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Abstract 

 

Therapeutic peptide vaccines have the potential to elicit and direct an anti-cancer T cell 

response, but their clinical efficacy has been limited in part by poor delivery to the lymphatic 

system, inefficient cell uptake, and scalable synthesis in the case of personalized vaccines. The 

work presented in this thesis explores several approaches to address these challenges. 

First, we use our fast-flow automated synthesis technology to confront the synthesis 

bottleneck for patient-specific ‘neoantigen’ vaccines, which have shown early promise but are 

hindered by slow production. We synthesize a particularly challenging set of peptides from a 

previous clinical trial as a test case, demonstrating that our technology can produce the majority 

of sequences in sufficient quantities with comparable or higher purity than a commercial vendor 

in a fraction of the time. 

Turning towards vaccine design, we explore several approaches to address the 

lymphatic and intracellular delivery of peptide antigens. We demonstrate the generality and 

anti-tumor efficacy of vaccines containing cell-penetrating peptides (CPPs), sequences shown 

to enhance the cell uptake of various cargo. We characterize their mechanism and identify 

several unanticipated contributors, namely trafficking to the lymph nodes, serum stability, and 

extended presentation in vivo. We then expand on an existing approach to mediate lymphatic 

trafficking via binding serum albumin by exploring additional albumin binding moieties. Next, 

we develop a straightforward and general approach to directly quantify antigen presentation 

and implement this technique to explore two strategies to design more effective vaccines, 

including CPPs. 

Finally, we build on previous work using CPPs to deliver antisense oligonucleotides 

(ASOs), another application that we pursued in tandem with cancer vaccines. We combine 

amphipathic and cationic CPPs to create chimeric sequences that synergistically enhance 

activity of an ASO and access new routes of uptake not utilized by either parent CPP.  

Drawing from our experience using CPPs to deliver ASOs as well as our expertise in 

peptide synthesis and design, we provide insight into the rapid production of personalized 

vaccines and efficient delivery of vaccine antigens. This thesis represents a new area of research 

for our lab, one in which we will hopefully continue to apply our unique skillset and perspective. 
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1.1 Cancer immunotherapy and T cells 

 Cancer immunotherapy has revolutionized the field of oncology in recent years, with 

several FDA-approved therapies becoming mainstays of treatment and an explosion of 

preclinical research providing promising new approaches.1–4 It incorporates a broad range of 

therapies designed to act in some capacity on the patient’s immune system, rather than on the 

tumor itself, in order to elicit an anti-tumor immune response.5 In doing so, these therapies take 

advantage of several key hallmarks of the immune system: precise targeting of distinct cell 

subsets; self-amplification of responses; and the formation immunological memory that 

provides a rapid response in the case of disease recurrence.5,6 While various approaches have 

targeted different aspects of the immune system, most focus consistently on T cells.1–5 

T cells are part of the adaptive immune response, meaning that they respond to specific 

antigens.6,7 Once naïve antigen-specific T cells are activated, they differentiate into effector 

cells and exert their disease-controlling function. Eventually, this response diminishes and some 

of these effector cells differentiate into long-lived memory T cells which can be readily re-

activated as needed.6 Two subtypes of T cells exist, distinguished by expression of two surface 

markers: CD4+ and CD8+. Upon activation, CD8+ T cells become ‘cytotoxic T lymphocytes’ 

(CTLs), which can selectively kill target cells, while CD4+ T cells become ‘helper’ T cells, 

which exert a range of functions that mediate and coordinate different elements of the immune 

response.6,7 While there is a growing interest in the CD4+ T cell response, CD8+ T cells have 

been the focus of most immunotherapies to date due to their ability to directly kill tumor cells.7,8 

Checkpoint blockade, which ‘takes the brakes off’ the CTL response, is the hallmark cancer 

immunotherapy.3,7 It comprises a series of monoclonal antibodies that block different ‘immune 

checkpoints’ by binding inhibitory signaling receptors on T cells, antigen presenting cells, or 

tumor cells in order to block signals that either diminish CTL cell activation or dampen an 

ongoing CTL cell response. A handful of different checkpoint therapies have demonstrated 

remarkable clinical success, transforming the standard of care in melanoma and other highly 

mutagenic cancers.3–5 Ongoing work seeks to characterize additional immune checkpoints and 

identify candidate antagonists for these inhibitory receptors.9 Checkpoint therapies are limited 

by incomplete responses and off-target toxicity. While efficacy is often dramatic in patients 

who respond to checkpoint, a substantial fraction of patients exhibit little to no response.3,10 

This discrepancy is attributed to an inconsistency in the level of pre-existing anti-tumor 

responses; when no response is present initially, there is little gain from a therapy that enhances 

the magnitude or quality of the T cell response.3,7 Additionally, significant autoimmune side 
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effects have been observed in some patients.3,7 There is a need for therapies that can stimulate 

an anti-tumor T cell response and provide greater selectivity towards tumor cells. 

Another key class of immunotherapy that has recently entered the clinic is chimeric antigen 

receptor T cells (CAR-Ts). In this approach, patient T cells are removed and the native T cell 

receptor is replaced by a chimeric antigen receptor ex vivo, which combines a binding domain 

against a previously-identified tumor antigen with native T cell receptor transmembrane and 

signaling domains.2,7 This approach has proved promising for several hematologic 

malignancies, most notably B cell leukemias and lymphomas, but there are significant toxicity 

concerns associated with excessive activation and cytokine release.11,12 Additionally, the 

process of identifying tumor-specific antigens and constructing and validating CARs is labor-

intensive, further complicated by the heterogeneous nature of solid tumors which makes 

identification of broadly-applicable antigens highly challenging. Ongoing work is currently 

seeking to refine this approach and provide more nuanced control over the CAR-T response, 

but there is a need for immunotherapies that are more safe, cost-effective and scalable.2,13,14 

A third class of cancer immunotherapy that has seen growing interest in the last decade is 

vaccination. Cancer vaccines supply tumor antigens to antigen-presenting cells in order to 

activate a tumor-specific T cell response.1,7,15–17 They differ from conventional vaccines in that 

the approach is therapeutic, rather than prophylactic; i.e., designed to engage the immune 

system against an ongoing disease rather than simply guard against future encounters. Cancer 

vaccines have the potential to elicit anti-tumor immunity in patients without an existing 

response and to increase the magnitude of existing responses.18–22 However, these responses 

can be limited in magnitude and their therapeutic efficacy is untested. They exhibit minimal 

side effects and indeed are designed to minimize off-target effects by guiding the immune 

response against tumor antigens. There is evidence that combining these vaccines with 

checkpoint blockade and possibly other immunotherapies can achieve greater anti-tumor 

efficacy.18,23–25 A range of different vaccine platforms and designs have been developed, which 

will be explored in greater detail in section 1.4. While promising, cancer vaccine technologies 

require significant improvement to reach their full potential. 
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1.2 T cell activation and vaccine components 

Cancer vaccines prime a T cell response against tumor antigens. Understanding their 

mechanism of action and designing improved vaccines requires insight into the process of T 

cell activation. Naïve T cells are activated upon interacting with antigen presenting cells 

(APCs), in particular dendritic cells (DCs), in the presence of several necessary stimuli: a 

cognate interaction between the T cell receptor, which varies between individual T cells, and 

an antigen peptide presented by the DC; and the interaction of co-stimulatory molecules at the 

surface of the T cell and DC.6,26,27 The DC co-stimulatory signaling molecules are upregulated 

in the presence of inflammatory stimuli, e.g. upon innate immune activation.6,26,27 Successful 

vaccines must therefore engage innate immunity in addition to providing relevant antigens. For 

vaccine which contain isolated antigen(s) rather than a whole pathogen, this is done by also 

including a component called an adjuvant designed to engage innate immune receptors and 

trigger an inflammatory response. 15,32 Optimal adjuvant design is a critical element of vaccine 

development, and indeed most of the approved cancer vaccines consist only of an adjuvant 

designed to activate innate immunity. However, this work focuses on the TCR/cognate antigen 

signal and the antigen component of these vaccines. 

Antigens presented to T cells are short, linear peptides that generally range in length from 

8-11 amino acids for CD8+ T cells and ~13-20 amino acids for CD4+ T cells.6,26 They are bound 

non-covalently to a surface protein called the major histocompatibility complex (MHC), also 

referred to as human leukocyte antigen (HLA) in humans. MHC class I, or MHC-I (HLA-I), 

binds CD8+ T cell antigens and facilitates interaction with the TCR in a process known as 

antigen presentation, while MHC-II (HLA-II) presents antigen to CD4+ T cells.6,26 Vaccines 

designed to elicit a T cell response must include one or more antigens, either within native 

proteins in whole pathogens in the case of conventional vaccines, or as isolated peptides, 

proteins, or antigen-encoding nucleic acids.6,15–17 

Presentation of extracellular antigens by DCs, including vaccine antigens, involves uptake, 

proteolytic processing into short peptide epitopes, loading onto MHC, and display at the cell 

surface. This first requires trafficking to the lymph node, where these interactions occur, either 

as a result of passive antigen transport through the lymphatics or uptake by activated DCs which 

then home to the lymph nodes.6,26,28 The predominant pathway for processing CD8+ T cell 

antigens occurs in the cytosol. In all other nucleated cells, healthy or tumor cells, peptide 

fragments resulting from proteasomal degradation of cytosolic peptides are transported to the 

endoplasmic reticulum for further proteolytic processing, loaded onto newly synthesized MHC-
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I, and displayed at the cell surface in order to allow CD8+ T cell surveillance for infection or 

transformation.6,26 In addition to this pathway, DCs present extracellular antigen in a process 

known as ‘cross-presentation’ in which antigens are endocytosed, gain cytosolic access, and 

then follow the canonical MHC-I loading route.6,26,29 While other pathways exist, this is the 

predominant pathway by which DCs present extracellular antigen to CD8+ T cells.29 It is worth 

noting that endosomal escape into the cytosol is poorly characterized and may be a bottleneck 

in the presentation of vaccine antigens. 

 

1.3 Vaccine antigen classes 

The antigens included in cancer vaccines belong to two major classes, tumor associated 

antigens and tumor-specific antigens. Tumor associated antigens (TAAs) are present in healthy 

tissue but overexpressed or differentially expressed in tumor cells.30,31 TAAs for a given cancer 

are present in many patients with little variability, simplifying their identification and 

production. However, vaccinating against TAAs can have predictable side effects, as 

stimulating an immune response against TAAs can damage healthy tissue as well.30,31 Over 70 

clinical trials have used TAAs in therapeutic vaccines.17 The other general class of tumor 

antigens used in cancer vaccines are tumor specific antigens (TSAs), which are present in tumor 

cells but absent in healthy tissue. This includes cancer-germline (also called cancer-testis) 

antigens, which are derived from proteins that are typically expressed in germline cells, but not 

presented due to a lack of MHC-I expression.30,31 TSAs also include antigens that arise from 

mutations occurring within tumor cells that, if expressed, can yield antigen peptides that do not 

exist in healthy tissue, termed ‘neoantigens.’30,31 

Neoantigens are attractive vaccine candidates that have elicited significant interest in recent 

years due to their high specificity, lower inherent risk, and their generally higher 

immunogenicity, as they represent new antigen sequences that have not been subject to immune 

tolerance.1,16 Several clinical trials have demonstrated that personalized vaccines are indeed 

able to stimulate and strengthen T cell responses to neoantigens, although the magnitude and 

efficacy of these responses remains limited.18–21 As neoantigens arise from mutations, they are 

tumor-specific and therefore patient-specific. While a handful of frequently-occurring 

mutations, often in cancer-driver genes, have been identified as ‘shared neoantigens,’ the 

majority of neoantigens will need to be addressed in personalized vaccines.1,7,16 Next-

generation sequencing and recent computational tools to predict candidate antigen peptides 

have brought this process closer to a feasible reality.32 However, production of patient-specific 
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vaccines remains a significant challenge. The handful of clinical trials conducted to date, 

especially those using peptide vaccines, were hindered by technical challenges associated with 

vaccine synthesis and purification and generally limited to small patient cohorts.18–21 While a 

range of challenges exist for these vaccines and for cancer vaccines broadly, addressing the 

production bottleneck for personalized neoantigen vaccines is a major concern. Developing a 

more rapid and practical approach to synthesize neoantigen vaccines could enable future 

clinical trials and, ultimately, make this potentially powerful therapy broadly accessible.  

 

1.4 Vaccine formats 

As described in section 1.1, vaccines consisting of defined tumor antigens have gained 

significant interest in the field of cancer immunotherapy. They offer control over antigen 

selection and design, have a generally high safety profile, and are more practical than many 

cell-based approaches, offering the possibility of off-the-shelf vaccines produced for shared 

tumor antigens.1,7 These antigens, which are ultimately presented to T cells as short, linear 

peptides, are supplied in a number of different formats including whole DCs, viral or bacterial 

vectors, peptides, proteins, or by DNA or RNA encoding the appropriate antigen sequences. 

 Some approaches involve treating DCs or precursor cells with antigen ex vivo then 

administering these antigen-loaded cells to patients.33 Clinical trials using this approach saw 

good safety profiles and some efficacy, with one system using tumor lysate to treat DCs ex vivo, 

Sipleucel-T, receiving FDA approval.34 Ongoing work seeks to more efficiently mature DCs 

with a desired phenotype and introduce defined antigens.33,35 While promising, ex vivo 

approaches can more be time-intensive and costly than other vaccination strategies. Approaches 

using bacterial or viral vectors have also been explored and while promising for their ability to 

self-amplify and generate high immune responses, associated safety concerns continue to cast 

doubt on their broad utility.36,37 

  Nucleic acid-based vaccines have been developed for shared tumor antigens as well as 

personalized neoantigens. Due to their biological role upstream of translation and, in some 

cases, their ability to self-amplify, they could be more efficient than peptide- or protein-based 

vaccines.38,39 Vaccines comprised of plasmid DNA are highly stable and have been shown to 

elicit immune responses in animal models.49,51 However, their immunogenicity is limited by 

poor intracellular and nuclear delivery.39–42 Moreover, they carry the potential risk of 

integration into host DNA, which could cause transformation.43 RNA-based vaccines have 

shown promise as a safer alternative and have been implemented in dozens of clinical trials 
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including a personalized neoantigen vaccine trial.20,38 Their decreased stability relative to DNA 

is a concern and they face similar challenges regarding intracellular delivery. Substantial 

ongoing work seeks to address these challenges, for example: enhancing stability with non-

natural bases or other chemical modifications, formulating RNA as liposomes or lipid 

nanoparticles to improve their stability and enhance trafficking to the spleen, and constructing 

self-replicating RNAs to amplify the level of antigen presentation.38,44–46 

 Peptide- and protein-based vaccines, which contain the actual peptide sequences 

presented to T cells, have been used extensively in preclinical and clinical research. Several 

clinical trials have indicated that proteins and peptides containing shared tumor antigens are 

safe and capable of eliciting a T cell response.15,47–50 While proteins offer a higher stability to 

proteolysis than shorter peptides, peptide vaccines carry several practical advantages: they are 

straightforward to handle and benchtop stable and, similarly to DNA and RNA, they are readily 

accessible by chemical synthesis.51,52 They are also readily amenable to chemical modification 

via incorporation of non-natural monomers. However, like other large biomolecules, they are 

hampered by poor delivery across biological membranes and cytosolic access is likely a 

bottleneck limiting their efficacy.15–17,51,53 In addition to dozens of clinical studies employing 

shared tumor antigens, peptide vaccines have been used in a handful of clinical trials testing 

patient-specific neoantigen vaccines.15–19,22 While promising, further development is required 

to enhance the magnitude and quality of vaccine-induced T cell responses and, in the case of 

neoantigen vaccines, expand peptide production capabilities. Peptide vaccines are of 

considerable interest in vaccine development and extensive, ongoing work seeks to address 

their associated limitations, namely: production (for neoantigen vaccines), intracellular and 

cytosolic delivery, proteolytic stability, and biodistribution.1,21–24  Taking these considerations 

along with our expertise in peptide synthesis, we elected to focus on synthetic peptides as the 

antigen format in our efforts to improve cancer vaccines.  

 

1.5 Delivery of peptide vaccines 

 Effective delivery to the appropriate tissues, cells, and subcellular compartments is a 

significant challenge hindering the efficacy of cancer vaccines, including peptide antigens. 

Substantial effort has been dedicated to addressing the various levels to this problem, including 

stability to proteolysis, trafficking to the lymph nodes or spleen, delivery to specific cell types, 

and intracellular—particularly cytosolic—delivery.7,15,51 A range of strategies have been 
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developed to address these challenges include various classes of nanoparticles, antibodies and 

other targeting moieties, albumin binding lipids, and cell-penetrating peptides.  

 Nanoparticle vaccine delivery systems potentially address several aspects of the peptide 

vaccine delivery challenge: increasing stability to proteolysis by encapsulating or occluding 

antigen peptides and allowing multivalent incorporation of targeting and/or membrane crossing 

moieties.53 They can offer several additional benefits to vaccine efficacy, including controlled 

release of antigen or adjuvant molecules and co-delivery of antigen and adjuvant stimuli to the 

same antigen-presenting cells.54 However, biocompatibility remains a critical concern as the 

immunogenicity of some nanoparticles, while providing intrinsic adjuvant activity, can cause 

severe or allergic reactions.55 The complex synthesis and assembly of many nanoparticles 

further complicates their practical utility. Ultimately, reports of nanoparticle systems for cancer 

vaccine delivery focus largely on design and in vitro validation with some testing in animal 

models and clinical implementation is likely farther on the horizon than other approaches.53 

 Another approach aims to improve delivery of vaccine antigens to cell types of interest, 

namely various DC subsets, by covalent attachment to a targeting moiety. This has been 

primarily achieved by conjugating peptide or protein antigens to monoclonal antibodies (mAbs) 

targeting cell surface receptors such as DEC205 or Clec9A on cross-presenting DCs.56 Other 

targeting moieties have also been explored, including a range of antibody derivatives such as 

scFvs and nanobodies, as well as other classes of ligands like synthetic polymers that bind DC 

receptors.57,58 In addition to directing vaccine antigens to the appropriate cell types, careful 

selection of the target receptor might also promote favorable intracellular processing by guiding 

antigen to late v. early endocytic compartments.59 While promising, this work largely remains 

limited to in vitro and animal studies. 

 Another recently-identified strategy to promote vaccine antigen trafficking to lymph 

nodes involves binding to serum albumin. It has been demonstrated that size is a major 

contributing factor in determining whether a molecule injected subcutaneously traffics to the 

blood stream or the lymphatics, with increasing size favoring partitioning to the lymphatics.60  

This effect is likely a factor contributing to the success of nanoparticle and antibody-based 

approaches, as these alterations increase the overall size of the vaccine construct. Recently, Liu 

et al. determined that conjugation to lipid moieties that bind serum albumin could similarly 

facilitate lymph node trafficking, presumably by increasing the effective size of the vaccine 

molecule by associating with the 66 kDa protein.61 This strategy, deemed ‘albumin 

hitchhiking,’ is similar to the dye-targeting to lymph nodes done during sentinel lymph node 

trafficking and demonstrated impressive increases in vaccine efficacy in animal models.61–63 
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Developing creative ways to enhance lymph node trafficking could yield more effective cancer 

vaccines.  

Enhancing intracellular delivery is another key strategy to improve the efficacy of 

peptide vaccines.17 In particular, cytosolic delivery is an important goal for vaccines designed 

to elicit a CD8+ T cell response. The most salient approach to address intracellular delivery uses 

cell-penetrating peptides, which are discussed in detail in the following section (1.6). 

  

1.6 Cell-penetrating peptides 

 Cell-penetrating peptides (CPPs) are a broad class of peptides demonstrated to enhance 

the intracellular and, in some cases, cytosolic delivery of a variety of cargo. Since the first CPPs 

were discovered thirty years ago, over 1,000 sequences have been identified including 

sequences derived from natural proteins, novel sequences that are rationally designed or 

randomly generated, and chimeras combining one or more known CPPs.64–66 They range in 

length from approximately 5 to 40 amino acids and vary in their biophysical characteristics, 

with many sequences containing a large proportion of cationic residues while others are 

negatively charged or neutral. Most sequences are hydrophilic or amphiphilic, while some are 

more hydrophobic in nature.65 

The mechanisms of CPP-mediated cell entry have been debated at length, and consist of 

two main classes: endocytosis and direct translocation across the cell membrane.64–67 Virtually 

all CPPs appear to promote endocytosis to some extent, but the endocytic mechanism for 

different sequences as well as the efficiency of internalization vary.64–69 Early studies 

supporting direct translocation as the primary route for some sequences were later called into 

question, but it appears that some degree of direct translocation across the cell and/or endosomal 

membrane occurs under some conditions by a variety of proposed mechanisms.70–75  CPPs have 

been demonstrated to promote the intracellular delivery of a variety of cargo, including 

fluorophores and other small molecules, other peptide sequences, proteins, and nucleic acids as 

well as nucleic acid analogs.64,75–78 Notably, the efficiency and often the mechanism of cell 

uptake depend in part on the cargo, as well as on the CPP sequence, cell type, and treatment 

concentration.64–66,79–82 All of these factors must be considered in selecting a CPP for a given 

application.  

 CPPs have been applied to enhance vaccine efficacy, likely by boosting intracellular 

delivery.83,84 A handful of CPP sequences have been demonstrated to increase antigen delivery 

in vitro, including several highly cationic sequences as well as CPPs that are amphiphilic in 
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nature.83–90 Characterization of the mechanism of uptake for two of these sequences indicated 

that uptake is largely energy-dependent, that is, via endocytosis; further, analysis of one 

sequence demonstrated that antigen presentation proceeds primarily via the canonical MHC-I 

loading pathway, requiring cytosolic delivery.91,92 Several CPPs have been demonstrated to 

enhance endogenous T cell priming against vaccine antigens in animal models, including non-

human primates, and have shown efficacy in several murine tumor models.93–96 One sequence 

designed by Derouazi and colleagues has entered a Phase I clinical trial.97 While highly 

promising due to their ease of synthesis and versatility, only a handful of CPP sequences have 

been explored. Additionally, studies have been limited to a small number of model tumor 

antigens or, in many cases, an epitope from ovalbumin which is notoriously immunogenic 

relative to the majority of tumor antigens.85–87,93–96 Further, the mechanism by which CPPs 

enhance peptide vaccine efficacy is incompletely characterized, especially in vivo with regards 

to the actual level of uptake into different antigen presenting cells, stability, and lymph node 

trafficking. Addressing these outstanding mechanistic questions, expanding the range of CPPs 

tested, and demonstrating their generalizability to different antigens could confirm CPPs as a 

viable strategy to enhance the therapeutic efficacy of peptide cancer vaccines. 

 

1.7 Overview of thesis 

 This thesis will address challenges related to peptide cancer vaccines, with an aim to 

increase their effectiveness and generalizability by improving their synthesis and delivery. This 

work builds off our lab’s expertise in CPP optimization and design to aid in the delivery of 

synthetic nucleotide analogs for exon skipping as well as our automated fast-flow synthesis 

technology. Chapter 2 details the application of our synthesis technology to the production of a 

personalized neoantigen vaccine. Chapter 3 explores the generalizability and mechanism of 

CPPs for peptide vaccine delivery, implicating lymph node trafficking as well as intracellular 

delivery as critical factors in their success. Chapter 4 further expands on lymph node trafficking 

as a key strategy to enhance vaccine efficacy using two albumin binding moieties, including an 

albumin binding peptide. Chapter 5 details the development of a new technique to directly 

measure antigen presentation and applies this approach to evaluate two approaches to designing 

more effective peptide vaccines. The sixth and final chapter, which covers work towards our 

lab’s original CPP project, uses chimeric CPPs to deliver an antisense oligonucleotide that 

facilitates exon skipping.  
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 Chapter 2 addresses the production bottleneck in personalized cancer vaccines. As 

described above, high-throughput genome sequencing and computation have enabled rapid 

identification of mutation-derived, patient-specific neoantigens which can be synthesized and 

formulated as a vaccine, but generating the vaccine peptides for each patient in a rapid and 

affordable fashion remains difficult. High-throughput peptide synthesis technology is therefore 

urgently needed for personalized cancer vaccines to succeed in the clinic. Previously, we 

developed automated flow peptide synthesis technology that greatly accelerates the production 

of synthetic peptides. We show that this technology permits the synthesis of high-quality 

peptides for personalized medicine. Automated flow synthesis produces 30-mer peptides in less 

than 35 minutes and 15- to 16-mer peptides in less than 20 minutes. The purity of these peptides 

is comparable with or higher than the purity of peptides produced by other methods. This work 

illustrates how automated flow synthesis technology can enable personalized therapy by 

accelerating peptide synthesis and increasing purity. We envision that implementing this 

technology in clinical settings will greatly increase capacity to generate clinical-grade peptides 

on demand, which is a key step in reaching the full potential of personalized vaccines for the 

treatment of cancer and other diseases. 

 Chapter 3 confronts the delivery challenges associated with peptide vaccines using cell-

penetrating peptides (CPPs). As highlighted previously, CPPs are a straightforward approach 

to enhance the anti-tumor efficacy of peptide vaccines by improving uptake by antigen 

presenting cells. However, their impact on antigen behavior in vivo remains largely 

uncharacterized and reports to date concern only a limited number of CPPs and model antigens. 

Here, we screen a set of CPPs to compare their impact on T cell priming as well their mechanism 

of action at the cellular and systems levels. All CPPs increased antigen uptake and T cell 

activation in vitro and the majority also enhanced endogenous T cell priming in vivo, by up to 

20-fold. A top CPP, penetratin, similarly enhanced vaccine immunogenicity for other tumor 

antigens and provided significantly greater tumor protection compared to a vaccine with the 

unmodified antigen. After confirming that CPPs increase uptake by antigen presenting cells, 

according to their expected mechanism, we then explored their impact on antigen delivery and 

presentation in vivo. We determined that CPPs promote delivery to the lymph nodes and suggest 

passive trafficking mediated by serum protein binding as a likely mechanism. We demonstrate 

that CPPs prolong antigen serum stability and extend the duration of presentation in the draining 

lymph node, suggesting a temporal component to CPP-mediated vaccine immunogenicity. 

These findings support CPPs as a general strategy to boost the immunogenicity and efficacy of 
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therapeutic peptide vaccines and indicate several additional factors beyond intracellular 

delivery that contribute to their activity. 

Chapter 4 further expands on the use strategies that promote lymphatic trafficking to 

address the delivery challenge for peptide vaccines. As described above, one previously 

reported strategy involves binding of endogenous albumin upon injection via a diacyl lipid, 

which allows peptide antigens to “hitchhike” to the draining lymph node in a similar manner to 

the mechanism of action of sentinel lymph node mapping dyes used clinically. Here, we explore 

the scope of potential albumin binding moieties by testing whether an albumin-binding peptide 

and a small molecule, a-tocopherol, can successfully boost vaccine immunogenicity in vivo. 

We demonstrate that multiple albumin-binding moieties conjugated to peptide antigens 

enhanced lymph node accumulation and subsequent T cell priming. 

Chapter 5 describes the development of a new technique to measure presentation of an 

antigen of interest and its implementation screening two potential strategies for improving 

peptide vaccines. The ability to directly measure presentation of specific MHC-associated 

antigens could facilitate new avenues of investigation, including screening strategies to boost 

the presentation of vaccine antigens. We aimed to develop a new technique that is 

straightforward, quantitative, and higher throughput than existing techniques by combining 

direct elution of antigens from the surface of intact cells followed by targeted, high-sensitivity 

LC-MS/MS analysis. We validated the ability of this approach to quantify MHC-presented 

antigens in a generalizable manner, then applied it to characterize the dynamics of vaccine 

antigen presentation. With this technique in hand, we then began to explore the impact of D-

amino acid substitution as well as the impact of CPP conjugation on the magnitude and kinetics 

of vaccine antigen presentation. While instrumentation limits its sensitivity to the level of other 

MS-based techniques, we anticipate that the simplicity of our approach could enable design of 

vaccine antigens with optimal presentation and characterization of this fundamental process. 

 Chapter 6 does not concern cancer vaccines and instead focuses on the design of 

chimeric CPPs for our lab’s original CPP application, improving the delivery of 

phosphorodiamidate morpholino oligonucleotides (PMOs). PMOs are a promising class of 

therapeutics for genetic disease. PMOs designed for “exon skipping” must be internalized into 

cells, reach the nucleus, and act on pre-mRNA to mediate their effects. One tactic for improving 

PMO delivery and exon skipping is to covalently conjugate PMOs to CPPs. Here we report the 

synthesis of PMOs conjugated to CPP chimeras, constructed by combining multiple CPPs into 

one sequence. The chimeric CPPs synergistically improve PMO activity up to 70-fold over the 

PMO alone, beyond the expected effects of each component peptide. By investigating the 
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design space of CPP chimeras, we demonstrate that all components must be covalently attached, 

that the order of the two sequences matters, and that peptide identity can tune activity. We 

identified one chimera (pVEC-Bpep) to investigate in more detail and found that it engages 

different mechanisms of endocytosis than its parent peptides. We also examined the extent to 

which the beneficial effect comes from improved cellular uptake as opposed to the downstream 

steps required for exon skipping. Given the complexity of intracellular delivery, we anticipate 

this work will lead researchers to consider combining molecules with different physicochemical 

properties in order to aid in the delivery of biologic cargoes. Earlier projects using CPPs to 

deliver PMOs informed both this project as well as the application of CPPs to cancer vaccines, 

which we explored in parallel. 

This thesis tackles the synthesis bottleneck in producing personalized neoantigen 

vaccines using our in-house automated technology. It then applies our expertise in delivering 

large biomolecules gained with PMOs to the delivery of peptide vaccine antigens. After 

surveying a set of CPPs to demonstrate that they can deliver a range of vaccine antigens and 

enhance anti-tumor efficacy, we dissect their mechanism of action and determine that in 

addition to mediating intracellular delivery, they also promote lymph node trafficking via serum 

protein binding. We then assess several other albumin binding moieties for their ability to 

promote lymph node trafficking and vaccine efficacy. I also present a new technique to measure 

antigen presentation, facilitating vaccine optimization. The work described in this thesis 

represents a new direction for our lab that applies our existing synthesis and delivery 

capabilities to the challenge of therapeutic cancer vaccines. 
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2.1 Introduction 

Personalized medicine guided by genome-sequencing technology represents a new 

paradigm for disease treatment and prevention.1 These therapies offer the promise of precision, 

but also present a formidable challenge—administering custom-made treatments on demand.2-

4 Providing these treatments in a rapid and affordable fashion remains a barrier that currently 

limits their potential.5,6  

     A salient example for personalized medicine is that of personalized neoantigen vaccines for 

cancer, in which on-demand manufacturing for individual patients is a challenge.7-13 These 

vaccines are based on the array of somatic mutations that can form in a tumor, which encode 

novel, tumor-specific antigens, called ‘neoantigens’. Immune targeting of multiple neoantigens 

in concert is expected to promote selective immune activation against cancer cells and prevent 

immunologic escape. Indeed, five clinical trials testing personalized neoantigen vaccines in 

patients with melanoma and glioblastoma multiforme have shown that these treatments can 

generate immune responses in humans.12-16 Synthetic long peptides are a mainstay of the 

treatments, which have also been administered in conjunction with adjuvants.17,18 Four of the 

five clinical trials with personalized cancer vaccines have used synthetic peptides in the 

immunizing formulation,12-15 while the fifth study used synthetic RNA.16 All five trials also 

used several dozen shorter peptides per patient to perform ex vivo immune monitoring studies.  

     Personalized neoantigen-targeting vaccine studies use hundreds of peptides that range in 

length from 8 to 30 amino acids. In designing the peptides, several studies have adopted the 

following workflow: After a tumor biopsy, mutated epitopes were identified using whole-

exome sequencing (WES) of tumor and normal cells in parallel; Epitope peptides (EPTs) of 8 

to 10 amino acids that can bind to personal human leukocyte antigen (HLA) alleles were then 

identified using class I binding predictive algorithms;19 Up to 20 minimal class I epitope 

peptides were chosen as neoantigen vaccine targets, and were included within synthetic long 

immunizing peptides (IMPs) of 15 to 30 amino acids; The peptides were then synthesized by a 

commercial peptide vendor, cleaved and purified under good manufacturing practice (GMP) 

conditions, and then administered to the patient as immunizing peptides (see Fig. 2.1A). The 

long peptides, IMPs, were synthesized for vaccine administration, because similar peptides 

have been shown to effectively stimulate antigen-specific CD4+ and CD8+ T cells.17,18 In 

addition, shorter overlapping assay peptides (ASPs) were synthesized to evaluate immune 

responses. Figure 2.1B illustrates the EPTs, ASPs, and IMPs, summarizing the quantity of each 

set designed per patient. In the earlier studies, the average lead time to generate 20 IMPs ranged 
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from 18 to 20 weeks, which was largely devoted to the time-consuming and expensive synthesis 

of clinical-grade peptides.12,13 Minimizing this time and cost is vital to allow treatment of other 

cancer types, including metastatic cancers.   

     In 2017, we introduced an automated flow peptide synthesizer that accelerates the rate of 

peptide synthesis.20 This synthesizer builds on our previous advances with flow chemistry of 

fluorenylmethyloxycarbonyl (Fmoc)-based solid-phase peptide synthesis.20-24 The flow 

conditions can achieve quantitative amide-bond coupling in seconds, while standard microwave 

or batch peptide syntheses require minutes or even hours. Our automated flow synthesizer (see 

Fig. 2.1C) is composed of five main modules: (1) three solvent pumps, which continuously 

draw solutions of amino acids, activator base, deprotection agents, N,N-diisopropylethylamine 

(DIPEA), or N,N-dimethylformamide (DMF); (2) reagent storage bottles; (3) two heating loops, 

which preheat the solutions prior to flowing into the reaction vessel; (4) one heated reaction 

chamber, which stores the solid-support resin for synthesis; and (5) one UV-vis detector (not 

shown), which allows relative quantification of Fmoc removal during the deprotection step. 

 

  

Figure 2.1. Peptide design and production for a personalized neoantigen vaccine. (a) 

Workflow for the design and production of neoantigen vaccines. (b) Example peptide sequences 

for a wild type (WT), immunizing (IMP), immune monitoring assay (ASP), and epitope (EPT) 

peptide. (c) Schematic illustration of an automated flow peptide synthesizer (without connective 

capillary tubing and UV-vis module). 

 

Here we describe how automated flow peptide synthesis can facilitate the production of 

neoantigen peptides for personalized cancer vaccines. We show that automated flow peptide 

synthesis can produce high-quality 30-mer IMPs in less than 35 minutes, while other peptide 
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synthesis methods take several hours or days. We also show these peptides are equal or higher 

in quality when compared to peptides produced by microwave or batch synthesis, and that these 

peptides can be purified. Further, we demonstrate that automated flow synthesis technology 

enables high-throughput production of a set of 15- to 16-mer ASPs for immune-assessment 

assays. Our results illustrate how automated flow synthesis increases the rate and quality of 

peptide production. We envision that manufacturing neoantigen vaccines using this technology 

will greatly reduce turnaround time and increase availability, thereby enabling true on-demand 

administration of these personalized treatments. 

 

2.2 Results and Discussion 

Limitations of conventional peptide synthesis for personalized neoantigens. Generating the 

peptides needed for personalized neoantigen vaccines has been difficult using conventional 

peptide synthesis. Across two clinical studies, personalized neoantigen vaccines were designed, 

produced, and administered to 22 patients with either high-risk melanoma (NCT01970358) or 

newly diagnosed glioblastoma (NCT02287428).12,13 The peptides varied in length from 13 to 

34 amino acids, and averaged 23 amino acids. The peptides were synthesized by a commercial 

peptide vendor using conventional synthesis. The median turnaround time from design to 

synthesis was 18 to 20 weeks. Although 598 immunizing peptides were designed for these 

studies, only 400 peptides (67%) could be synthesized and purified (≥95% purity). 

     As a representative test case to evaluate the limits of neoantigen peptide production by our 

automated flow synthesis technology, we selected a set of 29 IMPs that were particularly 

difficult and time consuming to synthesize, called IMPs 1–29 (see Table 2.1). These peptides 

originated from 19 different genes and had previously been designed for inclusion in a 

vaccine.12  

     When the commercial vendor attempted to produce IMPs 1–29, their efforts yielded 

successful syntheses for only 17 of the 29 peptides. Of these 17, only 10 passed purity analysis 

requirements after purification (>95% HPLC purity). The other 7 IMPs remained lower in 

purity (89–94% HPLC purity), even after two or three rounds of purification. Challenges 

encountered throughout the synthesis and purification led to substantial manufacturing delays, 

and ultimately resulted in only 10 of 29 IMPs returned, or a 66% failure rate (see Fig. 2.2.A). 

     The following describes our synthesis and purification of IMPs 1–29 using automated flow 

peptide synthesis (see Fig. 2.2B). We envisioned that producing this set of 30-mer peptides 
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would test the limits of this technology and establish whether flow synthesis can facilitate on-

demand production of the immunizing peptides for personalized cancer vaccines.  

 

Table 2.1. Sequences of IMPs 1–29 from a previous clinical trial.  

 

 

 

 

 

 

 

 

 

 amino acid sequence gene 

origin 

IMP length vendor  

purity 

(%)a,b 

purified 

purity 

(%)a,c IMP 1 LTPLTLIQRMNLLMKISIHKLQKSEF PTEN 26 94 95 

IMP 2 MNLLMKISIHKLQKSEFFFIKRDKT PTEN 25 89 95 

IMP 3 DNEPDHYILTPLTLIQRMNLLMKISI PTEN 26  95 

IMP 4 IQRMNLLMKISIHKLQKSEFFFIKRDKTP PTEN 29  84 

IMP 5 RSSFIQHNMTHTRENPFYAKNVGKLFTTA ZNF599 29 94 96 

IMP 6 THTRENPFYAKNVGKLFTTAPHLLNI ZNF599 26 96 98 

IMP 7 KIKELLPDWGGQHHGLREVLAAALFAS CPT1C 27 99 96 

IMP 8 DWGGQHHGLREVLAAALFASCLWGA CPT1C 25  69 

IMP 9 SFKLENLEFPDMPLEEWQEIDEKINEMK AXDND1 28 95 95 

IMP 10 FTLQIRGRERFEMYRELNEALELKD TP53 25  56 

IMP 11 TLQIRGRERFEMYRELNEALELK TP53 23  92 

IMP 12 RAELQASDHRPVMAIVEVEVQEVDVG SYNJ2 26  47 

IMP 13 HRPVMAIVEVEVQEVDVGARERVF SYNJ2 24  96 

IMP 14 YSLDSSGNQNLYAMYQLSHFQSISVL PLEKHM3 26  53 

IMP 15 SSGNQNLYAMYQLSHFQSISVLG PLEKHM3 23 92 83 

IMP 16 TMLVSSLRDHFPDLPLHIHTHDTS PC 24 93 99 

IMP 17 HIRPLEKEKVIPLVTSFIEAL UTP20 21 98 97 

IMP 18 KEKVIPLVTSFIEALFMTVDKGSFGK UTP20 26  97 

IMP 19 DLNPLIKLSGAYLVDDYDPDTSL IGF2R 23 96 97 

IMP 20 KLSGAYLVDDYDPDTSLFINVCR IGF2R 23  98 

IMP 21 GDFSREWAEAQHMMRELRNRNFGKHL LAMA3 26 90 95 

IMP 22 DPRWIRAWWGGFLLCGALLF SLCO3A1 20  60 

IMP 23 SNLDITPDDPRWIRAWWGGFLLCGA SLCO3A1 25  45 

IMP 24 MEKQDKWTRKNIKNTRLIHFGDIQA PLBD1 25 99 75 

IMP 25 AHVIEDQHKFPNYFGKEIIGGMLDI CWF19L2 25 93 87 

IMP 26 YLTTVELYRCLEARQQEKHFEVLIS KIF18B 25 97 96 

IMP 27 YLTTVELYRCLEARQQEK KIF18B 18 99 95 

IMP 28 RRSTECSIHLEVIVDRPLQVFHVD PCDHAC2 24 98 88 

IMP 29 RLPGSSDCAASASKVVGITDDVFLPK FAM193A 26 97 95 

aDetermined by analytical RP-HPLC by integrating the peptide and impurity peaks at 214 nm. 

bSynthesized using batch peptide synthesis by the commercial vendor. 

cSynthesized using automated flow peptide synthesis.  
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Figure 2.2. Comparison of peptide synthesis methods. (a) Summary of IMPs produced by a 

commercial peptide vendor. (b) Summary of IMPs produced by flow synthesis. (c) RP-HPLC 

purity of unpurified (crude) IMP 10, IMP 14, IMP 16, and IMP 23 produced by flow, 

microwave, and batch synthesis. (d) Synthesis times of the four IMPs by flow, microwave, and 

batch methods. The upper, middle and lower hinges of the box plot indicate 75th, 50th and 25th 

quartiles, the whiskers extend to 1.5× the interquartile range below and above the lower and 

upper hinge, respectively. The Kruskal-Wallis test was used for comparing the synthesis times, 

which indicated the synthesis times are significantly different for each method (P = 0.0002).     

 

Comparison of flow, microwave, and traditional batch synthesis. First, we compared automated 

flow peptide synthesis with other methods. We synthesized four IMPs by flow, microwave, and 

batch peptide synthesis, using homologous coupling reagents and conditions for each method 

(see Tables 2.4 and 2.5), then we compared the synthesis quality and time.  

 We selected IMP 10, IMP 14, IMP 16, and IMP 23 to compare the flow, microwave, and 

batch peptide synthesis methods. We synthesized these IMPs on a 0.1 mmol scale by manually 

loading the C-terminal amino acid residue onto HMPB-ChemMatrix resin. We then coupled 

the subsequent amino acids with an excess of activated amino acid, according to previously 

published protocols for flow (10 equiv.),20 microwave (5 equiv.),25 and batch (12 equiv.)26 

peptide synthesis. After completion of the syntheses, the peptides were cleaved from the resin 

and the protecting groups were removed with a trifluoroacetic acid cleavage cocktail. The 
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peptides were then precipitated with diethyl ether (-80 oC), resuspended with CH3CN in H2O 

with 0.1% trifluoroacetic acid (TFA) and lyophilized. After lyophilization, we obtained the 

crude unpurified peptides as their TFA salts (white or yellow powder). 

     We then evaluated the quality of each synthesis by analyzing the unpurified IMPs using 

analytical RP-HPLC and LC/MS. The HPLC data were recorded using an Agilent Zorbax 5 µm 

300SB-C3 column (2.1 x 150 mm) with a gradient of 5–65% CH3CN with 0.08% TFA in H2O 

with 0.1% TFA and a flow rate of 0.8 mL/min over 24 min (see Fig. 2.3). We determined the 

peptide purity from each chromatogram by measuring the relative integrals of the peaks at 214 

nm (see Fig. 2.2C). The average purity of the IMPs produced by flow synthesis was 38%, while 

the average purity of the IMPs produced by microwave and batch peptide synthesis was 30%. 

Corroboratory HPLC data were also recorded using a Phenomenex Aeris 3.6 µm WIDEPORE 

C4 column (see Fig. 2.4). This analysis gave similar results: immunizing peptides produced by 

flow synthesis are comparable (IMPs 16 and 23) or higher (IMPs 10 and 14) in purity than those 

produced by microwave or batch synthesis. These results show that flow synthesis can generate 

peptides at a similar or higher purity compared to conventional synthesis methods (see Fig. 2.5).  

 In addition, the automated flow technology substantially reduced the synthesis time. The 

markedly shorter synthesis time for flow synthesis reflects the efficiency of the technology 

rather than the reaction conditions. Each flow synthesis was complete in less than 35 min, and 

all four peptides were complete in less than three hours. By comparison, each microwave 

synthesis was complete after 4 to 6 h and each batch synthesis was complete after 24 to 48 h 

(see Fig. 2.2D, Fig. 2.5).  
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Figure 2.3. Analytical RP-HPLC traces of IMP 10, IMP 14, IMP 16, and IMP 23. Produced 

by (a) automated flow, (b) microwave, and (c) batch synthesis. Conditions: Agilent Zorbax 5 

µm 300SB-C3 column (2.1 × 150 mm) with a gradient of 5–65% CH3CN with 0.08% TFA in 

H2O with 0.1% TFA and a flow rate of 0.8 mL/min over 24 min. 

 

 

Figure 2.4. Analytical RP-HPLC traces of IMP 10, IMP 14, IMP 16, and IMP 23. Produced 

by (a) automated flow, (b) microwave, and (c) batch synthesis. Conditions: Phenomenex Aeris 

3.6 µm WIDEPORE C4 column (4.6 × 150 mm) with a gradient of 5–65% CH3CN with 0.08% 

TFA in H2O with 0.1% TFA and a flow rate of 0.8 mL/min over 24 min. 
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IMP 10  IMP 14 

synthesis 

method 

synthesis time 

(hh:mm) 

mass 

(mg) 

purity 

(%) 

yield 

(%) 
 

synthesis 

method 

synthesis time 

(hh:mm) 

mass 

(mg) 

purity 

(%) 

yield 

(%) 

flow 00:31 107 39 22  flow 00:31 123.5 38 29 

microwave 04:30 55 20 6  microwave 02:30 27 21 4 

batch 32:48 45 15 4  batch 36:18 124 17 13 

           

IMP 16  IMP 23 

synthesis 

method 

synthesis time 

(hh:mm) 

mass 

(mg) 

purity 

(%) 

yield 

(%) 
 

synthesis 

method 

synthesis time 

(hh:mm) 

mass 

(mg) 

purity 

(%) 

yield 

(%) 

flow 00:30 93 45 24  flow 00:30 59 31 11 

microwave 03:06 82 47 22  microwave 03:30 12 31 2 

batch 33:00 95 48 26  batch 32:54 59 41 15 

 

Figure 2.5. Summary of synthesis data for unpurified IMPs 10, 14, 16, and 23 synthesized 

by flow, microwave, and batch peptide synthesis. Each graph shows synthesis time, isolated 

mass (mg), unpurified purity (%), and isolated yield (%). Purity (%) was determined with 

analytical RP-HPLC using an Agilent Zorbax 5 µm 300SB-C3 column (2.1 × 150 mm) by 

integrating the chromatogram peaks at 214 nm. Yield (%) was calculated based on the mass 

and purity of recovered peptide from a resin cleavage on a 0.05 mmol scale. 

 

Automated flow peptide synthesis of a neoantigen vaccine. We set out to produce at least 20 of 

29 IMPs, which was the target number of peptides per vaccine in previous clinical trials.12,13 

We performed these syntheses on a 0.1 mmol scale by manually loading the C-terminal amino 

acid residue onto HMPB-ChemMatrix resin, then coupling the subsequent amino acids in flow. 

After the syntheses were complete (<35 min), we cleaved and lyophilized the peptides to obtain 

the unpurified peptides as the TFA salt (white or yellow powder). Mass spectrometry (ESI) 

analysis of the unpurified peptides showed that the desired mass was the main product for all 

29 IMPs. Analytical RP-HPLC was then used to quantify the purity, which further indicated 

that automated flow peptide synthesis successfully produced all 29 IMPs (Fig. 2.6). Table 2.2 

summarizes the purity and yield of each unpurified IMP.   
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Figure 2.6. Unpurified neoantigen peptides produced by automated flow peptide 

synthesis. Analytical RP-HPLC traces of the unpurified IMPs 1–29. The relative integration of 

each IMP is shown on its corresponding trace (red), and was determined by integrating the 

peptide and impurity peaks at 214 nm. Conditions: Agilent Zorbax 5 µm 300SB-C3 column 

(2.1 × 150 mm) with a gradient of 5–65% CH3CN with 0.08% TFA in H2O with 0.1% TFA and 

a flow rate of 0.8 mL/min over 24 min. 

 

Purification of IMPs. We purified IMPs 1–29 to evaluate whether we could obtain these 

peptides in high purity for use in a vaccine (≥95%). The IMPs were purified by suspending 

them in a solution of CH3CN in H2O with 0.1% TFA, followed by preparative RP-HPLC and 

lyophilization of the clean fractions to obtain the IMPs as TFA salts (white powder). We then 

evaluated the purified IMPs by analytical RP-HPLC (see Fig. 2.7), and confirmed the results 

with corroboratory RP-HPLC analysis (see Fig. 2.8). Table 2.2 summarizes the final purity, 

HPLC retention time, and isolated yield for each IMP, based on the cleavage of 0.05 mmol 

(50% of resin from a 0.1 mmol scale synthesis). Before purification, 3 IMPs were obtained with 

a purity of ≥60%, 7 with a purity between 50 and 59%, 9 with a purity between 40 and 49%, 

and 10 with a purity of <40% (see Fig. 2.9). After purification, 17 IMPs were obtained with a 
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purity of ≥95%, 5 with a purity between 80 and 94%, and 7 with a purity of <80% (see Fig. 

2.9). The yield based on the loading of the first amino acid varied from 2 to 27% (3 to 47 mg), 

and averaged 11% (19 mg).  

 

 

Figure 2.7. Purified neoantigen peptides produced by automated flow peptide synthesis. 

Analytical HPLC traces of the purified IMPs 1–29. The relative integration of each IMP is 

shown on its corresponding trace (red), and was determined by integrating the peptide and 

impurity peaks at 214 nm. Conditions: Agilent Zorbax 5 µm 300SB-C3 column (2.1 × 150 mm) 

with a gradient of 5–65% CH3CN with 0.08% TFA in H2O with 0.1% TFA and a flow rate of 

0.8 mL/min over 24 min. 
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Figure 2.8. Analytical RP-HPLC traces of purified IMP 2, IMP 16, and IMP 20. 

Conditions: (a) Phenomenex Aeris 3.6 µm WIDEPORE C4 column (4.6 × 150 mm) with a 

gradient of 5–65% CH3CN with 0.08% TFA in H2O with 0.1% TFA and a flow rate of 0.8 

mL/min over 24 min; (b) Phenomenex Luna 5 µm C18(2) column (4.6 × 250 mm) with a 

gradient of 0–70% CH3CN in H2O with 0.1% TFA and a flow rate of 1.5 mL/min over 20 min; 

and (c) Agilent Zorbax 5 µm 300SB-C3 column (2.1 × 150 mm) with a gradient of 5–65% 

CH3CN with 0.08% TFA in H2O with 0.1% TFA and a flow rate of 0.8 mL/min over 24 min.   

 

 

Figure 2.9. Characterization of IMPs produced by automated flow peptide synthesis. The 

graphs show (a) the individual purity and (b) the distribution of purity for IMPs 1–29, before 

and after purification. The unpurified and purified purity is shown with red and blue bars, 

respectively. 
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Table 2.2. Summary of yield and purity data for unpurified and purified IMPs 1–29 synthesized by 

automated flow peptide synthesis.  

 average 

M.W. 

(g/mol) a 

a 

automated 

flow synthesis 

time (min) 

unpurified 

yield 

(mg)b,c 

unpurified 

purity 

(%)d,e 

purified 

yield 

(mg) b,c 

purified 

yield 

(%)c 

ret. time 

by 

RP-HPLC 

(min)d 

purified 

purity 

(%)d,e 

commercial  

vendor purity 

(%)d,f IMP 1 3096.82 31 101.1 55 18.1 10 17.5 95 94 

IMP 2 3096.76 30 95.9 60 31.5 16 13.5 95 89 

IMP 3 3082.67 31 93.5 35 26.3 15 18.2 95  

IMP 4 3591.36 35 141.4 54 36.6 16 13.7 84  

IMP 5 3396.78 35 100.5 69 50.8 24 11.7 96 94 

IMP 6 2983.37 33 109.6 54 30.4 17 13.5 98 96 

IMP 7 2957.41 32 77.8 35 7.3 4 14.4 96 99 

IMP 8 2666.00 30 26.6 45 8.0 5 17.0 69  

IMP 9 3482.88 33 103.8 39 46.6 24 15.9 95 95 

IMP 10 3157.56 31 107.3 39 6.9 4 13.0 56  

IMP 11 2895.30 34 100.2 25 25.7 14 12.5 92  

IMP 12 2877.21 32 73.8 43 5.1 3 13.0 47  

IMP 13 2765.16 30 86.9 25 3.3 2 14.2 96  

IMP 14 2966.26 31 123.5 38 3.5 2 14.3 53  

IMP 15 2544.81 27 47.7 51 16.1 12 13.6 83 92 

IMP 16 2770.12 30 93.1 45 47.2 27 12.6 99 93 

IMP 17 2432.91 25 59.9 39 9.3 6 15.8 97 98 

IMP 18 2885.41 31 51.6 50 9.7 6 19.0 97  

IMP 19 2537.80 27 44.8 40 8.3 6 14.2 97 96 

IMP 20 2604.90 27 53.0 51 7.0 5 13.5 98  

IMP 21 3216.59 33 108.1 41 30.6 15 13.6 95 90 

IMP 22 2377.83 24 35.1 33 12.4 9 18.7 60  

IMP 23 2860.24 30 59.1 31 5.5 3 16.4 45  

IMP 24 3071.52 31 82.3 47 6.2 3 10.7 75 99 

IMP 25 2872.26 30 80.7 44 32.1 19 14.0 87 93 

IMP 26 3069.48 34 65.9 45 18.8 10 13.5 96 97 

IMP 27 2243.53 22 78.2 54 21.5 16 11.9 95 99 

IMP 28 2849.25 30 91.3 62 13.3 8 13.4 88 98 

IMP 29 2634.00 31 34.7 43 11.3 7 12.2 95 97 

aCalculated molecular weight. 

bDetermined gravimetrically by weighing the peptide on an analytical balance. 

cBased on recovery from cleaving 50% of resin from a 0.1 mmol peptide synthesis. 

dDetermined by analytical RP-HPLC by integrating the peptide and impurity peaks at 214 nm. 

eZorbax 5 µm 300SB-C3 column (2.1 × 150 mm), 5–65% of CH3CN (0.08% TFA) in H2O (0.1% TFA) at 0.8 mL/min over 24 min. 

fPhenomenex Luna 5 µm C18(2) column (4.6 × 250 mm), 0–70% of CH3CN (0.1% TFA) in H2O (0.1% TFA) at 1.5 mL/min over 20 min. 

 

These results illustrate that high-fidelity peptide synthesis can facilitate purification. For 

the 17 purified IMPs obtained with ≥95% purity, the unpurified precursors averaged 46% 

purity. For the 9 that remained lower in purity, the unpurified precursors averaged 43% purity. 

This observation shows that a higher quality peptide synthesis can facilitate purification and, in 

turn, accelerate production overall.  

 

 High-throughput production of ASPs. Given the importance of shorter neoantigen peptides for 

immune monitoring, we determined whether we could rapidly produce ASPs and EPTs using 

our automated flow synthesis technology. In patients vaccinated with 20 IMPs, approximately 

40–50 of these peptides, 14–15 amino acids in length, are required for immune monitoring. 
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Since these peptides are not used for immunizations, they can be produced with lower purity 

(>70%) and in lower amounts (1 mg). We selected a set of ASPs as a test case to synthesize by 

automated flow peptide synthesis, called ASPs 1–48. Table 2.3 lists the sequences and lengths 

of the ASPs we produced by flow synthesis and also shows the final purity.  

 We synthesized the ASPs in a similar fashion as the IMPs, but also developed an 

efficient workflow for isolating these peptides from resin in parallel. This workflow, combined 

with flow synthesis, permitted the production of ASPs in a remarkably high-throughput fashion. 

Figure 2.10 summarizes the ASP purity after synthesis and purification.  

     We were able to successfully produce all 48 ASPs by automated flow peptide synthesis. The 

syntheses were complete in less than 20 min. We then cleaved multiple ASPs from resin in 

parallel. After the syntheses were complete, the resin was rinsed with CH2Cl2 and aspirated 

under vacuum until dry. We transferred an aliquot (~100 mg) of the dried resin into a 24-well 

filter plate. Within the plate, each well contained a filter at the bottom and, underneath the plate, 

a syringe-like dispenser. After covering the dispensers with luer-lock syringe caps, we added a 

TFA cleavage solution (2 mL) to each well for 2 h. We precipitated the peptides by adding 

chilled (-80 oC) diethyl ether (5 mL) to each well, removing the syringe caps, and allowing the 

solution to drain. We performed two additional washes with diethyl ether, then added a solution 

of H2O/CH3CN (90:10) with 6 M guanidine at pH 2 (1 mL) to re-suspend the peptides in 

solution. We then used a vacuum manifold to drain the solutions into separate glass screw-top 

vials (1 mL) for immediate purification. We found that this procedure worked well for isolating 

ASPs in a high-throughput fashion on a small scale (100 mg of resin).  
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Table 2.3. Sequences from a set of ASPs for a personalized neoantigen vaccine. 

 amino acid sequence length purity (%) 

ASP 1 ISTSSTIANILAAAV 15 86b 

ASP 2 IANILAAAVASISNQ 15 99b 

ASP 3 NNISNFFAKILFEEA 15 88a 

ASP 4 FAKILFEEANGRLVAS 16 92b 

ASP 5 SYEAYVLNIVRFLKK 15 88a 

ASP 6 YVLNIVRFLKKYKDSA 16 94a 

ASP 7 VRFLKKYKDSAQRDD 15 93a 

ASP 8 MEQGDWLIEGDLQVL 15 91b 

ASP 9 DWLIEGDLQVLDRVY 15 92a 

ASP 10 EGDLQVLDRVYWNDG 15 83a 

ASP 11 EQLRPLLASSLPLAV 15 73a 

ASP 12 LRPLLASSLPLAVRY 15 52a 

ASP 13c YFQIGYMISLIAFFT 15  

ASP 14c ISLIAFFTNFYIQTY 15  

ASP 15 HPSTVLDHKLEWVLY 15 78a 

ASP 16 HNLATYVFLHTMKGT 15 82a 

ASP 17 STVLDHKLEWVLYNE 15 78a 

ASP 18 RVTSAIHLIDSNTLQ 15 82a 

ASP 19 AIHLIDSNTLQVADI 15 65a 

ASP 20 IDSNTLQVADIDGST 15 82a 

ASP 21 TSISVHRYLGICHSL 15 54a 

ASP 22 HRYLGICHSLRALRW 15 88a 

ASP 23 ICHSLRALRWGRPRL 15 82a 

ASP 24 NPLYWNVVARWKHKT 15 90a 

ASP 25 NVVARWKHKTRKLSRA 16 82a 

ASP 26 KHKTRKLSRAFGSPY 15 95a 

ASP 27 ATYVFLHTMKGTPFE 15 65a 

ASP 28 VFLHTMKGTPFETPD 15 81a 

ASP 29 DRARREQERICLFSA 15 79a 

ASP 30 RREQERICLFSADPF 15 73a 

ASP 31 QERICLFSADPFDLE 15 96b 

ASP 32 SGSGVVSLHCLQHVV 15 76a 

ASP 33 VVSLHCLQHVVAVEA 15 86b 

ASP 34 HCLQHVVAVEAYTRE 15 84b 

ASP 35 LPHCSLIFPATNWIS 15 80a 

ASP 36 CSLIFPATNWISGGQ 15 97b 

ASP 37 IFPATNWISGGQNIT 15 86a 

ASP 38 SHEVLSHIFRYLSLQ 15 89a 

ASP 39 SHIFRYLSLQDIMCME 16 78a 

ASP 40 LSLQDIMCMESLSRK 15 64a 

ASP 41 RFNLIANQHLLAPGF 15 85a 

ASP 42 AAAFPSQRTSWEFLQ 15 84a 

ASP 43 SQRTSWEFLQSLVSIK 16 92a 

ASP 44 EFLQSLVSIKQEKPA 15 71a 

ASP 45c DVFLSTTVFLMLSTT 15  

ASP 46c TVFLMLSTTCFLKYE 15  

ASP 47 LHFIMPEKFSFWEDF 15 87 a 
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ASP 48 HFIMPEKFSFWEDFE 15 88 a 

aDetermined by analytical RP-HPLC by integrating the peptide  

and impurity peaks at 214 nm. 

bDetermined by LC/MS by integrating the peptide and impurity  

ions observed in the mass spectrum. 

cEfforts to synthesize and purify this peptide were unsuccessful. 

 

 

Figure 2.10. Characterization of purified ASPs produced by automated flow peptide 

synthesis. The graphs show (a) the individual purity and (b) the distribution of purity for ASPs 

1–48 after purification. (c) IFN-γ secretion by neoantigen-specific T cells against mutated 

ADAMTS7 (ASP 41) peptide. The PBMCs were cultured with 2 μg/mL mut-ADAMTS7 peptide 

for 14 days. 5×103 T cells were then co-cultured overnight in ELISPOT wells with 1×104 

antigen presenting cells and with either DMSO or an mut-ADAMTS7 peptide (10 μg/mL), 

followed by performing the IFN-γ ELISPOT assay.  

 

We then directly purified the ASPs by preparative RP-HPLC. After the purification, 39 

of 48 ASPs were obtained in sufficient purity (>70%) and amounts (>1 mg) to use for ex vivo 

characterization of immune responses. The individual purity varied, where 10 were obtained 

with a purity >90%, 20 with a purity between 80 and 90%, 9 with a purity between 70 and 80%, 

and 5 with a purity <70%; only 4 peptides were not recovered (after purification). 

We further evaluated the ASP quality by performing an immune monitoring assay. We 

selected ASP 41, which was used in a previous clinical trial to analyze a patient immune 

response after administration of the corresponding neoantigen-targeting vaccine.13 We 

performed an IFN-γ enzyme-linked immune absorbent spot (ELISPOT) assay to compare the 

ASP 41 produced by flow synthesis with an identical peptide produced by a commercial peptide 
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vendor. Patient-derived peripheral blood mononuclear cells (PBMCs) were stimulated with 

ASP 41 peptides from flow synthesis or the commercial vendor for 14 days. The ELISPOTs 

indicated that the ASP 41 from both flow synthesis and the commercial vendor generated an 

equivalent antigen-specific T cell response (see Fig. 2.10C, Fig. 2.11). This finding establishes 

that the quality of ASPs produced by flow synthesis is sufficient for use in immune monitoring 

assays. 

 

2.3 Materials and Methods 

2.3.1 Materials 

All reagents were purchased from commercial sources and used as received. N-α-Fmoc 

amino acids were purchased from CreoSalus or Novabiochem. O-(7-azabenzotriazol-1-yl)-

N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU), (7-azabenzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP), N,N'-

diisopropylcarbodiimide (DIC) were purchased from Chem-Impex. N,N-Dimethylformamide 

(DMF) was purchased from EMD Millipore. To each DMF bottle was added an AldraAmine 

trapping packet (Sigma-Aldrich) to minimize the accumulation of water and amine impurities. 

N,N-diisopropylethylamine (DIPEA), 4-(dimethylamino)pyridine (DMAP), piperidine, 

trifluoroacetic acid, triisopropylsilane, acetonitrile and 1,2-ethanedithiol (EDT) were purchased 

from Sigma-Aldrich. HMPB-ChemMatrix polyethylene glycol resin with a loading of ca. 0.5 

mmol/g was purchased from Pcas Biomatrix.  

2.3.2 Resin Loading 

HMPB-ChemMatrix resin (200 mg, 0.5 mmol/g, 100–200 mesh) was suspended in ca. 

5 mL of CH2Cl2 in a 6-mL fritted syringe and allowed to swell (15 min). The solution was 

drained, and the resin was rinsed three times with DMF and a solution was added of the first 

amino acid (1.0 mmol) with DIC (0.5 mmol, 78 µL) and DMAP (0.01 mmol, 50 µL of a 0.2 M 

solution in DMF) in 3.17 mL of DMF. The suspension was mixed gently and allowed to sit 

overnight (12–24 h). The solution was then drained and the resin was rinsed three times with 

DMF (5 mL). 

2.3.3 Automated Flow Peptide Synthesis 

We performed automated flow peptide synthesis on a ca. 0.1 mmol scale by manually 

loading the C-terminal amino acid residue onto HMPB-ChemMatrix resin, and by adding the 

subsequent amino acids by automated flow peptide synthesis.20  
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     The reagent storage bottles on the synthesizer contain stock solutions in DMF of amino acids 

(0.4 M), activating agents (0.38 M HATU or PyAOP), and the deprotecting agent (40% 

piperidine), as well as the activating base (DIPEA, neat). The amino acid and activating agent 

stock solutions are mixed during each coupling step to deliver 10 equiv. of activated amino acid 

to the resin. The concentrations of these stock solutions can be reduced (0.2 M amino acid and 

0.19 M activating agent (HATU or PyAOP)) to deliver 5 equiv. of activated amino acid, which 

does not extend the synthesis time and only marginally reduces the synthesis quality for ~30-

mer peptides.27  

     The three pumps are Varian Prostar 210 HPLC pumps, of which two are fitted with 50 

mL/min pump heads (400 μL of liquid per pump stroke) and deliver the amino acids and 

activating agents, whereas the third is fitted with a 5 mL/min pump head (40 μL of liquid per 

pump stroke) and delivers DIPEA. The two heating loops are a 10-ft stainless-steel loop at 90 

°C and a 5-ft stainless-steel loop at 25 °C, which heat the solutions prior to flowing over the 

resin. The reactor is a stainless steel chamber for holding a fritted syringe and is heated to 90 

°C. The UV-vis spectrophotometer monitors the absorbance at 312 nm, which allows relative 

quantitation of Fmoc removal during each coupling and deprotection step. The coupling and 

deprotection cycles are described in Table 2.4.   
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Table 2.4. Summary of coupling and deprotection steps performed during automated flow 

peptide synthesis.  

step 

# 

standard 

coupling and deprotection 

argininea 

deprotection and coupling 

histidineb 

deprotection and coupling 

1 amino acid (5 strokes, 1.6 mL) 

HATU (5 strokes, 1.6 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

 

arginine (5 strokes, 1.6 mL) 

PyAOP (5 strokes, 1.6 mL) 

90 oC heating loop; 90 oC reactor 

40 mL/min 

amino acid (5 strokes, 1.6 mL) 

HATU (5 strokes, 1.6 mL) 

25 oC heating loop; 90 oC reactor 

40 mL/min 

2 amino acid (7 strokes, 2.8 mL) 

HATU (7 strokes, 2.8 mL) 

DIPEA (7 strokes, 0.28 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

 

arginine (14 strokes, 5.6 mL) 

PyAOP (14 strokes, 5.6 mL) 

DIPEA (14 strokes, 0.56 mL) 

90 oC heating loop; 90 oC reactor 

40 mL/min 

amino acid (7 strokes, 2.8 mL) 

HATU (7 strokes, 2.8 mL) 

DIPEA (7 strokes, 0.28 mL) 

25 oC heating loop; 90 oC reactor 

40 mL/min 

3 DMF (35 strokes, 28 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

 

DMF (35 strokes, 28 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

DMF (35 strokes, 28 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

4 40% Piperidine (13 strokes, 5.2 mL) 

DMF (13 strokes, 5.2 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

 

40% Piperidine (13 strokes, 5.2 mL) 

DMF (13 strokes, 5.2 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

40% Piperidine (13 strokes, 5.2 mL) 

DMF (13 strokes, 5.2 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

5 DMF (35 strokes, 28 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

 

DMF (35 strokes, 28 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

DMF (35 strokes, 28 mL) 

90 oC heating loop; 90 oC reactor 

80 mL/min 

aArginine was coupled using a double coupling cycle, because the coupling efficiency of arginine is lower upon its formation of a γ-lactam. 

bHistidine was coupled at lower temperatures to minimize epimerization.  

 

The automated flow synthesis begins by prewashing the resin with DMF (80 mL/min, 

20 s, 90 °C) and performing an initial deprotection of the first amino acid, followed by 

automated steps that perform coupling, deprotection, and washing as follows: (1) This step 

primes the lines with the corresponding amino acid and coupling agent. Two pumps 

simultaneously flow at 40 mL/min for 5 strokes and a volume of 1.6 mL each (total volume of 

3.2 mL); (2) This step performs the standard coupling. Amino acid, coupling agent, and 

activator base solution flow to the resin using three pumps, two pumps simultaneously flow 

amino acid (11 equiv.) and coupling agent (10 equiv.) solutions at 40 mL/min for 7 strokes and 

a volume of 2.8 mL each (total volume of 5.6 mL), and one pump delivers DIPEA at 4 mL/min 

for 7 strokes and a volume of 0.28 mL; (3) This step washes the lines with DMF. Two pumps 

simultaneously flow DMF through the lines at 40 mL/min for 35 strokes and a volume of 14 

mL each (total volume of 28 mL); (4) This step performs the deprotection. Two pumps 
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simultaneously flow at 40 mL/min for 13 strokes, one pump delivers a solution of 40% 

piperidine (5.2 mL) and the other delivers DMF (5.2 mL). These solutions combine to give 20% 

piperidine at a flow rate of 80 mL/min and a volume of 10.4 mL; (5) This step washes the lines 

with DMF (same as step 3). Two pumps simultaneously flow through the lines at 40 mL/min 

for 35 strokes and a volume of 14 mL each (total volume of 28 mL). 

     These five steps were repeated for each amino acid until the peptide total synthesis was 

complete. At the end of the synthesis, the resin was manually washed four times with DMF (5 

mL) and four times with CH2Cl2 (5 mL). 

 

Table 2.5. Summary of coupling and deprotection steps performed during microwave peptide 

synthesis. 

step 

# 

standard 

deprotection and coupling 

argininea 

deprotection and coupling 

histidineb 

deprotection and coupling 

1 20% Piperidine (4 mL) 

75 oC for 15 s; 90 oC for 50 s 

 

20% Piperidine (4 mL) 

75 oC for 30 s 

20% Piperidine (4 mL) 

75 oC for 15 s; 90 oC for 50 s 

2 DMF (4 mL × 4) 20% Piperidine (4 mL) 

75 oC for 180 s 

 

DMF (4 mL × 4) 

3 amino acid (2.5 mL) 

HATU (1 mL); DIPEA (1 mL) 

75 oC for 15 s; 90 oC for 110 s 

 

DMF (4 mL × 4) amino acid (2.5 mL) 

HATU (1 mL); DIPEA (1 mL) 

25 oC for 120 s; 50 oC for 480 s 

4 DMF (4 mL × 2) amino acid (2.5 mL) 

HATU (1 mL); DIPEA (1 mL) 

75 oC for 15 s; 90 oC for 110 s 

 

DMF (4 mL × 2) 

5  DMF (4 mL)  

6  amino acid (2.5 mL) 

HATU (1 mL); DIPEA (1 mL) 

75 oC for 15 s; 90 oC for 110 s 

 

 

aArginine was coupled using a double coupling cycle, because the coupling efficiency of arginine is lower upon formation of a γ-lactam. 

bHistidine was coupled at lower temperatures to minimize epimerization.  

 
 

 

 

2.3.4 Microwave Peptide Synthesis 

We performed the microwave peptide syntheses on a ca. 0.1 mmol scale by manually 

loading the C-terminal amino acid residue onto HMPB-ChemMatrix resin, and by adding the 

subsequent amino acids by microwave peptide synthesis.25 The syntheses were performed on a 

CEM Liberty Blue peptide synthesizer with optimized conditions: amino acid solutions (0.2 M 
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in DMF); activator base DIPEA (0.5 M in DMF); coupling reagent HATU (0.5 M in DMF), 

and washing solvent DMF. The deprotection and coupling steps were performed according to 

the recommended sequences from the CEM Corporation Liberty Blue User Guide (Rev. 4), 

which guided the amount of coupling reagents used for the amino acids (5 equiv.) and HATU 

(5 equiv.). The coupling and deprotection cycles are described in Table 2.5. At the end of the 

synthesis, the resin was manually washed four times with DMF (5 mL) and four times with 

CH2Cl2 (5 mL).   

2.3.5 Resin Cleavage 

After each synthesis was complete, we cleaved the peptides from the resin and removed 

acid-labile protecting groups under acidic conditions. The cleavages were performed on half of 

the resin from each synthesis (ca. 0.05 mmol of peptide) with the treatment of a 94/2.5/2.5/1 

mixture of trifluoroacetic acid (TFA), triisopropyl silane, ethane dithiol, and water for 1 h at 

room temperature. More material can be obtained, if needed, after performing an additional 

resin cleavage and purification of the remaining ~0.05 mmol. The peptides were then washed 

three times by adding cold diethyl ether (40 mL, chilled to -80 °C in dry ice), mixing well, 

centrifuging (4000 rpm, 5 min), and decanting the supernatant. The remaining pellets were 

resuspended in 50% CH3CN in H2O with 0.1% TFA, filtered through a 0.2 µm nylon filter, 

frozen in liquid nitrogen, and lyophilized to give the unpurifed peptides as a white or yellow 

powder. 

2.3.6 RP-HPLC analysis of IMPs by the commercial peptide vendor 

The IMPs previously produced by the commercial vendor for in-human use were 

analyzed at 0.4 mg/mL on an Agilent 1200 HPLC system with a Phenomenex Luna 5 µm 

C18(2) column (4.6 mm × 250 mm) with a 0–70% gradient of CH3CN in H2O with 0.1% TFA 

and a flow rate of 1.5 mL/min. 

2.3.7 RP-HPLC and LC/MS analysis of unpurified and purified IMPs 

Lyophilized peptides were resuspended at 1 mg/mL in a 1:1 solution of H2O/CH3CN 

with 0.1% TFA, then analyzed on an Agilent 1200 HPLC system using an Agilent Zorbax 5 

µm 300SB-C3 column (2.1 mm × 150 mm) with a 5–65% gradient of CH3CN with 0.08% TFA 

in H2O with 0.1% TFA and a flow rate of 0.8 mL/min. Representative IMPs were also 

characterized using a: Phenomenex Aeris 3.6 µm WIDEPORE C4 column (4.6 mm × 150 mm) 

with a 5–65% gradient of CH3CN with 0.08% TFA in H2O with 0.1% TFA and a flow rate of 

0.8 mL/min; and Phenomenex Luna 5 µm C18(2) column (4.6 mm × 250 mm) with a 0–70% 

gradient of CH3CN in H2O with 0.1% TFA and a flow rate of 1.5 mL/min. 
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     A 1:100 dilution of each 1 mg/mL peptide solution was prepared and analyzed by LC/MS 

on an Agilent 6550 ESI-Q-TOF mass spectrometer equipped with an Agilent Poroshell 5µm 

300SB-C3 column (1 mm × 75 mm) with a 1–91% gradient of CH3CN in H2O with 0.1% formic 

acid and a flow rate of 0.4 mL/min.  

2.3.8 RP-HPLC purification of IMPs 

The peptides were purified with an Agilent Zorbax 7 µM SB-C18 Prep HT column (21.2 

mm × 250 mm) with a 10–59% gradient over 98 min of CH3CN in H2O with 0.1% TFA and a 

flow rate of 15.0 mL/min. The pure fractions were combined, frozen in liquid nitrogen, and 

lyophilized to give the peptides as a white powder in 2–27% yield (3–47 mg) based on recovery 

from cleaving 50% of resin from a 0.1 mmol scale synthesis. 

2.3.9 Patient samples 

Patients with high-risk melanoma provided informed consent and were enrolled 

between April 2014 and October 2015 to a single center, phase I clinical trial approved by the 

Dana-Farber/Harvard Cancer Center Institutional Review Board (NCT01970358).13 This study 

was conducted in accordance with the Declaration of Helsinki. Heparinized blood samples were 

obtained from study participants on Institutional Review Board-approved protocols at the 

DFCI. Patient PBMCs were isolated by Ficoll/Hypaque density-gradient centrifugation (GE 

Healthcare) and cryopreserved with 10% DMSO in FBS (Sigma-Aldrich). Cells from patients 

were stored in vapour-phase liquid nitrogen until the time of analysis.  

2.3.10 Generation and detection of patient neoantigen-specific T cells 

These experiments were performed as described in a previous publication.13 PBMCs 

were cultured in RPMI-1640 medium supplemented with L-glutamine, nonessential amino 

acids, HEPES, β-mercaptoethanol, sodium pyruvate, penicillin/streptomycin (Gibco), and 10% 

AB-positive heat-inactivated human serum (Gemini Bioproduct). For in vitro expansion of 

antigen-specific T cells, PBMCs were stimulated in 24-well cell culture plates at 5×106 cells 

per well with individual peptides (each at 2 μg/mL) in the presence of IL-7 (20 ng/mL; R&D 

Systems). On day 3, low-dose IL-2 (20 U/mL; Amgen) was added. Half-medium change and 

supplementation of cytokines were performed every 3 days. After 14 days, T-cell specificity 

was tested against the peptide by interferon (IFN)-γ ELISPOT. 

2.3.11 IFN-γ ELISPOT assay  

These experiments were also performed as described in a previous publication.13 IFN-γ 

ELISPOT assays were performed using 96-well MultiScreen Filter Plates (Millipore), coated 

with 2 μg/mL anti-human IFN-γ mAb overnight (1-D1K, Mabtech). Plates were washed with 

PBS and blocked with complete RPMI before use. 5×103 T cells were co-cultured with 1×104 
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autologous CD4+ and CD8+ T cell-depleted PBMCs (APC). Peptides (10 μg/mL) were directly 

added to the ELISPOT wells with APCs and incubated with T cells overnight in complete RPMI 

at 37 °C. The plates were rinsed with PBS containing 0.05% Tween-20 and then 1 μg/mL anti-

human IFN-γ mAb (7-B6-1-Biotin, Mabtech) was added, followed by Streptavidin-ALP 

(Mabtech). After rinsing, SIGMA FAST BCIP/NBT (5-bromo-4-chloro-3-indolyl 

phosphate/nitro blue tetrazolium; Sigma-Aldrich) was used to develop the immunospots, then 

the spots were imaged and counted (Cellular Technology Limited).  

 

Figure 2.11. IFN-γ secretion by neoantigen-specific T cell lines against mutated ADAMTS7 

(ASP 41) peptide. (a) The PBMCs were cultured with 2 μg/ml mut-ADAMTS7 peptide for 14 

days. 5×103 T cells were co-cultured with 1×104 antigen presenting cells with DMSO or mut-

ADAMTS7 peptide (10 μg/ml in ELISPOT wells overnight followed by IFN-γ ELISPOT assay. 

(b) Graph of the enumerated spot forming cells (SFCs) per 1 million cells. A two-sample two-

tailed t-test with Welch correction indicated no statistical difference (P > 0.05).  

 

2.4 Conclusions  

We set out to facilitate production of peptides for personalized medicine, specifically in 

the context of neoantigen vaccines. We evaluated each step throughout the synthesis, cleavage, 

and purification of neoantigen peptides to establish a high-throughput workflow. Our efforts 
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show that automated flow peptide synthesis can increase the rate and quality of peptide 

synthesis for IMP and ASP production. Flow synthesis produced IMPs with comparable or 

higher purity than either microwave or batch synthesis. Flow synthesis also permitted the 

production of a full set of neoantigen immunizing peptides, in addition to a full set of assay 

peptides that are of sufficient quality for use in immune monitoring assays.  

     Although automated flow peptide synthesis addresses the synthetic challenge of producing 

neoantigen peptides, obstacles in subsequent steps still prevent rapid production. The first 

challenge we encountered involved high-throughput cleavage of peptides from resin. Although 

we introduced a procedure for cleaving 24 peptides in parallel, further optimization is needed 

to implement this procedure on a larger scale. A second challenge is limited peptide solubility, 

which often delayed purification. A third challenge is peptide purification by preparative RP-

HPLC, which sometimes requires multiple rounds to achieve high purity (≥95% purity). 

Although these challenges are a standard part of peptide production, they can delay the 

manufacturing of neoantigen vaccines and ultimately postpone patient treatment. Creative 

solutions to these challenges are urgently needed to fully address the peptide production and 

scalability problems for personalized neoantigen vaccines.  

     Our work illustrates how automated flow technology can enable rapid peptide synthesis for 

personalized neoantigen vaccines, which is useful in broader contexts. The advent of rapid and 

affordable genome-sequencing technology is likely to enable other classes of personalized 

medicine that use peptides, oligonucleotides, or artificial biopolymers. We anticipate that 

automated flow synthesis can be leveraged to produce these treatments by tailoring the solid-

phase conditions to perform the corresponding coupling steps, which is part of ongoing work 

in our laboratory.  
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Chapter 3: Sequences that promote both lymphatic and 

intracellular delivery enhance the efficacy of peptide cancer 

vaccines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The work presented in this chapter was adapted from a manuscript in preparation: 

Holden, R.L.,* Backlund, C.M.,* Moynihan, K.D., Garafola, D.; Mehta, N.K., Farquar, C.E.; 

Irvine, D.J.; Pentelute, B.L. Sequences that promote both lymphatic and intracellular 

delivery enhance the efficacy of peptide cancer vaccines. In preparation.  

*These authors contributed equally to this work. 

Author contributions: 

R.L.H., C.M.B., K.D.M., B.L.P., and D.J.I. designed the study. R.L.H. synthesized the peptides 

and peptide conjugates for each experiment, with the assistance of C.E.F. for the design variants 

in Figure 3.2. C.M.B., K.D.M., and D.G., collected and analyzed animal data. R.L.H., C.M.B., 

and K.D.M. interpreted animal data; collected, analyzed, and interpreted in vitro data; and 

performed statistical analyses. N.M. collected and analyzed serum stability data. R.L.H. and 

C.M.B. wrote the manuscript in preparation reproduced here. 



  

 63 

3.1 Introduction 

Therapeutic peptide vaccines are a promising class of cancer immunotherapy with the 

potential to initiate, strengthen and guide the anti-tumor T cell response.1,2 They have been 

demonstrated to be immunogenic in a clinical setting, but their therapeutic efficacy has been 

limited.3–7 Several diverging methods are currently being explored to address these 

shortcomings, including streamlining antigen identification and design, optimizing vaccine 

format and administration, and exploring combinations with immune checkpoint blockade and 

other immunotherapies.1,2,8–13 Another complementary approach is to improve the delivery of 

vaccine molecules to the appropriate lymphatic tissue and cell types. This is particularly 

relevant for peptide vaccines, which have several advantages—peptides are synthetically 

accessible, easy to handle, readily amenable to chemical modification, and generally have a 

good safety profile—but are notorious for their short half-life in vivo.14,15 Designing peptide 

vaccines with more efficient delivery can significantly boost their immunogenicity and anti-

tumor efficacy.  

In order to prime an efficient T cell response, vaccine antigens must first traffic to the 

lymphatic tissue where immune responses are primed, namely the lymph nodes or spleen.16 

Vaccine molecules can be transported to the draining lymph node from the injection site via 

tissue resident antigen presenting cells, i.e. active trafficking, or simply enter the lymphatic 

vessels and be carried to the draining node via passive trafficking.16 Notably, relative size is a 

key factor determining whether material injected subcutaneously enters to the blood or 

lymphatic vasculature, with increasing size correlating to lymphatic partitioning.17 We have 

previously demonstrated that binding serum albumin can promote vaccine molecule trafficking 

to the draining lymph node in a phenomenon we have termed ‘albumin hitchhiking’ (see 

Chapter 1.5 and Chapter 4).18 Conjugating an albumin-binding moiety to a vaccine antigen or 

adjuvant can significantly enhance vaccine immunogenicity and efficacy.18,19 

After reaching the lymph node, vaccine molecules must then be internalized and 

presented by antigen-presenting cells, namely dendritic cells (DCs).16 Antigen presentation to 

CD8+ T cells occurs via cross-presentation. The canonical cross-presentation pathway requires 

that endocytosed antigen proteins or peptides reach the cytosol, where they undergo 

proteasomal degradation and transport to the endoplasmic reticulum to be further trimmed, 

loaded onto newly-synthesized major histocompatibility complex (MHC)-I molecules, and 

shuttled to the cell surface.16,20 Some approaches to improve vaccine efficiency use antibodies 
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or other targeting moieties to boost delivery to cross-presenting DC subsets.21,22 Others focus 

on directly enhancing cell uptake, in particular cytosolic delivery.  

Previous work has demonstrated that covalent attachment to a cell penetrating peptide 

(CPP) can facilitate vaccine antigen presentation and enhance anti-tumor efficacy.23–26 CPPs 

are sequences that have been shown to increase the intracellular and in some cases cytosolic 

delivery of a variety of cargo molecules. They range in their length, which is generally ~5-40 

amino acid residues; origin, derived from natural proteins, rationally design, or chimeras of 

existing CPPs; hydrophobicity; and net charge, with dense cationic residue content generally 

correlating with high uptake.27–29 Their delivery efficiency depends on a number of factors, 

including the aforementioned CPP properties, as well as the treatment concentration, cell type, 

and cargo. CPPs have been demonstrated to promote uptake of antigen peptides into DCs and 

to enhance vaccine immunogenicity in animal models, including non-human primates, and to 

improve anti-tumor efficacy in mice.30–38 One peptide vaccine that includes a covalently 

attached CPP recently entered a phase I clinical trial.39 However, the majority of studies using 

CPPs to promote peptide vaccine delivery are limited to one or two CPP sequences, preventing 

a thorough characterization of the CPP properties that contribute to vaccine efficacy.35–38 They 

are generally also limited to a handful of model antigens, making it difficult to evaluate the 

generalizability of this approach, with many studies only employing the highly immunogenic 

ovalbumin epitope SIINFEKL.32–35 Perhaps most importantly, the mechanism by which CPPs 

enhance vaccine efficacy is largely uncharacterized. There is evidence supporting increased 

intracellular delivery as a key mechanism, in keeping with their design, and one study employs 

a variety of small molecule inhibitors to evaluate the role of different endocytic routes and 

canonical proteolytic processing.40 However, the dependence on cross-presentation and the 

ability of CPPs to promote cytosolic delivery are unknown and the impact of CPPs on vaccine 

accumulation in lymph nodes and on their stability in vivo are poorly characterized. 

We have sought to address these limitations and explore the generality and mechanism 

by which CPPs enhance peptide vaccine efficacy. We screen a set of CPPs for their ability to 

promote T cell priming in vitro and in vivo, then probe the generality of a top CPP to other 

antigens from several different tumor models and confirm its impact on anti-tumor efficacy. 

Having established CPP conjugation as a general strategy to improve peptide vaccines, we then 

delve into their mechanism of action. We demonstrate that CPPs increase relative uptake into 

DCs. We then explore the impact of CPP conjugation on lymphatic trafficking, serum stability, 

and the duration of antigen presentation in vivo, revealing new mechanisms by which CPPs can 

enhance peptide vaccine efficacy. 
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3.2 Results and Discussion 

Antigen-CPP vaccine design and in vitro efficacy. To provide greater insight into the 

efficacy, generalizability, and mechanism of improving immune responses with CPPs, we 

selected eight previously reported sequences that ranged in hydrophobicity, net charge, length, 

and origin (Figure 3.1A). Using our automated flow synthesis technology, we synthesized 

several antigen peptides along with the chosen CPPs to rapidly generate a series of antigen-

CPPs using copper(I)-catalyzed click chemistry (Figure 3.1A). Applying this facile synthesis 

strategy, we were able to conjugate any CPP onto any antigen sequence with high yield and 

minimal purification. 

Figure 3.1 Conjugation to various CPPs increases T cell activation in vitro and improves 

immunogenicity of vaccine antigens. A) Eight CPPs varying in length, charge, 

hydrophobicity, and origin were selected and conjugated to two different model tumor antigens 

using copper(I)-catalyzed azide/alkyne cycloaddition. B) Primary splenocytes treated with the 

various antigen-CPP conjugates facilitate more effective reporter T cell activation than 

splenocytes treated with the antigen alone. C) Similarly, splenocytes treated with the antigen-

CPPs promote proliferation of reporter T cells than those treated with the antigen alone. D) 

Schematic overview of endogenous priming experiment. Mice (n = 4-5) were immunized with 

5 nmol of the antigen construct and 25  g cyclic-di-GMP as an adjuvant on Day 0 and again 

with an identical vaccine on Day 14. On Day 21, the antigen-specific T cell response was 

analyzed directly from a blood draw using intracellular IFN- staining. E) CPPs increased the 

immunogenicity of the melanoma antigen EGP by up to 20-fold. F) CPPs also enhanced 
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endogenous T cell priming to the colon carcinoma antigen Adpgk. **** p < 0.0001, *** p < 

0.001, ** p < 0.01. 

  

To evaluate the ability of the chosen CPPs to enable T cell priming in vitro, we 

employed the gp100 antigen EGP, from B16F10 melanoma, as a model antigen. Murine 

splenocytes were treated with either EGP-CPP or EGP alone, then co-cultured with pmel-1 T 

cells, with transgenic TCRs for EGP. The EGP-CPP peptides induced ~10x higher upregulation 

of CD69 on the pmel-1 T cells than the antigen alone indicating higher levels of activation in 

the presence of the CPPs (Figure 3.1B). Additionally, the splenocytes treated with EGP-CPPs 

enabled pmel-1 proliferation, whereas those treated with EGP were unable to stimulate 

expansion of the T cell population (Figure 3.1C). While there was some variation between the 

ability of the different CPPs to stimulate T cell activation and presentation, they were all 

statistically different from the EGP alone. This suggests that CPPs promote increased T cell 

responses by improving antigen delivery to APCs. 

CPPs vaccines increase in vivo T cell priming and delay tumor outgrowth.  We evaluated the 

ability of the CPP conjugated antigens to prime an immune response in vivo by immunizing 

c57b6 mice with EGP-CPP and cyclic di-GMP, a potent STING agonist, using a prime boost 

strategy (Figure 3.1D). Seven days after the boost, we assessed the level of circulating antigen 

specific CD8 T cell in the peripheral blood by quantifying the cells producing IFN-  and TNF-

  in response to ex vivo stimulation with the minimal epitope. While all of the CPPs tested 

here enhanced T cell priming toward EGP, MPG and pAntp increased the EGP specific CD8 T 

cell response around 20-fold (Figure 3.1E). To test the translation of CPP efficacy to another 

antigen, we tested a subset of CPPs conjugated to the neoantigen Adpgk from the colorectal 

cancer line MC-38. Similarly, MPG and pAntp outperformed the other CPPs in their ability to 

generate a T cell response (Figure 3.1F). Taken together, the enhanced in vivo T cell priming 

toward both EGP and Adpgk suggests that MPG and pAntp should be readily translatable 

boosting responses against other antigens.  

To screen optimal conditions, as well as construct design, we evaluated the in vivo 

performance of MPG and pAntp with and without the triazole linker using the same prime boost 

strategy above to ensure the conjugation did not play a role in the mechanism (Figure 3.2A). 

Both pAntp and MPG generated a robust CD8 T cell response against EGP regardless of 

attachment. Additionally, we noted that the adjuvant delivered in formulation with the peptides 

had a large impact on the ability of these antigen-CPPs to promote T cell priming (Figure 3.2B). 

After observing some precipitation after mixing the antigen and cyclic di-GMP, we explored 
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several approaches to support their solubility including formulation in 75 mM MgCl2, a 

chaotropic salt, with the pH adjusted to 7.4 rather than the typical phosphate-buffered saline. 

This formulation effectively minimized precipitation without impacting vaccine 

immunogenicity (Figure 3.2C). Consequently, we narrowed our investigation to the use of 

pAntp formulated with cyclic di-GMP suspended in 75 mM MgCl2.  

 

Figure 3.2. Evaluating vaccine design and formulation. A) Comparison of variants of EGP-

pAntp and EGP-MPG with the CPP conjugating at its N- or C-terminus (to the C-terminus of 

the antigen peptide; variants with the antigen and CPP linked through an amide bond or the 

triazole linkage shown in Figure 3.1A; and scrambled versions of the two CPPs. While the 

vaccine with the scrambled pAntp exhibited lower immunogenicity, no difference was observed 

for either CPP based on linker type or placement. B) Screen of a series of adjuvants for their 

ability to promote endogenous T cell priming against our vaccine antigen, ultimately settling 

on cyclic di-GMP, a potent STING agonist. C) No difference in immunogenicity was observed 

for vaccines comprised of Trp1 or Trp1-pAntp and c-di-GMP when formulated in phosphate-

buffered saline (“PBS”), 75 mM MgCl2 (“MgCl2”), a 75 mM MgCl2 in PBS (“PBS + MgCl2”), 

or a separate injection of the antigen and adjuvant in PBS (“Separate”). *p < 0.01; n.s., not 

significant. 
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Figure 3.3. CPPs are a general strategy to enhance vaccine immunogenicity and 

therapeutic efficacy. Endogenous T cell priming for A) two antigens from the b16f10 

melanoma model, EGP and Trp1. B) Adpgk and Reps1, neoantigens from the MC-38 colon 

adenocarcinoma model. C) Nsl, Imp3, Hspa14 and Tbrg4 from the GL261 and CT2A 

glioblastoma models. D) Timeline for therapeutic efficacy study using the TC-1 tumor model. 

E) T cell responses to the vaccine antigen E7 seven days after the third and final immunization. 

F) Tumor growth curves and G) survival curves. **** p < 0.0001; *** p < 0.001; * p < 0.05; 

n.s., not significant. 

 

To further explore the generalizability of CPPs, we assessed a series of antigens from 

several tumor models. Similar to EGP, the addition of pAntp increased the response to the 

B16F10 antigen Trp1 by over 10x (Figure 3.3A). While gains in efficacy were observed for the 

neoantigen Adpgk, with a 5.7x increase in T cell response, T cell priming against Reps1, a 

different neoantigen identified from the MC-38 model, did not increase significantly with 

pAntp conjugation (Figure 3.3B). We also observed that the addition of pAntp increased 

responses toward three of the four antigens identified from GL261 and CT2A murine glioma 

models, by 4.2x to 9.5x (Figure 3.3C). In general, the addition of pAntp enhanced antigen 
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specific CD8 T cell responses toward a variety of tumor model antigens, suggesting its 

versatility. 

To confirm the functionality of these newly formed antigen specific CD8 T cells, we 

tested the therapeutic, anti-tumor efficacy of a vaccine using the antigen E7. Mice were 

implanted with subcutaneous TC-1 tumors and then immunized with either the unmodified E7 

antigen or E7-pAntp three times at one week intervals (Figure 3.3D). We longitudinally 

monitored the T cell responses toward E7 over the course of treatment. The E7-CPP construct 

facilitated a 10x increase in T cell priming over the antigen only vaccine, with 6% of CD8 T 

cells producing IFN-  in response to stimulation with the minimal E7 epitope (Figure 3.3E). 

The vaccine containing E7-pAntp also afforded significantly reduced tumor growth than the 

antigen alone, prolonging survival by over 30 days (Figure 3.3F-G). Combination with other 

immunotherapies, such as checkpoint blockade or IL-2, may provide further therapeutic benefit 

and may be required for other tumor types. Having demonstrated that antigen conjugation to a 

CPP is a general strategy to improve the efficacy of peptide vaccines, we aimed to characterize 

their mechanism of action. 

CPPs promote intracellular delivery into antigen presenting cells. In accordance with 

previous reports on the mechanism of action of CPPs, we hypothesized that they enhanced T 

cell priming through efficient delivery of the vaccine antigens into DC2.4 cells, both through 

endosomal and cytosolic uptake. To confirm this, we synthesized a set of fluorophore-labeled 

EGP-CPPs (fluor-Ag-CPP) using Thiol-Michael addition. To evaluate intracellular delivery, 

we incubated DC2.4 cells with 2.5 M of each labeled vaccine construct for 1 hour, then treated 

with trypsin to release cells and remove any surface associated extracellular peptide and 

analyzed via flow cytometry. Cells treated with fluor-Ag-CPPs exhibited at least a 20x increase 

in median fluorescence intensity (MFI) relative to those treated with the labeled antigen (Figure 

3.4A), confirming that the addition of any of the assessed CPPs increases antigen uptake by 

over an order of magnitude. We corroborated these findings by confocal microscopy of the 

treated DC2.4 cells, where the samples treated with fluor-Ag-CPPs significantly enhanced 

vaccine antigen uptake and revealed some co-localization with endosomes (Figure 3.4B). It is 

worth noting that the antigen-CPPs exhibiting the highest uptake in DC2.4s were not necessarily 

the most effective at enhancing vaccine immunogenicity. While the top sequence, MPG, also 

facilitated highly efficient T cell priming, the second two sequences, Arg8 and TP10, were 

significantly less effective in vivo. Part of the observed discrepancy in uptake and cytosolic 

access might be attributed to the notion that CPP sequences that are most efficiently 

endocytosed are not necessarily the best at promoting delivery across the cell and/or endosomal 
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membrane. It may also suggest that additional mechanisms beyond enhanced cell uptake and 

direct cytosolic access could play a critical role in increasing CPP vaccine efficacy. 

 

Figure 3.4. CPPs increase intracellular delivery. A) Uptake of SulfoCy5-labeled EGP and 

EGP-CPPs into DC2.4 cells after incubation for 1 hour at 2.5 M, analyzed via flow cytometry. 

B) Confocal imaging of SulfoCy5-labeled EGP and EGP-CPP delivery into DC2.4 cells after 

2.5 M incubation for 1 hour. Cells were also stained with Hoescht and a lysosomal marker. 

**** p < 0.0001; ** p < 0.01; n.s., not significant. 

 

CPPs enhance lymphatic trafficking of a vaccine antigen. Prior to DC uptake and 

presentation in vivo, antigen-CPPs must reach a lymph node where they can closely interact 

with naïve T cells to stimulate formation of an antigen specific response. Implementing a set of 

fluor-EGP-CPPs labeled with Bodipy-Texas Red (BDP-TR), we observed an increase in the 

amount of vaccine construct present in the inguinal and axillary lymph nodes 24 hours after 

immunization (Figure 3.5A). All of the CPP constructs resulted in some accumulation of BDP-

TR signal relative to the fluor-EGP alone, with several fluor-EGP-CPPs showing up to a 5-fold 

increase (Figure 3.5B). It is worth noting that two of the CPPs that trafficked most efficiently, 

pAntp and MPG, were most effective at promoting endogenous T cell priming (Figure 3.1). 
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Although increased lymph node trafficking is not a complete predicator of T cell priming, such 

as the case with TP10, it does suggest one mechanism by which CPP conjugation improves 

vaccine efficacy. Given that lymphatic trafficking was not an explicit design consideration in 

these antigen-CPP constructs, we next sought to explain the high accumulation of signal in the 

lymph nodes. 

Association with serum proteins may facilitate passive trafficking. Amphiphilic lipids have 

been previously shown to increase association with albumin increasing the effective molecular 

weight resulting in more efficient trafficking via the lymphatic system. Due to the cationic and 

hydrophobic nature of CPPs, we hypothesized that these peptides might inadvertently facilitate 

passive lymphatic trafficking through a similar mechanism. To evaluate serum protein binding, 

we performed a pulldown assay from which CPP association with several proteins of different 

molecular weights were detected (Figure 3.5C). In particular, a band at 25-30 kDa was observed 

for nearly all antigen-CPPs, but minimal protein binding was observed for the antigen alone. 

The intensity of the band was highest for EGP-pAntp and EGP-MPG, paralleling their increased 

signal in the lymph nodes and their high T cell priming. This band was excised, subjected to an 

in-gel trypsin digest, and analyzed via LC-MS/MS to identify fragment peptides. A database 

search revealed it to be murine apolipoprotein A1, a 30.6 kDa murine serum protein. Several 

larger molecular weight bands were also observed for several of the EGP-CPPs with higher 

cationic residue content; these bands will be similarly identified. Faint bands corresponding to 

a multitude of proteins were also present for many antigen-CPPs, indicating weak association 

with a range of serum proteins. All identified serum proteins will be confirmed by measuring 

binding to the relevant antigen-CPP conjugates via bio-layer interferometry and a pulldown 

assay using isolated samples of the relevant proteins. These findings suggest a new mechanism 

for CPP-mediated vaccine immunogenicity that takes advantage of serum protein binding to 

aid in transport to the draining lymph node. 

CPP conjugation enhances vaccine antigen serum stability. In addition to promoting lymph 

node trafficking, we hypothesized that association with serum proteins could prolong the serum 

stability of our vaccine antigens. We pulsed splenocytes with either serum-treated constructs or 

fresh material to determine the concentrations required to activate pmel-1s, with a lower fold 

change in the EC50 serving as an indicator of increased stability. The change in EC50 for the 

EGP-CPPs ranged from 0.8-fold to 3.5-fold, indicating that CPP conjugation significantly 

increased antigen serum stability as compared with the 16-fold change observed for EGP alone 

(Figure 3.5D). 
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Figure 3.5. CPP conjugation promotes lymph node trafficking and enhances serum 

stability, likely due to association with serum proteins. A)  Epifluorescence of the whole 

axillary and inguinal lymph nodes were analyzed by IVIS at 24 hours (n=2). B) Quantification 

of epifluorescence from A) in terms of radiant efficiency (photons/sec/steradian/ W). C) 

Protein gel of eluted serum protein after association with CPPs. D) Serum stability of antigen 

constructs as determined by the EC50 for both the fresh and serum-treated samples, with a 

smaller EC50 fold-change corresponding to greater protection in serum. **** p < 0.0001; ** p 

< 0.01. 

 

CPP conjugation extends the duration of T cell priming. Considering this enhanced serum 

stability and more efficient trafficking, we hypothesized that CPP conjugation could extend the 

duration of T cell activation against a vaccine antigen. To this end, we adoptively transferred 

pmel-1s into mice vaccinated with either EGP or EGP-pAntp over a period of 15 days (Figure 

3.6A). The axillary and inguinal lymph nodes along with the spleen were harvested 24 hours 

after the AT and upregulation of CD69 on the pmel-1s was measured. We observed similar 

levels of activation for both EGP and EGP-pAntp when the mice were boosted the day before 

the AT. If the mice were boosted 4 or more days prior to AT, the level of activation dropped in 

the axillary lymph node for both EGP and EGP-pAntp and in the inguinal lymph node for the 

antigen alone, suggesting transient, short lived priming and activation (Figure 3.6B). The EGP-

pAntp, on the other hand, was still able to induce CD69 upregulation in the inguinal lymph 

node even when it was injected up to 15 days prior (Figure 3.6B). This extended activation 

suggests that, in addition to increasing uptake by APCs and promoting lymph node trafficking, 

there is a temporal component to the mechanism by which CPPs enhance vaccine efficacy.  
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Figure 3.6. CPP conjugation extends antigen presentation in the draining lymph node. A) 

Timeline of experiment. Mice (n=5) were immunized either 2, 5, or 9 days prior to analysis. 

One day prior to analysis, pmel-1 T cells were adoptively transferred. Axillary and inguinal 

(draining) lymph nodes were resected and analyzed via flow cytometry to determine the extent 

of pmel-1 T cell activation within the relevant lymphatic compartment. B) T cell activation in 

the indicated lymph nodes measured as CD69 upregulation. Statistical analysis conducted using 

the student’s t-test. **** p < 0.0001. 

 

3.3 Materials and Methods 

3.3.1 Reagents 

H-Rink Amide-ChemMatrix and HMPB-ChemMatrix resins were obtained from PCAS 

BioMatrix Inc. (St-Jean-sur-Richelieu, Quebec, Canada). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium-3-oxid- hexafluorophosphate (HATU), 4-pentynoic acid and Fmoc-

(azido)ornithine-OH were purchased from Chem-Impex International (Wood Dale, IL). Fmoc-L- 

Arg(Pbf)-OH, Fmoc-L-His(Trt)-OH, Fmoc-L-Lys(Boc)-OH, Fmoc-L-Asp(tBu)-OH, Fmoc-L- 

Glu(tBu)-OH, Fmoc-L-Ser(tBu)-OH, Fmoc-L-Thr(tBu)-OH, Fmoc-L-Asn(Trt)-OH, Fmoc-L-Gln(Trt)- 

OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-Gly-OH, Fmoc-L-Ala-OH, Fmoc-L-Val-OH, Fmoc-L-Leu-OH, 

Fmoc-L-Ile-OH, Fmoc-L-Met-OH, Fmoc-L-Phe-OH, Fmoc-L-Pro-OH, Fmoc-L-Tyr(tBu)-OH, and 

Fmoc-L-Trp(Boc)-OH were purchased from EMD Millipore (Burlington, MA). 7-Azabenzotriazol-1-

yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyAOP) was purchased from P3 

BioSystems (Louisville, KY). Peptide synthesis-grade N,N-dimethylformamide (DMF), CH2CL2, 

diethyl ether, and HPLC-grade acetonitrile were obtained from VWR International (Radnor, PA). Sulfo-
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Cyanine5-maleimide and BODIPY-Texas Red-maleimide (BODIPY-TR-maleimide) were 

purchased from LumiProbe. All other reagents involved in peptide preparation were purchased from 

Sigma-Aldrich (St. Louis, MO). Milli-Q water was used exclusively.  

  

3.3.2 Peptide synthesis 

The antigen peptides and the CPPs indicated Figure 3.1A were produced using an 

automated solid-phase peptide synthesizer as previously described.15 Briefly, equal volumes of 

a protected amino acid monomer (0.4 M in dimethyl formamide, DMF) and 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 

hexafluorophosphate (HATU, 0.38 M in DMF) were combined to form an active ester then 

mixed with diisopropylethylamine (DIEA, neat, final concentration 1 M), heated to 90 C, and 

flowed at 20 mL/min across 150 mg of H-Rink amide ChemMatrix resin contained within a 

fritted syringe which served as a single-use reactor. After a DMF wash, the N-terminus of the 

coupled monomer was de-protected with 20% piperidine, 2% formic acid in DMF (v/v) to 

regenerate the N-terminus, then the resin was washed again with DMF. This cycle was repeated 

until the entire sequence was completed. For sequences conjugated using copper(I)-catalyzed 

azide/alkyne cycloaddition (CuAAC), batch couplings were used to couple azido-ornithine at 

the C-terminus of the antigen peptides and 4-pentynoic acid at the N-terminus of each CPP, 

with the exception of the ‘C-C’ design variants of pAntp and MPG, in which propargyl glycine 

was coupled at the C-terminus. For batch couplings, the indicated monomer was dissolved in 

DMF along with HATU (0.4 M and 0.38 M respectively, final volume 2.5 mL), then the 

solution was mixed with 500 L neat DIEA and added to the appropriate peptidyl resin. The 

reaction was incubated at room temperature for thirty minutes, then washed with DMF. After 

synthesis was complete, peptidyl resins were washed with dichloromethane and dried under 

vacuum. Peptides were cleaved from resin by incubating in 5% water, 5% thioanisole, 5% 

phenol, and 2.5% ethane dithiol in trifluoroacetic acid (TFA, v/v). Peptides were triturated in 

cold diethyl ether, resuspended in 50:50 water: acetonitrile (v/v) with 0.1% TFA as an additive, 

and lyophilized.  

3.3.3 Peptide purification 

Crude peptides (~200 mg) were suspended in 20 mL of either 5% or 15% acetonitrile 

in water (v/v) with 0.1% TFA as an additive and filtered through a 0.22 m syringe filter. 

Peptides were then purified via preparative mass-directed reversed-phase HPLC (MD RP-

HPLC) using water with 0.1% TFA as mobile phase A and acetonitrile with 0.1% TFA as 

mobile phase B. For each purification, solvent was flowed at 20 mL/min over an Agilent Zorbax 
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300SB-C3 column (21.2 x 250 mm, 7 μm) using a linear gradient ramping from either 5 to 35% 

B or 15 to 45% B over 60 minutes, with fractions collected in 10 mL increments. Fractions 

were pooled according to data from the instrument’s in-line quadrupole mass spectrometer and 

lyophilized.  

Antigen-CPP click conjugates and fluorophore-labeled conjugates were purified in a 

similar manner post-reaction using semi-preparative (MD RP-HPLC). Solvent was flowed at 4 

mL/min over an Agilent Zorbax 300SB-C3 column (9.4 x 250 mm, 5 μm) using a linear gradient 

ramping from either 5 to 35% B or 15 to 45% B over 60 minutes, with fractions collected in 4 

mL increments. Fractions were pooled and analyzed as above. All peptides and peptide 

conjugates were characterized via LC-MS to verify identity and purity.  

3.3.4 Antigen conjugation 

The indicated azide-containing long antigens were conjugated to each alkyne-CPP via 

Cu(I)-catalyzed click chemistry. Approximately 1 mol of each reagent was dissolved in 30:70 

water: dimethyl sulfoxide (DMSO, v/v) that had been sparged with N2. Reactions were 

incubated for 1 hour on a nutating mixer, then quenched with the addition of 10 mL water with 

0.1% TFA additive. Conjugates were then purified via reversed-phase HPLC as described 

above and isolated with >90% purity. Product identity and purity were verified via LC-MS.  

Antigen or antigen-azide peptides (20 mg) were massed out into a 50 mL conical vial 

and dissolved in 45 mL water, then combined with equimolar BDP-TR-maleimide or SulfoCy5-

maleimide (50 mM stock in DMSO). Reactions were incubated for 30 minutes at room 

temperature on a nutating mixer, then filtered with a 0.22 m syringe filter and purified by RP-

HPLC as described above. Alternately, for the antigen-azide peptides, which were subsequently 

conjugated to various alkyne-CPPs and purified, the reaction mixture was lyophilized 

immediately without purification in order to minimize loss of material. Product identity and 

purity were verified via LC-MS.  

3.3.5 LC-MS analysis 

Unless otherwise stated, LC-MS analyses were performed on an Agilent 6520 ESI-

QTOF mass spectrometer with an Agilent Zorbax column (300SB C3, 2.1 x 150 mm, 5 μm). 

Mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1% formic acid in 

LC-MS grade acetonitrile. The LC-MS method was as follows: 1% B from 0 to 2 min, linear 

ramp from 1% B to 61% B from 2 to 11 min, 61% B to 99% B from 11 to 12 min and finally 3 

min of post-time at 1% B for equilibration, flow rate: 0.8 mL/min. Some LC-MS analyses were 

performed on Agilent 6550 ESI-QTOF mass spectrometer with an Agilent Zorbax column 

(300SB-C3 2.1 x 150mm, 5µm). Mobile phases were same as previous and the gradient was as 
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follows: 1% B from 0 to 2min with a linear gradient from 1 to 95% B over 10 minutes, then 

95% B for 1 minute with the MS on from 4 to 12 minutes and a flow rate of 0.5 mL/min. All 

data were processed using the Agilent MassHunter software package. Y-axis in all 

chromatograms represents total ion current (TIC) unless noted.  

3.3.6 Serum stability LC-MS assay 

Peptides were incubated at 5 µM in PBS with 5% mouse serum (Gibco) at 37 °C for 

24 hours. At the indicated time points, a 5 µL aliquot of the reaction mixture was removed, 

transferred to a fresh 1.5 mL microcentrifuge tube, and lyophilized. These aliquots were then 

re-suspended in water with 0.1% TFA and analyzed via LC-MS using an Agilent 6550 ESI-

QTOF and the method described above. 

3.3.7 Cells 

DC2.4 cells were provided by K. Rock (UMass Medical School) and TC-1 cells were 

provided by T.C. Wu (Johns Hopkins University). All cell lines were cultured in complete 

RPMI-1640 medium (GE Healthcare Life Sciences; supplemented with 10% FBS, 100 units/ml 

penicillin, and 100 µg/mL streptomycin). T cells and splenocytes were cultured in complete 

RPMI with 20 mM HEPES, 1 mM sodium pyruvate, 0.05 mM B-mercaptoethanol, and 1X non-

essential amino acids. Cells were maintained at 37 °C and 5% CO2 and DC2.4 cells were split 

at a 1:8 ratio every three days or at 80% confluency.  

3.3.8 In vitro activation assay 

Splenocytes were harvested from wild-type c57bl6 mice and plated with 105 cells per 

well in a 98-well plate. Splenocytes were treated for one hour with 0.5 µM peptide, then fresh 

media was exchanged and splenocytes were co-cultured with 5x104 CFSE-stained pmel-1 T 

cells. Activation of the pmel-1 T cells was measured at 24 hours via staining with Thy1.1 as a 

co-injection marker and upregulation of CD69. Pmel-1 proliferation was assessed at 72 hours 

by flow cytometry.  

3.3.9 Serum protein pulldown 

Protein binding to the CPPs was assessed using the Pierce™ Biotinylated Protein 

Interaction Kit (Thermo Scientific). Briefly, biotinylated CPPs were bound to the provided 

streptavidin beads. Excess peptide was washed from the column by centrifugation. 50% mouse 

serum in PBS was applied to the column for 1 hour. The serum proteins were washed off the 

column using PBS and centrifugation until elute produced undetectable levels of protein as 

assessed by protein gel electrophoresis. Proteins bound to the CPP-Beads were then eluted using 

a mild acid and assessed by gel electrophoresis. Bands were excised and lyophilized, then 

reconstituted in a digestion solution (50 mM NH4HCO3 with 12.5 ng/L trypsin) and incubated 
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on ice for 45 min, then another 10 L of the digestion solution was added and samples were 

incubated overnight at 37 C. Solution was exchanged by adding 15 L 20 mM NH4HCO3, 

then spinning and removing and saving supernatant. Peptides were extracted three times by 

treating with 20 L water: acetonitrile (v/v) with 5% formic acid for 20 minutes at room 

temperature. Extracted fractions were added to supernatant from previous step, then combined 

sample was concentrated and de-salted using a C18 zip-tip. Samples were analyzed using a 

Thermo Oribtrap Fusion Lumos Tribrid Mass Spectrometer and data was processed using 

PEAKS proteomics software to perform de novo sequencing and a database search. 

3.3.10 Activation-based serum stability assay  

Following prime and boost of mice with EGP peptides, CD8+ T cell responses were 

confirmed on day -1. On the day of the experiment, spleens from vaccinated animals were 

excised, mashed through 70 μm filters (Corning), lysed in ACK buffer, pooled, and plated in 

96 well V-bottom plates (1 spleen per 30 wells). 24 hours before ex vivo stimulation, mouse 

serum from naïve animals was freshly collected in collection tubes with Z-Gel to remove 

clotting factors (Sarstedt) and used to prepare RPMI-1640 + 10% mouse serum media. 30 μM 

antigen solutions were prepared in RPMI-1640 + 10% mouse serum and incubated at 37 °C. 

After a 24 hour incubation, fresh antigen was similarly prepared at 30 μM in RPMI-1640 + 10% 

mouse serum and both solutions were immediately diluted 4x with RPMI-1640 + 10% FBS; 

serial dilutions were prepared and used to re-stimulate the aforementioned splenocytes from 

vaccinated animals. CD69+ CD8+ T cell responses were measured by flow cytometry.  

3.3.11 DC2.4 uptake assay 

For confocal analysis, 5x104 cells were seeded 48 hour prior to treatment in glass 

bottomed plates, such that cells were 50% confluent at the time of experiment. Each plate was 

treated with 2.5 µM fluor-peptide for 1 hour, then extensively washed with PBS to remove 

surface bound peptide and fluorophores. Samples were stained with Hoechst 33342 Solution 

(BD Biosciences) in complete RPMI at 37 °C for 30 min, washed with PBS, and stained with 

Lysotracker Green DND-26 (Invitrogen) in PBS at 37 °C for 5 min. Cells were then washed 

and reconstituted in Live Cell Imaging Solution (Invitrogen).    

For analysis by flow cytometry, 105 cells were seeded 24 hours prior to treatment in a 

24-well plate. Samples were treated with 2.5 µM peptide for 1 hour, then extensively washed 

with PBS to remove surface bound peptide and fluorophores. Cells were lifted using trypsin, 

cleaving off any remaining peptide, stained with a viability dye and uptake was assessed on 

50,000 events.   
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3.3.12 Mice 

B6 mice (C57BL/6NTac) were purchased from Taconic. Batf3-/- knockout mice and 

transgenic pmel-1 mice were bred in-house. Mice were used between 6-8 weeks of age and 

female mice were used unless otherwise noted. All animal work was conducted under the 

approval of the Massachusetts Institute of Technology Division of Comparative Medicine (MIT 

DCM) in accordance with federal, state, and local guidelines.   

3.3.13 Prophylactic vaccination 

Wild type and Batf3-/- mice were primed with 5 nmol of peptide vaccine and 25 µg c-

di-GMP s.c. at the tail base, with half of the dose given at each side, followed by a boost of the 

same strategy 14 days later. For some experiments, a second boost vaccine was given at 21 days 

after the initial prime as noted. Peripheral blood was analyzed 7 days after the boost by ICS.   

3.3.14 Tumor inoculation and therapy 

An inoculum of 300,000 TC-1 tumor cells, suspended in 50 µL of sterile PBS were 

injected subcutaneously on the shoulder of mice. Mice were randomized on day 5 prior to 

treatment with and average tumor size ~20 mm2, then vaccinated with 5 nmol of peptide vaccine 

and 25 µg c-di-GMP s.c. at the tail base, with half of the dose given at each side. Subsequent 

vaccinations were performed on day 12 and day 19. Peripheral blood was analyzed 7 days after 

each vaccination by ICS. Tumor size was measured as area (longest dimension times the 

perpendicular dimension) every 3 days and mice were euthanized when the tumor area 

exceeded 200 mm2 or met other euthanasia criteria as assessed by MIT DCM.    

3.3.15 Pmel-1 in vivo activation assay 

Wild type mice were injected s.c. at the tailbase with 25 µg c-di-GMP along with 5 nmol 

of either EGP or EGP-pAntp in 100 µL of 75 mM MgCl2, 50 µL per side on day 1, 6, 10, or 13 

(one group per time point). On day 14, 106 pmel-1 T cells were injected retro-orbitally. 24 hours 

later, axillary and inguinal lymph nodes, along with the spleen were harvested and stained with 

the congenic marker Thy1.1, CD69, CD8, CD3, and zombie fixable viability dye. Upregulation 

of CD69 on pmel-1 T cells in each tissue was assessed by flow cytometry.  

3.3.16 Confocal imaging 

Images were acquired using an Olympus Fluoview FV1200 microscope equipped with 

10X, 30X, 60X, and 100X objectives, and optimum lasers and filter sets. The images within 

each data set were acquired under identical settings and subsequently processed using Fiji 

image analysis software.   
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3.3.17 Lymph node trafficking 

Mice were immunized with 25 nmol fluor-peptide and 25 µg c-di-GMP s.c. at the tail 

base, with half of the dose given at each side, then axillary and inguinal lymph nodes were 

resected 24 hours later. Whole lymph nodes were imaged using an in vivo imaging system 

(IVIS) to measure epifluorescence. Radiant efficiency was quantified using XX software.    

3.3.18 Flow cytometry 

Antibodies to CD8a, IFN-, TNF- , CD3, B220, F4/80, CD11b, CD11c, CD103 were 

purchased from Biolegend. Viability was assessed by live/dead fixable aqua (Biolegend).    

Intracellular cytokine staining (ICS) was performed as described previously. Peptides 

used for restimulation were 10 µg/mL of the minimal epitope (defined in Figure 3.1A). Briefly, 

peripheral blood was collected, lysed, and plated with restimulation peptide. After 2 hours of 

stimulation at 37 ˚C and 5% CO2, brefeldin A (BFA) was added and samples were returned to 

incubation for an additional 4 hours. Samples were stained with a fixable viability dye followed 

by extracellular staining for 20 minutes. Using a fixation/permeabilization kit (BD biosciences), 

samples were prepared for intracellular antibody staining for 35 minutes and assessed by flow 

cytometry.    

3.3.19 Statistical analysis 

Experiments were not performed in a blinded fashion. Sample sizes were chosen based 

on estimates from pilot experiments and previously published results, such that appropriate 

statistical tests could yield significant results. Data was analyzed using a one-way ANOVA 

with a Bonferroni post hoc test using GraphPad Prism software. Survival curves were analyzed 

using the log-rank (Mantel-Cox) test. 

 

3.4 Conclusions 

While CPPs have been described as simple and versatile delivery modalities for antigens 

in prophylactic and therapeutic vaccines, their behavior in vivo has been largely unexplored. 

Previous investigations have also typically been limited to a small handful of CPPs and model 

antigens. Herein, we screened a set of CPPs to evaluate their impact of vaccine efficacy, as well 

as their mechanism of action. We demonstrate that the addition of a CPP is a general strategy 

to generate higher T cell responses both in vitro and in vivo, with penetratin enhancing vaccine 

immunogenicity up to 20x for a range of tumor antigens. These antigen-CPP vaccines can be 

used to induce a therapeutic T cell response that is able to mitigate tumor outgrowth. Turning 

towards mechanistic characterization, we demonstrate that CPPs increase uptake by DCs by an 
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order of magnitude. We then determine that, although not part of the initial design, CPPs aid in 

vaccine antigen lymphatic trafficking likely due at least in part to association with 

apolipoprotein A1 and other serum proteins. CPPs enhance antigen proteolytic stability in 

serum, likely due to a similar mechanism. They also prolonged antigen residence in the lymph 

node allowing for extended priming of antigen-specific T cells and a more robust immune 

response than achieved using the peptide antigen alone. 

Further effort will be required to optimize CPP design that takes into consideration all 

of the factors outlined here. Based on these findings, we anticipate that ‘universal’ top 

sequences could be developed that would improve vaccine efficacy for the majority of antigens; 

however, considering the cargo-dependent nature of CPP activity and the broad diversity of 

antigen sequences, it is possible that some vaccine antigens may require a tailored approach. 

We anticipate that the rapid production and ease of modification afforded by flow peptide 

synthesis will streamline this optimization process. Follow up studies will also be needed to 

confirm whether the mechanistic factors outlined here are recapitulated in larger animals. In 

these studies, careful evaluation of immune responses over time will be required to ensure that 

prolonged use of CPPs does not result in off-target immunogenicity. 

Our findings identify several key, previously uncharacterized factors to consider in the 

selection and design of CPPs for vaccine delivery. We highlight the importance of taking a 

holistic approach to the delivery challenge and considering lymphatic trafficking, serum 

stability, and the duration of presentation in vivo in addition to cell uptake and cytosolic 

delivery. We anticipate that this knowledge will help guide future design of CPPs and other 

delivery modalities for cancer vaccines. 
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Chapter 4: Enhancement of peptide vaccine immunogenicity by 

increasing lymphatic drainage using diverse albumin binders 
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4.1 Introduction 

The capacity of anti-tumor T cell responses to be curative in cancer patients is known 

from clinical studies of adoptive cell therapy, but the induction of qualitatively and 

quantitatively potent anti-tumor T cell responses through therapeutic vaccination remains a 

challenge.1,2 The poor lymphatic drainage and short in vivo half-life of linear peptides likely 

contribute to the low potency of peptide vaccines.3–6 We previously reported that enhanced 

lymph node targeting of peptides can be achieved by covalently modifying peptides and 

molecular adjuvants with diacyl lipids (with the peptides linked through a poly(ethylene 

glycol), PEG, spacer), and this trafficking enhancement results in a corresponding increase in 

T cell priming.6 The mechanism of action is thought to involve binding of the lipid tails to 

endogenous albumin, allowing peptides and molecular adjuvants to “hitchhike” on albumin to 

the draining lymph node, similar to the mechanism of action of sentinel lymph node mapping 

dyes in clinical use.7,8 We hypothesized that covalent linkage to other albumin-binding 

moieties, namely albumin binding peptides and -tocopherol, could promote favorable 

lymphatic trafficking of vaccine antigens in a similar manner. 

Albumin binding peptides, unlike lipid albumin binders, remain largely unexplored in 

the context of vaccinology. They have previously been used to improve the serum stability and 

extend the pharmacokinetics of therapeutically-relevant proteins, but have not been examined 

for their potential to direct peptide vaccines to the lymphatic system via albumin hitchhiking, a 

novel application for these under-utilized sequences.9 They could provide several technical 

advances over lipidic albumin binders that could be translationally desirable. An “all on resin” 

synthesis is easier to envision for GMP production than synthesis methods requiring solution 

coupling (which is how the diacyl lipid-PEG-peptides are currently synthesized). Additionally, 

libraries of albumin-binding peptides (ABPs) have been characterized that could allow for 

precise control over albumin-binding affinity, which may be important for the resulting immune 

response. One study utilizing phage display identified the cyclized peptide DICLPRWGCLW 

as the minimal core sequence for achieving binding to serum albumin from multiple species, 

including mice and humans.9 We chose to use this albumin-binding peptide as a model sequence 

to explore this hypothesis.  

In addition to peptide albumin binders, several small molecules have been identified to 

associate with serum albumin. In particular, -tocopherol, the most biologically active form of 

Vitamin E, has been demonstrated to bind albumin (KD ~ 7 μM).10,11 Its abundance and high 

safety profile could make -tocopherol a potentially useful candidate in vaccine design. 
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Evaluating the impact of a small molecule albumin binder on vaccine efficacy could serve to 

underscore the generalizability of albumin hitchhiking as a strategy to enhance vaccine efficacy. 

Here, we demonstrate that a model albumin-binding sequence and -tocopherol enhance lymph 

node trafficking and boost vaccine efficacy for a melanoma antigen. 

 

4.2 Results 

We previously reported that peptide antigens conjugated to 1,2-distearoyl-sn-glycero-

3-phosphoethanolamine (DSPE) through a poly(ethylene glycol) spacer (Fig. 4.1A) could 

exhibit greatly increased lymphatic trafficking following immunization, and thereby 20-30-fold 

increased immunogenicity in mice.6 This enhanced lymphatic trafficking and vaccine potency 

was associated with the ability of the conjugates to bind serum albumin, suggesting that albumin 

serves as an in situ molecular chaperone delivering amph-vaccines to lymph nodes. If this 

proposed mechanism of action is correct, other albumin-binding moieties might be equally well 

suited to target peptide vaccines to lymphoid tissues. To test this idea, we prepared cyclized 

albumin-binding peptides linked via either a PEG2000 spacer or a Gly4Ser spacer to the 

melanoma gp100 antigen EGP20 (ABP-PEG-EGP20 and ABP-G4S-EGP20, respectively, Fig. 

4.1A).9 These constructs were prepared as a single unit via automated rapid-flow solid-phase 

peptide synthesis, cleaved, and purified via reversed-phase high performance liquid 

chromatography (RP-HPLC). Disulfide formation was then accomplished via incubation in 

mild basic conditions (0.1 mg/mL in 0.1 M NaHCO3, pH 8.0) at ambient temperature for 48 

hours in order to cyclize the ABP component of each construct. 

We then evaluated the impact of our albumin binding peptide on vaccine lymph node 

trafficking. We generated variants of EGP20 and ABP-PEG-EGP20 with tetramethylrhodamine 

(TAMRA) conjugated at the C-terminus via Cu(I)-catalyzed click chemistry. Mice were 

injected subcutaneously with TAMRA-labeled EGP20 peptide or ABP-PEG-EGP20 and lymph 

nodes were resected 24 hr later for whole tissue fluorescence imaging. We observed that the 

ABP-conjugated peptide resulted in 13.6-fold and 18.2-fold higher fluorescence in inguinal and 

axillary lymph nodes, respectively, compared to unmodified EGP20 (Fig. 4.1B-C). Our ABP 

sequence therefore boosts lymph node trafficking of a vaccine antigen, likely via interaction 

with serum albumin. 
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Figure 4.1. Albumin-binding peptide conjugation enhances lymph node targeting of 

peptide antigens. A) Chemical structures of DSPE conjugated to EGP20 via PEG spacer, 

cyclized albumin-binding peptide conjugated to EGP20 peptide via PEG spacer, and cyclized 

albumin-binding peptide conjugated to EGP20 peptide via a Gly4Ser (G4S) spacer. B-C) 8-week 

old C57BL6/J female mice were injected s.c. at the tail base with 15nmol TAMRA labeled 

EGP20 peptide or ABP-PEG-EGP20 and 25µg c-di-GMP adjuvant. Lymph nodes were resected 

24h later and imaged using IVIS. B) Images of resected nodes; C) Quantification of 

background-subtracted radiant efficiency, (photons*s-1*cm-2*steradian-1)/(µW*cm2), (n = 6, 

student’s t-test, representative of 2 independent experiments). **P < 0.01. 

 

After demonstrating the ability of our ABP to facilitate lymph node accumulation, we 

determined whether this corresponded to more effective T cell priming. Mice were immunized 

with the indicated antigen or antigen conjugate and cyclic-di-GMP as an adjuvant at Day 0 and 

Day 14, then antigen-specific T cell priming was determined via tetramer staining on Day 21 

(Fig. 4.2A). The response to unmodified peptide was 1.45%, which was not statistically 

different from background in unimmunized mice, at 0.82%. The ABP-G4S-EGP construct 

primed a mean response of 4.56%, or approximately 4-fold higher responses than unmodified 

peptide. The ABP- PEG2000-EGP construct primed an even more impressive response: 8.58%, 
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or approximately 6-fold higher than unmodified peptide (Figure 4.2B-C). The addition of an 

albumin-binding peptide linked through either a G4S or PEG2000 spacer to a peptide antigen 

showed dramatic enhancement in T cell priming relative to unmodified peptide for a clinically 

relevant tumor sequence.  

Figure 4.2. Albumin-binding peptides enhance vaccine immunogenicity. A) 8-week old 

C57BL6/J female mice were primed on day 0 and boosted on day 14 with 5nmol EGP20 peptide 

or EGP20-conjugate as indicated and 25µg c-di-GMP, and tetramer staining was performed on 

day 21. B) Representative flow plots, (gated on live single CD8+ T cells. C) Mean tetramer 

responses quantified as % tetramer+ of CD8+ (n = 5, ANOVA with Bonferroni correction for 

shown preplanned comparisons of interest, representative of 2 independent experiments). 

*P < 0.05, **P < 0.01.  

 

We then explored the design criteria of vaccine constructs containing this ABP by 

generating variants of the constructs from Figure 4.2 and comparing their in vivo 

immunogenicity. We first assessed variants with the ABP conjugated to either the N- or C-

terminus of the antigen sequence, connected by either the PEG or the Gly4Ser linker (Figure 

4.3A). The N-terminal linkage, the original design tested in Figure 4.2, was significantly more 
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immunogenic than the C-terminal linkage for both linkers (Figure 4.3C). It is possible that this 

ABP sequence is sensitive to the point of conjugation such that attaching cargo at its N-terminus 

(i.e., at the C-terminus of the antigen) impairs albumin binding; however, further investigation 

with different antigen sequences as well as other ABPs would be required to determine whether 

this is a general trend. We also evaluated whether cyclization of the ABP was required in order 

to mediate albumin binding, testing a variant of the ABP-G4S-EGP construct in which the 

cysteines were alkylated by treatment with 2-bromoacetamide (Figure 4.3B). Interestingly, no 

statistically meaningful difference in immunogenicity was observed between the cyclized and 

linear variants (Figure 4.3C). This could suggest that albumin-binding is mediated by the 

primary sequence, without requiring cyclization. However, it would be useful to determine 

whether trend is consistent for ABP-PEG-EGP, as this linker variant was significantly more 

immunogenic. It would be interesting to test other ABPs to determine whether cyclization can 

help mediate albumin binding for other sequences. Altogether, we determined that cyclization 

may not be required and that the linker placement significantly impacts the immunogenicity of 

vaccine constructs using this ABP. Modification with an albumin-binding peptide can enhance 

lymph node targeting and immunogenicity in an approach we anticipate could be versatile for 

a range of albumin binding peptides and peptide antigens. 
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Figure 4.3 Linker placement but not cyclization impacts immunogenicity of ABP-

containing vaccine constructs. A) ABPs were linked to a 20-mer vaccine antigen via either 

~2000 kDa PEG or Gly4Ser connecting either the C-terminus of the ABP with the N-terminus 

of the antigen (‘N-term’) or the N-terminus of the ABP with the C-terminus of the antigen (‘C-

term’). B) A linear variant of ABP-G4S-EGP was generated by treating the vaccine construct 

with 2-bromoacetamide to alkylate the ABP cysteines and prevent disulfide formation. C) 8-

week old C57BL6/J female mice were primed on day 0 and boosted on day 14 with 5nmol of 

the indicated vaccine antigen construct and 25µg c-di-GMP, and tetramer staining was 

performed on day 21. Mean tetramer responses were quantified as % tetramer+ of CD8+ (n = 5, 

ANOVA with Bonferroni correction for shown preplanned comparisons of interest). *P < 0.05, 

n.s. not significant.  
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Figure 4.4. Conjugation to -tocopherol enhances immunogenicity of a vaccine antigen. 

A) gp100 EGP20 peptide linked to vitamin E via PEG spacer. B) Mice were primed on day 0 

and boosted on day 14 with 5 nmol EGP20 peptide or EGP20-conjugate as indicated and 25 µg 

c-di-GMP, and tetramer staining was performed on day 21. C) Representative flow plots (gated 

on live single CD8+ T cells); D) mean tetramer responses quantified as % tetramer+ of CD8+ (n 

= 4, ANOVA with Tukey post-test, representative of 3 independent experiments). n.s. P  0.05, 

**P < 0.01.  

 

As a second test of the generality of albumin binding as a mechanism for targeting 

vaccine antigens to lymph nodes, we evaluated conjugates of the most biologically active form 

of vitamin E, -tocopherol, which has been shown to bind to serum albumin with an affinity of 

KD ~ 7 μM.10 To see if -tocopherol enhanced peptide vaccine efficacy, -tocopherol-PEG-

maleimide was conjugated to the gp100 antigen EGP20 long via an N-terminal cysteine (Vit. E-

PEG-EGP20, Fig. 4.4A). Mice were immunized with the indicated construct on Day 0, boosted 

on Day 14, and the antigen-specific T cell response was measured on Day 21 via tetramer 

staining. Mice immunized with Vit. E-PEG-EGP20 showed T cell responses approximately 10-
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fold higher than unmodified peptides. This response was statistically equivalent the leading 

lipid albumin binder, DSPE (Fig. 4.4B-D).6 Conjugation to -tocopherol therefore improves 

the immunogenicity of peptide antigens.  

 

4.3 Materials and Methods 

4.3.1 Peptide and peptide conjugate synthesis 

 Peptides were synthesized on a rapid-flow automated peptide synthesizer as described.12 

Fmoc-protected amino acids were purchased from ChemImpex. For the ABP-antigen 

constructs, following synthesis of the antigen component, the PEG2k linker (Creative 

PEGworks) was coupled manually onto peptidyl resin containing the antigen peptide; the resin 

was then transferred back to the synthesizer to complete the construct. Crude peptides were 

cleaved overnight at room temperature (by volume, 82.5% trifluoroacetic acid, 5% water, 5% 

thioanisole, 5% phenol, and 2.5% ethane dithiol), triturated with -80 C diethyl ether, and 

purified via mass-directed RP-HPLC (mobile phase A: water with 0.1% trifluoroacetic (TFA) 

acid additive, B: acetonitrile with 0.1% TFA additive with a 5-35% B gradient over 60 minutes). 

The ABP moieties were cyclized by incubating the purified constructs (0.1 mg/mL) in 0.1 M 

NaHCO3, pH 8.0 for 24h to facilitate disulfide formation. The cyclized constructs were desalted 

via solid phase extraction, lyophilized, and analyzed via LC-MS to verify identity, purity, and 

disulfide formation (Figure 4.5). For the linear ABP-G4S-EGP, alkylation was performed by 

incubating the isolated peptide in 6 M guanidine-HCl, 0.2 M sodium phosphate, 50 mM 2-

bromoacetamide, and 20 mM tris(2-carboxyethyl)phosphine (TCEP)-HCl, pH 7.4 to a final 

concentration of 1 mM peptide for 1 hour, then quenching with 6 M HCl (final pH 2) and 

purifying via mass-directed RP-HPLC. Peptide antigen sequences used are as follows: gp100 

EGP long, EGP20 (gp10020-39): AVGALEGPRNQDWLGVPRQL; Cys-EGP20: 

CAVGALEGPRNQDWLGVPRQL.13 The ABP sequence chosen was the minimal core 

sequence identified in a phage display library of albumin binders: DICLPRWGCLW.9  
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Figure 4.5. ABP vaccine construct characterization. A)  Characterization of ABP-PEG-

EGP20, synthesized as a single unit. Shown are LC-MS chromatogram and corresponding mass 

spectrum generated via ESI-MS. B) Characterization of ABP-G4S-EGP20, synthesized as a 

single unit. Shown are LC-MS chromatogram and corresponding mass spectrum generated via 

ESI-MS.  C) confirmation of ABP cyclization via disulfide formation, using ABP-G4S-EGP20 

construct. Shown are mass spectra of ABP-G4S-EGP20 prior to cyclization and after cyclization 

as indicated in reaction scheme, with +4 charge state enlarged for clarity and calculated exact 

mass given. Loss of 2 Da upon cyclization corresponds to disulfide formation. 

 

For the labeled constructs, EGP long and ABP-PEG2000-EGP were synthesized as 

described above, incorporating a C-terminal propargylglycine to serve as a chemical ‘handle.’ 

Prior to disulfide cyclization, purified EGP long and ABP-PEG2000-EGP long peptides were 

coupled to TAMRA-azide (tetramethylrhodamine, 5-isomer, Lumiprobe) via Cu(I)-catalyzed 

click chemistry. Briefly, ~0.5 mol of each peptide was dissolved in 720 L of 50:50 b.v. 

solution of t-butanol (Sigma) and water. The following reagents were then added (final 
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concentration in parentheses): TAMRA-azide (500 M), Tris (pH 8.0, final concentration 50 

mM, Roche), ascorbic acid (100 mM, Sigma), TCEP (1 mM, Hampton Research), TBTA (100 

M, Alfa Aeser), and copper sulfate (5 mM, Sigma) to a final volume of 1.00 mL. The reactions 

were mixed thoroughly and incubated at room temperature for one hour. The reactions were 

quenched in 20 mL 95:5 water: acetonitrile with 0.1% TFA additive, purified via RP-HPLC as 

described above, and lyophilized. The TAMRA-labeled constructs were cyclized and desalted 

as described above. 

DSPE-PEG-EGP20 or -tocopherol-PEG-EGP20 conjugations were carried out as 

follows. Equimolar amounts of either DSPE-PEG-maleimide or -tocopherol-PEG-maleimide 

(both from Nanocs) and Cys-EGP20 (5 mg) were massed into a septum vial and flushed with N2 

for 5 min. Separately, 50 mM phosphate buffer, pH 7.0 with N2 was also flushed with N2 for 

10 min. Reagents were then dissolved in 5 mL of the degassed phosphate buffer in a septum 

vial, sonicated briefly to dissolve, and incubated at room temperature for one hour on a nutating 

mixer. Reactions were then quenched in 20 mL 95:5 water: acetonitrile with 0.1% TFA 

additive, purified via RP-HPLC as described above, and lyophilized. LC-MS analysis indicated 

that the desired conjugates were successfully obtained. Reagents were purchased from Sigma 

unless otherwise noted. 

4.3.2 Mice and immunizations 

All animal studies were carried out under an institute-approved IACUC protocol 

following federal, state, and local guidelines for the care and use of animals. C57BL6/J mice 

were procured from Jackson Laboratory; 6- to 12- week old female mice were used for these 

studies. 

Immunizations comprised of peptides or peptide-conjugates mixed with adjuvant were 

administered subcutaneously at the base of the tail in 100 μL total, 50 μL on each side, with 

sterile saline diluent. Peptides and peptide conjugates were dosed at ~ 5 nmol. Adjuvants c-di-

GMP (InvivoGen) was dosed at 25 μg. For lymph node trafficking studies using the Spectrum 

In Vivo Imaging System (IVIS, PerkinElmer), the peptide dose was 15 nmol.  

4.3.3 Evaluation of murine immune responses and flow cytometry 

Anti-CD8α antibody (53-6.7) was purchased from BioLegend, and anti-CD4 (RM4-5) 

was purchased from eBioscience. Gp100 tetramer (iTAg Tetramer/PE H-2Db gp100) was 

purchased from MBL. Tetramer staining was performed in buffer containing 50 nM dasatinib 

at room temperature for 30 min, followed by surface staining at 4°C for 15 minutes. Viability 
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was assessed by LIVE/DEAD Fixable Aqua (Life Technologies) or DAPI. Cells were analyzed 

using BD LSR Fortessa and BD FACSCanto flow cytometers. Data was analyzed using FlowJo. 

4.3.4 Statistical analysis 

Statistical methods were not used to determine sample size, but sample numbers were 

chosen based on estimates from pilot studies and published results such that appropriate 

statistical tests may yield statistically significant results. Unless otherwise stated, tetramer 

results were analyzed by using one-way ANOVA with a Tukey post-test using GraphPad Prism 

software. Where ANOVA was used, variance between groups was found to be similar by 

Bartlett’s test. Where comparisons were predetermined as indicated in figure legends, ANOVA 

with Bonferroni correction was used. No samples were excluded from analysis. 

 

4.4 Discussion 

We have previously shown that conjugation of peptide antigens with diacyl lipids 

(through a PEG spacer) significantly enhances lymph node accumulation of these vaccine 

agents following parenteral vaccination, and thereby augments T cell priming.6 Here we extend 

those results to show that substitution of the diacyl lipid with -tocopherol as the albumin-

binding moiety similarly enhances both antigen and adjuvant activity. Further, we show that 

non-lipid modifications, namely fusion of antigens with albumin-binding peptides, also allows 

for enhancement of lymph node delivery and T cell priming. The former result is particularly 

striking, given that -tocopherol has a low affinity for albumin (KD ~ 7 μM).10 Effective 

lymphatic delivery even with low affinity binders is likely facilitated by the very high 

concentrations of albumin in interstitial fluid.14 Our data suggest that amphiphilic peptides 

utilizing lipid albumin binding domains, DSPE-PEG-EGP20 and Vit. E-PEG-EGP20, are 

superior to compositions incorporating an ABP (Fig. 4.2B-C and Fig. 4.4C-D). However, we 

cannot rule out that further optimization of the affinity of these ABPs for albumin or their 

linkages to the peptide antigens might further increase activity of ABP-PEG-peptide 

conjugates9. By expanding on previous findings using acyl and diacyl lipids, we demonstrate 

that directing molecular vaccines to bind albumin may be a general design principle to increase 

lymph node accumulation and immunogenicity. Further, we provide evidence to support an 

additional class of biomolecules, albumin binding peptides, that can be further developed as an 

alternative to currently employed lipid albumin binding moieties. 
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Chapter 5: A direct elution and targeted analysis approach to 

characterize antigen presentation and design peptide vaccines  
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5.1 Introduction 

Antigen presentation by the major histocompatibility complex (MHC) is of fundamental 

importance to the initiation, maintenance, and execution of a T cell response.1 It is crucial to 

the anti-cancer immune response, both to prime tumor-specific T cells and to facilitate 

recognition of tumor cells.1,2 We are particularly interested in antigen presentation by MHC 

class I (MHC-I), which presents antigen to CD8+ or cytotoxic T cells. This process must be 

considered when interrogating the anti-tumor immune response or designing cancer 

immunotherapies, particularly vaccines.1–3 While peptide-based vaccines, as well as nucleic 

acid- and dendritic cell-based platforms, have been demonstrated to prime an anti-tumor T cell 

response in humans, their immunogenicity is generally low and their therapeutic efficacy is 

unclear.3–8 These vaccines require further development to reach their full potential. The ability 

to reliably and accurately measure antigen presentation could facilitate the development of 

strategies to improve vaccine design, for example by identifying those that increase the level of 

presentation. It could also provide fundamental insight into the dynamics of vaccine antigen 

presentation. Existing methods to measure antigen presentation have proven valuable but are 

generally limited either in their generalizability or their throughput.9–13  

Approaches that use reporter T cells or antibodies represent valuable tools to study 

antigen presentation and develop immunotherapies, but are sharply limited in their 

generalizability and capacity for absolute quantitation. Reporter T cells require either a 

transgenic mouse model or an engineered T cell line that expresses T cell receptors against a 

specific antigen of interest, effectively limiting this approach to a handful of model antigens. 

9,12,14 Activation of the antigen-specific T cell population can then be quantified as an indirect 

metric of antigen presentation. Additionally, absolute quantitation requires a labor-intensive 

serial T cell dilution technique, generally limiting this approach to relative quantitation.9,14 

Similarly, quantification via antibody staining requires the generation and validation of 

monoclonal antibodies against unique peptide-MHCs, which prohibits routine screening of 

diverse antigens.9,13,16 While this approach directly reports on antigen presentation, rather than 

a downstream process, it provides relative quantitation. While this is sufficient in many cases, 

there is a need for broadly applicable techniques that provide direct, absolute quantitation of an 

antigen(s) of interest.  

More recently, direct and generalizable quantification of MHC-bound peptides has been 

accomplished via mass spectrometry (MS).9-10,17–22 MS-based quantification of MHC antigens 

typically involves affinity purification of peptide-MHC complexes from cell lysate, dissociation 
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and separation of antigen peptides from MHCs, then analysis of these antigen peptides via high 

sensitivity MS techniques, with MS2 or MS3 fragmentation increasing sensitivity and providing 

high confidence identification.9,10,20 A number of strategies exist to enable quantitation, but the 

addition of a sequence-matched isotopically labeled standard peptide for each antigen of interest 

remains the gold standard for absolute quantitation.10,17 This approach measures antigen 

presentation directly and, with an MS readout, generalizing between antigens is a matter of 

adjusting instrument detector settings or simply tweaking data analysis. It has been used to 

identify new epitopes, monitor the kinetics of viral antigen presentation, and screen for antigen-

specific T cells The main drawback associated with this technique is its sensitivity. This is 

generally attributed to sample loss occurring during the workup steps, in particular the affinity 

purification, with one estimate indicating a loss of up to 99% of antigen peptides.23 It must be 

noted, however, that others have contradicted this report, asserting that sample loss during the 

affinity purification workup is minimal.17 Although they did not directly quantify sample loss, 

they measured antigen presentation down to the hundreds of attomoles, or 105 cells with a copy 

number of ~730/cell. Nonetheless, studies using this method routinely report using 107 cells or 

more per replicate, or approximately 10-fold higher than each well in a 6-well plate at 

confluency.18–22,24 As a result, the throughput of this technique is limited in practice due to its 

sensitivity, which is likely limited at least in part by sample loss during workup. 

A variation of this technique has also been reported that excludes the lysis and affinity 

purification steps, eluting antigen peptides directly from MHC at the surface of intact cells by 

incubating with a mild acid buffer.9,25 This approach has the added advantage of only surveying 

peptide-MHCs present at the cell surface—rather than those undergoing loading in the ER, for 

example—providing a more precise and relevant picture of antigen presentation. It has been 

primarily used for ‘immunopeptidomics’ studies, which sought to characterize the global set of 

MHC-presented peptides.25–27 However, it is less commonly used due to several concerns, 

namely contamination from non-MHC presented peptides and proteins at the cell surface and 

elution efficiency.9  

We reasoned that this mild acid elution approach could be developed to quantify the 

presentation of designated antigen(s) of interest in a straightforward and generalizable manner. 

Direct elution of MHC peptides from the cell surface using mild acidic incubation might 

increase sensitivity by avoiding potential sample loss during lysis, affinity purification, and 

separation of antigen peptides from MHC. We further reasoned that targeted MS analysis of 

designated antigen(s) of interest could, along with the appropriate untreated controls, sidestep 

concerns about contamination from non-MHC peptides. A targeted analysis method has the 
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additional benefit of increasing sensitivity over a full scan for some classes of detectors, 

including the orbitrap-based instrument used in these experiments. We hypothesized that this 

technique would increase sensitivity and allow for a higher throughput than is generally 

reported for methods involving affinity purification while maintaining the advantages of an 

MS-based approach, namely direct measurement of antigen presentation, absolute quantitation, 

and generalizability between antigens. Additionally, this approach only measures cell surface 

peptide-MHCs and is non-destructive, allowing for the possibility of coupling antigen 

presentation measurements with other types of analysis such as bulk transcriptomics or 

proteomics. 

Here, we develop and validate a straightforward, reproducible, and generalizable 

method based on mild acid elution and targeted MS analysis to obtain absolute quantitation of 

MHC-presented peptide antigens. We demonstrate its ability to examine the kinetics and 

concentration-dependence of vaccine antigen presentation. We then employ this technique to 

screen two different approaches to enhancing cancer vaccine efficacy: substitution with D-

amino acids and conjugation to cell-penetrating peptides. 

 

5.2 Results 

We set out to develop a straightforward, sensitive method to quantify antigen 

presentation. The general workflow for our approach is given in Figure 5.1A. Briefly, cells are 

treated with an antigen, then washed with phosphate-buffered saline and incubated for 60 

seconds with 0.1 M citrate buffer, pH 3.0, to liberate MHC-bound peptides directly from the 

surface of intact cells. At this point, isotopically labeled standard(s) corresponding to the 

antigen(s) of interest is added to this MHC eluate. The eluate is then de-salted and concentrated 

during a single zip-tip cleanup step and analyzed via LC-MS/MS. For these experiments, 

analysis was performed on an Orbitrap Fusion Lumos using a method that alternated between 

a targeted selected ion monitoring scan (to analyze the most prominent precursor ion, typically 

the +2 charge state) and a full MS2 scan of fragment ions from the targeted precursor. Data are 

then processed using the Skyline software from the MacCoss lab, which identify and integrate 

our antigen(s) of interest using both precursor and fragment ions for confident assignment. The 

antigen of interest can then be quantified via comparison with its corresponding isotopically 

labeled standard.  
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Figure 5.1. Direct elution followed by targeted LC-MS/MS analysis enables detection of 

MHC-presented antigens. A) Schematic of direct elution and targeted analysis workflow for 

detecting MHC-bound antigen peptides. Briefly, cells are incubated with a ‘long’ peptide 

antigen containing a minimal epitope ‘short’ sequence, then these MHC-bound epitope peptides 

are eluted by incubating for 60 seconds with 0.1 M citrate buffer, pH 3.0. An isotopically 

labeled standard is added for each peptide to be analyzed, and the eluted peptides are 

concentrated and de-salted using C18 zip-tips. Targeted LC-MS/MS analysis is then performed 

using an instrument like the Orbitrap Fusion Lumos with attomole sensitivity. B, C) The 

expected short antigen sequence is detectable in MHC eluate from cells treated with the 

corresponding long antigen, but absent in untreated cells. Data was analyzed using the 

proteomics software Skyline. Overlaid extracted ion chromatograms for precursor and fragment 

ions are given for both antigens tested, the ovalbumin antigen SIINFEKL (‘OVA,’ B) and the 

gp100 antigen EGPRNQDWL (‘EGP’, C). 
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As a proof of concept, DC2.4 cells were treated with 5 M of the 20-residue ‘long’ 

versions of either a model antigen from ovalbumin (OVA) or a murine tumor antigen from the 

gp100 protein (EGP), or media only, for six hours, then the corresponding minimal epitope or 

‘short’ antigen presented at the cell surface was eluted and analyzed according to the above 

workflow. Each antigen was readily detected in the corresponding treated condition but absent 

in the untreated condition (Figure 5.1B). Addition of labeled standards enabled quantification 

of antigen presentation, both in terms of absolute amount and, considering the seeding density 

and growth time, the estimated copy number (Figure 5.2A). Under these conditions, 1.4  0.4 

fmol of OVA and 25  6 fmol EGP were detected, or around 15,000 or 840 copies per cell, 

respectively. This experiment was also performed with isolated cd11c+ murine splenocytes to 

confirm its applicability to different cell types, including primary cells (Figure 5.2B). Several 

additional parameters were evaluated, including duration of mild acid incubation and the point 

in the workflow at which standard was added, and ultimately the optimal conditions were 

determined to be those described above (Section 5.3.7). 

We then assessed whether the presentation of exogenous antigen observed using this 

technique was energy dependent, and thereby dependent on cell uptake. We are interested in 

measuring the level of presentation of antigen peptides that have been endocytosed, then 

proteolytically processed and presented, as this is the process that occurs in vivo with vaccine 

antigens. Halting endocytosis by depleting cellular ATP with sodium azide allows us to 

distinguish antigen presented due to this process from artefactual antigen presentation due to 

extracellular processing by serum proteases and surface loading of empty MHC molecules. 

DC2.4 cells were pre-incubated for 1 hour with 10 mM sodium azide and 25 mM 2-deoxy-D-

glucose in media at 37 C, then media was exchanged for treatment media containing 5 M of 

the indicated long antigen peptide as well as the previous treatment.28 After two hours, MHC-

presented antigens were eluted and quantified as described above. Treatment with sodium azide 

significantly reduced but did not entirely ablate presentation of both antigens tested (Figure 

5.2C). The antigen observed with sodium azide treatment could indicate extracellular antigen 

processing and loading, but could also be due in part to incomplete depletion of cellular ATP. 

These results indicate that the majority of antigen detected using this detection method and 

treatment with a synthetic peptide stems from internalization, processing, and presentation of 

the vaccine peptide rather than extracellular loading. 

To probe whether the observed antigens are indeed presented by MHC, we assessed 

presentation of several allele-matched and -mismatched antigens in DC2.4 cells. As this cell 
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line is derived from bl6 mice, it expresses H2b MHC alleles. DC2.4 cells were treated either 

with two matched antigens—EGP, which binds the murine allele H2-Db, and OVA, which binds 

H2-Kb—or two mis-matched antigens—one from the HIV-1 protein gp160 (‘gp160’), which 

binds H2-Dd, and one from Influenza A nucleoprotein (‘NP’), which binds H2-Kd. Thus, gp160 

and NP should be absent in MHC eluate from DC2.4 cells, as they lack the appropriate MHC 

alleles to bind and present these antigens. After treating with 5 M of the indicated antigens for 

six hours, antigens were analyzed as described. Both allele-matched antigens, EGP and OVA, 

were readily detected in MHC eluate from DC2.4 cells as expected based on previous 

experiments. However, the level of antigen detected from cells treated with NP was 

indistinguishable from the untreated control (Figure 5.2D). A minor increase in gp160 was 

observed for treated cells relative to untreated, but the overall level was low and could be due 

to a minimal level of presentation by the H2-Db allele (Figure 5.2D). Overall, this indicates that 

only allele-matched antigens are efficiently presented, suggesting that antigen detection with 

this method is MHC-dependent. However, these findings should be confirmed by performing 

this experiment in an H2d cell line, to verify that gp160 and NP are detectable in an allele-

matched cell line and determine whether OVA and EGP presentation is ablated when the 

appropriate MHC are absent.  

We then assessed the generalizability of our method. We selected several additional 

murine tumor antigens, including Trp1 from the b16f10 melanoma model and two neoantigens, 

Reps1 and Adpgk, from the MC-38 adenocarcinoma model. DC2.4 cells were treated with 5 

M of each antigen for 6 hours. Four of the five antigens tested were readily detected and 

quantified (Figure 5.2E). Note that the antigen that was not observed, Adpgk, appears to not be 

easily detected by LC-MS. Detection of the synthetic Adpgk standard was challenging even at 

orders of magnitude higher concentrations. Sequence-specific factors such as poor ionization 

likely impair its analysis, indicating that some peptide sequences will not be well-suited to this 

detection method. However, as the majority of short antigen peptides are anticipated to be 

readily detectable using LC-MS/MS, we determined that our technique is generalizable between 

antigen sequences. Having demonstrated that this approach is a straightforward and 
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generalizable technique capable of quantifying MHC-presented antigen directly from the 

surface of intact cells, we then applied it to measure antigen presentation kinetics and 

concentration dependence. 

Figure 5.2. Our assay enables quantitation of MHC-presented antigens in a sensitive and 

generalizable manner. A) Quantification of OVA and EGP antigen presentation by DC2.4 

cells after treatment with the corresponding long antigen peptides at 5 M for 6 hours. Peak 

areas of the predominant precursor ion for the antigen of interest and corresponding standard 

were determined using Skyline, and the ratio of the peak areas was used to calculate the absolute 

amount of antigen present based on the amount of standard added (typically 1 or 10 fmol). Copy 

number per cell was estimated based on the plating density and growth time. Data from two 

independent experiments (n = 5-6). B) OVA and EGP presentation can also be quantified in 

primary Cd11c+ murine splenocytes. Cells were isolated from primary splenocytes using a 

positive cd11c+ isolation kit, then treated and analyzed as in A. Data from two independent 

experiments (n = 4-6). C) DC2.4 cells were pre-treated with 10 mM sodium azide and 25 mM 

2-deoxy-D-glucose (‘NaN3) or standard media (‘Standard’) for 1 hour, then treated with these 

conditions and 5 M of the indicated long antigen for 2h. MHC-bound peptides were then 

eluted and analyzed as in A. Data from a single experiment (n = 3). D) DC2.4 cells were treated 

with 5 M of two antigens that bind MHC alleles present in this cell line (OVA and EGP) and 

two that bind MHC alleles absent in this cell line (NP and gp160) for six hours, then MHC-

bound peptides were eluted and quantified as in A. Data represent one experiment (n = 3). E) 

DC2.4 cells were treated with 5 M of the indicated antigen for 6 hours, then MHC-presented 

peptides were analyzed as in A. Results represent the mean of two independent experiments (n 
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= 5-6). All results are given with an error of one standard deviation (SD). Statistical significant 

was calculated using the student’s t-test; **** denotes p < 0.0001, *** p < 0.001, ** p < 0.01, 

* p < 0.05, n.s. p  0.05 (not significant).  

 

Characterizing the kinetics of antigen presentation provides insight into this 

fundamental process that could help guide vaccine development. While several studies have 

examined changes in antigen presentation over time in vitro, no one has characterized the 

kinetics of presentation for exogenous peptide antigens such as vaccine antigens. We therefore 

set out to use the assay we developed to evaluate presentation over time for the model vaccine 

antigen OVA. 

We first evaluated antigen presentation over various treatment times. DC2.4 cells were 

treated with 5 M OVA in media continuously for the indicated duration, then MHC-bound 

peptides were quantified as described above. Combined data from three independent 

experiments indicate that antigen presentation tends to increase with treatment time, but in a 

non-linear manner (Figure 5.3A). Note that although these results combine three independent 

experiments, each time point was not included in each experiment due to constraints related to 

the instrument time required for each analysis. Each time point in Figure 5.3A combines data 

from at least two experiments and between three and six technical replicates. 

Examining the decay in antigen presentation over time after treatment ended provided 

further insight into the kinetics of exogenous peptide antigen presentation. We were curious to 

determine whether presentation drops immediately after ending treatment with the exogenous 

antigen, or whether there might be a period with consistent or even increasing presentation 

levels. To test this, we treated DC2.4 cells with 5 M OVA in media for two hours. The 

treatment media was then exchanged for fresh media without OVA and incubated for the 

remaining time indicated. Antigen presentation was measured at two hours (end of treatment) 

and then at two-hour intervals until eight hours after the beginning of the experiment. The level 

of OVA presentation appears to decrease as soon as treatment ends and continues to drop 

steadily with time, as demonstrated in three independent experiments (Figure 5.3B). Performing 

a linear regression indicated that OVA presentation decreased by 0.13  0.2 fmol per hour, with 

an R2 of 0.996 (or 0.808, if calculated using each individual data point rather than the average 

for each time point). 

We then assessed the impact of treatment concentration on presentation by treating 

DC2.4 cells with the 20-residue OVA antigen at a range of concentrations from 0.5 to 10 M 
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for six hours and quantifying MHC-presented peptides as described. The level of OVA 

presentation correlated linearly with treatment concentration, with an increase of 0.573  0.003 

fmol per M and an R2 of 0.989 (0.966 when considering each data point individually, Figure 

5.3C). It could be interesting to further examine whether antigen presentation plateaus at higher 

concentrations, and whether these trends vary between different antigen sequences. 

We demonstrate that this direct elution and targeted analysis technique can be used to 

measure the kinetics of antigen presentation and the response to treatment with different 

concentrations of antigen peptide. Understanding the dynamics of antigen presentation at the 

cellular level, in particular for extracellular peptide antigens, could provide valuable insight into 

the development of peptide-based vaccines. However, a more thorough analysis was hindered 

by challenges with assay throughput, due in part to the analysis time required per sample. 

Fluctuations in instrument sensitivity also required some experiments to be repeated. 

Figure 5.3. This technique enables characterization of various treatment parameters on 

antigen presentation. A) DC2.4 cells were treated continuously with 5 M OVA long for the 

indicated time, then MHC-bound peptides were eluted, de-salted, and quantified. Results from 

two-three independent experiments per time point (n = 4-6). B) DC2.4 cells were treated with 

5 M OVA long for 2 hours, then media was aspirated, cells were washed with warm PBS, and 

cells were incubated in fresh media (without OVA) for the remainder of the indicated time, 

after which MHC-bound peptides were then quantified. Results from three independent 

experiments (n = 3). C) DC2.4 cells were treated with the indicated concentration of OVA long 

for 6 hours, then MHC-bound peptides were quantified. Results from two independent 

experiments (n = 3-4). 

 

Screening different approaches to improve vaccine design in vitro could streamline their 

development, but this is challenging with existing techniques due to their low throughput and 

difficulty generalizing beyond a handful of model antigens. We hypothesized that our direct 

elution and targeted analysis method could at least in part address these shortcomings. We 
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explore the use of this technique to assess two potential strategies to improve vaccine design: 

single residue substitution with D-amino acids and conjugation to a cell-penetrating peptide. 

D-amino acids (D-AAs) are enantionmers of the native L-amino acids, with opposite 

chirality around the alpha carbon. They are therefore similar in many key respects to their 

natural counterparts, but their incorporation into peptides and proteins tends to increase their 

proteolytic stability, as proteases often fail to recognize and cleave D-AAs. We hypothesized 

that incorporating a single D-AA substitution into the minimal epitope region of an antigen 

peptide could help stabilize this crucial sequence to destruction by proteolysis, while minimally 

impacting MHC binding. We used Trp1, with the minimal epitope sequence TAPDNLGYM, 

as a starting point. Guided by recent work exploring the impact of single amino acid 

substitutions on Trp1 immunogenicity, we selected three positions to substitute within the 

epitope sequence that we suspected would not impact MHC binding—T1, P3, and D4.29 We 

began by generating variants of the 20-mer long Trp1 antigen (and the corresponding 

isotopically labeled short standard, for quantification) with each of these residues substituted 

for D-alanine, which we hoped would minimally disruptive. We then compared the level of 

Trp1 antigen presentation for each of these variants—termed T1a, P3a, and D4a—with the 

original Trp1 sequence (Figure 5.4A). Surprisingly, substituting D-alanine at the T1 or D4 

positions dramatically decreased antigen presentation, almost ablating it entirely. The level of 

MHC-presented antigen after treatment with the P3a and the original sequence were not 

statistically different. Although D-alanine substitution did not increase presentation, the P3 

position appeared to be amenable to substitution.  

We then synthesized a Trp1 variant with D-proline substituted at the P3 position (P3p) 

and a variant with the ‘anchor residue’ A2 substituted for D-alanine (A2a). We were curious to 

determine whether P3 would be amenable to substitution with D-proline, in addition to D-

alanine. We suspected that, as an anchor residue providing key interactions with the MHC 

binding pocket, A2 would not be amenable to substitution with the corresponding D-amino 

acid. However, at three different concentrations tested—0.5, 1.0, and 5.0 M—there was no 

statistically significant difference between the level of antigen presented between P3p, A2a, or 

the original Trp1 sequence (Figure 5.4B). However, it should be noted that the results for each 

condition came from a single experiment with only 2-3 technical replicates. 
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While none of the D-AA substitutions studied increased the level of presented antigen 

relative to the original sequence, the residue P3 and, at least to some extent, the anchor residue 

A2, demonstrated tolerance to D-AA substitution without a loss in presentation levels. It could 

be interesting to examine whether these D-AA substitutions impact other aspects of antigen 

immunogenicity, namely cognate T cell receptor signaling, and to further probe the tolerance 

of different antigens to D-AA substitution. 

Figure 5.4. Single residue substitutions with a D-amino acid impacted the presentation of 

a murine tumor antigen in a position-dependent manner. A) DC2.4 cells were treated with 

5 M of the indicated ‘long’ Trp1 variant for 6 hours, then MHC-bound peptides were eluted 

and analyzed. Results from three replicate experiments (n = 6-7). Statistical significant was 

determined using the student’s t-test; ** denotes p < 0.01, n.s. denotes p  0.05 (not significant). 

B) DC2.4 cells were treated with the indicated ‘long’ Trp1 variant at the indicated concentration 

for 6 hours, then MHC-bound peptides were eluted and analyzed. Each condition includes 

results from one experiment (n = 2-3). Results are reported with an error of one SD. A one-way 

ANOVA performed using Tukey’s multiple comparisons test indicated that for each 

concentration, no statistically significant difference existed between the Trp1 variants tested. 

 

Another approach to enhance the efficacy of peptide vaccines is to covalently attach 

antigens to a cell-penetrating peptide (CPP). CPPs represent a diverse set of sequences that are 

capable of delivering various cargo into cells via endocytosis and, in some cases, direct 

translocation across the cell or endosomal membrane. CPPs have been used to successfully 

enhance the immunogenicity of peptide vaccines. However, the impact of CPP conjugation on 

the absolute level of antigen presented at the cell surface remains uncharacterized. This 

knowledge could provide insight into the mechanism by which CPPs enhance vaccine efficacy 

and potentially guide the design of more effective CPPs. 
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Figure 5.5. Conjugation to a cell-penetrating peptide increased presentation of a murine 

tumor antigen under certain treatment conditions. A-D) DC2.4 cells were treated with EGP 

long (‘Antigen’) or EGP long conjugated to the CPP penetratin (‘Antigen-CPP’) for 5 M and 

6 hours (A), the indicated concentration for 6 hours (B), 1 M for 2 hours (C) or 1 M for 1 

hour (D). E) DC2.4 cells were treated with 0.5 M Antigen or Antigen-CPP for 2 hours, then 

the treatment media was aspirated, cells were washed with warm PBS and incubated in fresh 

media (without the antigen construct) for the remainder of the indicated time, at which point 

MHC-bound peptides were quantified. Results in A, C-E are from two independent experiments 

and results in B are from a single experiment. All comparisons were calculated using the 

student’s t-test; ** denotes p < 0.01 and n.s. denotes p 0.05 (not significant). 

 

We compared the absolute level of presentation of the murine melanoma antigen EGP 

after treating DC2.4 cells with either the 20-mer EGP peptide (“antigen”) or the 20-mer EGP 

peptide conjugated to a model CPP, penetratin (“antigen-CPP”) at a range of concentrations 

and times. We have previously demonstrated that conjugation to penetratin increases this 

antigen’s immunogenicity in vivo by approximately 20-fold. Surprisingly, the majority of 

treatment conditions tested did not yield a difference in the absolute amount of antigen 

presented by cells treated with either the antigen or the antigen-CPP (Figure 5.5A-C). It was 
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only with a low concentration and treatment time, 1 M for 1 hour, that we saw a significant 

increase in the amount of antigen presented by cells treated with the antigen-CPP (Figure 5.5D). 

We would expect physiologically-relevant concentrations of vaccine antigens to be low, so it is 

quite possible that this observed increase in presentation with CPP conjugation is representative 

of vaccine antigen presentation by dendritic cells in vivo. However, these results also suggest 

that, all else being equal, any gain in antigen presentation achieved with CPP conjugation may 

be short lived. To further investigate this possibility, we performed a pulse-chase style 

experiment to study the impact of CPP conjugation on antigen presentation kinetics. After 

treating with 0.5 M of either the antigen or antigen-CPP for two hours, the treatment media 

was exchanged for fresh media without the antigen construct and cells were incubated for the 

remainder of the indicated time. As expected, cells treated with the antigen-CPP exhibited 

higher presentation at two hours, but this dropped at four and six hours to the same level as cells 

treated with the antigen alone (Figure 5.5E). Interestingly, antigen presentation for cells treated 

with the antigen-CPP increased again at eight hours (six hours after treatment ended). It would 

be pertinent to confirm these findings and to monitor later time points to better capture the 

impact of CPP conjugation on antigen presentation kinetics. 

 

5.3 Materials and Methods 

5.3.1 Reagents 

H-Rink Amide-ChemMatrix and HMPB-ChemMatrix resins were obtained from PCAS 

BioMatrix Inc. (St-Jean-sur-Richelieu, Quebec, Canada). 1-[Bis(dimethylamino)methylene]-

1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxid- hexafluorophosphate (HATU), 4-pentynoic acid 

and Fmoc-(azido)ornithine-OH were purchased from Chem-Impex International (Wood Dale, 

IL). Fmoc-L- Arg(Pbf)-OH, Fmoc-L-His(Trt)-OH, Fmoc-L-Lys(Boc)-OH, Fmoc-L-Asp(tBu)-

OH, Fmoc-L- Glu(tBu)-OH, Fmoc-L-Ser(tBu)-OH, Fmoc-L-Thr(tBu)-OH, Fmoc-L-Asn(Trt)-

OH, Fmoc-L-Gln(Trt)- OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-Gly-OH, Fmoc-L-Ala-OH, Fmoc-

L-Val-OH, Fmoc-L-Leu-OH, Fmoc-L-Ile-OH, Fmoc-L-Met-OH, Fmoc-L-Phe-OH, Fmoc-L-

Pro-OH, Fmoc-L-Tyr(tBu)-OH, and Fmoc-L-Trp(Boc)-OH were purchased from EMD 

Millipore (Burlington, MA). Fmoc-D-Alanine-OH, Fmoc-D-Thr(tBu)-OH, Fmoc-D-Pro-OH, 

and Fmoc-D-Asp(tBu)-OH were obtained from Advanced Chem Tech. Fmoc-L-Pro-OH (13C5, 

15N), Fmoc-L-Phe-OH (13C9, 15N), Fmoc-L-Val-OH (D8), and Fmoc-L-Ala-OH (2,3,3,3-D4) 

were obtained from Cambridge Isotopes. 7-Azabenzotriazol-1-

yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyAOP) was purchased from P3 
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BioSystems (Louisville, KY). Peptide synthesis-grade N,N-dimethylformamide (DMF), 

CH2CL2, diethyl ether, and HPLC-grade acetonitrile were obtained from VWR International 

(Radnor, PA). RPMI 1640 media with L-glutamine, fetal bovine serum, 10,000 units/mL 

penicillin/streptomycin, and 0.25% trypsin were obtained from Gibco. 1X PBS was purchased 

from Corning. DC2.4 cells were a gift from Darrell Irvine at the Koch Institute, MIT. All other 

reagents were purchased from Sigma-Aldrich (St. Louis, MO). Milli-Q water was used 

exclusively. 

5.3.2 Synthesis 

Peptide synthesis was performed in house on a custom-built automated flow synthesizer 

as previously described. The majority of sequences were produced via automated flow 

synthesis. However, non-natural amino acids were coupled in batch at room temperature using 

previously reported conditions. Long peptides (~20-mer antigens) were synthesized on RINK-

amide Chemmatrix resin, such that the final product contained a C-terminal amide. Minimal 

epitope peptides, including isotopically-labeled standards, were synthesized on HMPB 

Chemmatrix resin such that the final product contained a C-terminal acid.   

Peptides were synthesized on a 0.1 mmol scale on an automated flow synthesizer. For 

each sequence, 100-150 mg of either ChemMatrix Rink Amide resin (0.5 mmol/g loading) or 

ChemMatrix HMPB resin (0.44 mmol/g loading) was transferred into a fritted syringe and 

loaded onto a reactor heated to 90 C. For all couplings, reagents were drawn up, sent through 

a heating loop at 90 C, and flowed across the resin at 40 mL/min via HPLC pumps. For each 

coupling, 10 mL of a solution containing 0.2 M amino acid in DMF, 0.17 M HATU in DMF 

was mixed with 200 L diisopropylethylamine (DIEA) and delivered to the reactor. The resin 

was then washed with 15 mL DMF. To remove the Fmoc protecting group and regenerate the 

free N-terminus, 10.4 mL of 20% piperidine (v/v) was flowed across the peptidyl resin. The 

resin was then washed with an additional 15 mL of DMF. These steps were performed 

iteratively for each amino acid in the sequence until the synthesis was complete. Batch 

couplings for non-natural (including isotopically-labeled) amino acids were performed by 

incubating peptidyl resin for 30 minutes at room temperature with 0.2 mmol of the indicated 

amino acid, 0.98 mmol HATU, and 100 L DIEA in DMF (3 mL total volume). For capping 

with 4-pentynoic acid, peptidyl resin was incubated with 1 mmol 4-pentynoic acid, 0.98 mmol 

HATU, and 500 L DIEA in DMF (3 mL total volume). After synthesis was complete, peptidyl 

resins were washed three times with DCM and dried under vacuum. 
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5.3.3 Cleavage and Deprotection 

Peptides were subjected to global deprotection and cleavage from resin by treatment 

with 5 mL of 94% trifluoroacetic acid (TFA), 2.5% water, 2.5% ethane dithiol, 1% triisopropyl 

silane (v/v) for two hours at room temperature. For sequences containing an azide, thioanisole 

was substituted for ethane dithiol. Solutions were then filtered through a fritted syringe to 

remove resin, triturated in cold diethyl ether, then re-suspended in 50:50 water: acetonitrile 

containing 0.1% TFA and lyophilized.  

5.3.4 Purification 

Lyophilized crude peptides were suspended in water containing acetonitrile and 0.1% 

TFA and filtered through a 0.22 m syringe filter, then purified via preparative mass-directed 

reversed-phase high performance liquid chromatography (RP-HPLC) using water with 0.1 % 

TFA additive as mobile phase A and acetonitrile with 0.1% TFA additive as mobile phase B. 

For each purification, solvent was flowed at 20 mL/min over an Agilent Zorbax 300SB-C3 

column (21.2 x 250 mm, 7 m) using a linear gradient ramping from either 5 to 35% B or 15 

to 45% B over 60 minutes, with fractions collected in 10 mL increments. Fractions were pooled 

according to data from the instrument’s in-line quadrupole mass spectrometer and lyophilized. 

An aliquot of each purified peptide was each analyzed as described in 5.3.5. 

5.3.5 LC-MS Characterization 

LC-MS analyses were performed on an Agilent 6520 ESI-QTOF mass spectrometer 

using an Agilent Zorbax column (300SB C3, 2.1 x 150 mm, 5 μm). The following mobile 

phases were used: 0.1% formic acid in water (solvent A) and 0.1% formic acid in LC-MS grade 

acetonitrile (solvent B). The following LC-MS method was used for characterization:  1% B 

from 0 to 2 min, linear ramp from 1% B to 61% B from 2 to 11 min, 61% B to 99% B from 11 

to 12 min and finally 3 min of post-time at 1% B for equilibration, flow rate: 0.8 mL/min. 

Representative chromatograms and mass spectra are given in section 5.6. All data were 

processed using the Agilent MassHunter software package. Y-axis in all chromatograms 

represents total ion current (TIC) unless noted.  

5.3.6 Mammalian tissue culture and CD11c+ isolation 

DC2.4 cells were maintained in Roswell Park Memorial Institute (RPMI) media with 

10 mM HEPES, 10% (v/v) fetal bovine serum (FBS), and 100 units/mL each penicillin/ 

streptomycin at 37 C and 5% CO2. Cells were split at a 1:10 ratio every three days or at 80% 

confluency.  
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Primary splenocytes from were obtained from C57BL6/J mice procured from Jackson 

Laboratory. This was carried out by collaborators in the Irvine Lab at the Koch Institute, MIT, 

under an institute-approved IACUC protocol following federal, state, and local guidelines for 

the care and use of animals. Splenocytes were processed to yield a cell suspension and CD11c+ 

cells were isolated using a positive isolation kit (STEMCELL Technologies), according to the 

manufacturer’s protocol. Isolated CD11c+ splenocytes were plated in a 6-well plate (2.5 x 10s 

cells/well) and immediately used in the MHC presentation assay described in 5.3.7. 

5.3.7 MHC presentation assay 

The following protocol was used unless otherwise indicated: 24 hours prior to treatment, 

DC2.4 cells were plated at a density of 5 x 105 /well in a 6-well plate. Media was then exchanged 

for fresh media containing the indicated long antigen at the indicated concentration in 1 mL 

media and cells were treated for six hours or the indicated time. After the treatment was 

complete, media was aspirated and cells were washed in-well with 2 x 1 mL sterile phosphate-

buffered saline (PBS) warmed to 37 C. Cells were then incubated in-well for 60 seconds with 

37 C, sterile-filtered 0.1 M citrate buffer, pH 3.0 to elute MHC-bound peptides. This MHC 

eluate was then transferred to a 96-well plate (each sample spanning several wells as needed), 

either 1 or 10 fmol of the corresponding isotopically-labeled standard peptide was added to 

each sample, and samples were de-salted using C18 ziptips (EMD Millipore). MHC peptides 

were eluted from zip-tips with 5 L 50:50 water: acetonitrile 0.1% formic acid (FA) directly 

into LC-MS vials with glass inserts containing 15 L water with 0.1 % FA. Samples were mixed 

briefly by pipetting.  

Antigens of interest were then quantified via targeted LC-MS/MS using a Thermo 

Scientific Orbitrap Fusion Lumos. Mobile phase A was water with 0.1% formic acid and mobile 

phase B was a 4:1 (v/v) mixture of acetonitrile and water, with 0.1% formic acid as an additive. 

The following LC Method was used: 2% B from 0 to 2 min, followed by a linear gradient from 

2 to 60% B from 2 to 52 min, a linear gradient from 60% B to 95% B from 52 to 55 min and 

then 4 min of 95% B, flow rate: 300 nL /minc. For MS detection, alternating MS1 and MS2 

experiments were performed: selected ion monitoring (SIM) scans for the +1 or +2 charge state 

associated with the peptide of interest and its isotopically labeled standard, with an isolation 

window of  2 m/z; and full scans (350 to 1200 m/z) of the fragment ions obtained from HCD 

fragmentation (HCD collision energy 25%) of the same species as the SIM scan, isolating these 

precursors with a window of  1.2 m/z. Data was analyzed using the open-source proteomics 

software Skyline from the MacCoss Lab. Identity of relevant peptides was confirmed by the 
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presence of corresponding fragment ions and the predominant precursor peak was used for 

quantification. 

We tested several variations of the treatment and workup parameters to identify optimal 

conditions. First, we compared the signal obtained when the isotopically labeled standard was 

added to the MHC eluate immediately after elution and prior to zip-tip cleanup and 

concentration, compared to adding this standard to the concentrated and de-salted sample 

immediately prior to analysis. Comparing both versions of this workflow for OVA and EGP, 

the signal was approximately 5x higher when the standard was added at elution, rather than at 

analysis, and the error between replicates was consistent relative to the value (Figure 5.6A). 

This was presumably because as any sample loss occurring during the workup should be 

consistent for both the analyte and the standard. We determined to add the standard immediately 

after elution. 

Incubating cells with mild acidic buffer (0.1 M citrate, pH 3.0) is a reported technique 

that allowed us to elute MHC-bound peptides directly from the cell surface. However, reported 

incubation times varied and we did not find a direct comparison. We therefore compared the 

amount of antigen measured after incubating cells with the citric acid buffer for 30, 60, or 90 

seconds in order to determine whether longer elution times could more efficiently elute MHC 

peptides. No meaningful difference was observed between any of these incubation times for 

either OVA or EGP (Figure 5.6B). We therefore selected 60 second as the incubation time, as 

this was the most practical for assay handling. We also compared the level of presentation 

measured after treating cells with OVA and EGP individually or a pooled treatment with both 

antigens, observing no difference between these treatment conditions (Figure 5.6C). This was 

unsurprising, as each antigen is presented by a different MHC allele and the presentation of one 

antigen should not be affected by the other. We therefore used these conditions interchangeably, 

treating cells individually or with the pooled antigens as needed. 



  

 117 

Figure 5.6. Testing treatment and elution conditions. A) DC2.4 cells were treated with EGP 

long or OVA long at 5 M for 6 hours, then MHC-bound peptides were eluted and worked up 

as described. Isotopically labeled standards were added either immediately after elution (“At 

elution”) or after workup and immediately prior to analysis (“At analysis”). B) DC2.4 cells 

were treated with EGP long or OVA long at 5 M for 6 hours, then MHC-bound peptides were 

eluted by incubating with 0.1 M citrate, pH 3.0 for 30, 60, or 90 seconds. Eluate was then 

worked up and analyzed as described. C) DC2.4 cells were treated for 6 hours with either 5 M 

EGP long alone, 5 M OVA long alone, or 5 M each EGP long and OVA long pooled. MHC-

bound peptides were then eluted, worked up, and analyzed as described. D) DC2.4 cells were 

treated for 6 hours with 5 M EGP long and OVA long in media containing 10% fetal bovine 

serum or in serum-free media, then MHC-bound peptides were eluted, worked up, and analyzed 

as described. E) Same as D, but treatment was 2 hours; F) DC2.4 cells were pre-treated with 10 

mM sodium azide and 25 mM 2-deoxy-D-glucose (‘NaN3) or standard, serum-free media 

(‘Standard’) for 1 hour, then treated with these conditions and 5 M of the indicated long 

antigen for 2h. MHC-bound peptides were then eluted and analyzed as in A. Student’s t-test 

was used to determine statistical significance, ** p < 0.01, * p < 0.05, n.s. p  0.05 (not 

significant). 

 

We the compared presentation levels when the treatment was performed with standard 

media (10% serum) or serum-free media in an effort to provide further insight beyond the 

sodium azide treatment into whether extracellular processing by serum proteases might be 

responsible for some of the measured MHC-bound antigen. After treating with antigen peptides 

for six hours at 5 M, significantly more antigen was presented by cells treated with media 
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containing 10% serum than by cells treated with serum-free media; a similar trend was observed 

after a two hour treatment for the antigen EGP, while the presence of serum made no difference 

in the level of OVA antigen presented after a two hour treatment (Figure 5.6D-E). This suggests 

that some extracellular processing and loading may occur in the presence of serum and that 

treating in serum-free media could provide a better representation of antigen presentation after 

uptake and intracellular processing. To confirm this, we compared antigen presentation by cells 

treated using serum-free media with or without cell energy depletion using sodium azide. While 

sodium azide treatment significantly diminished antigen presentation by cells treated in serum-

containing media (Figure 5.2C), we expected that sodium azide treatment would entirely ablate 

presentation, which should in this case be entirely dependent on cell uptake. However, there 

was no meaningful difference after energy depletion (Figure 5.6F). Although the precise cause 

is unclear, this suggests that the canonical route by which DCs present exogenous antigen—

uptake, proteolytic processing, loading on MHC, then presentation at the cell surface—may not 

occur as expected in the absence of serum. We therefore decided, despite the possibility of some 

extracellular antigen loading, to perform the antigen treatments in serum-containing media. 

 

5.4 Discussion 

Here, we report a straightforward and generalizable technique to directly measure 

MHC-I-presented antigen(s) of interest. We achieve absolute quantification using isotopically 

labeled standards and demonstrate that we can detect less than 1 femtomole of an antigen 

peptide. We further demonstrate that these measurements require energy-dependent processes, 

including uptake, and appear to be restricted to antigens matching the expressed MHC alleles. 

Taken together, this suggests that this approach measures MHC-bound antigens that are 

presented only after internalization and intracellular processing. However, further experiments 

are needed to confirm this hypothesis and to compare quantitation using this method to 

established methods, in particular MS-based techniques involving affinity purification. 

We applied this technique to monitor the presentation dynamics of an exogenous peptide 

antigen and to screen two strategies designed to enhance cancer vaccine efficacy. We obtained 

insight into the kinetics of vaccine antigen presentation at the cellular level, which has not 

previously been studied, demonstrating that presentation levels rise with continuous treatment 

in a non-linear manner, and begin to drop immediately after treatment ends. We also observed 

a linear relationship between treatment concentration and presentation. Turning towards 

vaccine design, we demonstrated that D-amino acids can be substituted within the minimal 
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presented epitope sequence without perturbing presentation in a position-dependent manner. 

We also interrogated the impact of CPP conjugation, a technique previously demonstrated to 

dramatically enhance efficacy in mouse models, on antigen presentation at the cellular level. 

We saw that CPP conjugation increased presentation primarily for low concentrations and short 

treatment times; however, some preliminary evidence suggests that conjugation to a CPP may 

prolong presentation after exposure has ended. Follow-up experiments are needed to confirm 

these findings and further articulate the relationship between CPP conjugation and presentation 

kinetics. We demonstrated that this technique can be used to monitor antigen presentation on a 

fundamental level and to interrogate the effectiveness of different strategies to improve vaccine 

design. 

However, several limitations were encountered in developing and testing this technique. 

The throughput was more limited than initially anticipated, due in part to the instrument time 

required for each targeted analysis. A full scan approach could help address this by allowing 

analysis of multiple precursor ions in a single run. However, this targeted MS analysis was 

necessary to achieve sufficient sensitivity. Still, the sensitivity was not as consistently high as 

expected, with fluctuations in the limit of detection occasionally requiring experiments to be 

repeated. Other MS methods that have been applied to measure MHC peptides exhibit similar 

detection and throughput limits.10 While our approach provides a simple, generalizable 

technique to measure MHC-presented peptides, the full potential of this and other approaches 

may not be met until MS instrumentation can permit an order of magnitude or more increase in 

sensitivity. Nonetheless, this approach enabled us to obtain insight into the presentation 

dynamics of exogenous peptide antigens and screen several approaches to vaccine design. Our 

direct elution and targeted analysis approach provides a straightforward, generalizable, and 

non-destructive method to measure antigen presentation, but does not fully address the 

limitations of existing techniques. 

 

5.5 References 

(1)  Abbas, A.; Lichtman, A.; Pillai, S. Cellular and Molecular Immunology, 9th ed.; 

Elsevier, 2017. 

(2)  Janeway, C. A.; Travers, P.; Walport, M.; Shlomchik, M. J. Immunobiology: The 

Immune System in Health and Disease, 5th ed.; Garland Science: New York, 2001. 

(3)  Sahin, U.; Türeci, Ö. Personalized Vaccines for Cancer Immunotherapy. Science 2018, 

359 (6382), 1355–1360. https://doi.org/10.1126/science.aar7112. 

(4)  Carreno, B. M.; Magrini, V.; Becker-Hapak, M.; Kaabinejadian, S.; Hundal, J.; Petti, A. 

A.; Ly, A.; Lie, W.-R.; Hildebrand, W. H.; Mardis, E. R.; Linette, G. P. A Dendritic Cell 



  

 120 

Vaccine Increases the Breadth and Diversity of Melanoma Neoantigen-Specific T Cells. 

Science 2015, 348 (6236), 803–808. https://doi.org/10.1126/science.aaa3828. 

(5)  Calmeiro, J.; Carrascal, M. A.; Tavares, A. R.; Ferreira, D. A.; Gomes, C.; Falcão, A.; 

Cruz, M. T.; Neves, B. M. Dendritic Cell Vaccines for Cancer Immunotherapy: The 

Role of Human Conventional Type 1 Dendritic Cells. Pharmaceutics 2020, 12 (2). 

https://doi.org/10.3390/pharmaceutics12020158. 

(6)  Ott, P. A.; Hu, Z.; Keskin, D. B.; Shukla, S. A.; Sun, J.; Bozym, D. J.; Zhang, W.; 

Luoma, A.; Giobbie-Hurder, A.; Peter, L.; Chen, C.; Olive, O.; Carter, T. A.; Li, S.; 

Lieb, D. J.; Eisenhaure, T.; Gjini, E.; Stevens, J.; Lane, W. J.; Javeri, I.; Nellaiappan, K.; 

Salazar, A. M.; Daley, H.; Seaman, M.; Buchbinder, E. I.; Yoon, C. H.; Harden, M.; 

Lennon, N.; Gabriel, S.; Rodig, S. J.; Barouch, D. H.; Aster, J. C.; Getz, G.; 

Wucherpfennig, K.; Neuberg, D.; Ritz, J.; Lander, E. S.; Fritsch, E. F.; Hacohen, N.; 

Wu, C. J. An Immunogenic Personal Neoantigen Vaccine for Patients with Melanoma. 

Nature 2017, 547 (7662), 217–221. https://doi.org/10.1038/nature22991. 

(7)  Sahin, U.; Derhovanessian, E.; Miller, M.; Kloke, B.-P.; Simon, P.; Löwer, M.; Bukur, 

V.; Tadmor, A. D.; Luxemburger, U.; Schrörs, B.; Omokoko, T.; Vormehr, M.; 

Albrecht, C.; Paruzynski, A.; Kuhn, A. N.; Buck, J.; Heesch, S.; Schreeb, K. H.; Müller, 

F.; Ortseifer, I.; Vogler, I.; Godehardt, E.; Attig, S.; Rae, R.; Breitkreuz, A.; Tolliver, C.; 

Suchan, M.; Martic, G.; Hohberger, A.; Sorn, P.; Diekmann, J.; Ciesla, J.; Waksmann, 

O.; Brück, A.-K.; Witt, M.; Zillgen, M.; Rothermel, A.; Kasemann, B.; Langer, D.; 

Bolte, S.; Diken, M.; Kreiter, S.; Nemecek, R.; Gebhardt, C.; Grabbe, S.; Höller, C.; 

Utikal, J.; Huber, C.; Loquai, C.; Türeci, Ö. Personalized RNA Mutanome Vaccines 

Mobilize Poly-Specific Therapeutic Immunity against Cancer. Nature 2017, 547 (7662), 

222–226. https://doi.org/10.1038/nature23003. 

(8)  Ma, M.; Liu, J.; Jin, S.; Wang, L. Development of Tumour Peptide Vaccines: From 

Universalization to Personalization. Scandinavian Journal of Immunology n/a (n/a), 

e12875. https://doi.org/10.1111/sji.12875. 

(9)  Croft, N. P.; Purcell, A. W.; Tscharke, D. C. Quantifying Epitope Presentation Using 

Mass Spectrometry. Mol. Immunol. 2015, 68 (2 Pt A), 77–80. 

https://doi.org/10.1016/j.molimm.2015.06.010. 

(10)  Reinhold, B.; Keskin, D. B.; Reinherz, E. L. Molecular Detection of Targeted Major 

Histocompatibility Complex I-Bound Peptides Using a Probabilistic Measure and 

Nanospray MS3 on a Hybrid Quadrupole-Linear Ion Trap. Anal. Chem. 2010, 82 (21), 

9090–9099. https://doi.org/10.1021/ac102387t. 

(11)  Dolan, B. P. Quantitating MHC Class I Ligand Production and Presentation Using TCR-

Like Antibodies. In Antigen Processing: Methods and Protocols; van Endert, P., Ed.; 

Methods in Molecular BiologyTM; Humana Press: Totowa, NJ, 2013; pp 169–177. 

https://doi.org/10.1007/978-1-62703-218-6_14. 

(12)  Antón, L. C.; Yewdell, J. W.; Bennink, J. R. MHC Class I-Associated Peptides Produced 

from Endogenous Gene Products with Vastly Different Efficiencies. Journal of 

Immunology 1997, 158 (6), 2535–2542. 

(13)  Porgador, A.; Yewdell, J. W.; Deng, Y.; Bennink, J. R.; Germain, R. N. Localization, 

Quantitation, and In Situ Detection of Specific Peptide–MHC Class I Complexes Using 

a Monoclonal Antibody. Immunity 1997, 6 (6), 715–726. https://doi.org/10.1016/S1074-

7613(00)80447-1. 

(14)  Chen, W.; Antón, L. C.; Bennink, J. R.; Yewdell, J. W. Dissecting the Multifactorial 

Causes of Immunodominance in Class I–Restricted T Cell Responses to Viruses. 

Immunity 2000, 12 (1), 83–93. https://doi.org/10.1016/S1074-7613(00)80161-2. 



  

 121 

(15)  Smith, K. B.; Ellis, S. A. Standardisation of a Procedure for Quantifying Surface 

Antigens by Indirect Immunofluorescence. Journal of Immunological Methods 1999, 

228 (1), 29–36. https://doi.org/10.1016/S0022-1759(99)00087-3. 

(16)  Princiotta, M. F.; Finzi, D.; Qian, S.-B.; Gibbs, J.; Schuchmann, S.; Buttgereit, F.; 

Bennink, J. R.; Yewdell, J. W. Quantitating Protein Synthesis, Degradation, and 

Endogenous Antigen Processing. Immunity 2003, 18 (3), 343–354. 

https://doi.org/10.1016/S1074-7613(03)00051-7. 

(17)  Tan, C. T.; Croft, N. P.; Dudek, N. L.; Williamson, N. A.; Purcell, A. W. Direct 

Quantitation of MHC-Bound Peptide Epitopes by Selected Reaction Monitoring. 

Proteomics 2011, 11 (11), 2336–2340. https://doi.org/10.1002/pmic.201000531. 

(18)  Testa, J. S.; Shetty, V.; Hafner, J.; Nickens, Z.; Kamal, S.; Sinnathamby, G.; Philip, R. 

MHC Class I-Presented T Cell Epitopes Identified by Immunoproteomics Analysis Are 

Targets for a Cross Reactive Influenza-Specific T Cell Response. PLoS ONE 2012, 7 

(11), e48484. https://doi.org/10.1371/journal.pone.0048484. 

(19)  Croft, N. P.; Smith, S. A.; Wong, Y. C.; Tan, C. T.; Dudek, N. L.; Flesch, I. E. A.; Lin, 

L. C. W.; Tscharke, D. C.; Purcell, A. W. Kinetics of Antigen Expression and Epitope 

Presentation during Virus Infection. PLOS Pathogens 2013, 9 (1), e1003129. 

https://doi.org/10.1371/journal.ppat.1003129. 

(20)  Reinherz, E. L.; Keskin, D. B.; Reinhold, B. Forward Vaccinology: CTL Targeting 

Based upon Physical Detection of HLA-Bound Peptides. Front. Immunol. 2014, 5. 

https://doi.org/10.3389/fimmu.2014.00418. 

(21)  Keskin, D. B.; Reinhold, B. B.; Zhang, G. L.; Ivanov, A. R.; Karger, B. L.; Reinherz, E. 

L. Physical Detection of Influenza A Epitopes Identifies a Stealth Subset on Human 

Lung Epithelium Evading Natural CD8 Immunity. Proc. Natl. Acad. Sci. U.S.A. 2015, 

112 (7), 2151–2156. https://doi.org/10.1073/pnas.1423482112. 

(22)  Ternette, N.; Block, P. D.; Sánchez-Bernabéu, Á.; Borthwick, N.; Pappalardo, E.; Abdul-

Jawad, S.; Ondondo, B.; Charles, P. D.; Dorrell, L.; Kessler, B. M.; Hanke, T. Early 

Kinetics of the HLA Class I-Associated Peptidome of MVA.HIVconsv-Infected Cells. J. 

Virol. 2015, 89 (11), 5760–5771. https://doi.org/10.1128/JVI.03627-14. 

(23)  Hassan, C.; Kester, M. G. D.; Oudgenoeg, G.; de Ru, A. H.; Janssen, G. M. C.; 

Drijfhout, J. W.; Spaapen, R. M.; Jiménez, C. R.; Heemskerk, M. H. M.; Falkenburg, J. 

H. F.; van Veelen, P. A. Accurate Quantitation of MHC-Bound Peptides by Application 

of Isotopically Labeled Peptide MHC Complexes. Journal of Proteomics 2014, 109, 

240–244. https://doi.org/10.1016/j.jprot.2014.07.009. 

(24)  Useful Numbers for Cell Culture - US 

https://www.thermofisher.com/us/en/home/references/gibco-cell-culture-basics/cell-

culture-protocols/cell-culture-useful-numbers.html (accessed Jun 1, 2020). 

(25)  Storkus, W. J.; Zeh, H. J., III; Salter, R. D.; Lotze, M. T. Identification of T-Cell 

Epitopes: Rapid Isolation of Class i-Presented Peptides from Viable Cells by Mild Acid 

Elution. Journal of Immunotherapy 1993, 14 (2), 94–103. 

https://doi.org/10.1097/00002371-199308000-00003. 

(26)  Herr, W.; Ranieri, E.; Gambotto, A.; Kierstead, L. S.; Amoscato, A. A.; Gesualdo, L.; 

Storkus, W. J. Identification of Naturally Processed and HLA-Presented Epstein-Barr 

Virus Peptides Recognized by CD4+ or CD8+ T Lymphocytes from Human Blood. 

Proceedings of the National Academy of Sciences of the United States of America 1999, 

96 (21), 12033–12038. https://doi.org/10.1073/pnas.96.21.12033. 

(27)  Fortier, M.-H.; Caron, É.; Hardy, M.-P.; Voisin, G.; Lemieux, S.; Perreault, C.; Thibault, 

P. The MHC Class I Peptide Repertoire Is Molded by the Transcriptome. Journal of 

Experimental Medicine 2008, 205 (3), 595–610. https://doi.org/10.1084/jem.20071985. 



  

 122 

(28)  Hällbrink, M.; Oehlke, J.; Papsdorf, G.; Bienert, M. Uptake of Cell-Penetrating Peptides 

Is Dependent on Peptide-to-Cell Ratio Rather than on Peptide Concentration. Biochimica 

et Biophysica Acta (BBA) - Biomembranes 2004, 1667 (2), 222–228. 

https://doi.org/10.1016/j.bbamem.2004.10.009. 

(29)  Clancy-Thompson, E.; Devlin, C. A.; Tyler, P. M.; Servos, M. M.; Ali, L. R.; Ventre, K. 

S.; Bhuiyan, M. A.; Bruck, P. T.; Birnbaum, M. E.; Dougan, S. K. Altered Binding of 

Tumor Antigenic Peptides to MHC Class I Affects CD8+ T Cell-Effector Responses. 

Cancer Immunol Res 2018, 6 (12), 1524–1536. https://doi.org/10.1158/2326-6066.CIR-

18-0348. 

 

5.6 Appendix 

OVA long 

Mass expected: 2322.17 Da 

Mass observed: 2322.21 Da 
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heavy-OVA short 

Mass expected: 972.57 Da 

Mass observed: 972.57 Da 

 
EGP long 
Mass expected: 2174.17 Da 

Mass observed: 2174.19 Da 
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heavy-EGP short 
Mass expected: 1119.53 Da 

Mass observed: 1119.53 Da 

  
EGP-penetratin 

Mass expected: 4383.48 Da 

Mass observed: 4383.86 Da 
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NP long 

Mass expected: 2290.16 Da 

Mass observed: 2290.49 Da 

  
heavy-NP short 
Mass expected: 1110.64 Da 

Mass observed: 1110.74 Da 
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gp160 long 

Mass expected: 2207.32 Da 

Mass observed: 2207.65 Da 

 
heavy-gp160 short 
Mass expected: 1078.63 Da 

Mass observed: 1078.75 Da 
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Reps1 long 

Mass expected: 2284.26 Da 

Mass observed: 2284.27 Da 

 
heavy-Reps1 short 
Mass expected: 949.57 Da 

 Mass observed: 949.58 Da 
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Trp1 long 

Mass expected: 2389.07 Da 

Mass observed: 2389.08 Da 

 
heavy-Trp1 short 
Mass expected: 984.45 Da 

Mass observed: 984.52 Da 
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Trp1 T1a long 

Mass expected: 2359.05 Da 

Mass observed: 2359.14 Da 

 
heavy-Trp1 T1a short 
Mass expected: 954.44 Da 

Mass observed: 954.44 Da 
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Trp1 A2a long 

Mass expected: 2389.07 Da 

Mass observed: 2389.22 Da 

  
heavy-Trp1 A2a short 
Mass expected: 986.44 Da 

Mass observed: 986.56 Da 
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Trp1 P3a long 

Mass expected: 2363.05 Da 

Mass observed: 2363.05 Da 

  
heavy-Trp1 P3a short 
Mass expected: 958.43 Da 

Mass observed: 958.45 Da 
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Trp1 D4a long 

Mass expected: 2345.08 Da 

Mass observed: 2345.29 Da 

  
heavy-Trp1 D4a short 
Mass expected: 940.46 Da 

Mass observed: 940.47 Da 
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Trp1 P3p long 

Mass expected: 2389.07 Da 

Mass observed: 2389.04 Da 

  
heavy-Trp1 P3p short 
Mass expected: 984.45 Da 

Mass observed: 984.55 Da 
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Chapter 6: Chimeras of Cell-Penetrating Peptides Demonstrate 

Synergistic Improvement in Antisense Efficacy 
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6.1 Introduction 

Phosphorodiamidate morpholino oligonucleotides (PMOs) are attractive therapeutic 

molecules for genetic diseases. Designed to recognize targets by Watson-Crick base pairing, 

PMOs exhibit a high level of specificity for their complementary nucleotide sequence. 

Depending on the type of sequence targeted, PMOs can mediate a variety of effects, including 

blocking protein translation or modifying pre-mRNA splicing. Eteplirsen, a PMO conditionally 

approved by the FDA to treat Duchenne muscular dystrophy, alters the splicing of the 

dystrophin pre-mRNA in order to restore the functionality of the dystrophin protein.1  

In terms of structure, PMOs are neutral oligonucleotide analogues in which the ribosyl 

ring has been replaced with a morpholino ring and the negatively-charged phosphodiester 

backbone has been replaced with the uncharged phosphorodiamidate.2 The altered backbone 

structure prevents degradation both in serum and by intracellular nucleases.3,4 Yet the relatively 

large size and neutral charge of PMOs can lead to inefficient delivery to the cytosol and 

nucleus.5 

Cell-penetrating peptides (CPPs) are a promising strategy to improve the delivery of 

PMO to the nucleus.6–11 CPPs are relatively short sequences of 5-40 amino acids that ideally 

access the cytosol and can promote the intracellular delivery of cargo.12,13 CPPs can be 

classified into different groups based on their physicochemical properties. One common CPP 

class consists of repetitive, arginine-based peptides such as R12 and Bpep (RXRRRRXRRR, 

in which X is aminohexanoic acid and  is -alanine). These oligoarginine peptides are often 

random coils.14 When conjugated to PMO, the oligoarginine peptides have been among the 

most effective peptides in promoting PMO delivery.7–9 Other CPPs, such as Penetratin, pVEC, 

and melittin, are more amphipathic in nature. While these sequences do contain cationic 

residues, the defined separation of charged and hydrophobic residues can promote amphipathic 

helix formation. However, amphipathic CPPs have not been demonstrated to significantly 

improve PMO efficacy. 

No universal mechanism of cell entry exists for CPPs or CPP-PMO conjugates.15,16 The 

mechanism is often highly dependent on the treatment concentrations and the type of cargo 

attached.17,18 Above a certain threshold concentration (generally low micromolar), energy-

independent cytosolic uptake can be observed faster than the time scale of endocytosis and cell 

surface recycling.17,19 The fast uptake rate provides evidence for a direct translocation 

mechanism similar to what is observed for a small molecule. However, at low, physiologically-

relevant concentrations, uptake is primarily endocytic. Even within the category of endocytosis, 
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CPPs and CPP-PMO conjugates can enter cells using one or multiple endocytic 

mechanisms.16,20 These endocytic mechanisms include macropinocytosis, clathrin-mediated 

endocytosis, caveolae-mediated endocytosis and clathrin/caveloae-independent endocytosis.21 

CPP-PMO conjugates are primarily endocytosed at low concentrations, and the CPPs that are 

poor for PMO delivery are likely trapped in endosomes or excluded from the nuclear 

compartment.  

Given that different CPPs can engage different endocytic mechanisms and that some 

CPPs are better at escaping endosomes than others, each individual CPP has strengths and 

weaknesses. One way to harness the benefits of various peptides is to combine them into 

chimeric peptides and leverage the strengths of each component. Yin and coworkers created 

covalent chimeras between a muscle targeting peptide and Bpep to combine muscle targeting 

with cell-penetration for PMO delivery.22 Abes et al. utilized one chimera composed of 

penetratin and a polyarginine peptide to improve the delivery of peptide nucleic acids, a 

different class of antisense oligonucleotide.23 However, there has yet to be an extensive 

examination of the design space of chimeras composed of two CPPs. A thorough understanding 

of this space is necessary in order to apply these hybrid molecules to improve PMO delivery. 

To begin our investigations, we envisioned that chimeric peptides composed of a 

random-coil, oligoarginine CPP with an amphipathic CPP could improve PMO activity. If each 

CPP utilizes distinct mechanisms of endocytosis, the chimera may be able to access multiple 

mechanisms of cellular entry. Further, the different CPPs may have beneficial effects on 

processes downstream of uptake, such as endosomal escape or nuclear entry. Here, we present 

several amphipathic/oligoarginine CPP chimeras that exhibit a synergistic, rather than additive, 

gain in PMO efficacy in a biological assay. The CPP chimeras increase PMO activity in this 

assay up to 70-fold over the PMO alone and outperform the potent CPP standard (Bpep). We 

investigate several of the design principles for the success of these conjugates and probe the 

mechanism of uptake for one particular conjugate. 

 

6.2 Results and Discussion 

Our initial proof-of-concept experiments were aimed at determining if chimeric CPPs 

could improve PMO efficacy. We designed a set of three constructs that combine an arginine-

rich CPP with an amphipathic CPP. Each construct has three components: the two CPPs and 

the PMO. The two CPPs were linked through an amide bond to generate one long, linear 

peptide. The C-terminal peptide for each construct was Bpep, an arginine-rich CPP that has 
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consistently been one of the highest performing CPPs for PMO delivery.9,11,24 For the N-

terminal peptide, we chose three known amphipathic CPPs: pVEC, penetratin, and mellitin.25–

27 One additional construct was generated with Bpep as the N-terminal peptide to serve as a 

standard of comparison in which the chimera consists of two arginine-rich peptides (Figure 

6.1A). The PMO cargo employed was a 6 kDa, 18-base pair PMO that can trigger increased 

eGFP expression in a HeLa cell line stably transfected with a split eGFP construct (Figure 

6.1B). 

To synthesize the constructs, the two-component, chimeric peptide was prepared by 

automated fast-flow solid-phase peptide synthesis.28 The N-terminus of the peptide was capped 

with 4-pentynoic acid to provide a click chemistry handle. The PMO was provided by Sarepta 

Therapeutics and functionalized at the 3’-amine with 5-azidopentanoic acid. The PMO was 

conjugated to the chimeric peptide using copper-catalyzed click chemistry and the PMO-

chimera conjugates were purified by reversed-phase high-performance liquid chromatography 

(RP-HPLC) (Figure 6.1B).  

Next, the conjugates were evaluated in the HeLa-654 eGFP assay to assess if the 

chimeric CPPs would improve PMO efficacy. In this assay, the HeLa cells are stably transfected 

with an eGFP sequence that is interrupted with a mutated intron of the human -globin gene 

(IVS2-654). The mutation creates a cryptic splice site that leads to retention of a -globin 

fragment in the eGFP mRNA sequence. Upon translation, the eGFP is nonfluorescent. The 

IVS2-654 PMO utilized in the conjugates hybridizes to the mutated intron and prevents the 

aberrant pre-mRNA splicing, leading to an eGFP mRNA sequence that encodes for functional, 

fluorescent eGFP. The amount of PMO delivered is therefore correlated to the amount of 

functional eGFP expressed. However, multiple factors, such as endosomal escape, nuclear 

localization, and pre-MRNA-splicing activity, will influence the amount of eGFP fluorescence 

observed after treatment with a given PMO conjugate.   

The HeLa-654 cells were treated with 5 M of each conjugate in serum-containing 

media. After 22 hours, the fluorescence of the cells was analyzed by flow cytometry (Figure 

6.1C). All four CPP chimeras performed better than Bpep, the consistently high-performing 

CPP for PMO delivery. Our top chimera, PMO-Penetratin-Bpep, had an approximately 70-fold 

increase in eGFP fluorescence compared to the background fluorescence of untreated cells. For 

reference, this is over a 20-fold improvement with respect to the unconjugated PMO and a 2-

fold improvement with respect to PMO-Bpep.  



  

 138 

Both PMO-Penetratin-Bpep and PMO-pVEC-Bpep displayed synergy, in which the 

activity of the PMO-chimeric CPP was greater than the sum of the expected activities from each 

of the PMO-CPPs individually. For example, PMO-Penetratin demonstrated a 7-fold increase 

and PMO-Bpep demonstrated a 35-fold increase in eGFP fluorescence.  An additive effect 

would lead to a 42-fold increase in eGFP fluorescence for PMO-Penetratin-Bpep. However, the 

PMO-Penetratin-Bpep chimera had an almost 70-fold increase in eGFP fluorescence, meaning 

it performed approximately 1.5 times better than an additive effect. A similar synergy was also 

observed for PMO-pVEC-Bpep, in which the measured eGFP fluorescence was also 1.5 times 

greater than the sum of the parts.  

 

 

Figure 6.1. PMO-peptide chimera conjugates enhance exon skipping. A) Amino acid 

sequences of the four cell-penetrating peptide chimeras used in this work. Each chimera 

includes one cell-penetrating peptide on the N-terminus followed by Bpep on the C-terminus. 

X = aminohexanoic acid, B = beta-alanine and J = norleucine. B) General scheme of a PMO-

chimera conjugate. C)  Plot showing mean eGFP fluorescence of a population of stably 

transfected HeLa-654 cells after continuous treatment for 22 hours with 5 M of each PMO-
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peptide conjugate. The mean eGFP fluorescence was normalized to the eGFP fluorescence of 

untreated cells. Both PMO-Penetratin-Bpep and PMO-pVEC-Bpep demonstrated synergistic 

improvement in activity over the base PMO-peptide conjugates. Error bars are a standard 

deviation of a technical triplicate and the increased activity of each PMO-chimera conjugate is 

statistically significant compared to both PMO-CPP and PMO-Bpep. Statistical analyses were 

performed using a one-way ANOVA and Bonferroni’s multiple comparison test (p ≤ 0.0001 

for all groups). Results are a representative example of several independent experiments that 

included these constructs and conditions (Figure 6.3). 

 

The existence of a synergistic effect in two of the chimeras supports the notion that 

combining an arginine-rich CPP with an amphipathic CPP can improve PMO efficacy. 

However, other variables could be responsible for the observed effects.  The order of the 

individual peptides may influence PMO activity. Therefore, for each construct, we synthesized 

the peptide sequences with the order reversed where Bpep is at the N-terminus and the other 

CPP is at the C-terminus. After conjugation to PMO and purification by RP-HPLC, these 

conjugates were tested in the eGFP assay along with their counterparts that had Bpep on the C-

terminus. For both synergistic chimeras (PMO-Penetratin-Bpep and PMO-pVEC-Bpep), 

switching the order of the peptides decreased observed PMO activity (Figure 6.2A). This 

observation suggests that it is critical to have Bpep as the C-terminal component to observe 

synergy.  

This result raises the question of whether or not the N-terminal peptide has functional 

significance. Alternatively, the N-terminal peptide could serve as a spacer between the PMO 

and Bpep that amplifies the effect of Bpep. If this were true, it would explain why all four 

chimeras with Bpep at the C-terminus performed similarly. To address this question, we 

prepared chimeras in which the N-terminal peptide was replaced by a 15-residue polyproline or 

polyalanine spacer. The two spacers are of identical length but will likely exhibit different 

structures given the rigidity of polyproline sequences. PMO-P15-Bpep and PMO-A15-Bpep 

were evaluated in the eGFP assay (Figure 6.2B). PMO-P15-Bpep showed no improvement over 

PMO-Bpep. However, PMO-A15-Bpep exhibited a mean fluorescence intensity greater than 

PMO-Bpep and performed almost as well as the CPP chimeras.  Unfortunately, comparison of 

this result to PMO-A15 was prevented due to the poor synthesis and solubility of A15, which 

limits assessment of whether or not the effect is synergistic. P15 and A15 had divergent effects 

as the N-terminal peptide, indicating that while spacing may play a role in the efficacy of the 
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chimeric CPPs, it likely does not fully account for the effect of the N-terminal peptide in the 

chimeric sequence.  

Figure 6.2. The activity of PMO-CPP chimera conjugates is influenced by specific design 

features. (A) For each chimera, the order of the sequences was reversed and the activity of the 

PMO-peptide conjugate was measured in the eGFP assay. The plot shows the fold change in 

eGFP fluorescence relative to the untreated control. B) Plot of the fold change in eGFP 

fluorescence for cells treated with 5 M of PMO, PMO-P15, PMO-Bpep, PMO-P15-Bpep, or 

PMO-A15-Bpep for 22 hours. C) Comparison of the fold change in eGFP fluorescence for 

HeLa-654 cells treated with 5 M of each base PMO-CPP for 22 hours in the presence or 

absence of 5 M Bpep. For each construct, the difference in activity with and without B-pep 

co-incubation was not statistically significant. For every experiment displayed in the figure, 

error bars represent a standard deviation of a technical triplicate and statistical analyses were 

performed using a student’s t-test (**** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, n.s. p > 0.05). 

 

Next, we investigated the necessity of covalent attachment. The increase in PMO 

activity may or may not require the two component peptides of the chimera to be covalently 

attached. The eGFP assay was repeated with PMO-Penetratin, PMO-pVEC, PMO-Melittin and 
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PMO-Bpep in either the presence or absence of 5 M Bpep (Figure 6.2C). In all cases, the 

PMO-CPP conjugates performed identically, regardless of whether or not Bpep was present. 

This result demonstrates that covalently linking the two CPPs is necessary to observe an 

improvement in activity. Co-incubation with Bpep did not result in any change in eGFP 

fluorescence.  

Given concerns over the size and net charge of the constructs, a lactate dehydrogenase 

assay was performed to assess if the plasma membrane of the cells had been compromised in 

any way during treatment with the chimeric constructs (see Section 6.3.10). At 5 M, none of 

the constructs except for the PMO-Melittin-Bpep construct caused additional lactate 

dehydrogenase release compared to untreated cells, suggesting the majority of our chimeras do 

not disrupt the cell membrane.  

Since both efficacy and toxicity can be concentration-dependent, we also assessed the 

extent to which trends in exon skipping activity and toxicity were consistent across a range of 

concentrations. Concentrations of 0.2 M, 1 M, 5 M, 10M and 25 M were used for 

treatment in the exon skipping assay described above. Non-chimeric CPP-PMO conjugates 

exhibited minimal activity at low concentrations and a gradual increase in efficacy with 

increasing dose (Figure 6.3).  The PMO-chimeras exhibited poor efficacy at 0.2 M but 

increased dramatically at 1 M, with the exception of PMO-pVEC-Bpep which did not increase 

significantly until 5 M. Efficacy began to plateau at 10 M, except for PMO-Melittin-Bpep 

which could not be measured at 10 M due to severe toxicity. All PMO-chimeras were toxic at 

25 M. An LDH assay confirmed these results, indicating that the PMO-chimera conjugates 

exhibited 70 to 100% of the maximum possible LDH release at 25 M, with some causing 

significant membrane disruption at 10 M as well (see Section 6.3.10). At lower concentrations 

however, most of the PMO-chimera conjugates did not exhibit cytotoxicity. Taken together, 

these data indicate that 5 M is an optimal dosing window for these chimeric CPPs to mediate 

exon skipping. 
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Figure 6.3. PMO-peptide chimera conjugates exhibit dose dependent activity. For each 

CPP chimera, HeLa-654 cells were treated with 0.2, 1, 5, 10, and 25 µM of the PMO-chimera, 

the related PMO-CPPs, and the unmodified PMO. After 22 hours, eGFP fluorescence was 

measured via flow cytometry. A) PMO-pVEC-Bpep, B) PMO-Penetratin-Bpep, C) PMO-

Melittin-Bpep, D) PMO-Bpep-Bpep. All values are normalized to the eGFP fluorescence of 

untreated cells. Error bars are a standard deviation of a technical triplicate. 

 

We then probed the mechanism by which these chimeric CPPs improve PMO efficacy. 

The eGFP HeLa cells provide a functional assay for PMO activity, yet many mechanistic steps 

contribute to this final read-out. The PMO conjugates must be internalized into cells, escape 

endosomes if endocytosed, localize to the nucleus, and bind to pre-mRNA to generate an effect. 

The different parts of the chimera may be aiding in one or many of these steps. While it is 

challenging to conclusively demonstrate the exact mechanism given the complexity of the 

biological processes involved, we chose one model chimera to thoroughly study to gain 

additional insight. PMO-pVEC-Bpep was used for this purpose, since it demonstrated synergy 

and did not disrupt the plasma membrane at 5 M. Additionally, the poor performance of PMO-

pVEC made the strong performance of PMO-pVEC-Bpep an intriguing result. 
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Mechanistic studies began with experiments to assess cellular uptake pathways. To 

examine if energy-dependent pathways are involved, PMO activity was measured after 

treatment at 4 C vs. 37 C. The experiments were performed in a pulse-chase format in which 

the eGFP HeLa cells were incubated with 5 M PMO-pVEC, PMO-Bpep, or PMO-pVEC-

Bpep for 3 hours at either 4 C or 37 C (Figure 6.4A). Then, the treatment media was 

exchanged for fresh media and the cells were allowed to grow for an additional 22 hours. For 

all compounds except PMO-Bpep, there was a decrease in eGFP fluorescence when treated at 

4 C. This result suggests that energy-dependent mechanisms are relevant to the uptake of the 

PMO-pVEC-Bpep chimera. With respect to the PMO-Bpep result, any conjugate that binds to 

the surface of the cells during treatment at 4 C could be subsequently internalized and trigger 

eGFP expression when the cells are incubated for an additional 22 hours at 37 C after 

treatment. 

Figure 6.4. PMO-pVEC-Bpep conjugate undergoes energy-dependent uptake via a route 

distinct from the PMO-CPPs. A) Plot of normalized eGFP fluorescence for cells treated at 

either 37 oC or 4 oC, normalized to the respective untreated control. The cells were allowed to 

equilibrate to their respective temperatures for 30 minutes prior to treatment with 5 M PMO, 

PMO-pVEC, PMO-Bpep, or PMO-pVEC-Bpep. After treatment with the constructs for 3 hours, 

the media was exchanged for fresh, untreated media and the cells from both conditions were 

incubated for another 22 hours at 37 oC. Both PMO-pVEC and PMO-pVEC-Bpep exhibited a 

reduction in uptake at 4 oC, suggesting that energy-dependent processes are relevant for uptake. 

Statistical analyses were performed using a student’s t-test (**** p ≤ 0.0001, *** p ≤ 0.001, ** 

p ≤ 0.01). B) Plot of normalized eGFP fluorescence for cells treated with different 

concentrations of chlorpromazine, normalized to the untreated control. The cells were pre-

incubated for 30 minutes with chlorpromazine and then 5 M PMO, PMO-pVEC, PMO-Bpep, 

or PMO-pVEC-Bpep was added. After treatment with the constructs for 3 hours, the media was 

exchanged for fresh, untreated media and the cells from both conditions were incubated for 
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another 22 hours at 37 oC. At 10 µM chlorpromazine, eGFP fluorescence decreased only in the 

cells treated with the PMO-pVEC-Bpep chimera, suggesting that clathrin-mediated endocytosis 

plays a unique role in the uptake of the chimera. Statistical analyses were performed using a 

one-way ANOVA and Sidak’s multiple comparison test (**** p ≤ 0.0001, * p ≤ 0.05, n.s. p > 

0.05). For both experiments, error bars are a standard deviation of a technical triplicate. 

 

In addition, we studied the effect of multiple endocytosis inhibitors on the 

internalization of PMO-pVEC, PMO-Bpep, and PMO-pVEC-Bpep into cells (Figure 6.4B, 

Section 6.3.11). The experiments were performed in a pulse-chase format in which the eGFP 

HeLa cells were pre-incubated with the inhibitors. After thirty minutes of pre-incubation, the 

PMO-peptide conjugates were added and after three hours, the treatment media was exchanged 

with fresh media and the cells were left to grow for another 22 hours. The majority of the 

inhibitors had no effect. However, at high concentrations of chlorpromazine, eGFP fluorescence 

decreased in the cells treated with the PMO-pVEC-Bpep chimera. While chlorpromazine is 

considered an inhibitor of clathrin-mediated endocytosis, it may possibly affect downstream 

components of the process too.29 Beyond the possible role of clathrin-mediated endocytosis in 

the uptake of the chimera, these data demonstrate that the chimera is accessing a unique 

internalization mechanism since no appreciable decrease was observed with either PMO-pVEC 

or PMO-Bpep.  

Finally, the constructs were labeled with a small molecule organic dye orthogonal to 

eGFP to allow simultaneous monitoring of the uptake of the compounds and functional exon-

skipping activity. Experiments of this format could help deconvolve cellular internalization 

from PMO efficacy. The compounds were designed with the dye linked to the amino acid 

directly adjacent to the PMO such that the dye should be reflective of the localization of the 

PMO even if the peptide undergoes proteolytic degradation. To prepare these compounds, 

pVEC, Bpep and pVEC-Bpep were synthesized with a cysteine residue on the N-terminus of 

the sequence and the terminus was then capped with 4-pentynoic acid as before. After 

purification by RP-HPLC, the peptides were dissolved in water with equimolar Sulfo-Cyanine5 

maleimide and purified again by RP-HPLC. Finally, the SulfoCy5-labeled peptides were all 

conjugated to the PMO-azide through copper-catalyzed click chemistry and purified by RP-

HPLC.  

Using the SulfoCy5-labeled constructs, we performed a flow cytometry experiment with 

the eGFP HeLa cells. The cells were treated with 5 M of each conjugate in serum-containing 

media for 22 hours and then analyzed by flow cytometry (Figure 6.5A). For eGFP fluorescence, 
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the 488 nm excitation laser and 530 nm emission filter were used, and for the SulfoCy5, the 

561 nm excitation laser and 695 nm emission filter were used.  The separation of channels 

enabled fluorescence from both fluorophores to be simultaneously recorded. We also treated 

with unlabeled PMO-pVEC, PMO-Bpep, and PMO-pVEC-Bpep to determine if the 

fluorophore was perturbing the effect of a given conjugate. In all cases, eGFP fluorescence was 

slightly decreased with the fluorophore attached suggesting that while the fluorophore may 

affect the efficacy of the conjugate, it does so uniformly (see Section 6.3.12). 

In terms of SulfoCy5 fluorescence, PMO-SulfoCy5-Bpep exhibited less fluorescence 

than PMO-SulfoCy5-pVEC or PMO-SulfoCy5-pVEC-Bpep. However, PMO-SulfoCy5-Bpep 

had a relatively high ability to facilitate eGFP expression. This result suggests that while the 

overall cellular uptake of PMO-Bpep is less than PMO-pVEC, Bpep has a beneficial 

downstream effect. Perhaps improved endosomal escape, nuclear entry, RNA binding, or 

splice-modification results in the relatively high eGFP fluorescence for PMO-Bpep. On the 

other hand, PMO-SulfoCy5-pVEC had high SulfoCy5 fluorescence, but poor eGFP expression, 

which indicates that the compound has good cellular uptake but has limitations elsewhere 

downstream. The pVEC-Bpep chimera exhibited both the highest eGFP expression and the 

highest SulfoCy5 fluorescence, though the SulfoCy5 fluorescence was on a similar scale to 

pVEC. Therefore, our hypothesis for the basis of the chimera’s synergy is that the pVEC 

component is improving cellular uptake without interfering with the beneficial downstream 

effects of Bpep.  
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Figure 6.5. PMO-pVEC-Bpep exhibits high internalization and high exon skipping 

activity. A) Plot showing the mean fluorescence intensity (MFI) in each respective channel for 

eGFP and SulfoCy5 for HeLa-654 cells treated with 5 M PMO-SulfoCy5-pVEC, PMO-

SulfoCy5-Bpep, or PMO-SulfoCy5-pVEC-Bpep for 22 hours at 37 oC. The left axis pertains to 

eGFP fluorescence and the right axis pertains to SulfoCy5 fluorescence. PMO-*Peptide is a 

figure abbreviation for a PMO-SulfoCy5-Peptide construct. Error bars are a standard deviation 

of a technical triplicate. For both eGFP and SulfoCy5 fluorescence, the activity of PMO-pVEC-

Bpep, PMO-pVEC, and PMO-Bpep are all statistically different (p ≤ 0.0001, analyses 

performed using a one-way ANOVA and Tukey’s multiple comparison test). B) Live-cell 

confocal microscopy images of HeLa-654 cells after treatment with the same conditions as the 

flow cytometry experiments. The cells were also transiently transfected with an RFP-Rab5a 

fusion construct to label early endosomes (green - eGFP - PMO activity, red – RFP – early 

endosomes, cyan – SulfoCy5 – conjugates). For visualization of nuclei and brightfield images, 

see Section 6.7.2. 
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To test the hypothesis that the pVEC component improves cellular uptake, we 

performed live cell confocal microscopy imaging experiments on the eGFP HeLa cells. The 

same treatment conditions as the flow cytometry assay were used except that a Rab5a-RFP 

fusion protein was used to label early endosomes and Hoechst dye was used to label nuclei. The 

eGFP HeLa cells were transiently transfected sixteen hours prior to imaging with a Rab5a-RFP 

fusion construct in order to examine the extent of localization to endosomes. We reasoned that 

if PMO-SulfoCy5-pVEC had poor efficacy in triggering eGFP expression due to endosomal 

entrapment, the RFP signal would be co-localized with the SulfoCy5 signal. In addition, 

labeling with Hoechst dye enabled the nuclear regions to be delineated and the nuclear 

SulfoCy5 signal to be quantified. 

The imaging data correlate well with the flow cytometry data (Figure 6.5B). With both 

PMO-SulfoCy5-pVEC and PMO-SulfoCy5-pVEC-Bpep, the bright SulfoCy5 signal is mostly 

concentrated in punctae. Some SulfoCy5 signal is co-localized with RFP signal, with Mander’s 

Colocalization Coefficients of 0.4 ± 0.1 and 0.4 ± 0.2 for PMO-SulfyCy5-pVEC and PMO-

SulfoCy5-pVEC-Bpep, respectively (see Section 8 of SI for details). This indicates that 

approximately 40% of the SulfoCy5-labeled construct is co-localized with RFP, suggesting 

localization to the early endosome. Other SulfoCy5 punctae are likely late endosomes and 

lysosomes. These images provide further evidence that the primary mechanism of 

internalization is endocytosis and that endosomal entrapment can limit PMO activity for certain 

constructs, despite significant cellular uptake.  

With regard to the nuclear SulfoCy5 signal, PMO-SulfoCy5-pVEC-Bpep exhibited the 

highest mean nuclear fluorescence (see Section 6.3.13). The nuclear fluorescence was 

determined by labeling the nuclei with Hoechst, outlining the nuclear regions, and quantifying 

SulfoCy5 signal in the nuclear regions. Intriguingly, the nuclear SulfoCy5 fluorescence of 

PMO-SulfoCy5-pVEC was higher than PMO-SulfoCy5-Bpep, even though PMO-SulfoCy5-

Bpep exhibited more eGFP signal. Because multiple factors influence the amount of eGFP 

fluorescence observed after treating the HeLa-654 cells, the higher activity combined with a 

lower nuclear concentration suggests that the Bpep component may lead to enhanced splicing 

activity independent of delivery.  

We then analyzed the impact of peptide conjugation on PMO binding to its 

complementary oligonucleotide sequence. Although the PMO exerts exon skipping activity by 

binding pre-mRNA, we considered single-stranded DNA to be a good proxy for comparing the 

relative binding affinity of these PMO-peptide conjugates in vitro, given that relative trends in 

antisense oligonucleotide binding affinity are generally conserved between RNA and DNA.30,31 



  

 148 

We obtained melting curves for the unmodified PMO, PMO-Bpep, PMO-pVEC, and PMO-

pVEC-Bpep each combined with DNA sequence complementary to the PMO (Figure 6.6A, 

Section 6.3.14). We then determined the melting temperature (Tm) for each construct from the 

derivative of the corresponding melting curve, where the maximum of this derivative plot 

corresponds to the Tm (Figure 6.6B, Section 6.3.14).  

 

Figure 6.6. Peptide conjugation slightly alters PMO binding to a complementary nucleic 

acid. A) Melting curves for the unmodified PMO, PMO-Bpep, PMO-pVEC, and PMO-pVEC-

Bpep annealed to the complementary DNA sequence. Melting was monitored via fluorescence 

decrease of an intercalating dye. Fluorescence measurements were then normalized and 

converted to percent dissociated. Shown is one representative independent experiment of three 

total independent experiments, with remaining replicates shown in Figure S7. B) The Tm for 

each construct was calculated from the derivative of the corresponding melting curve. Values 

represent the average of three independent experiments with an error of one standard deviation. 

 

The melting curves as well as the Tm values indicate that peptide conjugation slightly 

enhances PMO affinity for its target sequence, with a maximum increase in Tm of (6.0  0.4) 

C for PMO-Bpep. It is possible that this slight increase in binding affinity could contribute to 

the increase in exon skipping activity noted for PMO-Bpep despite its lower observed nuclear 

localization. However, the differences in Tm between the three PMO-peptide conjugates was 

relatively low, indicating that peptide identity does not have a dramatic impact on the affinity 

of the PMO for its complementary sequence. Further, PMO-pVEC-Bpep exhibited the smallest 
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increase in Tm relative to the unmodified PMO. Altogether, this suggests that the mechanism 

by which the pVEC-Bpep chimera enhances exon skipping is not related to improved PMO 

binding to its target sequence. 

Further experiments will be necessary to precisely define the effects downstream of 

internalization that are involved in the synergistic performance of the chimeras. However, here 

we show with our mechanistic studies that individual CPPs may be helpful with different 

elements of macromolecule delivery. We show that chimeric peptides composed of CPPs can 

exhibit synergistic improvements in PMO delivery and exon skipping efficiency. We show that 

the relative position of the sequences affects the degree of uptake, that peptide identity tunes 

activity, and that they must be covalently attached to observe the effect. One issue with this 

strategy is the large molecular weight of the resultant conjugates. One way to overcome this 

would be to create deletion analogues to identify the minimal necessary sequence to observe 

synergy. These deletion constructs will be the subject of future investigations with the 

Penetratin-Bpep and pVEC-Bpep chimeras.  

Given that poor intracellular delivery has largely limited the therapeutic application of 

antisense oligonucleotides, we believe this strategy could help improve conjugate therapies for 

the treatment of several genetic diseases, such as Duchenne muscular dystrophy. More 

generally, we envision that the approach of combining CPPs from different classes can be 

applied to the intracellular delivery of a variety of macromolecular cargoes.  

 

6.3 Materials and Methods 

6.3.1 Materials 

H-Rink Amide-ChemMatrix resin was obtained from PCAS BioMatrix Inc. (St-Jean-

sur-Richelieu, Quebec, Canada). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium-3-oxid-hexafluorophosphate (HATU), 4-pentynoic acid, 5-azidopentanoic acid, 

Fmoc--Ala-OH, and Fmoc-6-aminohexanoic acid were purchased from Chem-Impex 

International (Wood Dale, IL).  Fmoc-L-Arg(Pbf)-OH, Fmoc-L-His(Trt)-OH, Fmoc-L-

Lys(Boc)-OH, Fmoc-L-Asp(tBu)-OH, Fmoc-L-Glu(tBu)-OH, Fmoc-L-Ser(tBu)-OH, Fmoc-L-

Thr(tBu)-OH, Fmoc-L-Asn(Trt)-OH, Fmoc-L-Gln(Trt)-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-

Gly-OH, Fmoc-L-Ala-OH, Fmoc-L-Val-OH, Fmoc-L-Leu-OH, Fmoc-L-Ile-OH, Fmoc-L-Met-

OH, Fmoc-L-Phe-OH, Fmoc-L-Pro-OH, Fmoc-L-Tyr(tBu)-OH, and Fmoc-L-Trp(Boc)-OH 

were purchased from Advanced ChemTech (Louisville, KY).  PyAOP was purchased from P3 

BioSystems (Louisville, KY). Sulfo-Cy5-Maleimide was purchased from Lumiprobe 
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Corporation (Hallandale Beach, FL). Peptide synthesis-grade N,N-dimethylformamide (DMF), 

CH2Cl2, diethyl ether, and HPLC-grade acetonitrile were obtained from VWR International 

(Radnor, PA). Cytochalasin D was obtained from Santa Cruz Biotech. The LDH Assay kit was 

purchased from Promega (Madison, WI). PMO IVS2-654 was provided by Sarepta 

Therapeutics. All other reagents were purchased from Sigma-Aldrich (St. Louis, MO). Milli-Q 

water was used exclusively. HeLa-654 cells were obtained from the University of North 

Carolina Tissue Culture Core facility.  

6.3.2 Methods for LC-MS Analysis 

LC-MS analyses were performed on an Agilent 6520 ESI-Q-TOF mass spectrometer 

equipped with a C3 Zorbax column (300SB C3, 2.1 x 150 mm, 5 μm). Mobile phases were: 

0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B). The 

following LC-MS methods were used for characterization:  

Method A: 5% B from 0 to 2 min, linear ramp from 5% B to 65% B from 2 to 11 min, 65% B 

from 11 to 12 min and finally 3 min of post-time at 5% B for equilibration, flow rate: 0.8 

mL/min.  

Method B: 1% B from 0 to 2 min, linear ramp from 1% B to 61% B from 2 to 11 min, 61% B 

to 99% B from 11 to 12 min and finally 3 min of post-time at 1% B for equilibration, flow rate: 

0.8 mL/min.  

Chromatograms were obtained using Method B unless otherwise noted. All data were 

processed using Agilent MassHunter software package. Y-axis in all chromatograms shown 

represents total ion current (TIC) unless noted.  

6.3.3 Fast-flow Peptide Synthesis 

Peptides were synthesized on a 0.1-mmol scale using an automated flow peptide 

synthesizer.24 A 200 mg portion of ChemMatrix Rink Amide HYR resin was loaded into a 

reactor maintained at 90 ºC. All reagents were flowed at 80 mL/min with HPLC pumps through 

a stainless-steel loop maintained at 90 ºC before introduction into the reactor. For each coupling, 

10 mL of a solution containing 0.2 M amino acid and 0.17 M HATU in DMF were mixed with 

200 μL diisopropylethylamine and delivered to the reactor. Fmoc removal was accomplished 

using 10.4 mL of 20% (v/v) piperidine. Between each step, DMF (15 mL) was used to wash 

out the reactor. Special coupling conditions were used for arginine, in which the flow rate was 

reduced to 40 mL/min and 15 mL of a solution containing 0.2 M Fmoc-L-Arg(Pbf)-OH and 

0.17 M PyAOP in DMF were mixed with 200 μL diisopropylethylamine and delivered to the 

reactor. To cap the peptide with 4-pentynoic acid, the resin was incubated for 30 min at room 

temperature with 4-pentynoic acid (1 mmol) dissolved in 2.5 mL 0.4 M HATU in DMF with 
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500 μL diisopropylethylamine. After completion of the synthesis, the resins were washed 3 

times with DCM and dried under vacuum.  

6.3.4 Peptide Cleavage and Deprotection 

Each peptide was subjected to simultaneous global side-chain deprotection and cleavage 

from resin by treatment with 5 mL of 94% trifluoroacetic acid (TFA), 2.5% 1,2-ethanedithiol 

(EDT), 2.5% water, and 1% triisopropylsilane (TIPS) (v/v) for 7 min at 60 °C. For arginine-

rich sequences, the resin was treated with a cleavage cocktail consisting of 82.5% TFA, 5% 

phenol, 5% thioanisole, 5% water, and 2.5% EDT (v/v) for 14 hours at room temperature. The 

TFA was evaporated by bubbling N2 through the mixture. Then ~40 mL of cold ether (chilled 

at –80°C) was added to precipitate and wash the peptide. The crude product was pelleted 

through centrifugation for 3 min at 4,000 rpm and the ether decanted. The ether precipitation 

and centrifugation was repeated two more times. After the third wash, the pellet was redissolved 

in 50% water and 50% acetonitrile containing 0.1% TFA, filtered through a fritted syringe to 

remove the resin and lyophilized. 

6.3.5 Peptide Purification 

The peptides were redissolved in water and acetonitrile containing 0.1% TFA, filtered 

through a 0.22 μm nylon filter and purified by mass-directed semi-preparative reversed-phase 

HPLC. Solvent A was water with 0.1% TFA additive and Solvent B was acetonitrile with 0.1% 

TFA additive. A linear gradient that changed at a rate of 0.5%/min was used. Most of the 

peptides were purified on an Agilent Zorbax SB C3 column: 9.4 x 250 mm, 5 μm. Extremely 

hydrophilic peptides, such as the arginine-rich sequences were purified on an Agilent Zorbax 

SB C18 column: 9.4 x 250 mm, 5 μm. Using mass data about each fraction from the instrument, 

only pure fractions were pooled and lyophilized. The purity of the fraction pool was confirmed 

by LC-MS. 

6.3.6 PMO-Azide Synthesis 

PMO IVS-654 (200 mg, 32 µmol) was dissolved in 600 µL DMSO. To the solution was 

added a solution containing 4 equivalents of 5-azidopentanoic acid (13.6 µL, 128 µmol) 

activated with HBTU (320 µL of 0.4 M HBTU in DMF, 128 µmol) and DIEA (22.3 µL, 128 

µmol) in 244 µL DMF (Final reaction volume = 1.2 mL). The reaction proceeded for 25 min 

before being quenched with 1 mL of water and 2 mL of ammonium hydroxide. The ammonium 

hydroxide will hydrolyze any ester formed during the course of the reaction. After 1 hour, the 

solution was diluted to 40 mL and purified using reversed-phase HPLC (Agilent Zorbax SB C3 

column: 21.2 x 100 mm, 5 µm) and a linear gradient from 2 to 60% B (solvent A: water; solvent 

B: acetonitrile) over 58 min (1% B / min). Using mass data about each fraction from the 
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instrument, only pure fractions were pooled and lyophilized. The purity of the fraction pool was 

confirmed by LC-MS. 

6.3.7 PMO-Peptide Conjugation with Cu(I)-Catalyzed Azide-Alkyne Cycloaddition 

PMO-peptide conjugates were synthesized using Cu(I)-catalyzed azide-alkyne 1,3-

dipolar cycloaddition using copper(I) bromide in DMF. PMO-azide (0.95 µmol), Peptide-

alkyne (1.1 µmol), and copper(I) bromide (0.05 mmol) powders were added to a septum vial 

(note: the amount of PMO-azide ranged from 0.63-0.95 µmol). The vial was flushed with N2 

for 2 min, 1 mL dry DMF was added, and the vial was vortexed. The reaction was allowed to 

proceed for 1 hour. The reaction was quenched with the addition of 10 mL of 50 mM Tris in 

water (pH 8).  

Our optimized purification procedure was using reversed-phase HPLC with a linear 

gradient from 5-45% B over 20 min (Agilent Zorbax SB C3 9.4 x 50 mm, 5 µm). Mobile phase 

A: 100 mM ammonium acetate pH 7.2 in water. Mobile phase B: acetonitrile. Using mass data 

about each fraction from the instrument, only pure fractions were pooled and lyophilized. The 

purity of the fraction pool was confirmed by LC-MS. 

6.3.8 Fluorophore Conjugation 

For fluorophore-labeled PMO-peptide conjugates, the organic dye was attached prior to 

conjugation to PMO. Equimolar SulfoCy5-maleimide was conjugated to cysteine-containing 

peptides in 1 mL of H2O. After 30 minutes, the reactions were purified by reversed-phase HPLC 

using a linear gradient from 5-45% B over 80 minutes for pVEC and pVEC-Bpep and a linear 

gradient from 1-31% B over 60 minutes for Bpep. Mobile phase A: water with 0.1% TFA. 

Mobile phase B: acetonitrile with 0.1% TFA. For LC-MS characterization of SulfoCy5-peptide 

conjugates, please see the Supplementary Information. 

6.3.9 Flow Cytometry 

HeLa-654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine 

serum (FBS) and 1% (v/v) penicillin-streptomycin at 37 C and 5% CO2. Eighteen hours prior 

to treatment, the cells were plated at a density of 5,000 cells per well in a 96-well plate in MEM 

supplemented with 10% FBS and 1% penicillin-streptomycin. The day of the experiment, 

stocks of each PMO-peptide conjugate were prepared in phosphate-buffered saline (PBS) 

(Note: for experiments with PMO-SulfoCy5-peptide conjugates, the procedure was similar but 

the stocks were prepared in dimethylsulfoxide – see supporting information for details). The 

concentration of the stocks was determined by measuring the absorbance at 260 nm and using 

an extinction coefficient of 168,700 L mol-1 cm-1. Cells were incubated with each respective 

conjugate at a concentration of 5 µM (unless otherwise indicated) in MEM supplemented with 
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10% FBS and 1% penicillin-streptomycin for 22 hours at 37 C and 5% CO2. Next, the 

treatment media was aspirated, the cells were incubated with Trypsin-EDTA 0.25 % for 15 min 

at 37 C and 5% CO2, washed 1x with PBS, and resuspended in PBS with 2% FBS and 2 µg/mL 

propidium iodide. The PMO-CPPs in Figure 6.2A were tested at Sarepta Therapeutics and all 

remaining experiments were performed at MIT on a BD LSRII flow cytometer using HeLa-654 

cells obtained from the University of North Carolina Tissue Culture Core facility. Gates were 

applied to the data to ensure that cells that were highly positive for propidium iodide or had 

forward/side scatter readings that were sufficiently different from the main cell population were 

excluded. Each histogram contains at least 3,000 gated events, with the exception of cells 

treated with PMO-Melittin-Bpep and several of the 25 µM treatments.  

6.3.10 LDH Assay 

HeLa-654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine 

serum and 1% (v/v) penicillin-streptomycin at 37 °C and 5% CO2. Eighteen hours before 

treatment, HeLa cells were plated at a density of 5,000 cells per well in a 96-well plate. The 

next day, fresh 1 mM stocks of each of PMO-peptide conjugate were prepared in PBS. The 

concentration of the stocks was determined by measuring the absorbance at 260 nm and using 

an extinction coefficient of 168,700 L mol-1 cm-1. The growth media was aspirated from the 

cells and treatment media was added with each respective conjugate at either a concentration 

of 5 µM (Fig. S3) or concentrations of 0.2, 1, 5, 10 and 25 µM (Fig. S4) in MEM supplemented 

with 10% FBS and 1% penicillin-streptomycin. The cells were incubated with treatment-

containing media for 22 hours at 37 C and 5% CO2. Next, the supernatant treatment media was 

transferred to another clear-bottom 96-well plate for the assay. The assay was performed using 

the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) according to the included 

technical bulletin. After completion of the assay, the final solution in each well was diluted 1:4 

with PBS such that the measured absorbance was in the linear range of the instrument. The 

absorbance was measured on a BioTek Epoch Microplate Spectrophotometer at 490 nm. The 

positive control is a cell lysis and the negative control is untreated cells. The data are worked 

up by subtracting the absorbance of untreated cells from all of the treatment conditions, 

including the cell lysis, and then dividing by the corrected lysis value. A value of 0 reflects no 

additional LDH release over cell baseline and a value of 1 reflects total LDH release. 
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Figure 6.7. LDH Release from HeLa-654 Cells upon Treatment with 5 M PMO-peptide 

conjugate. HeLa-654 cells were treated with each construct at 5 M for twenty-two hours. The 

y-axis is the ratio of LDH release compared with the cell lysis control. The only construct that 

demonstrated compromise of the cell membrane and early signs of cytotoxicity was PMO-

Melittin-Bpep. Error bars correspond to a standard deviation of a technical triplicate. 

Figure 6.8. LDH Release from HeLa-654 Cells upon Treatment with PMO-peptide 

conjugates across a range of concentrations. HeLa-654 cells were treated with each construct 
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at 0.2, 1, 5, 10, or 25 µM for 22 h. Shown is ratio of LDH release relative to a cell lysis control 

and normalized to an untreated control for PMO-pVEC-BPEP, PMO-penetratin-Bpep, PMO-

melittin-Bpep, PMO-Bpep-Bpep, their corresponding component PMO-CPPs, and unmodified 

PMO. Error bars correspond to a standard deviation of a technical triplicate. 

 

6.3.11 Inhibitor Experiments 

To interrogate endocytic mechanism, we performed pulse-chase experiment with a 

panel of endocytosis inhibitors including: chlorpromazine, which is demonstrated to interfere 

with clathrin-mediated endocytosis (CME); cytochalasin D, which inhibits phagocytosis and 

micropinocytosis; wortmannin, which alters various endocytosis pathways by inhibiting 

phosphatidylinositol kinases; EIPA (5-(N-ethyl-Nisopropyl) amiloride), which inhibits 

micropinocytosis; and Dynasore, which also inhibits CME.299,322  HeLa-654 cells were plated 

at a density of 5,000 cells per well in a 96-well plate in MEM supplemented with 10% FBS and 

1% penicillin-streptomycin. The next day, the cells were treated with each inhibitor at the 

concentration indicated on the graph (Figure 6.9). The stock solutions used for each inhibitor 

were as follows: chlorpromazine - 10 mM in water; cytochalasin D - 10 mM in DMSO; 

wortmannin - 2 mM in DMSO; EIPA - 10 mM in DMSO; dynasore - 10 mM in DMSO. After 

30 min, PMO-peptide conjugate was added to each well at a concentration of 5 µM. After 

incubation at 37 C and 5% CO2 for 3 hours, the treatment media was replaced with fresh media 

(containing neither inhibitor nor PMO-peptide) and the cells were allowed to grow for another 

22 hours at 37 C and 5% CO2. Sample preparation and flow cytometry was then performed as 

described in the main text. Each histogram contains at least 3,000 gated events, with the 

exception of treatment with 20 µM cytochalasin D. 
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Figure 6.9. Effect of endocytosis inhibitors on PMO-Bpep, PMO-pVEC, and PMO-pVEC-

Bpep efficacy. HeLa-654 cells were treated with each inhibitor in a pulse-chase experiment as 

described in the main text. After treatment, the mean fluorescence intensity of eGFP is 

measured by flow cytometry and the fold change in eGFP fluorescence with respect to the 

untreated control is calculated. Bpep, pVEC, and pVEC-Bpep are used as shorthand for the 
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PMO-Bpep, PMO-pVEC and PMO-pVEC-Bpep conjugates. EIPA is 5-(N-Ethyl-N-

isopropyl)amiloride. Error bars correspond to a standard deviation of a technical triplicate. 

 

6.3.12 Flow cytometry assay with fluorophore-labeled conjugates 

HeLa-654 cells were maintained in MEM supplemented with 10% (v/v) fetal bovine 

serum and 1% (v/v) penicillin-streptomycin at 37 °C and 5% CO2. Twenty-four hours before 

treatment, HeLa cells were plated at a density of 5,000 cells per well in a 96-well plate. The 

next day, fresh 1 mM stocks of each of the SulfoCy5-PMO-peptide conjugates in DMSO, as 

well as the respective unlabeled PMO-peptide controls in DMSO, were prepared. The 

concentration of the stocks was determined by measuring the absorbance at 260 nm and using 

an extinction coefficient of 168,700 L mol-1 cm-1. The growth media was aspirated from the 

cells and treatment media consisting of each respective conjugate 5 µM concentration in MEM 

supplemented with 10% FBS and 1% penicillin-streptomycin was added. The cells were 

incubated with treatment-containing media for 22 hours at 37 C and 5% CO2. Next, the 

treatment media was aspirated. Trypsin-EDTA 0.25 % (20 μL) was added to the cells and 

incubated for 15 min at 37 °C and 5% CO2. To quench the trypsin, 80 μL of MEM supplemented 

with 10% (v/v) fetal bovine serum and 1% (v/v) Pen Strep was added to each well. The 

dissociated cells in media were transferred with a multichannel pipet to a polypropylene v-

bottom 96-well plate (Falcon) and centrifuged at 500 rcf for 3 min. The supernatant was 

removed, the cell pellets were resuspended with 200 μL of phosphate-buffered saline (PBS), 

and the plate was centrifuged again. The supernatant was again removed and the pellets were 

resuspended in 300 μL PBS with 2% FBS (v/v) and 2 μg/mL propidium iodide in water. Flow 

cytometry analysis was carried out on a BD LSRII flow cytometer. For eGFP fluorescence, the 

488 nm excitation laser and 530 nm emission filter were used, and for the SulfoCy5, the 561 

nm excitation laser and 695 nm emission filter were used.  The separation of channels enabled 

fluorescence from both fluorophores to be simultaneously recorded. Gates were applied to the 

data to ensure that only data from healthy, living cells were taken into account. Cells that were 

highly positive for propidium iodide or had forward/side scatter readings that were sufficiently 

different from the main cell population were excluded. Each histogram contained at least 3,000 

gated events.  
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Figure 6.10. Comparison of PMO activity of unlabeled PMO-peptide conjugates with 

SulfoCy5-labeled PMO-peptide conjugates. The original unlabeled PMO-peptide conjugates 

were run side-by-side in the flow cytometry assay with the Sulfo-Cy5-labeled PMO-peptide 

conjugates to determine the extent to which SulfoCy5 perturbs the effect of the conjugates. In 

all cases, eGFP fluorescence was slightly decreased with SulfoCy5 attached, suggesting that 

while the fluorophore may affect the efficacy of the conjugate, it does so in a relatively uniform 

fashion. Error bars correspond to a standard deviation of a technical triplicate. 

 

6.3.13 Live-Cell Confocal Imaging 

HeLa-654 cells were plated at a density of 5,000 cells per well in a #1.5 coverslip glass-

bottom 96-well plate in MEM supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) 

penicillin-streptomycin. The next day, fresh 1 mM stocks of each PMO-SulfoCy5-peptide 

conjugate were prepared in DMSO. The concentration of the stocks was determined by 

measuring the absorbance at 260 nm and using an extinction coefficient of 168,700 L mol-1 cm-

1. Twenty-four hours after plating, the growth media was aspirated and the cells were treated 

with media containing each PMO-SulfoCy5-peptide conjugate at a concentration of 5 µM in 

MEM supplemented with 10% FBS and 1% penicillin-streptomycin. Six hours after that 

(sixteen hours prior to imaging), 3 L of CellLight Early Endosomes-RFP, BacMam 2.0 was 

added to each well (corresponding to 30 particles per cell). After 22 hours of total PMO 

treatment, the treatment media was aspirated, the cells were washed twice with PBS (5 min for 

each wash), and the cells were stained for 10 min with 2 g/mL Hoechst in PBS followed by 

two more PBS washes (5 min for each wash). Finally, the cells were imaged in PBS on a 

spinning disk confocal microscope composed of a Yokogawa CSU-22 spinning disk confocal 

scan head with Borealis modification, Zeiss AxioVert 200M inverted microscope stand with 
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DIC optics, six lasers, a Hamamatsu Orca-ER cooled CCD camera, and MetaMorph acquisition 

software. The images were acquired with the 63x objective and processed using ImageJ 

software (http://imagej.net/Fiji). The complete set of images can be found in Section 6.7. 2.  

Co-localization was quantified in terms of the Mander’s Co-localization Coefficient of 

SulfoCy5 fluorescence (MCCSulfoCy5) with respect to fluorescence from the Rab5a-RFP fusion 

protein. The MCCSulfoCy5 obtained for a given image thus corresponds to the proportion of the 

total SulfoCy5-labeled construct that co-localizes with RFP-labeled early endosomes. This 

value is represented according to the following equation: 

𝑀𝐶𝐶𝑆𝑢𝑙𝑓𝑜𝐶𝑦5 =
∑ 𝑆𝑖,𝑐𝑜𝑙𝑜𝑐𝑖

∑ 𝑆𝑖𝑖
 

Where Si is the SulfoCy5 signal for a given pixel and Si,coloc is the SulfoCy5 signal of a 

pixel that also contains above-threshold RFP fluorescence.33 MCCSulfoCy5 values for each image 

were calculated using ImageJ, with manual thresholding to determine the regions of interest 

corresponding to RFP fluorescence. Images deemed unsuitable because of a low 

signal/background ratio were excluded. The remaining values were averaged to determine the 

MCCSulfoCy5 for PMO-SulfoCy5-pVEC (0.4 ± 0.1) and PMO-SulfoCy5-pVEC-Bpep (0.4 ± 0.2), 

reported with an error of one standard deviation. Too few images were deemed suitable for 

analysis for PMO-SulfoCy5-Bpep to calculate the MCCSulfoCy5.   

To quantify the amount of nuclear SulfoCy5 fluorescence, the nuclear regions were first 

outlined in ImageJ. Next, the mean SulfoCy5 fluorescence intensity for these regions was 

calculated in ImageJ. To avoid quantifying punctate signal, a threshold intensity was set to 

exclude pixels with an intensity greater than 20. The process was repeated for 10-20 cells for 

each construct and the results were plotted using GraphPad Prism (Figure 6.11).  
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Figure 6.11. PMO-SulfoCy5-pVEC-Bpep exhibits the most nuclear SulfoCy5 

fluorescence. HeLa-654 cells were treated with each construct at 5 M for twenty-two hours. 

The cells were then imaged by confocal microscopy and the SulfoCy5 fluorescence in the 

nuclear regions were quantified. The graph shows standard deviation error bars, and statistical 

analyses were performed using the one-way ANOVA and Tukey’s multiple comparison test 

(***P<0.001). 

 

6.3.14 Melting Temperature Analysis 

The melting temperature for dissociation of PMO from its complementary sequence was 

measured for the unmodified PMO, PMO-pVEC, PMO-Bpep, and PMO-pVEC-Bpep to assess 

binding. Each construct was incubated with its complementary DNA strand (Integrated DNA 

Technologies) in PBS for 30 minutes at room temperature (50 M each, 20 L total volume). 

An intercalating fluorescent dye (EvaGreen, Biotium) was then added and samples were 

incubated for 30 minutes at room temperature. A melting experiment was performed using a 

quantitative real-time PCR machine (BioRad CFX96 Real-Time System) by increasing the 

temperature from 40 C to 100 C in 0.5 C increments. Fluorescence at 520 nm was measured 

at each increment, with PMO/DNA melting corresponding to a decrease in fluorescence. 

Melting temperature (Tm) was calculated from three experimental replicates. 

A derivative plot was then obtained for each melting curve, in which the y-values were 

calculated according to the following equation: 

𝑦𝑖 =
𝑑𝐷𝑖
𝑑𝑇𝑖

=
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D(Ti) represents the percent dissociation at temperature Ti. These y-values were then 

plotted against the corresponding temperatures to obtain a derivative plot for each melting curve 

(Figure 6.12). The Tm for each construct was then obtained by determining the temperature 

corresponding to the maximum of the relevant derivative plot. 

Figure 6.12. Peptide conjugation has a minor impact on PMO binding to its target 

sequence. Melting curves were obtained for the unmodified PMO, PMO-Bpep, PMO-pVEC, 

and PMO-pVEC-Bpep annealed to the complementary DNA sequence. Melting was monitored 

via fluorescence decrease of an intercalating dye. Fluorescence measurements were then 

normalized and converted to percent dissociated. The derivative of each melting curve, 

represented by dD/dT, was then determined and plotted with respect to temperature. Shown are 

the melting curves and corresponding derivative plots for each of three experimental replicates 

given in A, B, and C. 

 

6.3.15 Structural Prediction 

Structures of the CPPs Penetratin, pVEC, and Melittin were predicted using the online 

PepFold prediction tool (http://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD/).34,35 

This tool provides the probability of the presence of three structural elements along the amino 

acid sequence of a given peptide: helical, extended, and coiled. It also provides several possible 

structures for each input sequence. Plots showing the probability of each structural element as 

well as the most likely structure for each CPP are shown in Figure 6.13. These predictions 

suggest that, in solution, each CPP may have some helical character with varying levels of 

extended and coiled regions. However, these results should be interpreted with several caveats: 

this tool cannot predict non-natural amino acids, so sequences containing non-natural amino 
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acids like Bpep and the full-length chimeras cannot be included in these structural predictions; 

the PMO, which constitutes a significant component of our conjugates, is likewise excluded; 

and finally, these predictions only relate to the CPPs in solution and do not include interaction 

with the cell and/or endosomal membrane, which could significantly alter their structure. These 

structures should therefore be interpreted as a rough first approximation of the structure of our 

PMO-peptide conjugates.  

Figure 6.13. CPPs are predicted to contain significant helical character, with coiled and 

extended elements. The online tool PepFold was used to predict the structures of the 

component CPPs used to design our chimeric CPPs, with the exception of Bpep.33,34 The 

structural predictions results shown include a graph displaying the probability of helical (red), 

extended (green), or coiled (blue) structural motifs at each amino acid along the CPP’s sequence 

as well as a cartoon representation of the top predicted structure for A) pVEC, B) Penetratin, 

and C) Melittin. 
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6.7 Appendix 
6.7.1 LC-MS Characterization 

Note: Chromatograms were obtained using Method B from 6.3.2 unless otherwise noted. 

 

PMO-Azide 

Mass expected: 6337.5 Da 

Mass observed: 6337.9 Da 

 

 
  



  

 167 

PMO-Bpep 

Mass Expected: 8052.5 Da 

Mass Observed: 8053.0 Da 

Peptide Sequence: RXRRBRRXRRBR 
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PMO-pVEC  

Mass Expected: 8626.3 Da 

Mass Observed: 8626.8 Da 

Peptide Sequence: LLIILRRRIRKQAHAHSK 
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PMO-pVEC-Bpep 

Mass Expected: 10244.3 Da 

Mass Observed: 10244.7 Da 

Peptide Sequence: LLIILRRRIRKQAHAHSKRXRRBRRXRRBR 
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PMO-Penetratin 

Mass Expected: 8645.3 Da 

Mass Observed: 8645.8 Da 

Peptide Sequence: RQIKIWFQNRRZKWKK 
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PMO-Penetratin-Bpep 

Mass Expected: 10263.3 Da 

Mass Observed: 10263.6 Da 

Peptide Sequence: RQIKIWFQNRRZKWKKRXRRBRRXRRBR 
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PMO-Melittin 

Mass Expected: 9264.1 Da 

Mass Observed: 9264.6 Da 

Peptide Sequence: GIGAVLKVLTTGLPALISWIKRKRQQ 
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PMO-Melittin-Bpep 

Mass Expected: 10882.1 Da 

Mass Observed: 10882.7 Da  

Peptide Sequence: GIGAVLKVLTTGLPALISWIKRKRQQRXRRBRRXRRBR 
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PMO-P15 

Mass Expected: 7891.3 Da 

Mass Observed: 7891.7 Da 

Peptide Sequence: PPPPPPPPPPPPPPP 
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PMO-P15-Bpep 

Mass Expected: 9509.2 Da 

Mass Observed: 9509.7 Da 

Peptide Sequence: PPPPPPPPPPPPPPPRXRRBRRXRRBR 
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PMO-A15-Bpep 

Mass Expected: 9118.7 Da 

Mass Observed: 9118.9 Da 

Peptide Sequence: AAAAAAAAAAAAAAARXRRBRRXRRBR 
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PMO-Bpep-pVEC 

Mass Expected: 10244.3 Da 
Mass Observed: 10244.6 Da 
Peptide Sequence: RXRRBRRXRRBRLLIILRRRIRKQAHAHSK 

LC-MS Method A 
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PMO-Bpep-Penetratin 

Mass Expected: 10263.3 Da 

Mass Observed: 10263.7 Da 

Peptide Sequence: RXRRBRRXRRBRRQIKIWFQNRRZKWKK 

LC-MS Method A 
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PMO-Bpep-Melittin 

Mass Expected: 10882.1 Da 
Mass Observed: 10882.5 Da 

Peptide Sequence: RXRRBRRXRRBRGIGAVLKVLTTGLPALISWIKRKRQQ 

LC-MS Method A 
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PMO-Bpep-Bpep  

Mass Expected: 9670.5 Da 

Mass Observed: 9672.9 Da 

Peptide Sequence: RXRRBRRXRRBRRXRRBRRXRRBR 

LC-MS Method A 
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PMO-SulfoCy5-Bpep 

Mass Expected: 8921.7 

Mass Observed: 8921.6 

Peptide Sequence: C(SulfoCy5)RXRRBRRXRRBR 
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PMO-SulfoCy5-pVEC 

Mass Expected: 9495.4 

Mass Observed: 9495.0 

Peptide Sequence: C(SulfoCy5)LLIILRRRIRKQAHAHSK 
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PMO-SulfoCy5-pVEC-Bpep 

Mass Expected: 11112.8 Da 

Mass Observed: 11112.6 Da 

Peptide Sequence: C(SulfoCy5)LLIILRRRIRKQAHAHSKRXRRBRRXRRBR 
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6.7.2 Cell Images 

 

Five images are shown for each construct 

PMO-SulfoCy5-pVEC-Bpep 
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PMO-SulfoCy5-pVEC 
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PMO-SulfoCy5-Bpep 
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Untreated Cells 
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