either soluble antigen/adjuvant mixture, 
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corroborating the importance of co-delivering antigens and adjuvants to individual APCs. The 

poor performance of SIINFEKL/poly(I:C) relative to CSSSIINFEKL/poly(I:C) has been reported 

in a previous study41 and is attributed to less efficient MHCI loading in the absence of the CSS 

linker.42 Overall, these data show that VIPER-Vax immunization produces large quantities of 

antigen-specific CTLs with robust IFN-γ expression and that inclusion of melittin in the VIPER 

formulation is necessary to significantly enhance adaptive immune responses over those elicited 

by traditional vaccine formulations. 

 

5.3.4 Therapeutic vaccination and tumor survival 

Having validated that VIPER-Vax induces a potent anti-SIINFEKL CTL response, we sought to 

evaluate the therapeutic relevance of this response in mice bearing syngeneic B16-OVA flank 

tumors. B16 tumors display rapid subcutaneous growth, metastatic-like engraftment after 

intravenous injection, and expression of several well-defined endogenous neoantigens that render 

the tumor susceptible to vaccination-induced immunity.52 Because B16 neoantigens are typically 

poorly immunogenic, B16 cells expressing highly immunogenic exogenous ovalbumin (B16-

OVA) are often used for initial in vivo screens of vaccine efficacy, where ovalbumin or its epitopes 

are administered as antigens to tumor-bearing mice.40 It has also been demonstrated that strong 

anti-SIINFEKL CTL responses can be sufficient for total prophylactic protection from B16-OVA 

tumors.41 

 

Therapeutic vaccination with VIPER-Vax was performed on days 4 and 11 after B16-OVA tumor 

inoculation with dosing equivalent to our previous study in healthy mice (Figure 5.6A). Average 

tumor growth rates and the survival of VIPER-Vax–vaccinated mice were benchmarked against 

135 
 



www.manaraa.com

those of mice vaccinated with (i) soluble mixture SIINFEKL and poly(I:C), (ii) SIINFEKL and 

poly(I:C) emulsified in IFA, or (iii) vehicle (5% glucose). All vaccine formulations delayed tumor 

growth and statistically prolonged survival relative to vehicle (Figure 5.6B-C). Notably, 

vaccination with VIPER-Vax dramatically delayed tumor growth in a subset of mice (3 of 8 mice) 

and extended their survival beyond all other mice in the study (Figure 5.6C, Supplemental Figure 

5.12). Terminal analysis in this subset of mice further showed that only 0.75% of CD8+ splenocytes 

were IFN-γ+ and that 44% of tumor-infiltrating CD45+CD8+ lymphocytes (TILs) were PD-1+ 

(Supplemental Figure 5.13). While vaccination improved survival compared to control mice, 

survival rates between the vaccine treatment groups were not statistically different (Figure 5.6C). 

 

Figure 5.6 Therapeutic polyplex vaccination delays tumor growth and prolongs survival of a 
subset of B16-OVA tumor-bearing mice. 
(A) 6- to 8-week–old female C57BL/6 mice were subcutaneously inoculated with 105 B16-OVA 
cells and randomized into various treatment groups (N = 8). On D4 and D11, mice were vaccinated 
intradermally at the right base of the tail with various formulations containing 10 µg antigen 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 expressed as mean + SEM. 
(C) Kaplan-Meyer survival curves for mice immunized with vehicle in comparison to vaccine 
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formulations. All vaccine formulations prolonged survival relative to vehicle. VIPER-Vax extends 
survival in a subset of mice (3/8). Statistical significance was determined using a logrank test (*p-
value ≤ 0.05; **p-value ≤ 0.01). 
 
Although immunization with VIPER-Vax generated strong anti-SIINFEKL CTL responses in 

healthy mice, therapeutic vaccination with VIPER-Vax in B16-OVA–bearing mice failed to 

significantly improve survival outcomes over vaccination with conventional formulations. 

Although we did not perform terminal flow cytometry analysis on all tumor-bearing mice, 

analyzing the CTL content of tumors from the three longest-surviving VIPER-Vax–treated mice 

provided some insight into limitations of our nanovaccine formulation. These mice displayed high 

rates of TIL exhaustion and relatively low surviving numbers of antigen-specific CTLs compared 

to those generated in healthy mice, characteristics commonly observed in T cell populations that 

have been defeated by immunosuppressive solid tumors.2,5  

 

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 extracellular 

matrix (ECM) components.53,54 We suspect this aggregation may slow uptake of polyplexes by 

skin-resident APCs, reducing the rate of antigen transport to LNs. 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 CTL fratricide, a documented disadvantage of slow-releasing vaccine formulations 

like IFA.5 Indeed, immunization with an IFA emulsion of antigen and adjuvant provided the least 

therapeutic benefit of the vaccine formulations tested in this study. Given these results, we expect 

that VIPER-Vax would perform better as a prophylactic vaccine, but that its therapeutic efficacy 

could also be improved by the addition of MHCII antigen epitopes to stimulate a TH1 CD4 T cell 
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response or by co-administration of immune checkpoint inhibiting antibodies.1,55 Future work in 

our laboratory is focused on altering the surface chemistry of VIPER micelles to enable rapid 

trafficking to LN APCs to address these issues. 

 

5.4 CONCLUSION 

We present VIPER-Vax, a polymer micelle/poly(I:C) polyplex nanovaccine that leverages 

endosomal pH-sensitive exposure of encapsulated lytic peptides to achieve cytoplasmic delivery 

of peptide antigens. In an effort to define the impact of endosomal disruption on antigen cross 

presentation and resulting cellular immune responses, we first optimized design parameters 

governing endosomal escape functionality and verified that enhanced endosomal disruption 

correlates with increased cross-presentation in vitro. Both endosomolytic (VIPER-Vax) and non-

lytic (Control-Vax) polyplex nanovaccines evaluated herein mediated cross-presentation in vitro 

and generated larger numbers of CTLs in vivo than soluble antigen/adjuvant mixtures, but only 

VIPER-Vax achieved statistically significant improvements in these metrics. While therapeutic 

vaccination with VIPER-Vax delayed B16-OVA tumor growth in a subset of mice, it ultimately 

did not consistently outperform traditional antigen/adjuvant mixtures. 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 have provided direct 

evidence that melittin-mediated endosomal disruption increases cross-presentation and improves 

the quantity and quality of antigen-specific CTLs. Future work will focus on new micelle surface 

chemistries that facilitate rapid trafficking of VIPER-Vax to APCs in vivo, thereby enabling further 

investigation of how cytosolic antigen localization in APCs affects therapeutic CTL responses in 

aggressive cancer models. 
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Supplemental Figure 5.7 Polyplex characterization 
Cationic polymer micelles were mixed with the dsRNA adjuvant high molecular weight poly(I:C) 
at various N/P ratios. Nucleic acid packaging efficiency was characterized by gel retardation (A) 
and polyplex size was evaluated by dynamic light scattering (DLS; B). Data are plotted as mean + 
SD of three independent measurements. 
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Supplemental Figure 5.8 Uptake of fluorescently labeled antigen in DC2.4 cells 
DC2.4 cells were incubated with 2 µg/mL rhodamine-conjugated CSSSIINFEKL delivered in 
various formulations (soluble peptide, cationic micelle, or N/P 10 poly(I:C) polyplex) for various 
times before uptake was quantified by flow cytometry. Data are plotted as mean + SD from three 
independent experiments and statistical significance derived from Student’s t-test. (* p < 0.05, ** 
p < 0.01) 

 
 
 
Supplemental Figure 5.9 Cell viability in B3Z assays 
(A) DC2.4 cells were pulsed with 2.5 µg/mL SIINFEKL delivered as either soluble 
CSSSIINFEKL 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 polyplex or Control-
Vax polyplex for 4 h at the indicated antigen doses. An MTS assay was used to measure cell 
viability 24 h after pulsing. Data expressed as mean ± SD; N = 3 independent experiments. 
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Supplemental Figure 5.10 Representative scatter plots of CD8 and IFN-γ staining in SIINFEKL-
restimulated splenocytes 

 
 
 
 
 
 
 
 
Supplemental Figure 5.11 Spider plots of B16-OVA tumor growth in individual mice. 
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Supplemental Figure 5.12 At time of sacrifice, tumorbearing mice have relatively few CTLs and 
their tumor infiltrating lymphocytes express PD-1. 
(A) On D42 of the tumor survival study, spleens were harvested from final surviving VIPER-vax 
mice (N =3) and naïve mice (N = 3). Dissociated splenocytes were restimulated in culture with 20 
µg/mL SIINFEKL for 8 h before intracellular cytokine staining for IFN-γ. Data are plotted as the 
mean + SD and statistical significance derived from Student’s t-test. (* p < 0.05) (B) On D42 of 
the tumor study described in Figure 7, tumors were harvested from final surviving VIPER-vax 
mice (N =3) and dissociated into single cell suspensions for flow cytometry. Histograms of PD-1 
expression in tumor infiltrating CD45+/CD8+ cells from a VIPER-Vax treated mouse intended to 
show the gating strategy for determining %PD-1+. 
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Chapter 6. POLYMERIC STRATEGIES TO IMPROVE DRUG 

DELIVERY IN CANCER IMMUNOTHERAPY 

 

Abstract 

Our previous work shows that the pH-responsive, lytic peptide-concealing micelle core of the 

VIPER system can efficiently navigate endosomal barriers to the cytosolic delivery of both nucleic 

acids and subunit vaccines. However, we have also shown that VIPER’s cationic corona strongly 

interacts with components of the extracellular matrix, and have posited that these interactions 

restrict the speed of innate immune responses to VIPER vaccination. In this chapter, we describe 

our efforts to refine the surface chemistry of VIPER micelles to enable rapid transport to the 

antigen presenting cells of the lymph nodes following intradermal or subcutaneous vaccination. 

We also describe a next-generation polymer incorporating the small molecule adjuvant 

resiquimod, and propose a high-throughput method for the identification of future polymer 

architectures that maximize in vivo immune responses. 
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6.1 SYNTHESIS OF NEUTRALLY CHARGED VIPER VARIANTS 

6.1.1 Motivation 

As described earlier (Chapter 5.1), productive therapeutic vaccination against cancer requires 

rapid cross-presentation of antigens by professional antigen presenting cells (APCs) to CD8+ T 

cells in the lymph node (LN). Cross-presentation is performed nearly exclusively by specific 

subsets of dendritic cells (DCs) that are either lymphoid resident (CD8+CD11b- and CD8-CD11b+ 

DCs) or migrate to the lymph node from peripheral tissue (CD103+CD11b- and CD103-

CD11b+).1,2 Nanovaccines have been developed to target cells in each of these locations following 

subcutaneous or intradermal injection.3–6 For example, nanoparticles with “stealth” steric shields 

have been shown to drain to the LN for uptake by LN resident DCs,7,8 while functionalization with 

mannose has been shown to improve uptake by DCs9,10 and transport to lymph nodes11 through 

active targeting of peripheral DCs. While we have demonstrated that cationic VIPER-Vax 

polyplexes elicit potent CD8+ T cell responses, we showed that these responses were generated 

insufficiently rapidly to provide therapeutic benefit against an aggressive xenograft melanoma 

tumor. We hypothesize that APC uptake of these cationic materials is slow, indirect (bystander 

effect12), and spatially restricted (due to electrostatic interactions in the interstitial space3–5). Thus, 

we sought to examine whether endowing VIPER micelles with “active” (mannose) or “stealth” 

(PEG, HPMA) surface chemistries could enhance both the speed and magnitude of antigen 

accumulation in LN APCs, and whether these improvements translate into more productive T cell 

responses. 
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6.1.2 Polymer synthesis and characterization 

In order to investigate the impact of micelle surface chemistry on VIPER micelle accumulation in 

lymph node resident APCs, we synthesized a panel of VIPER micelles bearing either cationic 

(DMAEMA), steric stealth (PEG or HPMA), or actively-targeted (MMA) shells (Table 6.1). 

RAFT polymerization conditions were optimized to yield a panel of diblock copolymers with 

similar molecular weights and second block structure (Supplemental Table 6.3). Polymer 

monomer composition was determined with nuclear magnetic resonance (1H NMR; Table 6.1; 

Supplemental Figure 6.7), dispersity analyzed by aqueous gel permeation chromatography (GPC; 

data not shown), and micelle size characterized with dynamic light scattering (DLS; Table 6.1). 

Additionally, the Nile Red encapsulation assay described in Chapter 2.2.7 was utilized to compare 

pH-responsive micelle unpackaging. 

 
Table 6.1 VIPER variations synthesized to compare impact of micelle surface chemistry  

Surface 
Chemistry Structure (via 1H NMR) 

Micelle 
diameter 

(nm) 
Cationic p(OEGMA8.6-co-DMAEMA54.2)-bl-p(DIPAMA25-co-PDSEMA1) 25 
PEG PEG5k-bl-p(DIPAMA35-co-PDSEMA2) 28 
HPMA pHPMA70-bl-p(DIPAMA34-co-PDSEMA2.2) 60 
MMA pMMA35-bl-p(DIPAMA55-co-PDSEMA8) 90 
OEGMA = oligo(ethylene glycol) methacrylate; MW = 300 
DMAEMA= 2-(dimethylamino) ethyl methacrylate; MW = 157.2 
DIPAMA = diisopropyl(amino) ethyl methacrylate; MW = 213.3 
PDSEMA = pyridyl disulfide ethyl methacrylate; MW = 255.4 
PEG5k = methoxy poly(ethylene glycol); MW = 5000 
HPMA = N-(2-hydroxylpropyl) methacrylamide; MW = 143.2 
MMA = mannose ethyl methacrylate; MW = 292.3 
 

Owing to the flexibility of controlled free radical polymerization afforded by RAFT, all polymers 

were synthesized with low dispersity and with similar molecular weights. All micelle diameters 

were on the order of 20-100 nm; importantly, this size range has been shown to be ideal for passive 
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lymphatic transport and LN retention.3,4 Moreover, all neutrally charged micelles unpackaged ~pH 

6.2, which is nearly identical to the pKa of previously characterized13 cationic micelles and should 

mediate melittin exposure in the early endosome (Figure 6.1). It is worth noting that polymers 

synthesized from 5 kDa and 10 kDa macro-CTAs composed of p(OEGMA300) were found to be 

largely insoluble in micelle form, highlighting the difference in solubility between PEG and 

OEGMA brushes. (data not shown)  

 

 

Figure 6.1 Determination of neutral VIPER pKa via Nile Red micellization assay. 
Neutral VIPER micelles were incubated at 0.2 mg/mL in phosphate buffer with 3 µM Nile Red for 
24 h at various pH before fluorescence was determined using a plate reader. Increased fluorescence 
indicates that micelles are present and permitting Nile Red partitioning into their micelle core. 
 

6.1.3 Antigen uptake in vitro 

In order to facilitate detection of antigen transport in vitro and in vivo, all VIPER variants were 

conjugated with 10% rhodamine-labeled CSSSIINFEKL antigen peptide at either 1 (cationic) or 

2 (all others) peptides per polymer chain as described in  Chapter 5.2.3. In separate reactions, 1 

melittin was conjugated per polymer chain in all cases (higher melittin loading is not advisable 

due to solubility concerns; data not shown). Mixed micelles were then formed using 2:1 antigen-

polymer:melittin-polymer as described in Chapter 5.2.3. 
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All attempts to detect significant uptake of non-cationic micelles in vitro were unsuccessful, with 

no formulation achieving uptake in >20% of cells after 8 h incubation at 4 µg/mL CSSSIINFEKL. 

(data not shown) Uptake did not vary with cell type: we tested primary bone marrow-derived 

dendritic cells (BMDCs) in addition to both RAW264.7 and DC2.4 cells with or without 48 h pre-

conditioning in 20 ng/mL IL-4. We were unable to induce CD206 upregulation in immortal 

RAW264.7 and DC2.4 cell lines; however, treatment of BMDCs with IL-4 might yet yield 

CD206high populations capable of mannose receptor-mediated uptake of mannose VIPER 

formulations. Because others have previously shown that in vitro uptake of mannose micelles is 

not representative of uptake in vivo, we decided to move forward with in vivo studies.14 

 

6.1.4 Evaluation of polymer-mediated antigen uptake in vivo 

Based on prior work that demonstrates differential vaccine uptake based on particle surface 

chemistry and route of administration, we chose to compare LN DC uptake of cationic, PEG, 

HPMA, and MMA micelles following either subcutaneous (SQ) or intradermal (ID) injection.15–

17 Thus, 6-8 week old female C57Bl/6 mice were injected SQ or ID at the base of the tail with 20 

µg rhodamine-CSSSIINFEKL in 5% glucose as either free peptide or micelle (N=3 per 

formulation per route of administration; 30 total). A Xenogen instrument was used to perform live 

whole body fluorescent imaging 0, 24, and 48 h after injection and to image excised inguinal LN 

after sacrifice at 48 h post-injection. Draining lymph nodes were dissociated into single cell 

suspensions using a 40 µm cell strainer and analyzed for DC (MHCIIhigh/CD11chigh) uptake using 

flow cytometry. (Supplemental Figure 6.8) 
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We observed that both route of administration and micelle formulation chemistry had an impact 

on LN antigen trafficking from the injection site. Whole body Xenogen imaging showed that SQ 

but not ID freely soluble peptide was rapidly drained from the injection site, likely due to enhanced 

access to lymphatic drainage in the SQ space (Supplemental Figure 6.9).4 Increased retention of 

PEG and MMA through ID vs. SQ injection was also observed. As expected, cationic micelles 

were not noticeably cleared from either SQ or ID injection sites at 48 h. Among the neutrally 

charged micelle formulations, SQ injected MMA and HPMA cleared from the injection site most 

rapidly, with near total loss of rhodamine signal at 48 h for both formulations. Xenogen imaging 

of dissected lymph nodes confirmed all neutral VIPER formulations achieved greater total LN 

uptake compared to cationic VIPER, but did not show clear differences between routes of 

administration (Figure 6.2). Mannose VIPER clearly demonstrated the greatest uptake of all 

formulations tested; in addition, LN from Mannose VIPER-treated animals were substantially 

larger than LN from other mice, indicating preferential immune activation by these formulations. 

 

 

Figure 6.2 Xenogen imaging of dissected inguinal lymph nodes 
Left and right inguinal lymph nodes were dissected 48 h after vaccination with rhodamine-
CSSSIINFEKL in various formulations and imaged prior to dissociation for flow cytometry. 
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Overall, flow cytometry data echoed those obtained through Xenogen imaging. Very few 

rhodamine+ DCs were detected in mice treated with soluble peptide or cationic VIPER, but all 

neutral VIPER formulations mediated improved uptake in LN DCs relative to soluble peptide. ( 

Figure 6.3; Supplemental Figure 6.10) Antigen uptake was higher in all cases in the right 

inguinal LN (ipsilateral to injection), with only mannose VIPER formulations achieving notable 

uptake in the left LN. (Supplemental Figure 6.10) While PEG and HPMA VIPER formulations 

showed increased LN DC uptake following ID injection relative to SQ injection, MMA VIPER 

was taken up to the same degree through both routes of administration and achieved the highest 

uptake overall (~12% of all LN DCs; Figure 6.3). 

 

Figure 6.3 Flow cytometry of dissociated right inguinal lymph nodes assessing rhodamine-labeled 
antigen uptake in CD45+/MHCIIhigh/CD11chigh dendritic cells 48 h after vaccination through either 
intradermal (ID) or subcutaneous (SQ) injection. (N = 3 mice per bar) 
 

Taken together, these results posit VIPER formulations with mannose surface chemistry as 

attractive vaccine vectors that achieve rapid delivery to LN DCs. Future studies will be needed to 

determine whether uptake occurs in the periphery or in the lymph node itself; additional co-

staining for CD8, CD103, CD11b, and CD206 should reveal the DC subsets that are responsible 

153 
 



www.manaraa.com

for uptake. These studies will provide additional kinetic information related to APC activation and 

LN trafficking, and may inform the design of micelles that can potentiate antigen cross-

presentation in specific cell types.1,2,18–21 

 

6.1.5 Pilot in vivo T cell activation studies with mannose VIPER 

Encouraged by mannose VIPER’s superior antigen delivery capabilities, we included a small 

number of mannose VIPER-treated animals in the T cell activation study described in Chapter 

5.3.3. We formulated mannose VIPER mixed micelle equivalents of VIPER-Vax and Control-

Vax, termed “MMA VIPER-Vax” (2:1 antigen-polymer:melittin-polymer) and “MMA Control-

Vax” (2:1 antigen-polymer:control polymer) and vaccinated naïve mice with these micelle 

formulations as described in Chapter 5.2.11 (N = 2). Both surface tetramer staining and 

intracellular IFN-γ staining showed that MMA VIPER formulations induce high levels of antigen 

specific T cells among CD8+ splenocytes (Figure 6.4). Although the number of mice evaluated is 

far too low to consider statistical analysis, it is encouraging that MMA VIPER-Vax outperformed 

all other vaccine formulations by these metrics in this preliminary study, even in the absence of 

any poly(I:C) adjuvant. These results motivate future work that will compare the impact of melittin 

on vaccine productivity in the context of a mannose-targeted VIPER that incorporates adjuvant. 
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Figure 6.4 Flow cytometry of splenocytes from naïve mice vaccinated with various 
[CSS]SIINFEKL vaccine formulations. 
All data except that from MMA mice are identical to that shown in Figure 5.6. Mice were 
immunized intradermally on D0 and D21 with 10 µg [CSS]SIINFEKL in various formulations. 
Terminal splenocyte analysis was conducted on D28 prior to (A, tetramer staining) or after (B, 
intracellular cytokine staining) SIINFEKL restimulation. (N = 6 for previously reported data; N = 
2 per MMA formulation) 
 

6.2 SYNTHESIS OF RESIQUIMOD VIPER 

6.2.1 Motivation 

Agonists of toll-like receptors (TLRs) and the stimulator of interferon genes (STING) complex are 

perhaps the most commonly employed anti-cancer vaccine adjuvants.11,15,16,22–26 In short, these 

adjuvants initiate robust type I interferon and proinflammatory cytokine production by APCs 

which results in the generation of TH1 and TH2 responses that potentiate cellular and humoral anti-

tumor activity.22,27 Because electrostatic complexation of nucleic acid adjuvants like poly(I:C) is 

not readily achievable with mannose VIPER, we sought to incorporate the small molecule TLR 

agonist resiquimod (a.k.a. R848) into VIPER through direct polymerization of a custom self-

immolative resiquimod carbamate methacrylate (SRCMA) monomer synthesized by the Stayton 

lab (Figure 6.5). Resiquimod is a potent ssRNA mimetic TLR7/8 agonist (TLR7/8a) that has been 
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primarily studied clinically for the activation of cellular immunity against chronic viral infections 

and in topical formulations for the treatment of cancers of viral origin.28,29 While a growing body 

of research has sought to limit the systemic toxicity associated with oral TLR7/8a dosing through 

nanoformulation,23,25,30–32 no one has utilized a drug linker that connects to the nucleobase primary 

amine. We hypothesize that SRCMA may not be able to activate TLRs until hydrolytic cleavage 

of its phenyl ester bond leads to beta-elimination of the linker and release of native resiquimod, 

allowing us to control the timing of TLR activation and further limit off-target effects by refining 

drug linker cleavage rate. Thus, we set out to incorporate SRCMA into mannose VIPER 

formulations with the goal of developing a targeted nanovaccine with controlled adjuvant 

pharmacokinetic properties and efficient endosomal escape of antigen cargo. 

 

 

Figure 6.5 Structure of self-immolative resiquimod carbamate methacrylate (SRCMA) 
Courtesy of Selvi Srinavisan, Stayton lab (UW). 
 

6.2.2 Synthetic strategy and results 

Drawing on lessons from other polymeric TLR7/8a strategies, we reasoned that incorporating more 

than 20 mol% SRCMA in the final VIPER construct would likely limit overall solubility.24,31 

Moreover, we reasoned that co-polymerizing SRCMA with MMA as a macro-CTA (instead of 

incorporating it in the second block) would improve solubility and better preserve the all-or-

nothing pH-responsive behavior conveyed by the DIPAMA block.33 Thus, we designed RAFT 
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polymerization conditions (Supplemental Table 6.4) to yield full length VIPER polymers with 

either 10 or 20 mol% SRCMA, varying MMA monomer feeds inversely proportional to SRCMA 

feeds to maintain first block molecular weight at 10 kDa as in previous VIPER polymers. Of note, 

we employed low temperature initiation of the first block reaction and high initiator content in the 

second reaction in an effort to limit SRCMA cleavage during polymerizations while still achieving 

DIPAMA polymerization. 

 

Our NMR data demonstrate that we have achieved the desired drug content and successfully 

reproduced the VIPER second block structure necessary for micelle formulation and peptide 

conjugation (Table 6.5; Supplemental Figure 6.11). Although we have not yet characterized the 

molecular weight dispersity of these polymers by aqueous GPC, we did confirm that both polymers 

form micelles <100 nm in diameter when dialyzed against water, reinforcing the success of the 

second block reaction (data not shown). Initial attempts to conjugate melittin-Cys and 

CSSSIINFEKL revealed that neither polymer is soluble in methanol (the solvent used in all past 

VIPER conjugations), and that while both polymers dissolve very well in N-methyl-2-pyrolidone 

(NMP), the pyridyl disulfide conjugation reaction does not proceed as determined by Abs343nm 

measurement (data not shown). 

  

Table 6.2 Mannose-targeted VIPER polymers containing various compositions of SRCMA. 
The calculation for wt% R848 in micelle assumes all chains are conjugated with one melittin. 

Polymer chemical structure (via 1H NMR) MW 
(kDa) 

mol% 
SRCMA 

wt% R848 
in micelle 

p(MMA22.1-c-SRCMA8.0)-bl-p(DIPAMA27.3-c-PDSEMA2.0) 18.5 13 12 
p(MMA12.7-c-SRCMA11.8)-bl-p(DIPAMA26.7-c-PDSEMA2.5) 18.4 22 18 
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6.2.3 Future work 

Immediate next steps for this work include: optimization of solvent conditions for peptide 

conjugation; full characterization of the polymers by GPC; determination of micelle unpackaging 

pKa through a Nile Red assay; and an assessment of drug release kinetics in serum. Based on 

preliminary observations, it is likely that this characterization will reveal that polymers with 20 

mol% SRCMA are insufficiently water soluble and that only 10 mol% SRCMA polymers should 

be carried forward. If solubility fully limits polymer utility, polymerization of SRCMA in the 

second block may improve this property. Once drug release kinetics are understood, we may 

optimize in vivo dosing through an experiment that measures total inflammatory cytokine 

production (e.g. IL-12p40, IP-10) achieved by various doses of SRCMA VIPER vs. soluble 

resiquimod at various times using ELISA.24 Armed with a nanovaccine targeted with mannose and 

adjuvanted with resiquimod, we will be equipped to ask many meaningful questions about the 

timing of adjuvant release and the impact of pH-responsive endosomal escape on therapeutic 

innate and adaptive immune responses against cancer. 

 

6.3 HIGH THROUGHPUT SYNTHESIS AND SCREENING OF GENETICALLY BARCODED 

DRUGAMERS FOR IMPROVED ADJUVANT DELIVERY IN BREAST CANCER 

6.3.1 Motivation 

Biomaterials tailored with physiochemical properties that enable controlled drug delivery to key 

cell types, such as antigen presenting cells (APCs) or myeloid-derived suppressor cells (MDSCs), 

have been sought for many years.34–36 While basic principles that govern drug delivery to these 

populations have been elucidated through empirical investigations spanning the past several 
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decades, there remains a need for high throughput methods that can correlate high dimensional 

multi-parameter formulation data with cell type-specific delivery in relevant models of human 

disease. Dahlman et al have made important progress towards this goal by pioneering methods to 

quantify the biodistribution of genetically-barcoded libraries of lipid nanoparticle formulations 

through PCR.37–39 However, these methods are limited by the overall narrow biodistribution of 

lipid nanoparticles and a reliance on FACS for the detection of cell type-specific delivery. We 

propose to extend material barcoding methods to the much vaster realm of polymeric delivery 

systems while also enabling the simultaneous scRNA-seq based identification of cell types that 

uptake barcoded formulations. We hypothesize that high throughput in vivo screening of rationally 

diversified polymer-drug conjugate libraries in mouse models of breast cancer will identify 

formulations capable of efficient resiquimod delivery to clinically relevant cell types. Beyond 

immediate impact in cancer immunotherapy, establishing this platform technology for in vivo 

formulation screening will dramatically expand the breadth and pace of innovation in drug delivery 

for any disease. 

 

6.3.2 Rationale and approach: Screening polymer libraries in vivo by sequencing DNA barcodes 

Our research approach leverages molecular genetic technologies to screen cutting-edge polymer-

drug conjugate libraries produced in the Pun/Stayton lab in syngeneic mouse models of 

HER2/neu+ breast cancer in the Disis lab. (Figure 6.6) An ongoing collaboration between the Pun 

and Stayton labs has begun to reveal properties that target resiquimod-conjugated polymer to 

antigen presenting cells in lymph nodes following subcutaneous injection. (Figure 6.3) By 

expanding the range of formulation parameters we can screen in a single experiment, we expect 

that this method will not only refine our current designs for lymph node delivery but also uncover 
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designs that preferentially deliver to tumor cells or tumor-associated immune cells. Unpublished 

research performed in the Pun lab has utilized next generation sequencing for co-detection of 

DNA-barcoded antibodies and cellular cDNA within a scRNA-seq workflow developed by the 

Seelig lab (UW).40 Conjugating similar barcode constructs to polymers should enable highly 

sensitive and cell-type specific biodistribution analyses based on unbiased sequencing data instead 

of relatively limited flow cytometry panels. Encouraged by preliminary data from our polymeric 

and genetic technologies, we further aim to evaluate their co-application in the syngeneic 

HER2/neu+ breast cancer model used in the Disis lab to test therapeutic breast cancer vaccines. 

The Disis lab’s expertise in cancer biology will be critical for the identification of cell types 

retrieved from our biodistribution studies, which we expect to directly inform iterative rounds of 

screening and design centered on clinically meaningful targets. Excitingly, the Stayton lab has 

drug monomers that will enable the extension of this screening method to the delivery of 

chemotherapeutics or peptide vaccines in the future.41 Thus, in pursuit of targeted small molecule 

cancer immunotherapy, we aim to synthesize a large, chemically diverse library of genetically 

barcoded polymers (Aim 1) and to demonstrate high throughput biodistribution analysis of this 

library in a translationally relevant model of breast cancer (Aim 2). 
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Figure 6.6 Drugamer library production and screening workflow. 
We will synthesize a combinatorial drugamer library with variations in overall drug content, 
excipient co-monomer chemistry, and blocking orders (architectures) using high throughput 
controlled free radical techniques at RAMP. This array will be conjugated with an array of ssDNA 
barcodes, characterized for solubility, and pooled for biodistribution screening in mice. 
 

6.3.3 Aim 1: Synthesize a library of genetically barcoded polymer-drug conjugates 

Our synthetic strategy in Aim 1 will take advantage of the Stayton lab’s access to groundbreaking 

robotic machinery developed for high throughput polymer synthesis in collaboration with the 

Rapid Automated Materials Processing (RAMP) laboratory of the Australian CSIRO. We will 

utilize the RAMP facility to perform a large array of controlled free radical polymerizations with 

unique reactant compositions, purify the resulting polymers, and conjugate DNA barcodes unique 

to each polymer composition. (Figure 6.6) We will then characterize the library using high 

throughput light scattering and absorption measurements to select non-aggregating, nanometer-
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scale formulations for in vivo testing. Importantly, the Stayton lab has also developed a panel of 

drug-monomers (including resiquimod-methacrylate and galunisertib-methacrylate) that can be 

directly polymerized into “drugamers” alongside excipient monomers,42–44 obviating the need for 

inefficient drug loading processes in our synthetic workflow. Building on our significant 

experience in polymer synthesis for targeted drug delivery, we will design reaction conditions to 

yield a library of drugamers with varying molecular weight, drug content, excipient monomer 

chemistry (e.g. mannose, PEG), and macromolecular architecture (linear unimers vs. self-

assembled micelles). We expect in vitro characterization to identify solubility thresholds in high 

drug content formulations that are dependent on all other parameters varied. Indeed, this library 

approach is uniquely well suited to the exploration of diverse polymer property combinations that 

can enable high drug loading without compromising solubility. 

 

6.3.4 Aim 2: Identify drugamer properties that result in resiquimod delivery to desirable cell 

types in vivo 

HER2/neu is an oncogenic self-antigen overexpressed on approximately 30% of all breast cancers 

and a promising target for therapeutic vaccines, including those developed in the Disis lab.45,46 

Performing direct in vivo screening of our drugamer library in TgMMTV-neu mice will enable us 

to identify formulations that target resiquimod to relevant cell types associated with spontaneous, 

luminal breast tumors.47 Because resiquimod is used clinically to either inflame and activate cells 

in the tumor microenvironment (TME) or potentiate the response of antigen presenting cells 

(APCs) to tumor antigens, we are most interested in designs from this library that accumulate in 

tumor-associated, lymph resident, and circulating myeloid cells (e.g. TAMs, MDSCs, DCs).48,49 

We have already shown that micelles with mannose surface chemistry are efficiently taken up by 
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MHCIIhigh/CD11chigh APCs in the inginual lymph nodes after subcutaneous or intradermal 

injection at the base of the tail. Thus, preliminary experiments will employ FACS of lymph node 

APCs to validate the retrieval of drugamer DNA barcodes delivered by first generation mannose 

polymers. Briefly, we will sort MHCIIhigh/CD11chigh cells into fixative and perform in situ reverse 

transcription on cellular RNA and barcode ssDNA, followed by tagmentation and PCR to generate 

cDNA and barcode libraries for sequencing as in previous work.40 After validating our ability to 

retrieve polymer barcodes in parallel with cellular cDNA, we will inject the drugamer library in 

tumor-bearing mice and perform scRNA-seq on circulating leukoctyes and cells dissociated from 

tumors and lymph nodes. In addition to generating a multi-dimensional understanding of drugamer 

properties that lead to cell-type specific uptake, our scRNA-seq approach will also enable future 

investigations into the impact of resiquimod delivery on the gene expression of cells in the TME. 

 

6.4 CONCLUSION 

In this chapter, we have shown that the pH-responsive VIPER system is amenable to modifications 

of its micelle corona that enhance antigen uptake in target cells and enable the incorporation of 

drugamer adjuvants. In particular, we have established the means for replacement of cationic 

monomers and electrostatically complexed nucleic acid adjuvants used in the original VIPER-Vax 

formulation with mannose and resiquimod monomers, and have piloted studies that show the 

superiority of these next generation vaccine formulations. We further propose a molecular genetic 

technique to streamline the development of adjuvant drugamer delivery platforms, but conclude 

with optimism that the pH-responsive micelle structures we have pioneered show great promise as 

vehicles for both fundamental and applied research in cancer immunology. 
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6.5 SUPPLEMENTAL INFORMATION 

Supplemental Table 6.3 Reaction parameters of neutral VIPER polymers 
Polymer PEG VIPER bl1 (courtesy Shixian Lv)  
  Feed 
CTA CCP 2 
Initiator n/a (this is a coupling reaction) n/a 
Monomer 1 mPEG-OH, 5000 g/mol 1 
Monomer 2 DIC/DMAP 3/0.1 
Monomer/solvent wt/wt% 1 g PEG / 10 mL DCM  
Solvent DCM  
Reaction time / Temp Overnight / room temperature  
Targeted conversion % 100  
Purification Multiple precipitations in diethyl ether  
   
Polymer PEG VIPER bl2  
  Feed 
CTA PEG VIPER bl1 1 
Initiator AIBN 0.1 
Monomer 1 DIPAMA 35 
Monomer 2 PDSEMA 5 
Monomer/solvent wt/wt% 20  
Solvent DMAc  
Reaction time / Temp 24 h / 70 °C   
Targeted conversion % 85  
Purification Dialysis in MeOH then water  
   
Polymer HPMA VIPER bl1  
  Feed 
CTA CCC 1 
Initiator AIBN 0.1 
Monomer 1 HPMA 80 
Monomer 2 n/a  
Monomer/solvent wt/wt% 25  
Solvent DMAc  
Reaction time / Temp 12 h / 70 °C  
Targeted conversion % 95  
Purification Dialysis in water  

 
Polymer HPMA VIPER bl2  
  Feed 
CTA HPMA VIPER bl1 1 
Initiator AIBN 0.11 
Monomer 1 DIPAMA 200 
Monomer 2 PDSEMA 20 
Monomer/solvent wt/wt% 20  
Solvent DMAc  
Reaction time / Temp 24 h / 70 °C  
Targeted conversion % 15  
Purification Dialysis in MeOH then water  
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Polymer MMA VIPER bl1  
  Feed 
CTA CCC 1 
Initiator ABCVA 0.1 
Monomer 1 MMA 38 
Monomer 2 n/a  
Monomer/solvent wt/wt% 25  
Solvent DMSO  
Reaction time / Temp 7 h / 70 °C  
Targeted conversion % 90  
Purification Dialysis in water  
   
Polymer MMA VIPER bl2  
  Feed 
CTA MMA VIPER bl1 1 
Initiator AIBN 0.25* 
Monomer 1 DIPAMA 200 
Monomer 2 PDSEMA 20 
Monomer/solvent wt/wt% 25  
Solvent NMP  
Reaction time / Temp 3 h / 70 °C*  
Targeted conversion % 10-15  
Purification Dialysis in NMP then water  
*Note: Lower AIBN concentration (0.1 feed) and shorter reaction time (1 h) may be plenty if 
new AIBN powder is used. I found that I had to use more initiator and run the reaction longer as 
the stock of AIBN powder I had increased in age. 
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Supplemental Figure 6.7 Characterization of neutral VIPER polymers by 1H NMR 
Characteristic DIPAMA peaks appear at 1.2, 3.0, and 3.8 ppm. 
Characteristic PDSEMA peaks appear at 7.2, 7.75, and 8.4 ppm. 
PEG VIPER spectra were recorded CDCl3, HPMA VIPER spectra were recorded in DMSO-d6, 
and MMA VIPER spectra were recorded in DMSO-d6 and D2O + 1% TFA-d (bl1 and bl2, 
respectively). 
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Supplemental Figure 6.8 Flow cytometry gating strategy for the detection of rhodamine-
CSSSIINFEKL+ DCs. 
Singlet cell events were gated using FSC/SSC, viable as Zombie Violet-, lymphocytes as CD45 +, 
dendritic cells as MHCIIhigh/CD11chigh, and then rhodamine+ through comparison to untreated 
controls. 
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Supplemental Figure 6.9 Whole body Xenogen imaging of rhodamine signal in mice treated 
with various VIPER formulations. 
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Supplemental Figure 6.10 Inguinal lymph node DC uptake of rhodamine-CSSSIINFEKL 
administered in various formulations and administration routes. 
L = left inguinal lymph node; R = right inguinal lymph node; ID = intradermal; SQ = 
subcutaneous 
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Supplemental Table 6.4 Reaction parameters of SRCMA VIPER polymers 
 

Polymer SRCMA VIPER 10 mol%  
  Feed 
CTA CCC 1 
Initiator V70 0.1 
Monomer 1 SRCMA 7 
Monomer 2 MMA 24 
Monomer/solvent wt/wt% 25  
Solvent DMSO  
Reaction time / Temp 22 h / 35 °C  
Targeted conversion % 90  
Purification Dialysis in DMSO at RT then water at 4 °C  
   
Polymer SRCMA VIPER 20 mol%  
  Feed 
CTA CCC 1 
Initiator V70 0.1 
Monomer 1 SRCMA 12 
Monomer 2 MMA 14 
Monomer/solvent wt/wt% 25  
Solvent DMSO  
Reaction time / Temp 22 h / 35 °C  
Targeted conversion % 90  
Purification Dialysis in DMSO at RT then water at 4 °C  
   
Polymer SRCMA VIPER block 2  
  Feed 
CTA Either SRCMA VIPER macro-CTA 1 
Initiator AIBN 0.25 
Monomer 1 DIPAMA 12 
Monomer 2 PDSEMA 14 
Monomer/solvent wt/wt% 25  
Solvent NMP  
Reaction time / Temp 3 h / 70 °C  
Targeted conversion % 10-15  
Purification Dialysis in NMP at RT then water at 4 °C  
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Supplemental Figure 6.11 Characterization of SRCMA VIPER by 1H NMR. 
Perforemed in DMSO-d6. 
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