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“The important thing is not to stop questioning. Curiosity has its own reason for existence.

One cannot help but be in awe when he contemplates the mysteries of eternity, of life, of

the marvelous structure of reality. It is enough if one tries merely to comprehend a little of

this mystery each day.”

- Albert Einstein

May 2nd, 1955
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ABSTRACT

The overall goal of my thesis work was to develop supramolecular nanocarriers to deliver ther-

apeutic peptides to and into diseased cells. I primarily applied this to therapeutic peptides

that inhibit protein-protein interactions (PPIs) cancer cells rely on to avoid therapeutic-

induced cell death.

In Chapter 1, I introduce the importance of PPIs as therapeutic targets in cancer, why

they are commonly considered “undruggable” targets, and how supramolecular nanomate-

rials can be used to deliver peptide therapeutics to and into cancer cells to overcome these

obstacles.

In Chapter 2, we used a peptide amphiphile micelle nanocarrier to deliver a BIM BH3

peptide into cells to reactivate apoptosis. While the peptide alone is cell impermeable and

therefore therapeutically inert, attaching it to a lipid tail facilitated its cellular uptake, and an

endosome-cleavable linker facilitated the peptide’s release after uptake to drive intracellular

accumulation and pro-apoptotic efficacy.

In Chapter 3, I present our work identifying the synthesis and purification conditions in

which ester-containing peptide amphiphiles are stable, including an optimized synthesis and

purification strategy that avoids ester hydrolysis byproducts. This optimized synthesis and

purification strategy is then used to create stapled peptide amphiphile micelles designed to

reactivate p53, and their biological efficacy is evaluated.

In Chapter 4, we used CD19-targeted polymersomes to deliver an MCL-1 inhibiting

stapled peptide to and into DLBCL cells to reactivate cell death. Using this platform for

targeted, intracellular delivery, the efficacy of stapled peptides could be greatly enhanced, and

we used this to target the synergistic combination of p53 reactivation and MCL-1 inhibition.

In Chapter 5, I discuss the relative strengths, weaknesses, and contributions of our

nanocarriers for intracellular delivery of peptide therapeutics. Lastly, future directions are

described that could advance these lines of research toward clinical applicability.
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CHAPTER 1

INTRODUCTION

Protein-protein interactions (PPIs) have long been considered “undruggable” targets using

traditional therapeutic approaches. In this chapter, I introduce the the biomedical impor-

tance of PPIs in cancer, including two PPI networks actively being targeted for cancer

therapy (i.e. the BCL-2 family of proteins, p53-inactivation). I then discuss the classes of

therapeutics in development as PPI inhibitors and their relative strengths and weaknesses.

We ultimately aim to capitalize on the strengths of therapeutic peptides as PPI inhibitors

and overcome their relative weaknesses using nanocarrier delivery vehicles. The types of

peptide nanocarriers discussed in this thesis are then outlined in the context of their existing

literature. Finally, I describe the main model disease in which I have studied these questions,

diffuse large B-cell lymphoma (DLBCL).1

1.1 Protein-Protein Interactions (PPIs): an Elusive Class of

Therapeutic Targets in Cancer

Intracellular PPIs are critical regulators of cellular function and critical therapeutic targets.

There are an estimated 650,000 PPIs in the human interactome [2], and the deregulation of

many of these PPIs is known to cause diseases, including cancer [3]. Despite their known

biomedical importance, intracellular PPIs have largely been considered an “undruggable”

class of targets due to their intractability using traditional, drug-like molecules. In fact, only

one drug targeting an intracellular PPI has been successfully approved by the U.S. Food and

Drug Administration (FDA) [4], despite an enormous amount of effort from researchers and

pharmaceutical companies.

1. Parts of this chapter were adapted from my F30 fellowship proposal [1] – A potent and specific
approach to targeting B-cell lymphoma: Disrupting malignant protein-protein interactions using CD19-
targeted stapled peptide amphiphile nanoparticles. National Cancer Institute, National Institutes of Health,
5F30CA221250, July 2017.
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The “undruggable” reputation of intracellular PPIs comes primarily from their large sur-

face areas combined with their intracellular location. The traditional, drug-like, therapeutic

molecules that can enter cells (i.e. “small molecules”) are generally too small to block PPIs.

Most PPI interfaces are mediated by many key residues spanning surface areas of at least

1,500 - 3,000 Å2, while small molecule therapeutics can only bind surface areas of 300 - 1,000

Å2. This size discrepency prevents small molecules from effectively blocking PPI interfaces

with sufficient specificity [5–9]. Another widely successful category of therapeutics is biolog-

ics (e.g. proteins, peptides). These large, polar molecules are able to bind very large surface

areas with high affinity and specificity, but they are cell-impermeable and therefore unable

to reach intracellular PPIs [10]. The size of PPI interfaces, combined with the pharmacologic

trade-offs between size, specificity, solubility, and cellular uptake, leaves intracellular PPIs

nearly untouched by traditional therapeutic approaches [11].

Despite an ever-increasing pool of knowledge about PPIs that drive diseases, and therefore

known PPIs that are ideal drug targets, drugging these targets remains a monumental, unmet

biomedical need. It is not a lack of biological knowledge that has inhibited success in this

area, but a lack of tools and paradigms to drug new types of targets such as these. Some of

the therapeutics currently being explored to drug intracellular PPIs are discussed in Section

1.2.

1.1.1 The Gatekeepers of Cell Death: the BCL-2 Family of Proteins

One of the most infamous examples of pathologic PPIs in cancer is the inactivation of

programmed cell death (i.e. apoptosis), and “resisting cell death” is one of the hallmarks

of cancer [12, 13]. Apoptosis is critically important in the development and maintenance of

healthy tissues, and much is now known about its mechanisms and regulation. Cancer cells

must find a way to avoid apoptosis to become malignant, and most cancer therapies function

by ultimately forcing cancer cells to reactivate their molecular machinery for apoptosis.

Apoptosis is regulated by the BCL-2 family of proteins, which comprises a network of
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PPIs that integrates pro- and anti-apoptotic signals to determine cell fate by either blocking

or initiating apoptosis at the level of the mitochondrion [14–17]. The BCL-2 family consists

of three types of proteins: (1) the effectors of apoptosis (i.e. BAX and BAK), (2) the anti-

apoptotic proteins that bind to and inactivate the effectors (e.g. BCL-2, MCL-1, BCL-XL,

BCL-W, BFL-1 (the human homolog of murine protein A1)), and (3) the the pro-apoptotic

sensitizers (a.k.a. “BH3-only” proteins) that bind to and inhibit the inactivators or activate

the effectors (e.g. BIM, PUMA, NOXA, BID, BAD, BMF, HRK, BIK). The balance of pro-

and anti-apoptotic PPIs between all these proteins controls a cell’s fate to live or die. When

pro-apoptotic PPIs dominate and BAX and BAK are sufficiently activated, they oligomerize

to form pores in the outer mitochondrial membrane (mitochondrial outer membrane perme-

abilization (MOMP)). MOMP is the point-of-no-return that triggers the feed-forward process

of apoptosis by releasing cytochrome C from the mitochondria, activating the apoptosome,

and activating caspases. Cancer therapies often act to activate this apoptotic process, while

cancers act to turn off this process.

Apoptosis is commonly divided into two distinct yet related pathways: the extrinsic

pathway, in which a cell initiates cell death in response to extracellular signals (e.g. Fas-

FasL signaling from immune cells, TNF-receptor stimulation), and the intrinsic pathway,

in which a cell initiates cell death in response to intracellular signals (e.g. DNA damage,

cellular stress). Both the extrinsic and (especially) the intrinsic pathways of apoptosis are

controlled primarily by the BCL-2 family of proteins and their PPIs.

Apoptosis is a feed-forward, threshold event, and any one cell can be closer to or farther

from the apoptotic threshold depending on the balance of pro- and anti-apoptotic PPIs

within the BCL-2 family. This concept is often called “apoptotic priming.” Many cancer

cells are often “primed to die” due to cellular stresses, and this is the molecular basis of the

therapeutic window for many cancer chemotherapies. When cancer cells are more “primed to

die” than healthy cells, a non-specific, cytotoxic chemotherapeutic can push the cancer cells

over the apoptotic threshold without killing most of the healthy cells. Conversely, cancers
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can exploit the BCL-2 family’s PPIs to push themselves away from the apoptotic threshold to

develop chemoresistance. Cancers can achieve this by upregulating anti-apoptotic PPIs, for

example by genetic translocation (e.g. BCL-2 next to the Eµ immunoglobulin enhancer),

copy number amplification (e.g. MCL-1 ), or over-expression (e.g. MCL-1 protein) [18].

Meanwhile, cancers often down-regulate pro-apoptotic PPIs through mechanisms such as

genomic loss (e.g. BIM deletion), epigenetic silencing (e.g. PUMA), or mutation (e.g. BAX )

[18]. When cancer manipulates the BCL-2 family to avoid cell death, this often makes it

impossible to therapeutically kill the cancer cells without also killing other cells, and this is

one of the molecular bases for many relapsed and refractory cancers.

While cancer chemotherapies essentially function as upstream activators of apoptosis,

direct manipulation of the BCL-2 family would provide fewer upstream opportunities for

cancers to develop chemoresistance. To that end, an emerging paradigm in cancer treatment

is the direct, therapeutic manipulation of the BCL-2 family using BH3-mimetics [19]. The

proteins in the BCL-2 family share four BCL-2 homology (BH) domains (BH1 - BH4), of

which the BH3 domain primarily mediates the functional PPIs in the network. The pro-

apoptotic sensitizer proteins are often called “BH3-only” proteins because they contain only

the BH3 domain, and this BH3 domain is what binds to and inhibits the anti-apoptotic

proteins or activates the effectors of apoptosis. Therapeutics are being developed to mimic

these BH3 domains (appropriately called “BH3-mimetics”) to therapeutically inhibit the

anti-apoptotic members of the BCL-2 family and activate apoptosis in cancer. BH3 mimetics,

both small molecules and peptide therapeutics, are discussed in more detail in Section 1.2.

1.1.2 p53 Inactivation: Sequestering the Guardian of the Genome

Tumor suppressor protein p53, nicknamed “the guardian of the genome” [20], is involved

in another common example of cancer-driving PPIs. p53 is responsible for maintaining the

genomic integrity of cells by initiating cell-cycle-arrest or apoptosis in response to cellular

damage. In healthy cells, p53 is bound and inactivated by proteins such as HDM2 and HDMX
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(the human homologs of murine MDM2 and MDMX), which hold p53 inactive and, in the case

of HDM2, facilitate p53’s ubiquitination and degradation. In response to DNA damage and

cellular stress signals, p53 becomes activated, is released from its inhibitory binding partners

HDM2 and HDMX, and translocates to the nucleus to function as a transcription factor for

genes that arrest the cell cycle and activate DNA repair. As a “backup” to cellular repair,

p53 transcription also primes cells for apoptosis by up-regulating pro-apoptotic members

of the BCL-2 family and down-regulating anti-apoptotic members. This way, if a cell with

damaged DNA fails to repair itself, p53 can activate apoptosis rather than allowing the

damaged cell to progress through the cell cycle, thus preventing damaged DNA from being

incorporated into the genome as mutations.

In cancer, p53 can be inactivated either by mutation of the TP53 gene itself or through

PPIs that inactivate the p53 protein. Different types of cancers have a different prevalence

of each inactivation mechanism, but in some types of cancer (e.g. DLBCL (see Section 1.4)),

up to 80% of cases have wildtype TP53 with the p53 protein presumably inactivated by

aberrant up-regulation of HDM2 and HDMX [21–28]. While these binding partners of p53

are crucial in the functioning of healthy cells, their up-regulation can functionally inactivate

p53 in cancer. In fact, across all cancers, p53’s inhibitory binding partner HDM2 is one of the

most frequently amplified genes in terms of somatic copy number alterations (CNAs), while

HDM2’s negative regulator, p14ARF (coded for by the CDKN2A gene) is one of the most

frequently deleted [29]. While mutated TP53 is associated with poorer clinical outcomes, we

do not yet have the tools to fix mutated genes in a therapeutic context (though perhaps with

gene editing and replacement technology, it may be on the distant horizon). However, for

cancers with wildtype but inactivated p53, these PPIs represent an attractive and impactful

therapeutic target that we might drug and disrupt to reactivate cell death. In Section 1.2,

I discuss therapeutics currently in development for reactivating p53 by binding HDM2 and

HDMX to disrupt their inhibitory PPIs with p53.
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1.2 Therapeutic Disruption of PPIs: BH3 Mimetics and

p53-Reactivation

To drug “undruggable” PPIs, people are developing entirely new concepts and tools for

drugs and drug discovery. Despite the disadvantages small molecules face in targeting PPIs

generally, some relatively large small molecules have had some success against smaller PPI

interfaces, including some in the BCL-2 family (see Section 1.2.1). Meanwhile, other thera-

peutic approaches are also being envisioned to drug intracellular PPIs. Rather than tradi-

tionally drug-like small molecules, people are harnessing the ability of biologic therapeutics

(i.e. peptides and proteins) to block large PPI interfaces and finding ways to enhance their

intracellular access. In other approaches, rather than simply orthosterically blocking an

intracellular PPI, investigators have found ways to eliminate the problematic protein alto-

gether, by either triggering its degradation at the protein level or blocking the protein’s

expression at the level of DNA or mRNA. Many therapeutics ultimately modulate disease-

driving PPIs from far upstream in a pathway by drugging more “druggable” targets (e.g. by

drugging upstream kinases), but by developing PPI inhibitors, we and many others seek a

more precise way to modulate disease-driving PPIs.

1.2.1 Small Molecule PPI Inhibitors

For drugging intracellular targets, small molecule therapeutics have been the most clinically

successful class of therapeutics. While their successes have primarily come from targets that

are much smaller than PPIs (e.g. small, enzymatic active sites), it is not surprising that

this class of therapeutics has received the most attention and effort from the pharmaceuti-

cal industry’s attempts to drug PPIs. Though small molecules are generally too small to

specifically disrupt relatively large PPI interfaces (see page 1 for details), there have been

some hard-won successes for small molecule PPI inhibitors against key PPI disease targets,

especially against anti-apoptotic proteins in the BCL-2 family.
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The first and only FDA-approved inhibitor of an intracellular PPI is venetoclax (a.k.a.

ABT-199), a relatively large small molecule (868 Da) that specifically binds and inhibits the

anti-apoptotic protein BCL-2 (see Section 1.1.1 on BCL-2). The development and 2016 FDA

approval of venetoclax was not fast or easy. The BCL-2 gene was first identified in 1984 as

a gene on chromosome 18 that was commonly translocated next to the Ig heavy chain locus

on chromosome 14 in the t(14:18) chromosomal translocation commonly seen in neoplastic B

cells [30]. In 1988, BCL-2 was deemed a candidate oncogene when its pro-survival function

was discovered [31]. The first FDA approval of venetoclax to inhibit BCL-2 in 2016 came 32

years after the discovery of the BCL-2 gene and 28 years after the designation of BCL-2 as

a candidate oncogene.

In those 32-years as an “undruggable” target, much was learned about the biology, struc-

tures, and interactions of the BCL-2 family of proteins and how they regulate apoptosis [32],

while the quest for a BCL-2 inhibitor struggled onward [33]. A few putative (at that time)

BCL-2 family inhibitors emerged in the forms of antisense oligonucleotides (e.g. oblimersen,

G3139 [34–36]) and natural products (e.g. R-(-)-gossypol, or AT-101 [37–39]), but all ulti-

mately failed to achieve efficacy in clinical trials [33].

The first “drug-like” small molecule inhibitor of the BCL-2 family, ABT-737, was first

reported in 2005 [40]. The development of ABT-737 required a new approach to drug

discovery. Rather than using the traditional approach for small-molecule drug discovery,

namely high-throughput screening of as many compounds as possible, the scientists at Abbot

Laboratories (before the 2013 split into Abbott and AbbVie) used a fragment-based NMR

screening approach [40, 41]. Using the structures of BCL-2, BCL-XL, and BCL-W each

bound to BAK, one of their shared shared pro-apoptotic binding partners, they screened

for fragment molecules that could mimic each of the key binding residues of BAK in its

interface with BCL-2, BCL-XL, or BCL-W. They then designed and synthesized a molecule

(ABT-737) in which they linked each of those key fragments together into a single, drug-

like molecule. ABT-737 is large for a “small” molecule drug (813 Da) and would not have

7



been available for discovery by simply using high-throughput screening libraries. Instead,

the concept of fragment-based drug discovery enabled this first “drug-like” inhibitor of the

BCL-2 family of proteins.

In 2008, they then published an orally bioavailable analog (ABT-263, a.k.a. navitoclax)

that simultaneously inhibited BCL-2, BCL-XL, and BCL-W [42], which was then used in

clinical trials. Due to the dependence of platelets on BCL-XL for survival [43], navitoclax

ultimately caused a dose-limiting thrombocytopenia in both pre-clinical and clinical trials

and was unable to achieve efficacious dosages and therefore FDA-approval as a single-agent

therapy [44–47]. Today, navitoclax continues to be evaluated in synergistic combinations

with other therapeutics to enhance its anti-cancer effects at lower, non-toxic doses, and

some of these trials have shown clinical promise [48].

Meanwhile, scientists at Abbott/AbbVie iterated on this therapeutic yet again, seeking

to generate a drug that would bind only to BCL-2 and not BCL-XL, thereby avoiding

dose-limiting thrombocytopenia in hopes of achieving efficacious anti-tumor effects. The

binding interfaces of BCL-2 and BCL-XL with navitoclax are very similar, but not identical.

Using co-crystal structures of navitoclax with each of the proteins, they modified navitoclax

via a rational design approach to generate a BCL-2-specific, BCL-XL-sparing therapeutic,

venetoclax (a.k.a. ABT-199) in 2013 [47]. Venetoclax then received breakthrough therapy

designation from the FDA in 2015 and was rapidly approved by the FDA in 2016 to become

the first efficacious and FDA-approved inhibitor of an intracellular PPI.

The development and approval of venetoclax as a BCL-2 inhibitor in 2016 required

decades of work, numerous dead-end clinical trials, multiple iterations on its molecular struc-

ture, and new paradigms for small molecule drug discovery (i.e. fragment-based screening

and rational design). Venetoclax has already had profound effects on clinical outcomes [49],

but more generally, the drug discovery approaches that were used to develop venetoclax have

been and are being used to design small molecule inhibitors of other PPIs. While none have

yet achieved FDA-approval, many are showing great promise in both pre-clinical and clinical
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trials.

For BCL-2 family drug targets, one on-going, aspirational goal is to design single-protein-

specific inhibitors, analogous to venetoclax for BCL-2. Such highly specific inhibitors would

provide ultimate control in drugging the anti-apoptotic weaknesses of specific cancers while

limiting on-target toxicities in other tissues. Multiple such drugs are on the horizon, currently

in pre-clinical and clinical development, including MCL-1 inhibitors [50] (e.g. S63845 [51],

S64315/MIK665 [52–54], AZD5991 [55, 56], AMG-176 [57], AMG-397 [58], A-1210477 [59])

and BCL-XL inhibitors (e.g. A-1155463 [60, 61], A-1331852 [61], WEHI-539 [62]).

For drugging the PPIs that inactivate p53 (see page 4, Section 1.1.2), small molecules

have likewise been developed and tested, but so far none have succeeded in demonstrating

clinical efficacy and gaining FDA approval. The “nutlin” family of drugs (primarily nutlin-3a

[63]) is perhaps the most well-known class of small-molecule p53-reactivators, but they are

able to inhibit only p53:HDM2 interactions and not p53:HDM4 interactions [64]. For p53

reactivation, hydrocarbon stapled peptides (i.e. ALRN-6924) are another approach that is

currently showing success in clinical trials (discussed on page 12).

The development story and success of venetoclax is a leap forward for drugging “undrug-

gable” intracellular PPIs. The fragment-based screening and rational design approaches

used to develop venetoclax could also likely succeed in drugging other relatively small PPI

interface disease targets with high specificity and potency. However, for drugging PPIs more

broadly, unaddressed questions remain. How can we drug much larger PPI interfaces, with

key binding residues that span surface areas larger than any existing small molecule thera-

peutics? How can we drug PPIs that diseased cells rely on but healthy tissues rely on too

(e.g. BCL-XL is critical in both platelets and cancers)? These obstacles are unlikely to be

overcome by developing new methods of small molecule drug discovery and will likely require

developing and applying entirely new therapeutic modalities.
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1.2.2 Peptides and Stapled Peptides as PPI Inhibitors

Peptides, in contrast to small molecule therapeutics, can span large surface areas to simul-

taneously bind the many key residues of a PPI interface with high affinity and specificity

[65, 66]. Synthetic peptide PPI inhibitors can also be rationally designed quite readily by

mimicking one of the binding partners in a native PPI interface to create a competitive

inhibitor [67, 68].

While peptides are a promising tool for disrupting PPIs at the molecular level, important

barriers remain for their in vivo and clinical translation. First, circulating peptides have short

plasma half-lives due to clearance and hydrolysis, and they can fail to reach the target cell

in an efficacious dosage. Second, peptides are almost never cell permeable, and therefore

almost all peptide therapeutics that enter clinical trials are designed to bind extracellular

targets [10]. The exception to this cell-permeability rule is a class of cell-penetrating peptides

(CPPs), which are often highly cationic, α-helical, and/or amphiphilic, and often mimic

domains of proteins that microorganisms use to infect cells. CPPs have proven quite useful

in pre-clinical research for getting therapeutics into a cell (see Section 1.3), but therapeutic

peptides that mimic an intracellular PPI interface are not intrinsically cell-permeable and

therefore need assistance entering cells. Finally, while peptides may be designed to mimic

the sequence of a protein, that peptide loses its secondary structure outside of the context

of the rest of the protein, and this loss of structure can greatly inhibit the peptide’s affinity

for its target protein [67]. Multiple strategies are currently being researched to harness the

strengths of peptides as PPI inhibitors while seeking to overcome these weaknesses.

PPI interfaces rely not only on the sequences of the two proteins (primary structure),

but also on the proteins’ secondary structures and tertiary structures. When a peptide

is synthesized to mimic a small piece of a PPI interface, the sequence is easily mimicked,

but outside the context of the entire protein, the structure is lost. Although unstructured

peptides can sometimes bind to a protein target via induced fit [69, 70], peptide:protein

binding typically relies on stabilizing the secondary structure. To better mimic α-helical
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secondary structures commonly seen at PPI interfaces, many chemistry strategies have been

developed to stabilize small, synthetic peptides into stabilized α-helices [71, 72]. These helix-

stabilizing modifications can be synthetically installed either on side chains of the peptide or

within the backbone of the alpha helix (i.e. hydrogen-bond surrogates) [71]. These synthetic

stabilization strategies are often referred to as “stapling” to generate “stapled” peptides. To

date, the most widely utilized type of stapled peptides, and the only stapled peptides to

enter clinical trials, are all-hydrocarbon stapled peptides.

All-hydrocarbon stapled peptides are synthesized by incorporating into the peptide se-

quence non-natural amino acids with olefin-tether side chains, usually one or two α-helical

turns apart, then closing the “staple” using ruthenium-catalyzed ring closing metathesis

(RCM) to lock the peptide into an α-helical secondary structure. This allows a synthetic

peptide to more accurately mimic an α-helix of a native protein to bind and modulate PPIs,

thus expanding the collection of PPIs targetable by therapeutic peptides. All-hydrocarbon

stapling also imparts multiple beneficial, drug-like properties to an otherwise inert peptide,

including (1) higher affinity and specificity for its PPI-interface target [73], (2) resistance to

degradation [73–75], and (3) cellular uptake in some cases [73, 76].

The history of all-hydrocarbon stapled peptides was well summarized in a 2014 publica-

tion by Walensky and Bird [77], and I only summarize the landmark events here. The first

synthesis of macrocyclic peptides by RCM was reported in 1998 by Blackwell and Grubbs

[78]. Then in 2000, Schafmeister, Po, and Verdine used the same RCM cross-linking chem-

istry with Grubbs catalyst to synthesize α-α-disubstituted all-hydrocarbon stapled peptides

on solid-phase (the same synthesis strategy now widely used for synthesizing all-hydrocarbon

stapled peptides) [74, 79, 80]. Importantly, they demonstrated that this stapling strategy

enhanced the peptide’s α-helicity and shielded the amide backbone from proteolysis [74].

Meanwhile, in the field of apoptosis research, Letai et al. (including Walensky and others

in the Korsmeyer group) found that peptides mimicking the BH3 domains of pro-apoptotic

members of the BCL-2 family (see Section 1.1.1) could activate apoptosis. This seemed like a
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promising potential cancer therapeutic, but those first unstructured BH3 peptides (1) could

not get into cells and (2) lost their α-helical secondary structure when removed from the

context of the rest of the protein [69]. In 2004, Walensky et al. (bridging the expertise of the

Verdine and Korsmeyer groups) made hydrocarbon-stapled BH3 peptides, which could enter

cells and activate apoptosis without needing to artificially permeabilize the cell membrane.

This was the first demonstration of cellular uptake of an all-hydrocarbon stapled peptide

and thereby biomedical applicability for intracellular PPI modulation. Since this work in

2004, all-hydrocarbon stapled peptides have been increasingly used, by the Walensky group

and by many others, for therapeutically modulating PPIs in a variety of diseases [77, 81, 82].

In 2013, the first stapled peptide entered and completed a phase I clinical trial demon-

strating safety. ALRN-5281, a stapled peptide mimetic of human growth hormone releasing

hormone, was developed by Aileron Therapeutics and completed a phase I safety trial in 32

healthy volunteers [83]. In the trial, there were no adverse events, toxicities, or withdrawals

noted [77]. Since the completion of this safety trial, Aileron has stopped pushing this pep-

tide forward for now and has instead begun and focused on clinical trials for another stapled

peptide, ALRN-6924, which is now in many phase I and phase II clinical trials for cancer

[84–91].

ALRN-6924 is a stapled peptide that re-activates p53 by blocking p53’s inhibitory binding

partners, HDM2 and HDMX, to prevent p53 sequestration and degradation (see Section

1.1.2). The first published iteration of this stapled peptide was SAH-p53-8, which was

modeled after an α-helix of p53’s binding domain with HDM2/HDMX with a few intentional

amino acid changes to the make the peptide cell-permeable [92, 93]. While SAH-p53-8 had

high binding affinity for its targets HDM2 and HDMX, its therapeutic activity was almost

completely eliminated by the presence of serum proteins, and all in vitro treatments were

therefore done in the absence of FBS. The biopharmaceutical company Aileron Therapeutics

then further optimized the peptide to create the next iteration, ATSP-7041 [28], which was

inhibited by serum to a lesser degree and could be used therapeutically not only in vitro
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in the presence of serum, but also in vivo. ATSP-7041 has been used in vitro in many

publications, but only in a few publications has it been used in vivo [28, 94, 95].

Of note, each of the publications with in vivo applications alludes to a formulation method

involving amphiphilic DSPE-PEG. The reasoning for this formulation strategy and the meth-

ods by which it was done have not been thoroughly described in any of these publications

and remain a trade secret. The presumptive reasoning is that this DSPE-PEG formulation

increases the solubility of ATSP-7041 sufficiently for intravenous injection and/or improves

its pharmacokinetics via micelle encapsulation.

Aileron then further optimized ATSP-7041 to create ALRN-6924, the stapled peptide

ultimately used in clinical trials. After extensive iteration and optimization, ALRN-6924

achieved the perfect balance of high binding affinity/specificity for its targets, cellular uptake,

and aqueous solubility to become the first stapled peptide to definitively show clinical efficacy.

The sequence/structure of ALRN-6924 is still undisclosed, and therefore the most clinically

relevant peptide we can use in our research is its preclinical predecessor, ATSP-7041.

In an interesting new application, ALRN-6924 is being used not only for inducing cell

death in WTp53 cancer cells (see Section 1.1.2), it is also being used in a clinical trial for

myelopreservation during topotecan chemotherapy in cancers with mutant p53 [86]. Topote-

can inhibits topoisomerase I during DNA replication, causing double-stranded DNA breaks

in replicating cells. As a chemotherapeutic, topotecan damages rapidly dividing cancer cells

but also rapidly dividing healthy cells, including crucial cell types in the bone marrow (e.g.

red blood cells, white blood cells, platelets). This causes severe toxicities commonly seen

with chemotherapeutics such as topotecan. The goal of this myelopreservation clinical trial is

to use ALRN-6924 to activate p53 in healthy cells to arrest their cell cycle and avoid healthy

cell DNA damage while topotecan is used to kill cancer cells with mutated p53 that con-

tinue to rapidly divide despite the presence of ALRN-6924. This has shown some successful

myelopreservation in pre-clinical work [96], and the clinical trial is still ongoing [86].

While ALRN-6924 has been highly optimized to strike a balance between cellular uptake
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and solubility, the principles that govern the cellular uptake of stapled peptides are only

beginning to be understood [76, 77, 97–101], and cell-permeable candidates are still found

qualitatively through empirical screening and fluorescence microscopy. While stapled pep-

tides can be made unquestionably more cell-permeable than non-stapled peptides, even the

most highly optimized, cell-permeable stapled peptides still require 100 - 10,000 times higher

concentrations for efficacy in cellular assays when the cell membrane is intact than when the

cell membrane is permeabilized or absent. For example, ATSP-7041, the pre-clinical pre-

cursor of ALRN-6924, is reported to bind its targets, HDM2 and HDMX, with kD values

of 0.91 and 2.31 nM ex vitro, respectively, while it kills SJSA-1, a highly HDM2-dependent

osteosarcoma, with a much higher EC50 value of 0.6 µM in vitro [28]. As a second example,

a qualitatively cell-permeable MCL-1 inhibitor, SAH-MS1-18, binds MCL-1 with high speci-

ficity at 25 nM ex vitro, but kills MCL-1-dependent cancer cells at 5 µM in vitro, and when

the cell membrane is permeabilized prior to an identical treatment, induces mitochondrial

depolarization (a proxy for cell death) at 0.45 - 18 nM [102]. As a third example, BIM SAHB,

a pan-inhibitor of the BCL-2 family’s anti-apoptotic proteins, binds its protein targets in

the 1-11 nM range ex vitro [103], but kills cancer cells at 1,000-fold higher concentrations in

vitro and only when administered in the absence of FBS [104]. While hydrocarbon-stapled

peptides are one of the most promising classes of PPI-inhibitors to-date, these numbers sug-

gest that only a small fraction of the treatments successfully reach their intracellular protein

targets to exert their therapeutic effect in vitro.

The delivery obstacles for stapled peptides are further exacerbated in vivo. Most research-

grade stapled peptides are sequestered and completely inhibited by serum proteins [27, 28,

105, 106]. Currently, there is also no existing strategy to deliver these therapeutics into spe-

cific cell types via receptor-mediated endocytosis (RME), as is possible for small molecules

using antibody-drug conjugates (ADCs). This makes it currently impossible to target intra-

cellular PPIs that cancer cells and healthy cells both rely on without on-target toxicities in

healthy tissues. While stapled peptides are highly potent PPI-inhibitors as molecular tools,
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their delivery to and into diseased cells remains a major set of obstacles to their in vivo

applicability and clinical translation.

We believe that nanomedicine delivery platforms can capitalize on the strengths of ther-

apeutic peptides while improving upon their weaknesses to facilitate in vivo efficacy and

clinical translation. The traditional drug paradigm, in which one therapeutic molecule

single-handedly overcomes each obstacle on its journey from administration to intracellu-

lar target, can be made to succeed for hydrocarbon stapled peptides, as is now evidenced

by the clinical success of ALRN-6924. However, the design properties (admittedly only

beginning to be understood [76]) that influence a peptide’s cellular uptake, membrane tox-

icity, aqueous solubility, and pharmacokinetics are fundamentally at odds with each other

and largely unrelated to the peptide’s ability to bind its protein target and disrupt a PPI.

Meanwhile, the dawn of supramolecular nanomedicine (see Section 1.3.1) is now beginning

to make it possible to decouple a therapeutic molecule’s function at the molecular level from

its “drug-like” properties at the cellular, tissue, and organismal levels. As a case in point,

in 2018 the FDA approved for clinical use the first nanomedicine (patisiran) that delivers to

the cytoplasm an otherwise non-cell-permeable biologic therapeutic (siRNA). The obstacles

facing stapled peptides are precisely the obstacles that countless nanomedicines are being

designed to overcome and that are now becoming clinically applicable. The research fields

of stapled peptide therapeutics and nanomedicine are complementary, and we believe their

combination can make a positive impact in the clinical treatment of otherwise “undruggable”

disease targets.

By delivering stapled peptides with nanocarriers, our research aims to (1) overcome the

obstacles facing stapled peptides for in vivo and clinical translation and (2) decouple a pep-

tide’s ability to disrupt a PPI at the molecular level from its requirements for drug-like char-

acteristics. Developing such a platform (or platforms) will require a coordinated combination

of chemistry, physics, and biology from the fields of chemical biology and nanomedicine. In

Section 1.3, I introduce the nanocarrier platforms I have used in my thesis research toward
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these goals.

1.2.3 Other Approaches

The approaches described above for therapeutic PPI disruption are currently the most widely

used and clinically relevant. However, other important strategies are also being developed

and are worth highlighting.

In one interesting approach, therapeutics are being developed not only to orthosteri-

cally block a PPI, but to trigger proteasomal degradation of a problematic protein. These

molecules are often referred to as proteolysis targeting chimeras (PROTACs). They are

two-headed molecules joined by a linker; one head binds the target protein of interest, and

the other binds an E3 ubiquitin ligase (e.g. cereblon, VHL, MDM2). This recruits the E3

ubiquitin ligase to the target protein in a ternary complex to cause ubiquitination and ulti-

mately proteasomal degradation of the target protein. This is useful if, for example, a small

molecule ligand is available to the target protein but that small molecule alone does not

block the PPI binding site. Moreover, rather than one drug molecule inhibiting one protein,

PROTACs have been shown to catalytically facilitate protein degradation. This is beneficial

because smaller amounts of drug can be used to cause greater therapeutic effect. However,

this also means that doses can be used that are too high, if both protein binding partners

become saturated in binary drug:protein interactions rather than the ternary complexes re-

quired for protein degradation. This is likely more of an in vitro assay consideration rather

than an in vivo therapeutic concern, thanks to drug clearance and pharmacokinetics.

In addition to knocking down a protein, a disease-driving protein in a PPI can be knocked

down at the DNA (e.g. CRISPR) or RNA (e.g. siRNA, miRNA) levels. There are many

interesting lines of research using these approaches, but they are not directly related to the

research presented here and are not elaborated upon further.
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1.3 Nanocarriers for Intracellular Delivery of Therapeutic

Peptides

Peptides and other biologic therapeutics show great promise for drugging targets that are

otherwise considered “undruggable” (e.g. PPIs) by classically “drug-like” therapeutics (i.e.

small molecules). However, for intracellular targets, cell-specific delivery and cellular uptake

remain two of their primary obstacles [107]. We and others are using nanocarriers to facil-

itate the cellular uptake of peptide therapeutics and other biologics to capitalize on their

therapeutic potential.

In this section, I discuss the current state of nanomedicine for biologic therapeutics in

the clinic, then I introduce the nanomaterials relevant to my thesis work. First, peptide

amphiphile (PA) micelles (Section 1.3.2) were the nanodelivery platform used in Chapter

2 for the intracellular delivery of a therapeutic BIM BH3 peptide. In Chapter 3, I further

refined the synthesis and purification strategies for PAs similar to those used in Chapter

2. Next, I briefly introduce liposomes as a nanocarrier. Liposomes have been the most

successful nanomedicine in the clinic so far, and much pre-clinical work has been done towards

developing ligand-targeted liposomes for DLBCL chemotherapy. While my research has

not involved liposomes, these literature examples strongly informed our own nanomedicine

designs in Chapter 4 using polymersomes. Lastly, I introduce polymersomes, the type of

nanocarrier used in Chapter 4, which are vesicular nanostructures designed to expand the

chemical and physical capabilities of already widely successful liposomes.

1.3.1 The State of Nanomedicine for Biologic Therapeutics

Cancer nanomedicine is a broad field, both in terms of the nanoparticles being used for

delivery and in terms of the therapeutics being delivered [108, 109]. In general, the goal of

nanomedicines is to improve in one or more ways the drug-like properties of a particular ther-

apeutic. For drugs against intracellular targets, nanoparticles have been shown to enhance
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the efficacy of drugs at multiples stages of delivery, including (1) protecting the drug before

it reaches the diseased cells, such as by preventing degradation, clearance, and phagocytosis

to improve pharmacokinetics, (2) helping the drug reach the diseased cells and lessening

accumulation in healthy tissues, for example via the enhanced permeability and retention

(EPR) effect into solid tumors or active targeting, and finally (3) helping the drug enter

the diseased cells [108, 110]. For small molecule therapeutics, these steps enhance efficacy

and minimize toxicity relative to the drug administered alone. For biologic therapeutics,

however, another critical step is required, namely endosomal escape [111].

Nanomedicines are typically taken into cells via active, endocytic processes, which leaves

therapeutics trapped in an endosome, compartmentalized away from the cytoplasm or other

subcellular location where it would exert its therapeutic effect [112]. After endocytosis, early

endosomes are sorted to either be recycled back out of the cell (i.e. exocytosis) or to become

late endosomes and fuse with lysosomes to ultimately breakdown its contents [112, 113].

Small molecule therapeutics are often unharmed by this process after endocytosis for two

reasons. First, they often lack lysosome-degradable bonds and thus are more resistant to

degradation than biologic therapeutics, and second, they are usually able to rapidly cross the

endosomal membrane and escape when released from their carrier. For biologic therapeutics,

however, endosomal escape is critical to protect the therapeutic payload from lysosomal

degradation before it can reach the cytoplasm or other subcellular compartment [107]. As

such, nanomedicines for cytoplasmic delivery of biologics must include some mechanism for

endosomal escape.

Mechanisms for endosomal escape usually exploit the unique chemistry of endosomes,

which is slightly different from the extracellular environment in multiple ways. First, while

the extracellular space is a relatively oxidizing environment, the endosome is a relatively

reducing environment, and some materials are designed to respond to this difference in

redox potentials to trigger chemical changes in the materials and thereby facilitate endosomal

escape. Second, endosomes become relatively acidic as they mature, and some nanomedicines
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are designed to be pH responsive to facilitate therapeutic release and endosomal escape

in response to this change in pH. In a third approach, some therapeutics capitalize on

the sequence preferences of proteases during lysosomal degradation for protease-triggered

release of the therapeutic and/or endosomal escape. People have used many approaches in

designing endosome-responsive materials for therapeutic release and endosomal escape of

nanomedicine cargoes. For non-membrane-permeable cargoes such as biologic therapeutics,

endosomal escape is a non-trivial and indispensable step for cytoplasmic delivery.

There are now numerous examples of nanomedicines that have been successfully ap-

proved for clinical use, as detailed extensively in a recent review by Anselmo and Mitragotri

[114, 115]. The vast majority of FDA-approved cancer nanomedicines are liposome-based

nanoparticles encapsulating small molecule chemotherapeutics [115]. Before 2018, all FDA-

approved cancer nanomedicines were relatively simple nanoparticles with no targeting ele-

ments, stimulus-responsive materials, or endosome escape functionalities. Most effects from

cancer nanomedicine were optimized in terms of the particles’ size, shape, and surface charge,

and much has been learned about how those particle characteristics influence nanoparticle

distributions and accumulations [109]. Without more complex functionalities, the only clin-

ically successful cargoes were small molecule therapeutics, which could enter cells on their

own but still benefited from the enhanced pharmacokinetics, tumor accumulation, and re-

duced toxicity provided by nanocarriers. Meanwhile, pre-clinical research was developing far

more complicated (and capable) nanomaterials, for both small molecule and biologic cargoes.

For biologic therapeutics, however, the only way forward to clinical translation will likely be

with more complicated, comprehensive, and rationally designed delivery systems that can

account for and overcome each and every delivery barrier. In 2018, the FDA-approval of

patisiran (Onpattro) was a major first-in-class milestone not only for siRNA therapy and

biologic therapeutics, but for the field of nanomedicine [116].

Patisiran is the first clinically approved nanomedicine for cytoplasmic delivery of a bio-

logic therapeutic. It is used to treat a rare but fatal disease, hereditary transthyretin amy-
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loidosis, by delivering an siRNA into hepatocytes to knock down expression of the causative

mutant protein. This siRNA nanocarrier is precisely designed to overcome each barrier to

cytoplasmic delivery of siRNAs [116]. Patisiran consists of a therapeutic siRNA complexed

with cationic lipids to form highly stable, lipid-based, PEGylated nanoparticles for intra-

cellular siRNA delivery. The resulting nanoparticles are highly stable with a solid core. A

PEG shell is adsorbed to the particle using a short C14 chain attached to the PEG. This

PEG shell stabilizes the particles during processing and storage but rapidly dissociates from

the particles in the plasma in the presence of lipid sink conditions. This then allows native

ApoE proteins from the plasma to adsorb to the particle’s surface to facilitate targeting to

and endocytosis by hepatocytes, the targeted cell type for this therapy. The important next

step, endosomal escape, is facilitated by a precisely designed ionizable lipid with a pKa of

6.4. Complexation with the siRNA is done in the lipid’s cationic state at low pH, but then at

physiological pH, the particle is relatively uncharged while the solid-state of the core main-

tains the particle’s stability. After endocytosis, as the pH begins to decrease, the ionizable

lipid becomes positively charged to become a cationic lipid and facilitate endosomal escape.

Whereas many cationic lipids are highly toxic, this formulation has the benefit of being

membrane-lytic only at endosomal pH and highly biocompatible at physiological pH. This

new nanomedicine has greatly impacted treatment for this rare and life-threatening disease

[117], but beyond that, it has stoked the hope and enthusiasm for using nanomedicines for

the intracellular delivery of biologic therapeutics in the clinic.

For nanomedicines to succeed clinically in the intracellular delivery of biologic therapeu-

tics, they will need to meet certain requirements, which are all exemplified in the success

of patisiran. First, each successful nanomedicine must overcome each biological barrier to

cytoplasmic delivery (as described above), including the often overlooked step of endosomal

escape [118]. Currently, these capabilities are being rationally designed into nanomedicines in

a low throughput manner [114], though in the future they could conceivably be found through

screening, computational modeling, or artificial intelligence capabilities. Second, as a nano-
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excipient, successful materials will be highly biocompatible, non-toxic, non-immunogenic

(unless immunogenicity is favored for a particular application), and demonstrably capable

of being cleared from the body [119]. Third, successful nanomedicines must be scalable in

their synthesis and stable in transportation, distribution, and storage [114]. These ideas and

considerations have come to guide the design principles and progression of the nanomedicine

platforms I present in my own work in this thesis.

1.3.2 Peptide Amphiphile Micelles for Intracellular Peptide Delivery

Peptide amphiphiles (PAs) are one delivery system that we and others have used for the

delivery of therapeutic peptides and are the platform used in Chapters 2 and 3. PAs are

formed by conjugating a hydrophobic “tail” domain to one end of a therapeutic peptide

[120, 121]. PAs have been used in countless applications beyond intracellular peptide delivery,

including drug delivery, regenerative medicine, diagnostics, and vaccines [122].

For our applications of intracellular peptide delivery, the amphiphilic nature of a PA

is used to drive the self-assembly of micellar nanoparticles. PA micelles are of optimal

size to slow clearance from circulation [118], but the PA unimers are non-toxic and can be

cleared through the kidneys [123]. Their micellar structure also helps prevent hydrolysis

and proteolysis of the therapeutic peptide during circulation [124]. When a PA micelle

reaches its target cell, its non-covalent supramolecular assembly allows unimers to dissociate

from the nanoparticle, and the amphiphilic tail facilitates peptide internalization [125–127].

Moreover, targeting moieties can be conjugated to these nanoparticles for active targeting

to specific cell types [128–140]. Finally, the ability to co-assemble multiple PAs into one

nanoparticle by simple mixing provides the potential for combination therapy applications.

When I joined the Tirrell and LaBelle groups in 2015, it was previously established that

PAs could facilitate the uptake of otherwise cell-impermeable peptides [125–127], though

the peptides still remained trapped in endosomes and unable to exert a therapeutic effect

[125]. Obstacles and strategies to overcome endosomal escape are discussed more broadly
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on page 18. In my first laboratory work as a PhD student, I was trained by and worked

with Dr. Handan Acar in her work on incorporating a cathepsin-cleavable linker between the

peptide and lipid domains of a PA to short-circuit lipid-driven exocytosis/recycling of PAs

and enhance their intracellular accumulation [141]. After Dr. Acar studied the mechanisms

by which a cathepsin-cleavable PA could enhance the intracellular accumulation of a peptide

[141], we then applied this platform to the intracellular delivery of a BIM BH3 peptide

designed to activate apoptosis via the BCL-2 family of proteins (Chapter 2) [142].

Using the PA platform, we had achieved peptide uptake and intracellular accumulation,

though endosomal escape was still an unconquered obstacle. In Chapter 2, a BIM BH3

peptide, delivered intracellularly as a cathepsin-cleavable PA, was able to exert a therapeutic

effect, however we still do not understand how the therapeutic peptide was able to escape the

endosome after release from the lipid tail [142]. The peptide alone is not cell permeable, and

it does not have any obvious properties that should make it able to escape the endosome.

Yet, by some unknown means, the peptide was able to escape the endosome to reach its

cytoplasmic and mitochondrial targets to activate apoptosis. We are currently still exploring

strategies to intentionally facilitate the endosomal escape of therapeutic peptides after release

from a lipid tail after endocytosis.

PAs can be synthesized in multiple ways. They can have one or two or more lipid tails,

and those lipids can be attached by various types of bonds, most commonly amides or esters.

Sometimes a PEG spacer is also added to the tail domain (e.g. DSPE-PEG has two C18 lipid

tails with a PEG spacer) to increase the size of the hydrophilic head group. Importantly,

changing the chemical structure of the lipid domain of a PA changes the packing parameter

(which can roughly be said to describe the “shape”) of the PA unimer, which changes the

shape of the supramolecular structure into which it will assemble [143]. For our applications

we sought to use spherical micelles, which can be assembled from PAs with a large hydrophilic

headgroup, and DSPE-PEG was a useful PEGylated lipid to synthesize such PAs [110].

DSPE-PEG also has two lipid tails instead of one, and having two lipid tails has been shown
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to facilitate greater cellular uptake compared to one lipid tail [125]. Finally, the esters in

DSPE-PEG do not impart any directional hydrogen bonding effects, which is ideal for the

formation of spheres rather than more one-dimensional, worm-like micelles, which can be

promoted by more directional amide bonds.

The PEGylated lipid DSPE-PEG was a useful tool for forming spherical micelles and for

facilitating intracellular peptide uptake [110], but we found that its ester bonds were suscep-

tible to hydrolysis under conditions commonly employed during peptide and PA synthesis

and purification (Chapter 3) [121]. Hydrolysis of these esters often went undetected due

to the dispersity of the PEG domain hiding the relatively small changes in the molecular

weight of the PA. By developing a strategy to detect these ester hydrolysis byproducts via

ESI-MS fragmentation, we optimized conditions under which DSPE-PEG PAs could reliably

be synthesized and purified. After publishing our initial work on this [121], we made further

improvements to the synthesis and purification process that have not yet been published

(page 88).

Other Therapeutic Applications of Self-Assembled Peptide-Conjugates

In addition to applications in intracellular peptide delivery, peptide-conjugate self-assemblies

have also been used for other applications in nanomedicine.2

Numerous examples of targeting peptides have been incorporated into PAs to deliver

therapeutics to specific cell populations. RGD peptides are a popular example that pref-

erentially bind αVβ3 integrin overexpressed by some tumors [144]. Saraf et al. used RGD

PA self-assembly to make micelles that preferentially bound melanoma cells and were in-

ternalized in vitro [145]. They then loaded a hydrophobic small-molecule anti-cancer drug

called paclitaxel into the hydrophobic core, and the targeted micelles preferentially killed

melanoma tumors in an in vivo mouse model.

2. This section was adapted from [122]: Handan Acar, Samanvaya Srivastava, Eun Ji Chung, Mathew
R. Schnorenberg, John C.Barrett, James L. LaBelle, and Matthew Tirrell. Self-assembling peptide-based
building blocks in medical applications. Advanced Drug Delivery Reviews, 110-111:65–79, February 2017.
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While small molecule drugs can be loaded into the hydrophobic core of a micelle, a

peptide-conjugate’s peptide domain can itself be therapeutic. Zha et al. coupled a peptide

domain from an anti-angiogenic protein, maspin, to an alkyl tail to form nanorods [146].

The maspin peptide domain interacts with endothelial cells to upregulate their adhesion,

down-regulate their migration, and thereby inhibit angiogenesis during tumor growth [147–

149]. They found that their maspin-mimetic nanorods inhibited angiogenesis in vivo and at

far lower doses than when peptide was administered alone [146].

In addition to aiding in the delivery of therapeutics, a supramolecular nanoparticle’s

physical structure can also be harnessed as a therapeutic. Morgan et al. showed that

circulating nanofibers can be actively targeted to accumulate at the site of blood vessel

disruption to control hemorrhage and minimize blood loss [150]. They conjugated a peptide

targeted against tissue factor to a beta-sheet forming peptide domain and an alkyl tail to

form stabilized nanofibers. The nanofibers normally circulated without binding anything

and were naturally cleared from the body. However, upon blood vessel disruption by injury,

the nanofibers encountered and bound tissue factor in the intravascular space where they

accumulated to stop blood flow from the wound.

The peptide domain of a peptide conjugate can also be used to control the stability of

a micelle in the circulation and thereby control pharmacokinetics. For example, Dong et al.

coupled a peptide domain, designed to form a 3-helix coiled coil, to a hydrophobic tail to form

15 nm spherical micelles that circulated in the bloodstream for at least 48 h with minimal

cargo leakage [151]. In the context of actively-targeted micelles, this degree of stability could

be important to ensure that the micelles reach their targets before releasing their payloads.

1.3.3 Liposomes

Liposomes, nanoparticle vesicles comprised of a lipid bilayer, have been the most clinically

successful class of nanoparticles for drug delivery [114, 152–155]. Though my work has

not used liposomes, their clinical success and the principles established using liposomal
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nanomedicines make them crucial to discuss.

So far, clinically approved liposomes deliver small molecule therapeutics but not biolog-

ics (e.g. proteins, peptides). While small molecule cargoes are typically cell-permeable by

themselves, they still benefit from liposome delivery via reduced toxicity, improved phar-

macokinetics, and in cancer, preferential accumulation in solid tumors via the enhanced

permeability and retention (EPR) effect [114, 154]. Each of the clinically-approved lipo-

somes are relatively simple nanoparticles with no targeting elements, responsive materials,

or endosome-escape domains, despite the now common appearance of these advanced func-

tionalities in successful pre-clinical liposome formulations. For more on the current state of

clinical nanomedicines, including liposomes, see page 19.

For intracellular delivery of biologics, however, these more complex functionalities will be

required for successful clinical translation. The pre-clinical applications using more advanced

liposomes have been granularly reviewed by others in recent review [107, 154–161].

Many of our key conceptual understandings about supramolecular nanomedicines have

come from applications in liposomes. Others have recently reviewed the important parame-

ters and design considerations for liposomes and their effects on biological efficacy [154, 162].

The motivating benefits of liposomal encapsulation for protein and peptide delivery are

primarily (1) improved pharmacokinetics, (2) the ability to incorporate the cargo without

modification, and (3) a long-standing precedent of safety and biocompatibility of liposomes

[154]. The major obstacles and weaknesses to liposomal delivery, meanwhile, include (1)

rapid clearance from circulation (although improved compared to non-encapsulated protein

or peptide), (2) lack of cellular uptake, and (3) after cellular uptake, endosomal entrapment

[154, 156].

Many people have sought strategies to improve upon the stability and circulation times of

liposomes. First, by changing the composition of the lipids, the stability of the lipid bilayer

can be greatly improved [154]. Second, introducing a PEG coating to the surface of liposomes

has widely been shown to increase the circulation times of liposomes [163]. This improved cir-
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culation time has been widely thought to be due to a PEG coating preventing serum proteins

from adsorbing to the surface, thus minimizing phagocytosis and clearance from circulation.

Of note, however, liposomes can typically not be more than ∼5-10% PEGylated without

the PEG chains starting to repel each other and disrupting the liposomal bilayer [163–166].

In contrast to the commonly-accepted notion about PEGylation preventing adsorption, it

has been shown that at 5% liposome PEGylation, serum protein adsorption is actually not

inhibited at all [167]. Rather, these low amounts of PEGylation limit liposomal aggregation,

and the authors show that this decreased aggregation, not decreased protein adsorption, is

the primary reason for improved circulation times of PEGylated liposomes [167]. In other

recent work, Lee and Larson have shown that in order for a PEG layer to repel protein

adsorption, the PEG density must be high enough to achieve an extended brush-like confor-

mation, rather than being sparsely spaced out such that each PEG chain is in a “mushroom”

conformation, which serum proteins can overcome to still adsorb [168]. However, the same

steric crowding of a dense PEG brush that repels protein adsorption is precisely what causes

PEGylated lipids to desorb from the liposome, resulting in the approximately ∼10% limit

on surface PEGylation. This low upper limit on the PEG density achievable for liposomes

is limiting to their pharmacokinetics. Unlike liposomes, which are limited by the character-

istics of lipids, polymersomes (introduced in Section 1.3.4) can be designed with completely

synthetic block copolymers to intentionally overcome these weaknesses and form “tough”er

vesicular nanocarriers [169]. Due to their increased stability, polymersomes can also be 100%

PEGylated with a dense PEG brush, to better resist protein adsorption and phagocytosis to

achieve longer circulation times than liposomes [170]. While many attempts have been made

to improve the limiting stability and pharmacokinetics of liposomes, these characteristics

can be remarkably improved by abandoning the limiting characteristics of lipids altogether

and using synthetic block copolymers in polymersomes (introduced in Section 1.3.4).

The second obstacle facing liposomes for intracellular delivery of peptides and proteins is

cellular uptake. Cellular uptake of liposomes is often facilitated by attaching a targeting lig-
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and (e.g. antibodies, proteins, peptides, nucleic acid aptamers, other ligands) to the surface

of the liposome to facilitate RME, and targeted liposome applications have been granularly

reviewed by others [108, 158, 161]. While targeting endocytic receptors can mitigate the

problem of uptake, the problem of endosomal escape remains.

For liposomal delivery of proteins and peptides, endosomal escape is one of the primary

factors limiting efficacy. For liposomes, endosomal escape is typically achieved in one of

two ways. In one strategy, cationic lipids are incorporated into the liposome’s structure.

The primary concerns with this approach are non-specific delivery into off-target cells and

toxicity of highly cationic lipids. To ameliorate these concerns, much work has been done to

develop ionizable lipids that have a precise pKa slightly below physiological pH. The goal is

for the lipids to be neutrally charged outside of the cell but become protonated and cationic

inside the endosome as the endosome matures and starts to acidify. The cationic lipids

then facilitate endosomal escape, after which they should be buffered back to a neutral pH

and uncharged state. The second set of strategies for endosomal escape involves attaching

endosome-escape ligands to the surface of the liposome, such as cell-penetrating peptides

(CPPs). With this approach, non-specific cellular uptake is again a concern. One way

around this is to add a PEG layer to the liposome to sterically shield the CPPs until the

PEG layer is removed in response to some cue, for example in the acidic endosome (to

facilitate endosomal escape) or acidic tumor microenvironment (to facilitate uptake and

endosomal escape). Sheddable-layer strategies have been reviewed by Romberg et al. [171].

Liposomes now have a long-standing precedent of success in clinical translation for the

delivery of small molecule therapeutics. For cytoplasmic delivery of biologics, such as pep-

tides and proteins, cellular uptake and endosomal escape remain additional obstacles. The

2018 approval of patisiran (as described on page 19) for cytoplasmic delivery of siRNA has

set a new precedent for the use of ionizable lipids in facilitating the endosomal escape of bio-

logic therapeutics in the clinic. Perhaps this success will facilitate the clinical translation of

next generation lipid-based nanomedicines for cytoplasmic delivery of peptides and proteins.
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While protein cargoes have been commonly employed in literature examples of intra-

cellular liposome delivery [107, 154–161], peptide therapeutic cargoes have been used only

rarely. Liposomes are often decorated with peptides on the surface to impart various func-

tionalities, but rarely are they used as the therapeutic cargo itself, intended for intracellular

delivery. Others have reviewed specific literature examples of pre-clinical therapeutic pep-

tides intended for intracellular delivery [107, 172].

While pre-clinical liposomal peptide therapeutics are rare, clinically-approved formula-

tions are non-existent. There is one clinically-approved formulation of a peptide-containing-

liposome in Europe, called mifamurtide, which is used for treating osteosarcoma, but it failed

to gain FDA approval in the US due to insufficient efficacy data. This liposomal formula-

tion encapsulates an immunostimulatory lipopeptide that mimics muramyl dipeptide on the

surface of bacteria to bind the NOD2 receptor of innate immune cells, activate an innate

immune response and cytokine secretion, and improve the anti-cancer immune response as

an adjunct to chemotherapy. The NOD2 receptor is predominantly found in the cytoplasm

of innate immune cells [173], and the lipid domain of this immunostimulatory lipopeptide

likely facilitates its endosomal escape and cytoplasmic access to reach its target.

While we have not used liposomes, and liposomes have not been used specifically for

intracellular delivery of therapeutic peptides, many key lessons have been learned using

liposomes about how to design and apply supramolecular nanomedicines.

1.3.4 Polymersomes

Polymersomes are highly-stable, polymeric vesicles that are analogous to liposomes but ex-

pand upon their useful chemical and physical properties [169, 174]. In 1999, Discher et al.

first reported on “Polymersomes: Tough Vesicles Made from Diblock Copolymers” in Sci-

ence [169]. At that point in time, liposomes had been in use since the 1960s and had proven

extremely useful as nanocarriers. While liposomes are primarily limited by the sizes and

characteristics of natural lipids, polymersomes can be self-assembled from fully synthetic,
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amphiphilic block copolymers that can be much larger and more synthetically customizable

than lipids. In this first report, they demonstrated that their polymersomes were “tough”er

than liposomes, resisting an order of magnitude greater strain while being an order of mag-

nitude less permeable to water. Their synthetic, amphiphilic block polymers were much

larger than lipids and generated vesicles with a thicker membrane than liposomes. Since this

1999 report, polymersomes as a class of nanomaterials have now greatly expanded upon the

chemical and physical properties of liposomes, capitalizing on their strengths and improving

upon their weaknesses.

In Section 1.3.3, I discussed two key weaknesses of liposomes as nanomedicines, namely

their stability and degree of PEGylation. First, while liposomes can be made more stable

by varying the lipid composition, polymersome stability can be infinitely tuned, including

making them far more stable than liposomes, by changing the synthetic polymer building

blocks. Second, while liposomes can be PEGylated, they can only achieve 5-10% PEGylation

before the PEG-lipids start to disrupt the liposome structure [163–166]. This 5-10% PEGy-

lation is not enough PEG to achieve a dense PEG brush and significantly prevent protein

adsorption to the surface of liposomes [167, 168], and the resulting protein adsorption is the

first step to premature phagocytic clearance of nanoparticles from the body. Polymersomes,

meanwhile, can routinely be made 100% PEGylated without affecting their structure, thus

better preventing protein adsorption and premature clearance when compared to liposomes

[170].

Another key weakness of liposomes-as-nanocarriers that I discussed in Section 1.3.3 is

their endosomal entrapment. Due to the chemical versatility of polymers, polymersomes can

be designed to undergo chemical and physical changes in response to stimuli. Messager et

al. have summarized many of the key ways in which polymersomes have expanded upon the

chemical versatility of liposomes [174]. Importantly for endosomal escape, a key requirement

of intracellular delivery of peptides and proteins, polymers can be designed to respond to

the unique chemical cues of early endosomes (e.g. a reducing environment [175–181]), of ma-
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turing endosomes (e.g. decreasing pH [182, 183]), or of the unique endosomes of phagocytic

immune cells (e.g. an oxidizing environment [184–187]).

1.3.5 PEG-SS-PPS Polymersomes

In Chapter 4, we sought to use a supramolecular nanostructure to encapsulate hydrocarbon

stapled peptides, target them specifically to DLBCL cells, and facilitate their cellular uptake

and endosomal escape. A polymersome platform previously developed by the Hubbell lab

seemed to have all the characteristics of an ideal nanocarrier for this application. We used an

amphiphilic block copolymer composed of a hydrophilic poly(ethylene glycol) (PEG) block

and a hydrophobic poly(propylene sulfide) (PPS) block with a disulfide bond between the

two blocks (PEG-SS-PPS) [181]. This block copolymer and its similar counterparts have

previously been shown to have characteristics of an ideal nanocarrier for this application.

First, the stability of PEG-PPS polymersomes should protect stapled peptides in circula-

tion and allow for attachment of targeting ligands for RME. The Hubbell lab has previously

characterized the physical properties of PEG-PPS polymersomes [188]. While PEG-PPS

block copolymers can form highly stable polymersomes, PPS has a low glass transition tem-

perature (Tg) of around 230 K (-43 ◦C), which means these polymersomes can be easily

assembled at room temperature, without the need for heat or co-solvents. This allows for

assembly by a variety of methods, including thin film formation, inverse direct dissolution

[189], or flash nanoprecipitation [190, 191]. For cargo that we do not expect to be able to

diffuse across a PPS vesicle layer, such as a stapled peptide, a low Tg polymer is ideal for

ease of assembly and more rapid responses to physiological chemical cues. For hydrophobic

small molecule drugs, or applications in which we would require a more solid-like vesicle,

we would perhaps need to use a polymer with a higher Tg for more stable encapsulation to

avoid drug leakage.

In addition to the PPS layer of polymersomes being both stable but non-glassy, the PPS

backbone is also susceptible to oxidation, from poly(propylene sulfide) to poly(propylene sul-
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foxide) then poly(propylene sulphone) [192]. This oxidation makes the PPS block relatively

hydrophilic, causing polymersomes to disassemble through various intermediate structures

and ultimately into soluble unimers [192, 193]. For a nanomedicine, this is major benefit,

because it facilitates the eventual clearance of the polymersome building blocks through

simple renal filtration. PEG-PPS polymersomes have recently been shown to be non-toxic

in high doses in both mice and non-human primates [191], and the ability of the individual

polymers to be processed and cleared from the body should presumably contribute to this

complete lack of toxicity.

This susceptibility to oxidation of PPS has been shown to be a useful nanocarrier release

mechanism in response to inflamed tissues [192] for extracellular release, or intracellularly

after phagocytosis by certain immune cell types with oxidative phagosomes for immune

modulation and antigen presentation [194–196]. However, we primarily aim to harness the

oxidation-susceptibility of PPS for its non-toxic clearance rather than for polymersome dis-

ruption, which we seek to achieve through a different mechanism.

By adding a disulfide bond between the the PEG and PPS blocks, Cerritelli et al. made

reduction-sensitive PEG-SS-PPS polymersomes [181]. This allowed for rapid cleavage of the

block copolymer (PEG-SS-PPS) in the reducing environment of the endosome [175–181],

which disrupted the polymersomes and facilitated endosomal escape and intracellular accu-

mulation of a model cargo, presumably due to the freed hydrophobic PPS block interacting

with the endosomal membrane [181]. For cytoplasmic delivery of peptide therapeutics, we

aim to facilitate endosomal escape as early after endocytosis as possible, and the PEG-SS-

PPS block copolymer should be ideal for facilitating rapid and early endosomal escape in

many cell types with reducing endosomes, including DLBCL.

Another important feature of PEG-PPS polymersomes as nanocarriers is their dense

PEGylation. While liposomes can only achieve 5-10% PEGylation before their structure is

disrupted (see Section 1.3.3) [163–166], polymersomes with a PEG block copolymer are 100%

PEG functionalized on the polymersome surface, which resists protein-adsorption that would
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otherwise lead to non-specific uptake and clearance from the body. In a direct comparison

between polymersomes and liposomes, Photos et al. showed that polymersomes, which are

more stable and more highly PEGylated compared to liposomes, were better able to resist

opsonization and phagocytosis [170].

For encapsulating hydrocarbon stapled peptides, PEG-PPS polymersomes seemed like

a particularly promising encapsulation vehicle. PEG-PPS nanocarriers have been shown

to successfully encapsulate both hydrophilic cargoes in the aqueous lumen and hydropho-

bic cargoes in the PPS phase [181, 189, 196–198]. We hypothesized this dual hydropho-

bic/hydrophilic loading capability would allow for successful encapsulation of hydrocarbon-

stapled peptides, which have both a hydrophilic peptide domain and a hydrophobic all-

hydrocarbon staple. It might otherwise prove difficult to encapsulate a cargo with both

hydrophilic and hydrophobic domains, but with PEG-PPS polymersomes, the hydrophilic-

hydrophobic boundary in the core is likely an ideal interface for hydrocarbon-stapled pep-

tides.

Together, these characteristics of PEG-SS-PPS polymersomes describe a theoretically

ideal nanocarrier for cytoplasmic delivery of hydrocarbon stapled peptides to and into a

targeted cell type. In Chapter 4, we build upon this previous literature on PEG-PPS and

PEG-SS-PPS polymersomes. To move beyond passive targeting to phagocytic cell types, we

modified the distal end of the PEG chain with an azide handle to attach targeting elements

to specifically bind and trigger uptake into B cells via CD19.

1.3.6 Ligand-Targeted Nanoparticles

In Chapter 4, the design of our CD19-targeted Fab-polymersome nanocarriers builds on

important design considerations from a breadth of work from Dr. Theresa Allen and col-

leagues on ligand-targeted nanoparticles. Most notably, work on CD19-targeted liposomes

for small molecule delivery has previously highlighted the utility of CD19-targeted, inter-

nalized nanocarriers for enhancing therapeutic efficacy in DLBCL and minimizing on-target
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toxicities [199–204].

One of the design parameters they identified as important was the choice of antibody

fragment used for nanoparticle targeting, for which they compared IgG, F(ab’) fragments,

and scFv fragments from an anti-CD19 antibody [203]. They found that full IgGs accelerated

the premature clearance of nanoparticles from circulation, presumably by immune recogni-

tion of the Fc domain of IgG being recognized by immune cells’ Fc receptors in the liver and

spleen. However, the scFv fragments also decreased the circulation time of nanoparticles,

presumably due to the inclusion of potentially immunogenic tags on the scFv for identifi-

cation and purification. When the tags were excluded from the scFv, less of the targeted

nanoparticles accumulated in the liver. F(ab’) fragments, meanwhile, allowed for the most

efficacious formulations of their doxorubicin-loaded nanoparticles, as F(ab’) fragments have

no Fc domain and also require no affinity tags for identification and purification.

Despite the advantages of F(ab’) fragments relative IgG or scFvs, as of 2010 the authors

still preferred scFvs as the antibody fragment of choice for ligand-targeted nanoparticles

[204]. Their reasoning was primarily due to (1) the ability to engineer site-specific linkers

into the scFvs, and (2) the ability to recombinantly produce scFvs, while F(ab’) fragments

were produced through low-throughput and tedious digestion of IgG. To that end, many

people have sought ways to understand and improve upon the primary weaknesses of scFvs,

which are (1) their lack of stability in solution and (2) difficulty in reliably expressing soluble

protein [203–206].

Importantly, F(ab’) fragments are far more stable than scFvs. In fact, simply converting

an unstable scFv sequence into a Fab format can improve its stability and in vivo efficacy

[207]. Our collaborators in the Hubbell lab sought to capitalize on the strengths of Fab

fragments and find a way to recombinantly express Fabs instead of digest IgGs. In doing so,

they have developed a platform for scalable expression of engineered Fab fragments with the

potential for site-specific modifications. Their engineered Fabs are often solubly expressed,

correctly folded, and functional on the first try, as was the case with our αCD19 targeting
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Fabs used in Chapter 4. With this platform, they have developed a platform that capitalizes

on the strengths of Fabs as targeting antibody fragments, while routinely being solubly

expressed in high yields and secreted from mammalian cells.

1.4 Diffuse Large B-Cell Lymphoma (DLBCL) as a Clinically

Relevant and Impactful Model for Ligand-Targeted Drug

Delivery, Chemoresistance, and Protein-Protein Interactions

As our primary therapeutic application in Chapter 4, we chose to target the p53 and MCL-1

pathways in diffuse large B-cell lymphoma (DLBCL). DLBCL as a disease exemplifies both

the clinical need and potential for novel PPI-inhibiting drugs, particularly for the current

state-of-the-art stapled peptide PPI inhibitors. As a disease of B cells, it also represents

an opportunity for drugging PPIs with ligand-targeted nanoparticles as a precise delivery

vehicle. The primary obstacles for stapled peptides as PPI inhibitors are their in vivo activity,

cell-specific delivery, and cellular uptake (see Section 1.2.2), and DLBCL is a clinically

relevant model in which to address these weaknesses with ligand-targeted nanoparticles to

capitalize on the strengths of stapled peptides as PPI inhibitors.

DLBCL is the most common form of lymphoma, and 60% of patients present with ad-

vanced stage III or IV disease [208, 209]. Despite major advances in first line therapies,

63% of DLBCL cases will be refractory to treatment and/or relapse [210]. For patients with

relapsed DLBCL, 73% will not survive five years [211].

Despite their chemoresistance, more than 80% of DLBCL cases have wildtype TP53, with

the p53 protein presumably inactivated by its PPI binding partners, HDM2 and HDMX

[23, 212, 213]. Inactivating p53 PPIs are one of the most well known examples of cancer-

driving, “undruggable” PPIs (see Section 1.1.2). The most clinically relevant stapled peptide,

ALRN-6924, is a p53-reactivating stapled peptide that is currently advancing through clinical

trials (see Section 1.2.2). The sequence of ALRN-6924, and most clinical and pre-clinical
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data from its use, are proprietary and unpublished. The preclinical predecessor to ALRN-

6924, however, is ATSP-7041, and this research-grade stapled peptide has been synthesized,

used, and studied by numerous research groups. This well-studied, p53-reactivating stapled

peptide has been highly optimized to be cell-permeable, non-toxic, and active in vivo. ATSP-

7041 has not yet been studied and used in DLBCL, but as a cancer in which the majority of

cases have wildtype TP53, DLBCL is a highly relevant form of cancer in which utilize ATSP-

7041 and therapeutic p53 reactivation. In Chapter 4, we studied the effects of ATSP-7041 in

DLBCL by looking at p53-mediated changes in the BCL-2 family of proteins, its effects in

priming the mitochondria for apoptosis, and ultimately its therapeutic synergy with MCL-1

inhibitors for reactivating cancer cell death.

Acquiring resistance to cell death is a well-known hallmark of cancer [12, 13], and like

other cancers, DLBCL resists cell death by deregulating PPIs in the BCL-2 family of proteins

to inactivate apoptosis [214] (for more on the BCL-2 family, see Section 1.1.1). While

venetoclax, a BCL-2 inhibitor, has dramatically changed the treatment of some cancers

(see Section 1.2.1), a Phase I study suggests it has a minimal effect on chemoresistant and

chemorefractory DLBCL [215].

Another key anti-apoptotic member of the BCL-2 family, MCL-1, is one of the most

commonly upregulated genes that cancers rely on for survival [29], including DLBCL [216,

217]. MCL-1 upregulation in DLBCL is associated with poorer clinical outcomes [218], and

it is implicated in resistance to therapeutic cell death [219, 220]. Inhibition of MCL-1,

meanwhile, can reactivate cell death and overcome chemoresistance in DLBCL [221–223].

MCL-1 is an important therapeutic target in many kinds of cancers, and DLBCL is no

exception.

However, systemic inhibition of MCL-1 has the potential for on-target toxicities due to

the critical function of MCL-1 in maintaining the viability of many healthy tissues [224–230].

For this reason, a targeted delivery vehicle could potentially greatly improve the efficacy and

translational potential of MCL-1 inhibitors for cancer therapy. While MCL-1 inhibition in
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DLBCL is a clinically relevant first target, a successful nanoparticle delivery platform for

stapled peptides would be relevant in a variety of cancers for targeting a variety of PPIs.

In Chapter 4, we developed a DLBCL-targeted nanoparticle for intracellular delivery of

a stapled peptide. We chose as our model peptide SAH-MS1-18, which has been shown

to specifically inhibit MCL-1 [102]. SAH-MS1-18 binds MCL-1 tightly with high affinity,

and it does so specifically, without also binding and inhibiting the other structurally-similar

anti-apoptotic proteins in the BCL-2 family. Meanwhile, the authors were able to iteratively

optimize the peptide to be both cell permeable (qualitatively, by fluorescence microscopy

with a FITC-labeled peptide) and non-toxic. Ultimately, SAH-MS1-18 was able to induce

cell death in MCL-1 dependent cancers in a highly MCL-1-dependent manner. This peptide

was also not inhibited by the presence of serum proteins during treatments (e.g. 10% FBS

during in vitro treatments), which is a common problem for many research-grade stapled

peptides. This paper highlights the strengths of stapled peptides for designing inhibitors of

PPIs that are notoriously difficult to drug with both potency and specificity.

However, SAH-MS1-18 also exemplifies one of the greatest areas for improvement for

stapled peptides, namely their marginal and poorly understood cell permeability (see page

13 for more examples). SAH-MS1-18 binds MCL-1 with high specificity at 25 nM ex vitro,

but kills MCL-1-dependent cancer cells at 5 µM in vitro. When the cell membrane is per-

meabilized prior to treatment, SAH-MS1-18 induces mitochondrial depolarization (a proxy

for cell death) at 0.45 - 18 nM [102]. While there may be other factors contributing to these

differences in effective doses, the presence of a cell membrane clearly inhibits the efficacy of

this stapled peptide, even though it has been optimized for cell permeability.

Our goal is to develop a targeted nanocarrier to facilitate the cell-specific, intracellular

delivery of stapled peptides for PPI inhibition. The p53 and BCL-2-family pathways repre-

sent two highly relevant, disease-driving PPI examples in cancer, and they are particularly

relevant in DLBCL. The stapled peptide research community (and now pharmaceutical in-

dustry) have been developing stapled peptides to target p53-reactivation (e.g. ALRN-6924,
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ATSP-7041, SAH-p53-8, among others) and MCL-1 inhibition (e.g. SAH-MS1-18). With

the confluence of these factors, we think that DLBCL represents a clinically-relevant model

system in which to develop a cell-targeted nanoparticle for intracellular delivery of stapled

peptides.
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CHAPTER 2

ACTIVATING THE INTRINSIC PATHWAY OF APOPTOSIS

USING BIM BH3 PEPTIDES DELIVERED BY PEPTIDE

AMPHIPHILES WITH ENDOSOMAL RELEASE

This chapter is presented as published [142] in Materials 2019, 12(16), 2567.

2.1 Abstract

Therapeutic manipulation of the BCL-2 family using BH3 mimetics is an emerging paradigm

in cancer treatment and immune modulation. For example, peptides mimicking the BIM BH3

helix can directly target the full complement of anti- and pro-apoptotic BCL-2 proteins to

trigger apoptosis. This study has incorporated the potent BH3 α-helical death domain of

BIM into peptide amphiphile (PA) nanostructures designed to facilitate cellular uptake and

induce cell death. This study shows that these PA nanostructures are quickly incorporated

into cells, are able to specifically bind BCL-2 proteins, are stable at physiologic temperatures

and pH, and induce dose-dependent apoptosis in cells. The incorporation of a cathepsin B

cleavable linker between the BIM BH3 peptide and the hydrophobic tail resulted in increased

intracellular accumulation and mitochondrial co-localization of the BIM BH3 peptide while

also improving BCL-2 family member binding and apoptotic reactivation. This PA platform

represents a promising new strategy for intracellular therapeutic peptide delivery for the

disruption of intracellular protein:protein interactions.

2.2 Introduction

The BCL-2 family of proteins forms a complex protein-protein interaction (PPI) network

that regulates cellular life and death decisions, which contributes to organismal development,

cancer ontogeny and chemoresistance, hematopoiesis, and immune regulation [14, 231–233].
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Members of the BCL-2 family known as BH3-only proteins (e.g., BIM, BID, PUMA, NOXA)

serve as cellular stress sentinels and can trigger irreversible activation of apoptosis through

their α-helical BH3 death domains. These pro-apoptotic signals are normally held in check

by the multidomain anti-apoptotic family members (e.g., BCL-XL, BCL-2, BCL-W, MCL-

1) through sequestering PPIs. However, when pro-apoptotic signals outweigh anti-apoptotic

signals, the multidomain pro-apoptotic effectors, BAX and BAK, are activated and trigger

the cell death cascade by oligomerizing in the mitochondrial membrane, leading to mito-

chondrial outer membrane permeabilization (MOMP), cytochrome c release, apoptosome

formation, and effector caspase activation [14].

The BCL-2 family’s PPIs have emerged as an impactful set of therapeutic targets [18].

Cancer cells often push the BCL-2 family’s PPI balance toward an anti-apoptotic state

to avoid cell death despite cellular stress and damage, for example by upregulating anti-

apoptotic members or downregulating pro-apoptotic members [18, 19]. As most chemother-

apies function by ultimately inducing apoptosis, cancers often acquire chemotherapeutic

resistance by manipulating the homeostatic balance of BCL-2 family members [19]. BH3-

mimetics are a powerful way to therapeutically interrupt this balance and reactivate cell

death, particularly in cancers that are “primed for death” with upregulated anti-apoptotic

proteins [234].

While intracellular PPIs are commonly deemed undruggable targets, peptides can effec-

tively mimic the PPI interface domains of proteins and thus disrupt PPIs with high specificity

and affinity. However, because peptides are typically not cell permeable, chemical poration of

the cell membrane is required for peptides to reach their intracellular targets, making many

potential peptides irrelevant for therapeutic applications. Hydrocarbon-stapled peptides are

a noteworthy exception in which an all-hydrocarbon staple is installed across helical turns

of a peptide. These stapled peptides have enhanced α-helicity, resist proteolysis, and, with

empirical screening, can be made cell-permeable [76, 77, 235].

Recent work has shown that peptide amphiphiles (PAs), or peptides linked to a hydropho-
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bic, lipid-like tail, can also impart cellular uptake for otherwise cell-impermeable peptides

[125–127]. Moreover, these PAs can spontaneously self-assemble into micellar nanostructures

in aqueous solution. Supramolecular peptide delivery provides several advantages compared

to peptides alone: single micelles can (1) deliver high concentrations of peptides into cells; (2)

stabilize peptide secondary structure(s); (3) protect peptides from proteolysis in the blood

stream; (4) increase circulation half-lives; and (5) simultaneously deliver multiple therapeu-

tics targeting non-redundant, synergistic cellular pathways [110]. We have also previously

shown that PA micelles can be actively targeted to specific cell types in vivo, where a target-

ing PA can successfully carry non-targeted cargo to a target receptor simply through their

supramolecular co-assembly [128, 131].

While the exact mechanism of PA cellular uptake remains unproven, recent work has

shown that PAs interact with the cell membrane and traffic through endosomes and lyso-

somes [125–127, 236]. However, facile intracellular delivery and the release from endoso-

mal/lysosomal compartments have been significant limitations to using PAs for intracellular

delivery of biofunctional peptides. We recently showed that incorporating an endosomally-

cleavable linker between the peptide cargo and lipid tail enhances intracellular accumulation

and minimizes lipid-driven recycling out of the cell [141].

Here, this study develops and biochemically characterizes novel PAs able to intracellu-

larly deliver an α-helical peptide mimicking the BH3 death domain of BIM previously shown

to bind BCL-2 family members and potently reactivate apoptosis in resistant malignancies

[103, 237–239]. In so doing, these PAs overcome membrane sequestration, plasma mem-

brane recycling, and lysosomal degradation limitations known to decrease the potency of

first-generation PAs. Using native peptides, which by themselves are cell-impermeable, the

BIM BH3 domain was attached to hydrophobic tails and thereby incorporated into spher-

ical micelles, which are ideal for in vivo delivery and trafficking [118]. Lastly, intracellular

organelle sequestration of the biofunctional peptide was overcome through the incorporation

of a cathepsin-cleavable linker between the peptide and hydrophobic tail.
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2.3 Results

2.3.1 Peptide Amphiphile Design

To test our PA delivery strategy for therapeutic peptides, we constructed a set of PAs to

mimic the BH3 death domain of BIM (BIMA BH3; Figure 2.1). However, this peptide

sequence is sparingly soluble in water, so five C-terminal lysines were added to increase the

charge and solubility of the peptide (BIMA,K) (Figure 2.1a). This peptide was attached to

two different lipid-based tails, both of which our group and others have previously used to

deliver peptides into cells, to form BIMA,KPA1 and BIMA,KPA2 (Figure 2.1b, Figures 2.7

and 2.8). The lipid tails were attached to the side chain of the C-terminal lysine of the BIM

BH3 peptides. Finally, a cathepsin-cleavable linker was incorporated between the therapeutic

peptide and the C-terminal lysines to form a cathepsin-cleavable PA, BIMA,cath,KPA2, which

we hypothesized would allow for release of the peptide cargo following PA uptake into the

cell.

Figure 2.1: Sequences and structures of BIM BH3 PAs. (a) BIMA BH3 mimics the BH3 death
domain of BIM. To enhance its charge and aqueous solubility, five lysines were added to the
C-terminus to create BIMA,K. (b) To the BIMA,K peptide, a diC16 lipid tail was added to
form BIMA,KPA1, and a DSPE-PEG lipid tail was added to form BIMA,KPA2. A cathepsin-
cleavable linker was also incorporated into BIMA,KPA2 between the BIMA sequence and the
C-terminal lysines and lipid tail to form BIMA,cath,KPA2.
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2.3.2 PAs Enhance Cellular Uptake Without Non-Specific Membrane

Disruption

The ability of the PAs to deliver the BIMA BH3 peptide into cells was tested next, as these

lipid tails have previously been shown to facilitate cellular internalization [125–127]. To de-

termine the extent of intracellular localization, HeLa cells were incubated in the presence of

FITC-labeled peptides or PAs for 2 h followed by imaging using live cell confocal microscopy.

Prior to imaging, the cells were washed to remove non-cell associated PAs. BIMA,K pep-

tide alone was not taken up into cells, but the addition of a diC16 tail (BIMA,KPA1) or a

DSPE-PEG tail (BIMA,KPA2) enabled cell uptake of the otherwise cell-impermeable peptide

(Figure 2.2a). The DSPE-PEG PA, BIMA,KPA2, was more localized to the cellular mem-

brane at this time point, while the diC16 PA, BIMA,KPA1, had a more diffuse intracellular

presence. Importantly, both BIMA,KPA2 and BIMA,cath,KPA2 had greater presence at the

membrane and in punctate organelles when compared to BIMA,KPA1, suggesting poorer

penetrating ability of the DSPE-PEG tail compared to the diC16 tail. Incorporation of a

hydrophilic PEG domain has previously been shown to affect membrane interactions and

uptake mechanisms [127], with a PEG spacer causing cellular internalization more depen-

dent upon the active uptake mechanisms. Interestingly, when a cathepsin-cleavable linker

was added between the peptide and DSPE-PEG tail domain in BIMA,cath,KPA2, the intra-

cellular peptide more quickly became diffuse and co-localized with mitochondria, the site of

action of the BCL-2 family of proteins (Figure 2.9). This localization of BIMA,cath,KPA2

was observed to be time dependent (Figure 2.10).

As the proposed mechanism(s) of PA uptake involves interactions of the lipid domains

with the cell membrane, it is critical to test for non-specific membrane disruption and cyto-

toxicity caused by the lipid tails [238]. To rule out non-specific membrane disruption, the

release of cytoplasmic LDH from cells treated with PAs was measured 1 h following treat-

ment (Figure 2.2b). BIMA,KPA1, which readily entered the cells, caused dose-dependent

LDH release, indicating some degree of non-specific lipid-associated membrane disruption.
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Figure 2.2: Addition of lipid tails imparts cell uptake to an otherwise cell-impermeable BIM
BH3 peptide. (a) Live cell confocal microscopy of HeLa cells treated with fluorescein isothio-
cyanate (FITC)-labeled BIMA,K peptide, BIMA,KPA1, BIMA,KPA2, or BIMA,cath,KPA2 for
2 h followed by washing. BIMA,KPA1 and BIMA,cath,KPA2 resulted in diffuse intracellular
localization of the BIM BH3 peptide. (b) BIMA,KPA1 caused non-specific membrane disrup-
tion and LDH release in a dose-dependent manner while BIMA,KPA2 and BIMA,cath,KPA2
did not. Values plotted are the mean ± S.E.M.
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The DSPE-PEG tail of BIMA,KPA2, however, caused no measurable LDH release, with

or without the cathepsin-cleavable linker (Figure 2.2b). Based upon its facile intracellular

penetration, lack of non-specific cellular membrane disruption, and ability to diffusely dis-

seminate the BIM BH3 peptide, BIMA,cath,KPA2 appeared to be a logical candidate PA for

further structural, target binding, and efficacy testing compared to BIMA,KPA2.

2.3.3 Biophysical Characterization of Micelles

The critical micelle concentration (CMC) was 1.04 µM and 1.54 µM for BIMA,KPA2 and

BIMA,cath,KPA2, respectively (Figure 2.3a). Dynamic light scattering (DLS) was used to

measure the mean hydrodynamic radii (Rh) of the micelles, which were 53.7 nm (±8.1

nm) for BIMA,KPA2 and 85.4 nm (±10.0 nm) for BIMA,cath,KPA2 (Figure 2.3b). Imaging

the micelles with negative-stain TEM confirmed the micelles were spherical, as expected

for DSPE-PEG micelles, and the sizes agreed with the DLS measurements (Figure 2.3c).

Incorporation of a peptide into a micelle has been shown to increase its natural α-helical

structure formation [240–242], so we next used circular dichroism (CD) to measure the alpha

helicity of BIMA,K after incorporation into micelles. BIM BH3 peptides within both PAs

had similar degrees of alpha helicity, which were constant at temperatures ranging from 25

to 50 ◦C and after heating to 70 ◦C followed by cooling to 37 ◦C (Figure 2.3d).

2.3.4 Target Protein Binding

Specific apoptosis induction within cells requires selective binding of the BIM BH3 peptide to

hydrophobic grooves formed by selective helical domains of anti-apoptotic and pro-apoptotic

BCL-2 family target proteins [103, 238, 239, 243]. The addition of a large lipid tail, while

facilitating intracellular delivery of BIMA,KPA2 and BIMA,cath,KPA2, may sterically inhibit

the BIM BH3 peptide binding to its cognate target binding region. To test this, fluorescence

polarization (FP) was used to measure the binding of FITC-labeled BIM BH3 peptides and

PAs to recombinant antiapoptotic BCL-2 family proteins [103]. Indeed, the addition of a
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Figure 2.3: Biophysical characterization of peptide amphiphile (PA) self-assembly into mi-
celles. (a) The critical micelle concentration (CMC) of BIMA,KPA2 and BIMA,cath,KPA2
as measured using 1,6-diphenyl-1,3,5-hexatriene (DPH) incorporation assay. (b) Dy-
namic light scattering (DLS) measurements of the hydrodynamic radii of BIMA,KPA2 and
BIMA,cath,KPA2 indicated uniform micelle formation. (c) Negative-stained TEM confirmed
that BIMA,KPA2 and BIMA,cath,KPA2 micelles were spherical and of equivalent sizes as mea-
sured by DLS. (d) Circular dichroism (CD) of the BIM BH3 peptide secondary structure
within BIMA,KPA2 and BIMA,cath,KPA2 micelles revealed stable α-helicity of the BIMA
peptides independent of temperature.
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DSPE-PEG tail inhibited BIMA,K’s ability to bind to BCL-2, BCL-W, BCL-XL, and MCL-1

(Figure 2.4a). The BIMA,K peptide alone bound each protein with double-digit nanomolar

affinity. However, the addition of the DSPE-PEG tail decreased these affinities by ∼2–5 fold

(Figure 2.4a). Of note, BIMA,K bound with affinities between 76–99 nM while BIMA peptide

(lacking the C-terminal lysines) is known to bind these same antiapoptotic targets with ∼10x

fold higher affinities, indicating that the addition of the lysines also likely dampened cognate

target protein binding [103, 238, 244].

Based upon the intact PA:target protein binding affinities, we next aimed to determine

if the release of the BIM BH3 peptide from both the C-terminal lysines and DSPE-PEG

lipid tail could improve binding to BCL-2 family antiapoptotic protein targets. To do this,

BIMA,cath,KPA2 was preincubated with recombinant cathepsin B enzyme prior to incuba-

tion with anti-apoptotic BCL-2 family proteins. Cathepsin pre-incubation resulted in time

dependent increased affinities to BCL-XL plateauing between 15–30 min (Figure 2.4b). In-

cubation of BIMA,cath,KPA2 with recombinant cathepsin for 30 min led to increased BIM

BH3 peptide affinity for BCL-XL and MCL-1 (Figure 2.4c). In fact, following the cleavage

of the BIM BH3 native peptide from the C-terminal lysines and lipid tail, peptide affinity

increased 6–10 fold compared to BIMA,K, presumably due to release from the C-terminal

lysines (87 nM to 14 nM for BCL-XL and 99 nM to 10 nM for MCL-1) (Figure 2.4c). These

binding profiles reflect previously published reports of affinities of the BIMA peptide for

these proteins [103, 238]. These data suggest that following intracellular delivery of intact

PAs, removing the lipid tail and C-terminal lysines from BIMA is critical not only for the

intracellular trafficking of the therapeutic peptide, but also for its ability to bind to its target

proteins.

2.3.5 Cathepsin Dependence for Intracellular Accumulation

We next tested whether or not BIMA,cath,KPA2‘s diffuse intracellular trafficking (Figure

2.2a) depended on cathepsin cleavage of the BIMA peptide from the DSPE-PEG tail by using
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Figure 2.4: Removal of the C-terminal lipid tail and lysines of BIMA,cath,KPA2 enhances
binding to antiapoptotic BCL-2 family targets. (Continued on the following page.)
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Figure 2.4, continued: Removal of the C-terminal lipid tail and lysines of BIMA,cath,KPA2
enhances binding to antiapoptotic BCL-2 family targets. (a) FITC-labeled peptide and PAs
were incubated with serial dilutions of recombinant BCL-2, BCL-XL, BCL-W, and MCL-1,
and affinity profiles were measured by fluorescence polarization (FP). Kd values are listed
as the mean of replicates ± S.E.M. (b) BIMA,cath,KPA2 pre-incubated with recombinant
cathepsin B improved binding to recombinant BCL-XL in a time-dependent manner. (c)
BIMA,cath,KPA2 pre-incubated with cathepsin B followed by enzyme-inactivation resulted
in increased BIMA peptide affinities to recombinant BCL-XL ∆C and MCL-1 ∆N ∆C.
Plotted data and Kd values are the mean of replicates ± S.E.M.

cathepsin inhibitor CA-074Me. The cathepsin inhibitory effect of CA-074Me was first tested

in vitro using recombinant cathepsin B added to a cathepsin-substrate linker that becomes

fluorescent upon cathepsin cleavage (Figure 2.11). Cathepsin B caused a time-dependent

increase in fluorescence while the addition of CA-074Me blocked reporter substrate cleavage.

To determine the importance of cathepsin cleavage on intracellular localization and traf-

ficking of the BIMA peptide, WT mouse embryonic fibroblasts (MEFs) were pre-treated with

CA-074Me or a DMSO control for 1 h followed by incubation with 10 µM BIMA,cath,KPA2.

In contrast to the more rapid intracellular localization of FITC-BIMA,cath,KPA2 in control-

treated WT MEFs, those pre-treated with CA-074Me showed FITC-BIMA,cath,KPA2 local-

ized primarily near the cell surface after 1 h (Figure 2.12). However, 2 h following treatment

with BIMA,cath,KPA2, FITC-BIMA was located more diffusely throughout the cells (Figure

2.5), as was previously measured in identically treated HeLa cells (Figure 2.2). Interestingly,

the nuclei of these cells appeared fragmented, and bright field imaging revealed anoikic,

rounded cells with membrane blebbing, classical hallmarks of apoptosis (Figure 2.5). Mean-

while, WT MEFs pre-incubated with CA-074Me showed diminished FITC-BIMA association

that was confined to puncta near the edges of the cell membrane and lacked signs of apop-

tosis (Figure 2.5). These data suggest that the earlier diffuse intracellular accumulation of

the FITC-BIMA peptide after delivery by the cleavable DSPE-PEG tail depended to some

degree on cathepsin cleavage of the linker.
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Figure 2.5: Cathepsin inhibition inhibits cellular uptake and therapeutic function of
BIMA,cath,KPA2. Mouse embryonic fibroblasts (MEFs) were pre-incubated with either 5
µM CA-074Me or 0.1% (v/v) DMSO control in complete media for 1 h. The cells were
then washed and treated with 10 µM FITC-BIMA,cath,KPA2 for 2 h before washing, fixa-
tion, staining with Hoechst, and confocal imaging. In the DMSO control, the FITC-BIMA
signal was located diffusely throughout the MEFs. Their nuclei appeared fragmented, and
their cellular membranes appeared blebbed, consistent with secondary signs of apoptosis.
MEFs pre-treated with CA-074Me showed FITC-BIMA localized to the cell membrane and
appeared otherwise morphologically normal.
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2.3.6 Apoptotic Cell Death Induction

Given there were early signs suggestive of apoptosis in MEFs treated with BIMA,cath,KPA2,

we next determined if treatment with BIMA,cath,KPA2 induced dose- and time-dependent

cell death in these same cells. BIMA,cath,KPA2 induced progressive dose- and time-dependent

cell death and corresponding caspase-3/7 activation in WT MEFs (Figure 2.6a). The non-

cleavable BIMA,KPA2 induced a lesser degree of cell death by 72 h with corresponding

caspase activation (Figure 2.6b). The BIMA,K peptide alone, however, which was unable

to enter cells (Figure 2.2a), did not induce measurable cell death or caspase-3/7 activation

(Figure 2.6c). An inert BIM BH3 peptide (BIMB-MRPEIWIAQELRRIGDFNAKKKKK)

was used as a peptide control in these studies. Importantly, BIMA,cath,KPA2 was unable

to induce caspase-3/7 activation in MEFs lacking the pro-apoptotic effector proteins BAK

and BAX (BAX-/-BAK-/- MEFs), indicating specific activation of the intrinsic pathway of

apoptosis rather than non-specific mitochondrial outer membrane disruption by either the

BIMA peptide or the DSPE-PEG tail (Figure 2.6d). BIMA,cath,KPA2 and, to a lesser extent,

BIMA,KPA2 also induced corresponding PARP cleavage in WT MEFs, another hallmark of

apoptotic cell death (Figure 2.6e).

2.4 Discussion

Intracellular PPIs remain a great challenge to therapeutically target and are often therefore

described as “undruggable” [245]. There is a new resurgence in research exploring how to

effectively drug these challenging interfaces through orthosteric inhibition. PPIs are partic-

ularly challenging to drug using small molecules as the contact interfaces between proteins

are usually distributed along geographically large surface areas and consist of a complex to-

pographical interplay of polar and hydrophobic interactions. However, there has been some

success in this area using relatively large small molecules such as the first in class BCL-2 in-

hibitor venetoclax, which recently gained FDA approval for use in patients with a number of
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Figure 2.6: BIMA PAs induce dose- and time-dependent apoptotic cell death. (Continued
on the following page.)
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Figure 2.6, continued: BIMA PAs induce dose- and time-dependent apoptotic cell death.
WT MEFs were treated with (a) BIMA,cath,KPA2, (b) BIMA,KPA2, or (c) BIMA,K for 24,
48 and 72 h with serial dilutions of peptide or PA followed by measurement of cell viability
(left column) and caspase-3/7 activation (right column). The corresponding, inactive BIMB
peptides were used as negative controls. The cathepsin-cleavable BIMA,cath,KPA2 induced
potent cell death and corresponding caspase-3/7 activation within 24 h. The non-cleavable
BIMA,KPA2 induced a lesser degree of cell death with corresponding caspase-3/7 activa-
tion by 72 h. The BIMA,K peptide alone induced no measurable cell death or caspase-3/7
activation. (d) BIMA,cath,KPA2 induction of caspase-3/7 activation was absent in BAX-/-
BAK-/-MEFs indicating on-target specificity of the BIMA peptide. Staurosporine (STS; 1
µM) was used as a positive control for caspase activation. (e) BIMA PAs induced dose-
dependent PARP cleavage, another hallmark of apoptosis, as measured by Western blot
analysis. FL = full length, CL = cleaved.

hematological malignancies [4]. Peptides, on the other hand, have long been used as research

tools to mimic fragments of proteins and disrupt PPIs. However, an enormous obstacle to

their therapeutic relevance is their lack of intracellular accessibility. One strategy that has

been quite successful at facilitating peptides’ cell uptake is hydrocarbon-stapling of naturally

α-helical peptides, and multiple clinical trials are now underway using a stapled peptide that

therapeutically reactivates WT p53 in cancerous cells [89–91]. Nanomaterials, such as PAs,

are also being widely explored for building delivery vehicles to carry unmodified therapeutic

peptides into cells while at the same time protecting them from extracellular degradation

[110].

PAs have been used to build supramolecular nanomaterials for numerous biomedical

applications including therapeutics, diagnostics, regenerative medicine, and vaccines [122].

Most of these applications involve cell-material interactions occurring at the cellular surface.

However, our group and others have also found that unimer PAs can use their lipid tails to

directly interact with the cell membrane and trigger cell uptake [125–127, 236]. We have since

studied the mechanisms by which a number of lipid tails facilitate such cellular penetration

[127]. We have also determined that following lipid-mediated trafficking into endosomes,

removal of the tail prevents lipid-mediated ejection and recycling of the peptide-laden PA

back out of the cell and facilitates intracellular accumulation of the therapeutic peptide
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[141]. The current study expands upon these works by using cleavable PAs to deliver the

bioactive BIM BH3 death domain into cells to induce apoptosis. The BIM BH3 domain is

well known to potently induce apoptosis by manipulating the BCL-2 family of proteins’ PPIs

through induced-fit binding of both pro- and anti-apoptotic proteins, but only when the cell

membrane is chemically permeabilized [69, 246]. Additionally, although stapled peptides are

able to enter the cells, their potency can be greatly enhanced through outer cell membrane

permeabilization [102].

Two similar PAs were tested, one with a PEG spacer (BIMA,KPA2) and one without

(BIMA,KPA1), both with dialkyl lipid tails, for their ability to carry a BIM BH3 peptide

into cells without non-specific disruption of the cell membrane. Although the diC16 PA

(BIMA,KPA1) lacking the PEG spacer readily delivered the BIMA peptide into cells, it also

caused non-specific membrane disruption, a problematic, often not tested, off-target cyto-

toxic effect. Inclusion of a hydrophilic PEG spacer with a DSPE-PEG tail (BIMA,KPA2),

meanwhile, eliminated membrane disruption. However, this addition led to inefficient intra-

cellular localization of the peptide as cargo was seen primarily on or near the cell membrane

surface. It is unclear if this was from tempered membrane crossing or from rapid endosomal

recycling as our group has measured in other PA systems [127, 141]. However, the incor-

poration of the endosomally-cleavable valine-citrulline cathepsin-substrate linker into the

DSPE-PEG PA (BIMA,cath,KPA2) amplified the peptide’s intracellular accumulation, while

still avoiding non-specific membrane disruption. It is likely the cathepsin linker allows for

quick release of the BIMA peptide and that the peptide was able to escape, to some extent,

late endosomal/lysosomal trafficking and enter the cytoplasm. We have previously mea-

sured similar discrepancies in therapeutic peptide intracellular accumulation using a similar

cleavage system between a peptide cargo and lipid tail carrier, indicating that the increased

intracellular localization measured here is not a unique feature of the BIMA peptide [122].

Removal of the lipid tail following cellular uptake proved to be important not only for

intracellular trafficking and accumulation, but also for the peptide’s ability to bind its target
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protein(s) and exert its therapeutic effect. As may be expected, addition of the DSPE-

PEG tail inhibited the ability of the BIM BH3 peptide to bind to all antiapoptotic proteins

tested (BCL-2, BCL-W, BCL-XL, and MCL-1). While BIMA,KPA2 and BIMA,cath,KPA2

were able to bind their target proteins, they did so with 2–3 fold lower affinity compared

to the parent BIMA,K peptide alone. It is important to note that the concentration of PAs

used in the binding assays (50 nM) was well below their critical micellar concentrations

(¿1 µM). Thereby, the differences in binding affinity were likely not due to supramolecular

self-assembly, but rather due to steric hinderance within each unimer imparted by the DSPE-

PEG tail. Cleavage of this tail, and the C-terminal lysines, greatly improved binding affinities

of the BIMA peptide to its target proteins, which translated to increased efficacy.

Finally, we measured the PAs’ abilities to induce apoptosis after intracellular delivery.

Both BIMA,KPA2 and BIMA,cath,KPA2 were able to enter cells and bind their target proteins,

though the cathepsin-cleavable PA performed better at both cell uptake and target protein

binding. It is possible that BIMA,KPA2 primarily resided in early/late endosomes near the

cell surface and then rapidly recycled back to the cell membrane. While this may have also

occurred to some extent with BIMA,cath,KPA2, some PA unimers may have been able to

be cleaved upon transitioning to late endosomes upon acidification of these compartments

and activation of cathepsin B. This transition and cleavage was largely blocked by cathep-

sin inhibition. As anticipated, the PAs’ abilities to induce apoptosis correlated with these

prerequisites. Both PAs were able to induce apoptosis, however, the cathepsin-cleavable PA

did so with faster kinetics and at lower doses. Given that the peptides were not structurally

reinforced (e.g., hydrocarbon stapled), it is unclear how much of the delivered peptide was

able to escape the endosomal/lysosomal network. Studies evaluating the efficiency of intact

delivery of native peptides into the cytoplasm of cells are currently underway and beyond

the scope of the present study.

BIMA,cath,KPA2 was designed to release the peptide from the tail in the endosome, but

this study did not intentionally include any mechanisms to facilitate endosomal escape. By
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an unknown mechanism, the released peptide was able to escape the endosome, reach the

mitochondria, and activate apoptosis. In addition to cellular uptake, endosomal escape of

nanoparticles and biofunctional warheads is another monumental obstacle to intracellular

delivery of biologic therapeutics [118]. More work is needed to understand how otherwise

cell-impermeable peptides are able to escape the endosome following internalization. The

overall secondary structure and charge of the peptide is likely to be critical to organelle

escape once internalized into the cell [76, 247].

This study expands on our explorations of how PA nanoparticles interact with cells and

facilitate a therapeutic peptide’s intracellular uptake and dissemination. While a lipid tail

can improve a peptide’s cellular uptake, our work supports the importance of removing the

tail after uptake, not only to prevent recycling back out of the cell, but to prevent the tail from

inhibiting the peptide’s binding to its target and thereby dampening its therapeutic efficacy.

Endosomal entrapment and lack of cytoplasmic access, as well as stability in circulation (i.e.,

binding to serum proteins) remain formidable and poorly understood obstacles in the clinical

translation of lipid-based carrier nanoparticles [110, 122]. This study demonstrates, as proof-

of-concept, that cathepsin-cleavable PAs can be used to deliver therapeutic peptides into

cells to exert a biomedical effect. More research is warranted to understand the mechanisms

behind membrane trafficking and endosomal escape in order to fully unlock the therapeutic

potential of such peptide-based protein mimetics.

2.5 Materials and Methods

2.5.1 Micelle Synthesis

Two overlapping but functionally non-equivalent sequences of the BCL-2 binding motif of the

BIM protein (BIMA: IWIAQELRRIGDEFNAYYARR [103], and BIMB : MRPEIWIAQEL-

RRIGDEFNA [69, 246]) were synthesized on 0.25 mmoles of rink amide resin (Novabiochem)

through standard Fmoc-mediated solid phase peptide synthesis methods using an automated
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PS3 Benchtop Peptide Synthesizer (Protein Technologies, Tucson, AZ, USA). Amino acids

were used in 4X excess. Each coupling began with Fmoc-deprotection of the resin us-

ing 20% piperidine in dimethylformamide (DMF), followed by amino acid activation with

N,N,N’,N’-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) and

0.4 M N-methylmorpholine in DMF before adding the activated amino acid to the resin.

Five lysines were added at the C-termini of both sequences to make them more charged and

water-soluble. After splitting each batch of the peptides in half, one half was acetylated with

acetic anhydride in DMF, while the other half was labeled with fluorescein isothiocyanate

(FITC; Molecular Probes) at their N-termini. The acetylated and FITC-labeled peptides

were again each divided in half. One half was conjugated at the ε-amine of C-terminal

lysine to dipalmitoylglutamic acid, or diC16, as described previously [120, 141] to form Ac-

BIM-PA1 or FITC-BIM-PA1. The other half was coupled with 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[succinyl(polyethylene glycol)-2000], or DSPE-PEG(2000)-succinyl

(Avanti Polar Lipids, Alabaster, AL, USA), using equal molar equivalent of peptide to

lipid in a 1:1 mixture of DMF:DCM and named Ac-BIM-PA2 or FITC-BIM-PA2. The

same peptides were re-synthesized with a cathepsin cleavage sequence—Valine, Citrulline

(VCit)—incorporated between the BIM sequences and the five C-terminal lysines, and the

modified PAs were named Ac-BIMcath,KPA2 or FITC-BIMcath,KPA2. Peptide amphiphiles

were then cleaved with 82.5:5:5:2.5 by volume trifluoroacetic acid: H2O: phenol: thioanisole:

1,2-ethanedithiol. They were precipitated and washed with cold diethyl ether, dried under

nitrogen, and dissolved in water. Reverse-phase HPLC (Prominence, Shimadzu, Columbia,

MD, USA) on a C8 column (Waters, Milford, MA, USA) at 40 ◦C was employed to purify

soluble peptides using a gradient method and acetonitrile/water solvents containing 0.1%

formic acid. The fractions were mass-characterized by MALDI-TOF mass spectral anal-

ysis (Biflex III, Bruker, Billerica, MA, USA) and the confirmed fractions were aliquoted,

lyophilized, and stored as powders at -20 ◦C (Figures 2.7,2.8). The exact concentrations of

the aliquots were determined by amino acid analysis (AAA). To fabricate BIM micelles, the
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lyophilized powders were reconstituted, sonicated for 1 h at room temperature, incubated in

70 ◦C water bath for 1 h, and left at room temperature for at least 2 h to cool down and

equilibrate.

2.5.2 Critical Micelle Concentration (CMC)

To measure the CMC of PA micelles, 1,6-diphenyl-1,3,5-hexatriene (DPH) was first dissolved

in tetrahydrofuran and then diluted in water to 1 µM final concentration. A range of PA

solutions (from 512 µM to 0.01 µM in serial one-half dilutions) were prepared in a 1 µM

DPH solution and left to equilibrate for 1 h at room temperature. These solutions were

plated in triplicates in a 96-well plate, and their fluorescence intensity was measured using

a Tecan Infinite 200 plate reader (Mannedorf, Switzerland). DPH was excited at 350 nm,

and fluorescence emission was measured at 428 nm. The concentration values were log

transformed, and the data were fit with a trend line for the increasing intensity measurements.

The CMC relies on the partitioning of DPH from the aqueous solution into the hydrophobic

core of intact PA micelles, resulting in a sharp increase in fluorescence intensity. The CMC

was calculated as the inflection point where the fluorescence intensity began to increase.

2.5.3 Dynamic Light Scattering (DLS)

Stock solutions of 0.5 mM BIM PAs were prepared as mentioned above, and DLS measure-

ments were performed at a 90◦ angle with a 637 nm laser using a Brookhaven Instruments

(Holtzville, NY, USA) system with a BI-9000AT autocorrelator. Hydrodynamic radii were

determined via the Stokes-Einstein equation using the diffusion coefficient determined from

the auto correlation function.
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2.5.4 Transmission Electron Microscopy (TEM)

Ultrathin carbon type-A 400 mesh copper grids (Ted Pella, Redding, CA, USA) were loaded

with 1 µL of BIM PAs and allowed to dry. The grids were washed with several drops of

water and then negatively stained with 1% aqueous phosphotungstic acid for 1 min. The

excess solution was then removed and grids were left to dry. All the grids were imaged on a

FEI Tecnai 12 TEM (Hillsboro, OR, USA) using an accelerating voltage of 120 kV.

2.5.5 Circular Dichroism

A quartz cuvette with a 0.1 cm pathlength was loaded with 200 µL of 50 µM solutions of

BIM PAs. Measurements were done at 25, 37, 42 and 50 ◦C with a Jasco J-815 Circular

Dichroism Spectropolarimeter (Easton, MD, USA). Each sample was scanned five times from

250 to 190 nm, and the data were averaged. Mean residue ellipticity [θ] was calculated using

equation 2.1:

[θ] = millidegree/molar concentration/amino acid residues (2.1)

with units degree x cm2 x dmol−1 x residue−1. Percent α-helicity was then calculated

from the value of [θ] at 222 nm using equations 2.2 and 2.3:

% Helicity = 100 × [θ]222

[θ]max
222

(2.2)

[θ]max
222 = −40, 000 × [1 − 2.5

amino acid residues
] + 100 × T (2.3)

with T measured in ◦C [81, 248].
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2.5.6 Lactate Dehydrogenase Release Assay

Mouse embryonic fibroblasts (MEFs) were cultured in a 96-well plate (5000 cells per well)

and allowed to adhere overnight. A serial dilution of the BIM PAs (25, 12.5, 6.25, 3.125, and

1.563 µM) as well as 1% triton were prepared in treatment media (Advanced DMEM, 1%

FBS, 0.1% penicillin/streptomycin), and the cells’ media was replaced with the treatment

dilutions to a final volume of 100 µL in each well. After incubation at 37 ◦C for 1 h, 50 µL

of the treatment media was removed carefully from each well, transferred to a new plate,

and mixed with 50 µL of lactate dehydrogenase (LDH) reagent (Roche) for 30 min while

shaking, and absorbance was then measured at 492 nm on a microplate reader (SpectraMax

M5 Microplate Reader, Molecular Devices, San Jose, CA, USA).

2.5.7 Protein Production

Recombinant and tagless BCL-XL∆C, MCL-1∆N∆C, BCL-2∆C and BCL-W∆C were pro-

duced and purified as described previously [103]. Briefly, glutathione-S-transferase fusion

proteins were expressed in Escherichia coli BL21 (DE3) using pGEX2T (Pharmacia Biotech)

constructs. Bacterial cells were cultured in ampicillin-containing Luria Broth, and protein

expression was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside. The bacterial

pellet was resuspended in PBS containing 1 mg/mL lysozyme, SigmaFAST protease inhibitor

tablet (Sigma-Aldrich, St. Louis, MO, USA), and 1% (v/v) Triton X-100. Bacteria were

lysed by sonication at 4 ◦C, and, after centrifugation at 16,000 g for 30 min, the super-

natant was applied to a glutathione-agarose (Sigma-Aldrich, St. Louis, MO, USA) column

and washed with PBS. Tagless protein was obtained by overnight on-bead digestion with 50

units of thrombin (GE Healthcare, Pittsburgh, PA, USA) in 3 mL PBS at room tempera-

ture. The cleaved proteins were purified by size exclusion chromatography using 150 mM

NaCl and 50 mM Tris (pH 7.4) buffer conditions on a Superdex-75 gel filtration column (GE

Healthcare, Pittsburgh, PA, USA).
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2.5.8 Fluorescence Polarization (FP) Binding Assay

FP binding assays were performed as previously described [103, 249]. FITC-labeled peptides

and peptide amphiphiles (50 nM) were incubated with serial dilutions of recombinant protein

in FP binding buffer (50 mM Tris, 100 mM NaCl, pH 8.0) until equilibrium was reached.

FP was measured using a SpectraMax M5 microplate reader (Molecular Devices, San Jose,

CA, USA). To calculate Kd values, the data were fitted to normalized sigmoidal curves with

a variable slope using nonlinear regression analysis in Graphpad Prism.

2.5.9 Cathepsin B Cleavage FP and Fluorogenic Assays

Cathepsin B purified from human liver (Sigma-Aldrich, St. Louis, MO, USA) was diluted

1:40 in cathepsin B activation buffer (25 mM HEPES, 25 mM DTT, pH 5.0) and incu-

bated at room temperature for 15 min to activate the enzyme. FITC- BIMA,cath,KPA2 was

added to activated enzyme to achieve a final peptide amphiphile concentration of 50 µM

and incubated at room temperature for 30 min. The reaction was stopped by diluting the

reaction mixture 1:100 in FP binding buffer (50 mM Tris, 100 mM NaCl, pH 8.0). The

enzyme-treated peptide amphiphile (50 nM) was then incubated with serial dilutions of re-

combinant protein in FP binding buffer until equilibrium was reached. FP was measured

using a SpectraMax M5 microplate reader (Molecular Devices, San Jose, CA, USA), and

Kd values were calculated as described above. The fluorogenic cathepsin-cleavage assay was

done as previously described [141] using the cathepsin B cleavage substrate Z-Arg-Arg-7-

amido-4-methylcoumarin hydrochloride (Z-RR-AMC; Sigma-Aldrich, St. Louis, MO, USA)

and human cathepsin B with or without the cathepsin inhibitor CA-074Me (EMD Millipore,

Burlington, MA, USA).
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2.5.10 Cell Culture

Mouse embryonic fibroblasts (MEFs) and HeLa cells were maintained in DMEM (Invitrogen,

Carlsbad, CA, USA) supplemented with 10% FBS, 100 U/mL penicillin/streptomycin, 2 mM

L-glutamine, and 0.1 mM MEM nonessential amino acids.

2.5.11 Live Cell Confocal Microscopy

HeLa cells were incubated with 10 µM FITC-labeled peptides or PAs for the indicated time in

Advanced DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 1% FBS. The media

was then removed, and the cells were washed and then incubated in prewarmed Opti-MEM

(Invitrogen, Carlsbad, CA, USA) containing 250 nM MitoTracker Red (Invitrogen, Carlsbad,

CA, USA) and 5 µg/mL Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) for 30 min. The

cells were then washed and incubated in Opti-MEM media lacking phenol red (Invitrogen,

Carlsbad, CA, USA). Confocal images were collected on an Olympus DSU spinning disk

confocal system (Olympus, Carlsbad, CA, USA) with a heated platform and a humidified

chamber with 5% CO2. Excitation of the 3 fluorophores was performed sequentially using

405-nm, 488-nm, and 561-nm lasers. Images were acquired using a 100 Plan Apo objective

lens with a Hamamatsu EM-CCD camera (Andor Technology, Belfast, UK). Acquisition

parameters, shutters, filter positions, and focus were controlled by Slidebook 6 software

(Intelligent Imaging Innovations, Denver, CO, USA).

2.5.12 Cell Viability Assay

MEF cells were aliquoted (2.5 x 103, 100 µL) in 96-well opaque plates in complete DMEM

media, and, 24 h later (at 75%–90% cellular confluence), the media was removed. The indi-

cated doses of peptides or PAs were then added in Advanced DMEM (Invitrogen, Carlsbad,

CA, USA) supplemented with 1% FBS, and after 6 h of treatment, 10% FBS was added

back to the media. Cell viability was measured at the indicated time points by the addition
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of CellTiter-Glo chemiluminescence reagent in accordance with the manufacture’s protocol

(Promega, Madison, WI, USA). Luminescence was detected by a Synergy 2 microplate reader

(BioTek Instruments, Inc., Winooski, VT, USA).

2.5.13 Caspase-3/7 Activation Assay

Cells were treated as described above for the cell viability assays, and caspase-3/7 activation

was measured at indicated time points by addition of the Caspase-Glo 3/7 chemiluminescence

reagent in accordance with the manufacturer’s protocol (Promega, Madison, WI, USA).

Luminescence was detected by a Synergy 2 microplate reader (BioTek Instruments, Inc.,

Winooski, VT, USA). Caspase-3/7 activation per living cells was determined by the ratio

of Caspase-Glo luminescence to the percent viability from the corresponding CellTiter-Glo

assay from identical experiments plated simultaneously, as previously described [250].

2.5.14 Western Blotting

Treated MEFs were collected and lysed in lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM

EDTA, 1 mM DTT, 1% (v/v) Triton X-100, complete protease inhibitor tablet (Roche), pH

7.4; PBST), and the protein content of each lysate was quantified using BCA kit (Thermo-

Fischer Scientific, Waltham, MA, USA). Further, 5 µg of total protein from each lysate was

loaded and separated on a 12% SDS-PAGE gel, transferred onto a PVDF membrane, and

blocked with 5% skim milk in PBST for 45 min. The membranes were probed with primary

antibody overnight at 4 ◦C with antibodies against PARP (Cell Signaling, Danvers, MA,

USA; 1:1000) and GAPDH (Santa Cruz, Dallas, TX, USA; 1:1000), followed by 1 h of incu-

bation at room temperature with HRP-conjugated secondary antibody (Santa Cruz, Dallas,

TX, USA; 1:8000). Immuno-reactivity was visualized with a chemiluminescent detection kit

(Amersham, Little Chalfont, UK).
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2.5.15 Confocal Imaging after Cathepsin Inhibition

MEFs were cultured on coverslips inside 6-well plates overnight. They were then pre-treated

with either 5 µM CA-074Me (cathepsin inhibitor) or 0.1% DMSO in complete DMEM for

1 h. The media was replaced with Advanced DMEM (Invitrogen, Carlsbad, CA, USA)

supplemented with 1% FBS and 10 µM FITC-labeled PAs, and the cells were incubated for

2 h. Hoechst (5 µg/mL) was added to the media 30 min before the end of the PA incubation.

The treatment media was then removed, and the cells were washed and fixed immediately

with 4% paraformaldehyde in PBS for 10 min at room temperature. The fixed cells were

then washed, and the coverslips were mounted on glass slides before imaging. Confocal

images were collected on Leica TCS SP2 AOBS Laser Scanning Confocal microscope. The

acquisition parameters, shutters, filter positions, and focus were controlled by LCS Leica

confocal software LASAF 2.7.3.9723 (Leica, Wetzlar, Germany).
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Figure 2.7: MALDI-TOF spectrum of BIMA,KPA1. Expected molecular weight is 4001 Da.
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Figure 2.8: MALDI-TOF spectrum of BIMA,cath,KPA2. The expected average molecular
weight is ∼6452 Da, with polydispersity due to the PEG spacer in the tail.
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Figure 2.9: Live cell confocal microscopy of HeLa cells treated with FITC-labeled BIMA,K
peptide, BIMA,KPA2, or BIMA,cath,KPA2 for 2 h followed by washing. Only BIMA,cath,KPA2
enabled FITC-peptide co-localization with MitoTracker-labeled mitochondria. Original mag-
nification, ×100.
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Figure 2.10: Time-lapse, live cell confocal microscopy of HeLa cells treated with FITC-
labeled BIMA,cath,KPA2. Cells were treated with 10 µM FITC-BIMA,cath,KPA2 for 2 h
before being washed, stained, and imaged. FITC signal was first visible near the edges of
the cell, and over 8 h, became diffusely fluorescent and co-localized with MitoTracker-labeled
mitochondria. Original magnification, ×100.
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Figure 2.11: The cathepsin B inhibitor CA-074Me efficiently inhibits recombinant cathepsin
B activity in vitro. Recombinant cathepsin B was added to a linker substrate that becomes
fluorescent following cathepsin cleavage. The reaction was co-incubated with either CA-
074Me or DMSO vehicle control.
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Figure 2.12: The cathepsin inhibitor, CA-074Me, inhibits BIMA,cath,KPA2’s cellular uptake.
MEFs were pre-incubated with either 5 µM CA-074Me or 0.1% (v/v) DMSO control in com-
plete media for 1 h. They were then washed and treated with 10 µM FITC-BIMA,cath,KPA2
for 1 h before washing, fixation, staining with Hoechst, and confocal imaging.
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CHAPTER 3

SYNTHESIS AND PURIFICATION OF HOMOGENEOUS

LIPID-BASED PEPTIDE NANOCARRIERS BY

OVERCOMING PHOSPHOLIPID ESTER HYDROLYSIS

This chapter is presented as published [121] in ACS Omega 2018, 3, 10, 14144-14150, with

additional, unpublished work in Sections 3.9 and 3.10. While this chapter was published

before Chapter 2, the experimental work in this chapter was done after the experimental

work in Chapter 2.

3.1 Abstract

Despite the therapeutic promise of phospholipid-based nanocarriers, a major obstacle to

their widespread clinical translation is a susceptibility to fatty acid ester hydrolysis, leading

to lack of quality control and inconsistencies in self-assembly formulations. Using electro-

spray ionization mass spectrometry fragmentation in combination with matrix-assisted laser

desorption/ionization time-of-flight mass spectrometry, we have demonstrated a method to

detect hydrolysis of one or both of the fatty acid esters in a PEGylated phospholipid, DSPE-

PEG, in conditions commonly applied during nanocarrier production. Because such carriers

are increasingly being used to deliver peptide-based therapeutics, we further investigated

the hydrolysis of phospholipid esters in conditions used for solid-phase peptide synthesis

and high-performance liquid chromatography of peptides. We ultimately detail a synthetic

strategy to reliably produce pure phospholipid–peptide bioconjugates (peptide amphiphiles),

while avoiding unintended or unnoticed hydrolyzed byproducts that could lead to polymor-

phic nanotherapeutics with dampened therapeutic efficacy. We believe that such an approach

could help standardize phospholipid–peptide-based therapeutic development, testing, and

clinical translation.
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Figure 3.1: The lipid ester hydrolysis problem.

3.2 Introduction

Peptides are increasingly being used to fill a therapeutic gap between small molecules and bio-

logics, particularly for targeting intracellular protein–protein interactions (PPIs) [10]. While

only one small molecule drug and zero biologics have been approved by the U.S. Food and

Drug Administration (FDA) for targeting intracellular PPIs [4], peptides are entering clinical

trials in increasing numbers every year, with more than 100 currently under study [10, 66].

Peptides can harness natural PPI specificity through mimicking a protein’s amino acid se-

quence and secondary structure. Additionally, peptides can possess the biodegradability and

low toxicity associated with biologics, while also having the potency and synthetic accessi-

bility typically associated with small molecules [251]. Despite their promise, peptides face a

number of obstacles to clinical translation, including rapid clearance, low oral bioavailability,

cellular impermeability, and metabolic instability [66, 251]. Phospholipid-based nanocarriers

are one approach being used to overcome these obstacles [110, 122].

Phospholipid–peptide conjugation to form peptide amphiphiles (PAs) can improve the

pharmacologic potential of peptide drugs that would otherwise be clinically unsuccessful,
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as phospholipids are biocompatible, drive nanoparticle self-assembly, can be modified with

functional elements (i.e., therapeutic, diagnostic, or targeting), promote cellular internaliza-

tion, and extend the circulation half-lives of drugs [110, 122, 155, 158, 252–257]. Chemical

functionalization and purification of phospholipids with peptides, however, exposes them to

conditions that can lead to lipid hydrolysis. Hydrolysis byproducts can significantly affect

the structure and properties of these nanostructures [155, 252–255, 257–260]. Consequently,

one of the main obstacles to clinical translation of lipid-based nanocarriers, as recently high-

lighted by the U.S. FDA, is quality assurance and consistency in self-assembly formulations,

particularly as it relates to hydrolysis [162, 261–266].

Despite the risks for hydrolysis, there are many examples of lipopeptide synthesis using

potentially hydrolytic conditions without documentation of a lack of ester hydrolysis byprod-

ucts at the end of synthesis and purification. This can be particularly problematic when a

polyethylene glycol (PEG) domain is included in a peptide–lipid conjugate. Here, the molec-

ular weight (MW) becomes polydisperse, and side reactions, including hydrolysis, are more

difficult to detect with standard peptide validation techniques such as liquid-chromatography

mass spectrometry (LC–MS), matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF–MS), and amino acid analysis (AAA), thereby ultimately lim-

iting quality control.

During the synthesis and purification of a PA nanoparticle containing a p53-reactivating

therapeutic peptide conjugated to a PEGylated phospholipid, DSPE-PEG, we noticed an

uncharacteristic MW signature and investigated its cause and detection. In doing so, we (1)

uncovered partial hydrolysis of one or both of DSPE-PEG’s fatty acid esters in conditions

commonly applied to DSPE-PEG in the literature, (2) validated a detection method using

electrospray ionization mass spectrometry (ESI–MS) fragmentation, and (3) demonstrated

a synthetic route to reliably produce pure phospholipid–peptide bioconjugates (PAs) with-

out unintended or unnoticed hydrolysis byproducts that can possibly lead to polymorphic

nanotherapeutics with dampened efficacy.
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3.3 Results and Discussion

We attempted to conjugate a therapeutic peptide (p5314−29) to DSPE-PEG in an effort to

form p5314−29 PA nanoparticles. The p5314−29 peptide, in its hydrocarbon stapled form,

is known to penetrate cells and reactivate cell death through disruption of the interaction

between WTp53 and its endogenous inhibitors, MDM2 and MDM4 [92, 93]. A PA consisting

of a ∼2200 Da peptide conjugated to polydisperse DSPE-PEG (∼3000 Da) should have MWs

spanning approximately 4700–5700 Da with an average of ∼5200 Da. MALDI-TOF–MS

provided little sensitivity to detect small changes in MW because of side reactions for such

polydisperse samples. However, during ESI–MS, the dialkylglycerol portion of DSPE-PEG

was artifactually cleaved from the rest of the molecule to produce a prominent, monodisperse

MW signature at 607 Da (Figure 3.2). When purifying the PA via high-performance liquid

chromatography (HPLC)–MS, we discovered a loss of the 607 Da ESI–MS fragmentation

peak and a novel 341 Da peak. This new peak corresponded to an alkylglycerol fragment of

DSPE-PEG missing one of its C18 fatty acid tails because of ester hydrolysis (Figure 3.2).

To determine which steps of PA manufacturing caused this hydrolysis byproduct, we

exposed DSPE-PEG to chemical conditions commonly used for PA synthesis and purifica-

tion and monitored MW signatures simultaneously using MALDI-TOF–MS and ESI–MS

at relevant time points. To avoid misleading artifactual fragmentation, MS techniques were

performed in parallel with different ionization modes (Figure 3.2). Our first goal in standard-

izing the detection of hydrolyzed phospholipids was to establish an inert solvent that could

be used to prepare samples for both ESI–MS and MALDI-TOF–MS without affecting DSPE-

PEG. Methanol, a polar, protic solvent but poor nucleophile, should not harm DSPE-PEG.

To test this, DSPE-PEG was dissolved in methanol and incubated at room temperature (RT)

for up to 72 h. MALDI-TOF–MS showed no observable effect of methanol on DSPE-PEG

at RT for at least 72 h, and the polydisperse MW distribution remained centered around the

expected average MW, 2867 Da (Figure 3.3a). ESI–MS of these samples measured an m/z

pattern reflective of intact DSPE-PEG, with polydisperse MW distributions centered around
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Figure 3.2: Acid-catalyzed ester hydrolysis of DSPE-PEG generates shifts in MW signatures.
Hydrolysis of one or both esters in DSPE-PEG generates shifts in absolute MW, observable
by MALDI-TOF MS, and in the MW of an alkylglycerol ionization fragment, observable by
ESI–MS. Thereby, MALDI-TOF–MS was used to qualitatively measure shifts in the average
MW of polydisperse MW distributions, while ESI–MS was used to detect the presence of
the hydrolyzed alkylglycerol portion of the molecule at 341 Da.
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m/3, m/4, and m/5, and a strong ionization artifact peak at 607 Da corresponding to the

existence of double-tailed DSPE-PEG (Figure 3.3b). Therefore, methanol had no effect on

DSPE-PEG and was used during MS characterization of all subsequent samples.

Figure 3.3: MALDI-TOF and ESI–MS reveal phospholipid ester hydrolysis when DSPE-
PEG is exposed to a TFA cleavage cocktail used to remove peptides from solid-phase sup-
port. (a,b) Esters of DSPE-PEG are stable in methanol at RT. (a) MALDI-TOF shows a
time-independent polymeric MW distribution centered at the average MW of 2867 Da. (b)
ESI–MS spectra are also time-independent, showing a peak at 607 Da corresponding to an
intact dialkylglycerol portion of DSPE-PEG and polymeric distributions centered around
the expected values of m/3, m/4, and m/5. (c,d) After incubation with a TFA cocktail com-
monly used to remove peptides from solid-phase support, MALDI-TOF and ESI–MS both
demonstrate leftward shifts in the MW of DSPE-PEG, corresponding to ester hydrolysis.
(c) MALDI-TOF shows a leftward shift in the MW distribution of 266 Da per hydrolyzed
ester, as indicated by each red arrow. (d) In ESI–MS, the signature ionization fragment at
607 Da shifts to 341 Da, corresponding to phosphodiester fragmentation during ionization
of the alkyl-glycerol portion of DSPE-PEG with only one fatty acid tail. In agreement with
the MALDI-TOF data, this hydrolyzed fragment appeared as early as 30 min of treatment,
with the signal increasing over 2 h.

Because peptides are commonly conjugated to lipids in an increasing variety of bio-

therapeutic applications, we next tested the compatibility of DSPE-PEG with solid-phase

peptide synthesis (SPPS) conditions. Following synthesis, peptides on resin are subjected
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to a trifluoroacetic acid (TFA) cleavage cocktail to remove them from solid-phase support

and deprotect their amino acid side chains. The removed side-chain protecting groups gener-

ate highly reactive carbocations, necessitating the presence of nucleophilic scavengers (e.g.,

water and triisopropylsilane (TIS)). Because this strong aqueous acid solution could theoret-

ically hydrolyze fatty acid esters within DSPE-PEG, we monitored DSPE-PEG stability in

a TFA cleavage cocktail for up to 2 h, the minimum length of time generally used to remove

peptides from resin at preparative scales. MALDI-TOF spectra detected a MW distribution

shifted to the left by approximately 266 Da after 1 h, corresponding to the hydrolysis of

one stearic acid from DSPE-PEG (Figure 3.3c). The MW distribution continued to shift

leftward after 2 h of incubation, centering around an average MW corresponding to the loss

of two stearic acid molecules from DSPE-PEG. ESI–MS confirmed fatty acid ester hydrolysis

with a new peak appearing at 341 Da, corresponding to the hydrolyzed ionization fragment

(Figure 3.3d). These results demonstrate that DSPE-PEG is incompatible with solid phase

conjugation to peptides using commonly available acid-labile resins and side-chain protecting

groups. Fatty acid esters would also not be assumed to be compatible with SPPS conditions.

One strategy to avoid this obstacle to lipid-based peptide nanocarrier synthesis is to

exclude water and other nucleophiles from the TFA cleavage cocktail [267]. However, such a

strategy would generate a new risk of undesired side reactions between the amino acid side

chains and highly reactive carbocations generated during amino acid deprotection. Another

potential strategy is to identify nucleophilic scavengers that react readily with carbocations

but not esters. However, this brings an increased risk of side reactions that would be buried

within the polydispersity of a PEGylated lipid’s MW during standard LC–MS, MALDI-

TOF–MS, and AAA validation.

Because water is a critical solvent commonly used for phospholipid self-assembly, conju-

gation, and purification, we next tested the stability of DSPE-PEG in de-ionized water and

common buffers used for peptide purification. The rate of phospholipid ester hydrolysis is

minimized at pH 6.5 and greatly accelerated at higher or lower pH [258, 268, 269]. MALDI-
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TOF analysis of DSPE-PEG dissolved in unbuffered, ultrapure Milli-Q water revealed a

distribution of MWs 532 Da smaller than DSPE-PEG after 72 h at RT, corresponding to

hydrolysis of both esters (Figure 3.4a). This was accelerated when samples were heated to 60

◦C with a leftward shift appearing in the MALDI-TOF spectra after only 2 h (Figure 3.4b).

ESI–MS confirmed the presence of hydrolysis byproducts after 2 h with a peak appearing at

341 Da (Figure 3.4c). Unbuffered water, therefore, is not sufficient for preventing hydrolysis

of phospholipid esters such as in DSPE-PEG.

Peptides carrying positive charges are most often purified via HPLC using acidic pH

2–3 buffer, imposing another obstacle for purification of PA conjugates, as this acidic pH

should accelerate the rate of ester hydrolysis. To test this, we dissolved DSPE-PEG in a

commonly used HPLC buffer (water + 0.1% formic acid, pH 2.7) at both RT and 60 ◦C.

There was no detectable MW shift in MALDI-TOF MS at RT for 2 h, but after 72 h the

MW shifted to the left, corresponding to hydrolysis of both fatty acid esters (Figures 3.2

and 3.4d). When DSPE-PEG was heated to 60 ◦C in acidic HPLC buffer, MALDI-TOF

revealed a leftward shift starting as early as 30 min (Figure 3.4e). ESI–MS again confirmed

the formation of hydrolysis byproducts with the presence of an ionization fragment at 341

Da (Figure 3.4f). In contrast, when DSPE-PEG was dissolved in pH 7.4 phosphate-buffered

saline (PBS) buffer, hydrolysis was absent at any time point or temperature, as measured by

MALDI-TOF and ESI–MS (Figure 3.5a–c). Therefore, while water and heat are both risks

for phospholipid ester hydrolysis, this possibility can be mitigated during HPLC purification

by using a neutral pH buffer, lower temperatures, and/or shorter exposure times.

By avoiding the hydrolysis-inducing conditions described above, we generated a pure

DSPE-PEG PA nanoparticle with the p5314−29 peptide conjugated to DSPE-PEG maleimide

via an N-terminal thiol linker. In summary, we cleaved the peptide from the resin before

conjugating the phospholipid to avoid exposing the esters to TFA. We then conjugated

DSPE-PEG to the peptide in neutral buffered aqueous solution. Lastly, we avoided hydrolysis

during HPLC purification by (1) avoiding high temperatures, (2) buffering the fractions
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Figure 3.4: Phospholipid esters are hydrolyzed by unbuffered and acidic water, and hydrolysis
is accelerated by heat. (a–c) Esters of DSPE-PEG are hydrolyzed in unbuffered water, and
hydrolysis is accelerated by heat. (a) DSPE-PEG dissolved in ultrapure Milli-Q water for
72 h at RT results in a leftward shift in MW on MALDI-TOF corresponding to the loss of
two stearic acid molecules (-266 Da per hydrolyzed ester, as indicated by each red arrow).
(b) Heating to 60 ◦C accelerates this loss. (c) Analysis of the 2 h, 60 ◦C sample using
ESI–MS confirms hydrolysis with a shift of the signature ionization fragment from 607 to
341 Da. (d–f) Acidic HPLC buffer and heat each increase the rate of hydrolysis of the esters
of DSPE-PEG. (d) After DSPE-PEG was incubated in acidic HPLC buffer, MALDI-TOF
shows a leftward shift in MW corresponding to the loss of two stearic acid molecules (-266
Da per hydrolyzed ester, as indicated by each red arrow). (e) Identical sample was heated
to 60 ◦C, and hydrolysis was detectable as early as 30 min. (f) As confirmed with ESI–MS,
the signature ionization fragment of 607 Da shifts to 341 Da.
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Figure 3.5: Esters of DSPE-PEG are stable in neutral buffered PBS at RT and 60 ◦C. (a,b)
MALDI-TOF MS shows no changes in the absolute MW of DSPE-PEG after incubation in
PBS at either (a) RT or (b) 60 ◦C for at least 2 h (c) ESI–MS shows no detectable peaks at
341 Da, indicating no hydrolysis after 2 h in PBS at RT or 60 ◦C.
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to neutral pH immediately upon elution, and (3) rapidly removing the solvent by rotary

evaporation and lyophilization. Following purification, LC–MS showed only one peak with

UV absorbance at 280 nm, indicating a solitary pure product. Here, the two intact lipid

tails, rather than the polydisperse PEG, was the predominant driver of the hydrophobic

interaction between the DSPE-PEG moieties and the LC column, as reflected in the elution

of single peak at ∼94% methanol. The corresponding ESI–MS signal had a peak at 607

Da, indicating an intact DSPE-PEG tail with no detectable hydrolysis fragments (Figure

3.6a). MALDI-TOF revealed a polydisperse MW distribution centered around 5205 Da, the

expected average MW of the PA (Figure 3.6b). There was also a second distribution of

MWs that was smaller by 607 Da, corresponding to the same artifactual fragmentation of

DSPE-PEG’s phosphodiester bond. Lastly, a closer inspection of the exact MWs within the

polydisperse distribution revealed an exact match to the calculated MWs of this PA with 44,

45, or 46 PEG units, with the expected spacing of 44 Da (Figure 3.6c). These PAs formed

round, homogenous nanoparticle micelles that were strikingly monodisperse, properties ideal

for preclinical testing and clinical translation (Figure 3.6d,e).

3.4 Conclusions

This study highlights the pH- and temperature-dependence of phospholipid ester hydroly-

sis, raising unique concerns for newly developed phospholipid–peptide conjugates. Unlike

SPPS for peptides, there are currently no universal protocols for conjugating, purifying,

or otherwise handling phospholipid-based drug delivery systems, and many reports subject

phospholipid esters to conditions known to promote their hydrolysis without explicit doc-

umentation of final product purity. This is the first report to our knowledge showing the

significant limitations that exist when employing widely used peptide synthesis and purifi-

cation workflows for phospholipids. We believe that techniques such as those presented here

should be adapted, especially when a polydisperse polymer, such as PEG, is included in a

bioconjugate in advance of preclinical testing.
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Figure 3.6: Buffered synthesis and purification conditions generate pure DSPE-PEG-PAs
with no detectable hydrolysis byproducts. (Continued on the following page.)
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Figure 3.6, continued: Buffered synthesis and purification conditions generate pure DSPE-
PEG-PAs with no detectable hydrolysis byproducts. Peptide p5314−29 was synthesized with
an N-terminal thiol linker using SPPS followed by RP-HPLC purification. DSPE-PEG-
maleimide was then conjugated using neutral buffer, and the resulting PA was purified using
mild RP-HPLC conditions. (a) LCMS of the pure PA fractions shows one peak with 280
nm absorbance, and the corresponding ESI–MS signal at 607 Da confirms that it has an
intact DSPE-PEG tail. (b) MALDI-TOF shows a polydisperse MW distribution, centered
at approximately 5205 Da, the expected average MW of the PA. A secondary distribution
is also visible, approximately 607 Da smaller, corresponding to artifactual fragmentation
of the PA’s phosphodiester bond. (c) Zooming-in on the MALDI-TOF spectrum reveals
peaks matching the expected MWs of PAs with 44, 45, or 46 PEG units. These peaks have
the expected PEG spacing of 44 Da, and their corresponding Na+ adducts are also visible
at +23 Da. (d) Transmission electron microscopy (TEM) imaging reveals PA self-assembly
into spherical micelles (115,000x magnification). (e) Histogram of hydrodynamic radius from
DLS measurements shows a monodisperse size distribution with Dh = 12.94 nm and PDI =
0.19.

3.5 Methods

3.5.1 Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[azido(polyethylene glycol)-2000] (DSPE-

PEG(2000)-azide) was purchased from Avanti Polar Lipids, Inc. Methanol, TFA, and PBS

were purchased from Fisher Scientific. Milli-Q water was filtered through a 0.2 µm filter.

All standard amino acids, N-methylpyrrolidone (NMP), and dichloromethane (DCM) were

purchased from Gyros Protein Technologies with standard TFA-labile protecting groups.

Fmoc-beta-alanine-OH was purchased from Novabiochem. Formic acid, piperidine, N,N-

diisopropylethylamine (DIPEA), acetic anhydride (Ac2O), ethanedithiol (EDT), TIS, and

tris(2-carboxyethyl)phosphine (TCEP) were purchased from Sigma-Aldrich. (7-Azabenzotriazol-

1-yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyAOP) was purchased from EMD

Millipore. 3-Tritylsulfanyl-propionic acid (Mpa(Trt)-OH) was purchased from Bachem.

83



3.5.2 DSPE-PEG Hydrolysis Tests

For each solvent to be tested, 10 mg of DSPE-PEG was weighed into a 1.5 mL Eppendorf

tube and dissolved in 1 mL of solvent. The solution was then split into two Eppendorf

tubes, each 500 µL. One tube was left at RT, and the other was incubated at 60 ◦C. At each

measured time point, 100 µL of each sample was transferred into a new Eppendorf tube for

solvent removal. For TFA and methanol samples, the solvent was quickly evaporated under

a gentle stream of blowing nitrogen. For other aqueous solvents, the sample was rapidly

frozen in liquid nitrogen and lyophilized.

3.5.3 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass

Spectrometry

Dried samples were dissolved in 100 µL of methanol, plated with dihydroxybenzoic acid

matrix, and analyzed using the Bruker Ultraflextreme MALDI-TOF-TOF in the University

of Chicago’s Mass Spectrometry Core Facility. To avoid fragmentation artifacts during

ionization, the laser power was set using pure DSPE-PEG dissolved in methanol to a level

that allowed for sufficient ionization without fragmentation artifacts. The same laser power

was then applied to all samples.

3.5.4 Electrospray Ionization Mass Spectrometry

Dried samples were dissolved in 100 µL of methanol for ESI–MS via an Agilent 6130 LCMS.

The ionization conditions were set using pure DSPE-PEG dissolved in methanol to a level

that allowed for sufficient ionization without fragmentation artifacts. The same ionization

conditions were then applied to all samples. The mobile phase was 50% water + 0.1% formic

acid, 50% methanol, with a flow rate of 0.4 mL/min. The MS signal was acquired in positive

mode, and the settings in the Agilent software were set as follows: fragmentor = 100, gain

= 2.00, threshold = 100, step size = 0.10.
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3.5.5 Solid-Phase Peptide Synthesis

The p5314−29 peptide with N-terminal thiol and flexible linker was synthesized with se-

quence MPA(bAla)GG(bAla)LSQETFSDLWKLLPEN-NH2. The peptide was synthesized

manually in a peptide synthesis vessel from Chemglass using standard Fmoc SPPS proto-

cols on Agilent AmphiSpheres 40 RAM resin. Before and after each reaction, the resin was

washed extensively with NMP and DCM. Fmoc deprotection was accomplished with 2 × 10

min reactions with 25% piperidine in NMP, and deprotection was confirmed via the Kaiser

Test. Each amino acid (10x with respect to (w.r.t.) resin substitution) and PyAOP (10x

w.r.t. resin substitution) were dissolved in NMP immediately before use and activated by

DIPEA (20x w.r.t. resin substitution) immediately before addition to the reaction vessel.

Coupling was allowed to proceed until the Kaiser Test was clear. After each coupling, a

capping solution (4:1:0.1 NMP/Ac2O/DIPEA) was applied to the resin for 10 min to cap

any unreacted amines. As the final coupling, the thiol linker (Mpa(Trt)-OH) was added to

the N-terminus of the peptide using the same reaction as the amino acids. After the synthe-

sis, the resin was washed extensively with DCM and dried completely. The peptides were

then cleaved from the resin using 94/2.5/2.5/1 TFA/H2O/EDT/TIS for 2.5 h. The TFA

solution was removed by precipitating the peptides in ice cold diethyl ether, centrifuging the

precipitate, removing the supernatant, and allowing the pellet to dry at RT. The peptides

were resuspended in 1:1 (H2O + 0.1% formic acid)/acetonitrile with TCEP for a few hours

to ensure complete thiol reduction before HPLC purification.

3.5.6 Reverse-Phase HPLC (RP-HPLC) Purification

HPLC purification was performed on a Shimadzu HPLC–MS system using a Waters column,

C8, XBridge BEH OBD Prep Column, 19 mm × 150 mm, 5 µm particle size, and 130 Å

pore size. Methanol and acetonitrile were HPLC-grade and purchased from Fisher Scientific.

Formic acid was purchased from Sigma-Aldrich. Water was Milli-Q filtered. All peptides

were purified using water + 0.1% formic acid and acetonitrile as the mobile phases, with
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the column temperature at 60 ◦C. After elution, the acetonitrile was removed by rotary

evaporation, and the samples were immediately lyophilized to minimize disulfide formation.

All PAs were purified using water + 0.1% formic acid and methanol as the mobile phases at 25

◦C. Immediately after elution, the fractions were buffered with 1 M ammonium bicarbonate

buffer, pH 6.8. The methanol was then removed by rotary evaporation with the heat bath

set no higher than 30 ◦C, and the samples were immediately lyophilized.

3.5.7 Conjugation of DSPE-PEG-Maleimide to Thiol-Peptide

DSPE-PEG-maleimide and the thiol-p5314−29 peptide (3:1) were each dissolved in dimethyl-

sulfoxide (DMSO) at 37.5 and 50 mM, respectively. The peptide solution was diluted in 0.1

M sodium phosphate buffer, pH 7.4, and DSPE-PEG was then added to the mixture. The

final reaction mixture was 1:1 DMF/(sodium phosphate buffer) with 5 mM peptide and 15

mM DSPE-PEG maleimide. The reaction was allowed to proceed for 1 h and then injected

into the HPLC for purification.

The DMF allowed for increased concentration of the reaction mixture and increased

reaction rate, and the water with pH 7.4 sodium phosphate buffer served to (1) maintain

the specificity of the thiol–maleimide reaction, (2) prevent maleimide hydrolysis while thiol

conjugation proceeded to completion, and (3) prevent DSPE-PEG ester hydrolysis. After

1 h, the conjugation was complete according to LC–MS evaluation. We then purified the

PA from the reaction mixture using RP-HPLC at 25 ◦C with water + 0.1% formic acid and

methanol as the mobile phase solvents. We buffered the collected fractions immediately upon

elution using 1 M ammonium bicarbonate buffer, pH 6.8. We then immediately removed the

methanol using a rotary evaporator and removed the water by lyophilization.

3.5.8 Analytical Liquid Chromatography and Mass Spectrometry

Analytical LC–MS of the PA was performed on an Agilent 6130 LCMS system in the Univer-

sity of Chicago’s Mass Spectrometry Facility, using a Waters column, C8, XBridge, 4.6 mm
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× 150 mm, 5 µm particle size, and 130 Å pore size. The ESI–MS conditions were the same

as used in part D, except that the fragmentor was increased to 250 to successfully ionize the

PA. The mobile phase solvents used were water + 0.1% TFA and methanol at a total flow

rate of 1 mL/min. The method used an isocratic phase at 20% methanol from 0 to 2 min, a

gradient from 20 to 80% methanol from 2 to 5 min, 80 to 100% methanol from 5 to 15 min,

washing at 100% methanol from 15 to 30 min, followed by equilibration at 20% methanol

from 30 to 45 min. The dwell volume from the pumps to the UV detector for this machine

was measured to be approximately 3 mL.

3.5.9 Micelle Formation and Dynamic Light Scattering

PAs were dissolved in DMSO to form a 10 mM stock solution, followed by dilution to 100

µM in PBS. Following micelle formation, the nanoparticles were filtered through a 0.2 µm

filter. A correlation function was measured using a Wyatt Mobius Dynamic Light Scattering

(DLS) in the Polymer Size Characterization Suite (sponsored in part by Wyatt Technology

Corp.) at the University of Chicago’s Institute for Molecular Engineering. The correlation

function was used to find the hydrodynamic diameter (Dh) and polydispersity index (PDI)

using a cumulant analysis. The average values from 15 measurements were used.

3.5.10 Transmission Electron Microscopy

Samples were prepared and imaged by the Advanced Electron Microscopy Core Facility

at the University of Chicago. Grids (continuous carbon on 200-mesh copper grids—EMS

CF200-CU) were glow-discharged for 30 s. The sample (100 µM) was applied soon after for

1 min. The excess sample was blotted off. The grids were stained with two washes of 0.75%

uranyl formate and 45 s of 0.75% uranyl formate. Each was blotted off. Grids were imaged

on a Tecnai G2 F30 (FEI) electron microscope operating at 300 kV.
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3.9 Unpublished: Advances in PA (and Stapled PA) Synthesis

and Purification

After publishing the strategy for detecting DSPE-PEG hydrolysis by ESI-MS fragmenta-

tion [121], I continued working on the synthesis and purification strategy and made these

additional improvements.

88



3.9.1 Peptide-Lipid Conjugation Strategies in Aqueous Buffer at Neutral

pH.

After determining the conditions under which DSPE-PEG’s lipid esters were stable, I used

two different conjugation chemistries to synthesis DSPE-PEG peptide amphiphiles (Figure

3.7).

Figure 3.7: Peptide-lipid conjugation examples in aqueous buffer at neutral pH. We have
used two conjugation chemistries to form peptide-PEG-lipid conjugates in conditions that do
not cause lipid hydrolysis. (a) Thiol-maleimide chemistry: a thiol can be incorporated into
a peptide during solid-phase peptide synthesis. After synthesis and peptide purification,
the thiol can be reacted with DSPE-PEG maleimide. (b) Copper-catalyzed azide-alkyne
cycloaddition (CuAAC) click chemistry: an alkyne can be incorporated into a peptide during
solid-phase peptide synthesis. After synthesis and peptide purification, the alkyne can be
reacted with DSPE-PEG-azide.

3.9.2 Reverse-Phase Separation Isolates 2-Tailed Molecules.

Reverse-phase (RP) HPLC is the purification strategy most commonly used for peptide pu-

rification, but different conditions are needed to purify peptide-lipid conjugates. Because the

lipid-portion of the molecule is primarily what drives the reverse-phase retention, anything
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with two lipid tails will tend to co-elute (Figure 3.8a). For this reason, it’s recommended

to purify the peptide before conjugating it to the lipid tail, because after the lipid tail is

attached, it will be hard to remove any peptide sequence impurities.

When acetonitrile is used as the “B” mobile phase in RP-HPLC, as is almost always

the case, two-tailed peptide amphiphiles and two-tailed lipids fail to elute from the column

within reasonable run times (Figure 3.8b). For very late-eluting molecules, methanol is a

stronger eluent and can be used to elute two-tailed lipid-based molecules, though they almost

always co-elute at very high %B (Figure 3.8c). Isopropanol, an even more non-polar and

stronger eluent, can elute two-tailed lipid-based molecules earlier and sometimes separate

peptide-lipids from free lipid, depending on the peptide sequence (Figure 3.8d). Isopropanol

was the lowest polarity solvent I could find that had a low UV-cutoff and was miscible with

water.

Of note, isopropanol as the mobile phase greatly increases the system pressure during

RP-HPLC. As a compromise, 50% isopropanol with 50% acetonitrile can be used to achieve

similar elution strength while minimizing the increase in pressure.

Unlike acetonitrile, these alcohol mobile phases are very difficult to remove by lyophiliza-

tion. Instead, the majority of organic solvent can be removed by rotary evaporation, the

sample diluted extensively with water, and finally lyophilization. Rotary evaporation of

lipid-based molecules in mixtures involving water tend to bump and foam a lot and must be

monitored closely and carefully.

Ideally, the lipid can be completely consumed in the conjugation reaction, and the peptide

lipid conjugate would be pure at this point. For this reason, it would be ideal to use the

peptide as the excess reagent in the conjugation reaction to functionalize all of the lipid.
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Figure 3.8: Choice of organic mobile-phase in RP-HPLC strongly influences PA elution
and purification. After conjugation, the peptide-lipid conjugates need to be isolated. (a)
Reverse-phase (RP) chromatography separates molecules based on hydrophobicity. 2-tailed
products can be isolated from a reaction mixture, but the peptide-lipid conjugates can rarely
be separated from free lipid using this method. (b) Standard RP-HPLC elution with ace-
tonitrile fails to elute 2-tailed molecules. (c) Methanol, a stronger eluent of very hydrophobic
molecules, elutes 2-tailed lipids and peptide-lipids, usually as a single peak. (d) Isopropanol,
a stronger eluent yet, can sometimes separate free lipid from peptide-lipid.
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3.9.3 Addition of Mobile-Phase Additives Improves PA Peak Shapes in

RP-HPLC

For peptide amphiphiles with multiple charged groups, I have sometimes seen the intended

product elute as multiple peaks during HPLC, and each peak has an identical mass spectrum.

I hypothesize this is due to the charged groups either being in different protonation states

or different salt forms, due to the lack of mobile-phase additives in the nearly 100% organic

mobile phase elution conditions.

First, I tried adding 0.1% acid (formic acid or TFA) to the B mobile phase, but I still

saw split peaks. DSPE-PEG has a phosphate group that would still be negatively charged

in these conditions, so perhaps the mobile phase needed a modifier that included a salt with

a cation.

An ideal mobile phase additive should be volatile, so that it is compatible with HPLC-

MS and can be removed by lyophilization, and should be soluble in both water and the

organic mobile phase. For this, I chose ammonium acetate, 100 - 200 mM, pH ∼4.8. Adding

ammonium acetate buffer/salt to the mobile phase improved the peak shape of peptide

amphiphiles during RP-HPLC elution, and I stopped seeing split peaks.

Upon elution, I buffered the fractions immediately with ammonium bicarbonate (another

volatile buffer, but one that is not very soluble in organic solvents), pH 6.5, to neutralize the

pH and prevent DSPE-PEG ester hydrolysis.

3.9.4 Normal-Phase Separation of PAs from Free Lipids

While reverse-phase chromatography will retain peptide amphiphiles based on their hy-

drophobic domain, normal-phase chromatography will retain peptide amphiphiles based on

their polar peptide domain (Figure 3.9a). In theory, this could be used to separate the

peptide amphiphile from free lipids, but I have not found a simple and reliable way to elute

peptides and peptide amphiphiles from silica. However, this can be used as a quick and sim-
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ple test to detect lipid impurities in peptide amphiphiles (Figure 3.9b) after RP-HPLC, in

which they may co-elute. MALDI-TOF mass spectrometry can also be used for this purpose.

Figure 3.9: Normal-phase retention can be used to separate peptide amphiphiles from free
lipid. Normal-phase (NP) TLC retains molecules through hydrogen bonding polar interac-
tions. (a) Peptide-lipid conjugates can be retained on normal-phase silica resin while allowing
free lipid to wash away. This can be used either for purification or analysis. (b) TLC on silica
can be used to quickly test for the presence of free lipid (representative TLC of a mixture).
In a pure peptide-PEG-lipid conjugate, no spots will migrate.

3.10 Unpublished: Intracellular Delivery of Therapeutic

Peptides Using Hydrocarbon-Stapling and Peptide

Amphiphile Micelles

My goal I proposed in my Qualifying Exam was to combine the ability of stapled-peptides to

inhibit cancer-driving PPIs (Section 1.2.2) with the ability of peptide amphiphiles to form

supramolcular nanostructures (Section 1.3.2) and facilitate the intracellular accumulation

of therapeutic peptides [141, 142]. Using the PA synthesis and purification strategies pre-

sented in this chapter, I now had the ability to generate stapled PAs (sPAs) for intracellular

delivery of a p53-reactivating stapled peptide, SAH-p53-8 [92, 93], and test its ability to

therapeutically reactivate p53 in cancer (Figure 3.10).
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(1) Circulation Stability

(2) Cell Uptake

(3) Endosomal Escape

(4) p53 Reactivation

p53
MDM2

Peptide

Peptide Amphiphile 
Micelle

Stapled Peptide

Figure 3.10: A stapled peptide amphiphile (sPA) platform for intracellular delivery of ther-
apeutic peptides. Peptides can be incorporated into spherical, micellar nanoparticles by
conjugating them to a PEG-ylated lipid “tail” (e.g. DSPE-PEG), forming petpide am-
phiphiles (PAs). PA micelles protect peptides in circulation, and they can be targeted to
specific tissues and cell types. PAs enhance cellular uptake of peptides. An endosomally
cleavable (cathepsin substrate) linker can be used to release the peptide from the tail after
internalization to enhance intracellular accumulation. Hydrocarbon-stapled peptides, mean-
while, can escape endosomes and disrupt pathologic protein-protein interactions (PPIs). By
combining the therapeutic stapled peptides and PA delivery, we aim to develop a platform
for disrupting intracellular PPIs.
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3.10.1 Design, Synthesis, and Purification of a Panel of p53-Reactivating

Stapled Peptide Amphiphiles

To test this, I used the synthesis and purification strategies outlined in this chapter to make

a panel of molecules. I used three different peptides: (1) the unstructured p5314−29 binding

interface, the stapled SAH-p53-8, and the non-binding point mutant SAH-p53-8-F19A.

p53 Protein

p5314-29 SAH-p53-8 SAH-p53-8-F19A

Peptides

Non-Cleavable 
Peptide Amphiphiles

Cleavable 
Peptide Amphiphiles

Solid-Phase 
Peptide Synthesis

Lipid Conjugation

Cathepsin-Cleavable 
Linker

Figure 3.11: Designing and synthesizing a panel of p53-reactivating stapled peptides and
stapled PAs. The binding interface of p53 with its inactivating proteins, MDM2 and
MDMX, occurs at amino acid positions 14-29. We synthesized three peptides previously
published to mimic the p53:MDM2/MDMX binding interface: (1) unstructured p5314−29,
(2) hydrocarbon-stapled SAH-p53-8, and (3) non-binding point mutant SAH-p53-8-F19A
[92, 93]. We covalently linked each peptide to a PEGylated lipid tail (DSPE-PEG) to form
non-cleavable PAs. To facilitate endosomal escape after internalization, we also incorporated
an endosomally-cleavable, cathepsin-substrate linker between the peptide and the lipid tail.

After synthesis, each molecule was determined to be pure by LCMS, was confirmed not
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to contain any contaminating lipid by MALDI-TOF-MS, and was confirmed to have both

lipid tails intact by ESI-MS (Figure 3.12).

Figure 3.12: Validating purity and molecular identity of sPAs. After synthesis and HPLC
purification, we used LCMS to confirm that the molecules were pure and eluted as a single
peak (shown is the UV absorbance at 220 nm). By MALDI-TOF-MS, each molecule has a
molecular weight distribution that matches the expected molecular weights, with no signal
from contaminating free DSPE-PEG lipid. By ESI-MS, the presence of the 607 Da peak and
absence of a 341 Da peak indicates an intact phospholipid tail, confirming no lipid hydrolysis
side reactions have occurred during synthesis and purification.

3.10.2 Micelle Self-Assembly of Stapled Peptide Amphiphiles.

Next we used the PAs and sPAs to self-assemble micelles. Each of the structures formed

spherical micelles as would be expected for DSPE-PEG PAs, and the hydrocarbon staple on

the hydrophilic peptide headgroup did not seem to block micelle formation (Figure 3.13).
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Figure 3.13: Hydrocarbon-stapling does not inhibit the formation of PA micelles. PAs were
dissolved in a DMSO stock solution (20 mM) and self-assembled into micelles by gradual di-
lution into PBS. Negative-stain TEM confirms spherical micelle self-assembly of PA micelles,
even with a hydrocarbon staple on the hydrophilic peptide headgroup.
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3.10.3 SAH-p53-8 Stapled Peptide Amphiphiles Fail to Induce Cell Death

in a Wildtype-p53 Cancer Cell Line, SJSA-1.

To test efficacy, we treated a human osteosarcoma cell line (SJSA-1) that is well known

to have MDM2 upregulation for p53 inactivation, making it sensitive to p53-reactivating

therapeutics. Our compounds were all AAA-quantified to concentration-match the amount

of therapeutic peptide in the treatment. When cells were incubated with SAH-p53-8 as a

free stapled peptide, it killed SJSA-1 at doses similar to what has been published previously

for this peptide in this cell line (Figure 3.14) [28, 92, 93]. However, when the peptide was

part of a peptide amphiphile intended to amplify its internalization, it instead completely

eliminated its ability to induce cell death.

Figure 3.14: SAH-p53-8 PAs fail to induce cell death in SJSA-1, a wildtype-p53 human
osteosarcoma cell line. Cells were treated with the indicated compound in the absence of
FBS for 4 hours, then 10% FBS was added for 20 hours before analyzing cell viability at 24
hours using CellTiter-Glo 2.0.

This was a very unexpected outcome, because with a non-stapled BIM BH3 peptide

amphiphile, in which the peptide alone can not cross cell membranes, a cathepsin-cleavable
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PA led to enhanced uptake and somehow allowed the peptide to reach its cytoplasmic and

mitochondrial targets (Chapter 2) [142]. Unlike the BIM BH3 peptide, SAH-p53-8 is itself

somewhat cell permeable, so if anything, we would expect it to be better at escaping the

endosome, not worse.

3.10.4 Cathepsin B Has Only Slight Preferences for Preferred Cleavage

Sites, and Linker Cleavage may not be Fast Enough Relative to

Therapeutic Peptide Cleavage.

After reading more about Cathepsin B cleavage sites, some sequences are cleaved slightly

faster than others (such as valine-citrulline, in our linker), but it is actually a highly promis-

cuous protease, cleaving almost all amino acid sequences, with only very slight preferences

for some sequences relative to others [270]. The antibody-drug conjugates (ADCs) that

inspired our cathepsin-cleavable linkers all used small molecule therapeutics, which lacked

peptide bonds that could be harmed by proteases. Therefore, even if ADCs take a long

time to be degraded in the endo-lysosome pathway, the small molecule will go unharmed.

For peptide-based therapeutics, however, early endosomal escape should be crucial to avoid

proteolytic degradation of the peptide simultaneously with the linker.

To test this, I tried to measure cleavage of the linker, relative to the rest of a peptide,

using cathepsin B in vitro and LCMS monitoring. Due to the difficulties reliably separating

PAs during LCMS, and the potential steric hinderance of the cleavage site being burried in

a micelle, I instead used a stapled peptide with the same cleavage site as I used for my PAs

but before the DSPE-PEG tail was added. The sequence I used was MPA-bAla-Val-Cit-

bAla-BIM-SAHB.

Briefly, 10 µM of the peptide with cleavable linker was incubated with cathepsin B (Sigma

Aldrich, C8571; 100 nM) at 37 ◦C, in 100 mM sodium phosphate buffer, pH 6.0, with 1 mM

EDTA and 5 mM cysteine. At the indicated timepoint, an aliquot of the reaction was stopped
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with E-64 cysteine protease inhibitor (100 µM). LCMS was then used to measure the area-

under-the-curve of the chromatogram to measure the relative amounts of the full-length

peptide and to look for the cleavage product.

The amount of the peptide in the non-cleaved peak rapidly decreased, but the in-

tended cleavage product (between citrulline and bAla) did not accumulate (Figure 3.15).

Instead, a number of non-specific cleavage products were detected throughout the LCMS

chromatogram.
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Figure 3.15: Cathepsin B cleaves a stapled peptide in vitro, but not at the intended cleavage
site fast enough to detect the intended cleavage product.

These data support the hypothesis that cathepsin cleavage is not remarkably faster for

our cleavable linker, relative to proteloytic cleavage elsewhere in the therapeutic peptide, at

least for this stapled peptide (BIM SAHB) with this cathepsin-cleavable linker (MPA-bAla-

Val-Cit-bAla-...).
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3.10.5 Discussion on Cathepsin-Cleavable Stapled Peptide Amphiphiles

After developing a synthesis and purification strategy for hydrocarbon-stapled peptide am-

phiphiles (sPAs), a SAH-p53-8 sPA was ultimately unable to induce cell death compared to

the SAH-p53-8 stapled peptide alone. I hypothesized this was due to an inability to escape

the endosome before cathepsin upregulation could harm the therapeutic peptide. I happened

to have a different stapled peptide (BIM SAHB) with the same cathepsin-cleavable linker

(MPA-bAla-Val-Cit-bAla) before adding the lipid tail, so I tested in vitro cleavage of the

linker relative the rest of the peptide using cathepsin B. This peptide was non-specifically

cleaved before the linker could be cleaved fast enough to accumulate the desired cleavage

product. This finding is supported in the literature on cathepsin B cleavage sequences and

the relative rates of cleavage of various amino acid sequences; while cathepsins can cleave

some amino acid sequences faster than others, the relative rates are only a few-fold different,

not orders of magnitude different [270], which would be required to allow for efficient release

of a therapeutic peptide and endosomal escape before being non-specifically cleaved.

There are at least a few potential strategies with which we may be able to mitigate these

factors to make sPAs efficacious.

First, it is possible that the beta-alanine spacer, which I used between the citrulline

residue of the cleavage sequence and the N-terminus of the therapeutic peptide, is prob-

lematic. It is possible that the stapled peptide’s alpha-helicity can be propagated through

a flexible linker like this, to make the cleavage-site relatively inaccessible. This could po-

tentially be mitigated by using a more rigid spacer, like the self-immolative PABC spacer

(e.g. in brentuximab vedotin) or a similar but non-immolative version PABA [141]. I tried

synthesizing sPAs by adding a Fmoc-Val-Cit-PABC-PNP spacer to the peptide while still

on solid phase, and the PABC spacer turned out to be unstable in the TFA-cleavage step. If

this approach is taken, the linker would likely need to be added in solution after the peptide

is cleaved from the resin, and then it would be difficult to avoid amino acid side chain groups

from interfering with the desired reaction. The rigid PABA spacer could be added more
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easily, since it is not self-immolative.

Second, it is possible that the rate of cathepsin cleavage of the linker is too slow, occurring

in the late endosome-lysosome when the rest of the therapeutic peptide could also cleaved

by proteases. For this reason, another type of linker that allows for earlier release could

be beneficial. Endosomes are a relatively reducing environment, and disulfide linkers are

commonly used to release cargoes in the endosome. Perhaps a disulfide linker would allow

for early endosomal release to give stapled peptides enough time to escape the endosome.

Third, it is possible that stapled peptides are too slow at endosomal escape. This could

potentially be improved by making mixed micelles that incorporate both a therapeutic PA

and an endosome-lytic PA.

Some of these strategies are being pursued by others in the lab to enhance the efficacy of

sPAs. To ultimately harness the therapeutic efficacy of sPA micelles as a nanomedicine, we

need a better understanding of their endosomal release and endosomal escape and strategies

to enhance those processes. Moreover, for effective targeting and internalization in vivo, their

stability will likely need to be greatly improved. Though PA micelles have repeatedly been

shown to be capable of active targeting to deliver cargo to specific tissues in the body [128–

140], PA micelles dissociate on the timescale of 8 minutes in the presence of serum proteins

[271]. Receptor-mediated endocytosis is generally much slower than this timescale on which

PA micelles disassemble, so for active targeting and subsequent intracellular delivery in vivo,

their stability should need to be greatly improved, through core- or shell-crosslinking or some

other means.
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CHAPTER 4

TARGETED POLYMERSOMES FOR INTRACELLULAR

DELIVERY OF STAPLED PEPTIDES: DRUGGING THE

P53:MCL-1 AXIS IN DLBCL

4.1 Abstract

Hydrocarbon-stapled peptides are promising tools for disrupting intracellular protein-protein

interactions (PPIs). However, their inability to target and enter cells at therapeutically-

relevant concentrations renders most such preclinical drugs clinically untranslatable. To

address this, we developed a CD19-targeted nanocarrier to deliver and induce endosomal es-

cape of stapled peptides in human diffuse large B-cell lymphoma (DLBCL). Our nanocarrier

platform induced robust CD19-specific uptake and intracellular accumulation in DLBCL.

For a marginally cell-permeable therapeutic peptide, nanocarrier delivery improved the pep-

tide’s therapeutic potency by orders of magnitude across DLBCL cell lines. We then used this

platform to synergistically exploit two major DLBCL chemoresistance mechanisms, namely

p53-inactivation and MCL-1 expression. Therapeutic reactivation of p53 sensitized DLBCL

to cell death by MCL-1 inhibition and allowed nanocarrier delivery of SAH-MS1-18 to re-

activate cell death at 1,000-fold increased potency compared to SAH-MS1-18 peptide alone.

In vivo, this targeted nanocarrier was able to deliver a fluorescent model cargo into human

DLBCL cells xenografted in mice, and we are now actively testing our nanocarrier’s ability to

enhance the therapeutic efficacy of the peptide therapeutic SAH-MS1-18 in vivo. This work

highlights the potential for using rationally designed nanomaterials to deliver highly-specific

yet poorly cell-penetrating peptide-based therapeutics to the cytoplasm of an intended cell

type.
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4.2 Introduction

Despite their known biomedical importance, intracellular PPIs have long been considered

“undruggable” therapeutic targets using traditional, “drug-like” small molecules [3, 11].

Most PPI interfaces are significantly larger (1,500 – 3,000 Å2) than the surface areas bound

by small molecules drugs (300 – 1,000 Å2), which prevents small molecule drugs from block-

ing large PPI interfaces with specificity [5–9]. Meanwhile, hydrocarbon “stapled” peptides

have shown great promise for disrupting α-helix-based intracellular PPIs by mimicking a

protein’s PPI interface through stabilization of a natural α-helical secondary structure while

imparting it with drug-like properties including enhanced binding specificity, affinity, pro-

tease resistance, and in some cases cellular uptake [74, 76, 78, 81, 82, 98, 272]. The clinical

potential of this drug class is reflected in ALRN-6924, a wildtype-p53 (WTp53) reactivat-

ing stapled peptide currently in clinical trials [84–88, 273]. However, significant obstacles

remain for the clinical translatability of stapled peptides, including achieving cellular uptake

at therapeutically-relevant concentrations into the diseased cells of interest.

While the characteristics governing cellular uptake of stapled peptides are beginning to be

understood [76, 98], highly-optimized, cell-penetrating stapled peptides still typically require

100-10,000 times higher concentrations for efficacy in assays in which the cell membrane is

intact (e.g. in vitro cellular assays) than in assays in which the cell membrane is absent or

permeabilized (e.g. ex vitro protein binding assays, mitochondrial depolarization assays) [28,

102, 103]. Moreover, research-grade stapled peptides are often sequestered and completely

inhibited by serum proteins [27, 28, 105, 106], and the same modifications that make them cell

permeable make them insufficiently water soluble for intravenous injection. For these reasons,

few stapled peptides have been successfully applied in in vivo applications, highlighting the

potential for dramatically improving their therapeutic translation by improving their delivery

to and into diseased cells.

Meanwhile, many PPIs implicated in diseases are also indispensable in normal cells, and

on-target toxicities are a major obstacle for PPI inhibitors administered systemically [43–
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46, 274, 275]. Antibody-drug conjugates (ADCs) have begun to enable cell-type-specific

targeting for small molecule therapeutics, but no such delivery system exists for peptide

therapeutics, which would additionally need to undergo endosomal escape to reach intra-

cellular targets. Achieving cell-specific, intracellular delivery of stapled peptides requires a

multifunctional delivery vehicle.

Our goal was to develop a targeted nanoparticle delivery system that could deliver sta-

pled peptides to and into diseased cells, regardless of the peptide’s intrinsic cellular uptake

properties. We chose to test our approach in human diffuse large B-cell lymphoma (DL-

BCL), the most common form of non-Hodgkin lymphoma, in which 63% of patients are

refractory to upfront treatment and 73% of those who relapse will not survive five years

[210, 211]. DLBCL subverts cell death through a number of anti-apoptotic mechanisms in-

volving PPIs, including MCL-1 expression and WTp53 sequestration by HDM2 and HDM4

[22, 23, 29, 212–214, 216, 218, 276]. MCL-1 is an anti-apoptotic protein in the BCL-2 family

that binds and sequesters the effector proteins of apoptosis and is one of the most commonly

upregulated genes in cancers (Figure 4.1a), [29, 216, 217]. A hydrocarbon stapled peptide,

SAH-MS1-18, has been developed to precisely bind and inhibit MCL-1 (Figure 4.1b) [102],

and this stapled peptide exemplifies both the promise and obstacles related to this drug

class. Although qualitatively cell permeable, the doses of SAH-MS1-18 required to induce

apoptosis in cells with intact cellular membranes were 10,000-fold greater than those needed

for mitochondrial depolarization in membrane-disrupted cells (i.e. EC50 of 5 µM vs. 450

pM) [102], suggesting that the large majority of peptide was unable to reach its intracellular

target across an intact cell membrane (Figure 4.1c).

We sought to intracellularly deliver SAH-MS1-18 into DLBCL cells via B-cell surface

receptor CD19 in an effort to capitalize on the peptide’s potency and PPI specificity without

altering the peptide itself. To do this, we used a highly stable polymersome nanoparticle

(PSOM) made from the amphiphilic block-copolymer PEG-SS-PPS [181], to encapsulate

SAH-MS1-18 (PSOMSAH-MS1-18) (Figure 4.1d). CD19-binding F(ab) antibody fragments

105



Figure 4.1: CD19-targeted polymersomes deliver SAH-MS1-18 into the cytoplasm of DLBCL
cells to reactivate cell death and synergize with p53-reactivation. (Continued on the following
page.)
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Figure 4.1, continued: CD19-targeted polymersomes deliver SAH-MS1-18 into the cytoplasm
of DLBCL cells to reactivate cell death and synergize with p53-reactivation. (a) Cancer cells
rely on PPIs for inhibition of apoptosis (e.g. MCL-1 sequesters pro-apoptotic proteins).
(b) Therapeutic stapled peptides (e.g. SAH-MS1-18) can potently and specifically block a
disease-driving PPI. (c) Cellular uptake is a major obstacle to the clinical translation of
therapeutic stapled peptides. (d) Stapled peptides are stably encapsulated in PEG-SS-PPS
polymersomes. (e) Recombinant αCD19 Fabs are functionalized with a site-specific click
chemistry handle. (f) The polymersomes are decorated with αCD19 Fabs and the targeted
polymersomes (αCD19-PSOMs) purified. (g) αCD19-PSOMs bind CD19 on DLBCL cells
and initiate endocytosis. (h) In the relatively reducing endosome, the disulfide of PEG-SS-
PPS is reduced. (i) Polymersomes are disrupted and release their cargo. (j) The hydrophobic
PPS block facilitates endosomal escape. (k) SAH-MS1-18 binds MCL-1 in the cytoplasm to
release pro-apoptotic proteins and (l) reactivate apoptosis if the cell is sufficiently primed to
die. (m) Treatment with the p53-reactivating stapled peptide ATSP-7041 (n) inhibits p53’s
inhibitory binding partners. (o) In cancer cells, phosphorylated/activated p53 translocates
to the nucleus to upregulate transcription of pro-apoptotic proteins (e.g. PUMA, BAX) and
downregulate transcription of anti-apoptotic proteins (e.g. BCL-2). (p) p53 transcriptional
changes sensitize DLBCL to cell death by MCL-1 inhibition.

(αCD19 Fabs) were attached to the PSOM outer surface (αCD19-PSOMSAH-MS1-18) to

induce antigen-specific endocytosis in DLBCL (Figure 4.1e-g). Endosomal escape of SAH-

MS1-18 was amplified through reduction of the disulfide bond within the block copolymer

followed by intercalation of the hydrophobic PPS block within the endosomal membrane

(Figure 4.1h-j) [181]. Treatment with αCD19-PSOMSAH-MS1-18 greatly enhanced the in-

tracellular accumulation and potency of SAH-MS1-18 compared to stapled peptide alone

(Figure 4.1k,l).We further sought to “prime” DLBCL to undergo MCL-1 dependent apop-

tosis in vitro and in vivo through combination treatment with stapled peptide ATSP-7041,

the preclinical precursor to ALRN-6924, to dissociate p53 from its inhibitory PPIs with

HDM2/HDM4 and reactivate p53 (Figure 4.1m,n) [28]. Reactivation of p53 increased tran-

scription of pro-apoptotic members of the BCL-2 family (e.g. PUMA, BAX) and decreased

transcription of anti-apoptotic members of the BCL-2 family (e.g. BCL-2) (Figure 4.1o).

ATSP-7041 treatment strongly synergized with αCD19-PSOMSAH-MS1-18 to potently acti-

vate DLBCL killing (Figure 4.1p). Finally, we sought to translate this platform to the in

vivo delivery of SAH-MS1-18 to unlock its in vivo therapeutic potential.
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4.3 Results

4.3.1 PEG-SS-PPS Polymersomes are Stable in the Presence of Serum

and Retain an Encapsulated Stapled Peptide

To assemble our targeted nanocarriers, we first synthesized the individual components. The

PPS homopolymer was synthesized through a living, anionic, ring-opening polymerization

(Figure 4.2a, Figure 4.3). Though some disulfides were present in the polymerization re-

actions, disulfide exchange proceeded significantly faster than monomer addition, and both

unimeric thiol chains (right peak) and dimeric disulfide chains (left peak) underwent a quan-

titative, living polymerization (Figure 4.3a). After polymerization, the disulfide chains were

reduced to free thiols (Figure 4.3b), capped with a pyridyl disulfide, and purified to generate

PPS-PDS (compound 1; Figure 4.3c). Thiol-functionalized PEG polymers (mPEG-SH and

N3-PEG-SH) were then reacted with compound 1 to create mPEG-SS-PPS (compound 2;

Figure 4.4) and N3-PEG-SS-PPS (compound 3; Figure 4.5). Meanwhile, the therapeutic

stapled peptide cargoes were synthesized using techniques previously described by others

[79, 80], confirmed to be > 95% pure by LCMS (Figure 4.6), and quantified by amino acid

analysis (AAA). These components were then all used to assemble polymersomes.

Two previously reported polymersome assembly methods were compared, and both pro-

duced indistinguishable polymersomes (Figure 4.2b-d). In the first method, thin-film assem-

bly, the polymer was deposited on the walls of a glass vial in a thin film via evaporation from

an organic solvent (DCM). PBS was added to hydrate the film during mixing for several days

to gradually form polymersomes. In the second method, flash nanoprecipitation (FNP), a

solvent stream (i.e. polymer in THF) and anti-solvent stream (i.e. PBS) were rapidly im-

pinged against each other and diluted into a PBS reservoir to form polymersomes. FNP

assembly has previously been reported for this block copolymer as a rapid and scalable way

to produce polymersomes [190, 191]. We made a confined impingement jets with dilution

(CIJ-D) device using a design and dimensions published by Han et al. [277], except instead of
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Figure 4.2: PEG-SS-PPS polymersome assembly, characterization, and stability. (Continued
on the following page.)
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Figure 4.2, continued: PEG-SS-PPS polymersome assembly, characterization, and stability.
(a) The PPS polymer block was synthesized by living, anionic, ring-opening polymerization
(i – iii) followed by disulfide reduction (iv) and capping with a pyridyl disulfide functional
group (v) to generate PPS-PDS (compound 1). PPS-PDS was then reacted with thiolated
PEG polymers (vi) to generate PEG-SS-PPS block copolymers with methoxy (OMe; com-
pound 2) or azide (N3; compound 3) end groups. PEG-SS-PPS block copolymers were then
assembled into polymersomes. (b) DLS measurements of empty polymersomes formed by a
thin film method (“Thin Film”) or by flash nanoprecipitation (“FNP”), followed by extrusion
through a 100 nm pore-size membrane (“Extrusion”) and desalting into PBS (“SEC”). DLS
measurements were repeated until the residuals of the average correlation function fit were
negligible (10-120 times). Plotted are the intensity-scaled size distribution from the Regu-
larization fit method. Dh and PDI are given for the SEC-purified samples. (c) Cryo-EM
images confirm the polymersomes are uniform, hollow spheres with diameters and bilayer
thicknesses that correspond to DLS and SAXS measurements. Scale bars are 100 nm. (d)
SAXS data fit well to hollow sphere structures at an ensemble level for both thin-film- and
flash-nanoprecipitation-formed polymersomes. Intensity (a.u.) values are shown vertically
shifted to prevent overlap of the plots. (e) Polymersomes encapsulating a self-quenching
calcein solution were diluted into various solutions, and fluorescence dequenching due to
polymersome disruption was monitored for 1 hour at 37 ◦C. Data plotted are individual
quadruplicates, each background subtracted against samples in which an equivalent volume
of PBS-blank was added instead of polymersomes. (f) Aqueous SEC HPLC traces of free
SAH-MS1-18 peptide (blue, dashed) compared to a polymersome solution encapsulating an
equimolar amount of SAH-MS1-18 stored for one month at 4 ◦C in PBS (red, solid).

drilling channels out of a solid block of material, we used a computer aided design (CAD) file

to 3D print the device with patent channels (Figure 4.7). Both thin-film- and FNP-assembly

produced a primary population of polymersomes approximately 120 nm in diameter, but

larger aggregates were also present in each case (Figure 4.2b). All samples were therefore

extruded through a 100 nm pore-size membrane to create monodisperse polymersomes and

then purified by either SEC or tangential-flow filtration (TFF) diafiltration. Cryo-EM was

used to visually confirm that the assemblies were indeed polymersomes, as opposed to other

structures that have been reported from these block copolymers at other block ratios (Fig-

ure 4.2c) [190, 278]. To further confirm their vesicular structure at an ensemble level, Small

Angle X-ray Scattering (SAXS) data were fitted using a spherical vesicle model, and the

nanoparticles from both assembly methods were well-represented as spherical, hollow vesi-

cles with diameter and bilayer thickness corresponding to those seen in cryo-EM (Figure
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Figure 4.3: Characterization of compound 1 (PPS-PDS). (a) Gel permeation chromatography
(GPC) refractive index (RI) traces of PPS polymerization kinetics over time. From right to
left, aliquots were taken at 15, 45, and 90 min, quenched with acetic anhydride, precipitated,
and analyzed by GPC. Additional monomer was injected immediately after 45 min, and
both the unimeric thiol peak (PPS-SH) and dimeric disulfide peak (PPS-SS-PPS) continued
growing, suggesting that disulfide exchange in the reaction is fast enough that disulfides
did not significantly inhibit the polymerization. (b) SEC RI traces of a completed PPS
polymerization reaction with and without using tributylphosphine (TBP) to reduce disulfide
chains (PPS-SS-PPS) to free thiol chains (PPS-SH). The dispersity of reduced PPS-SH was
1.17. (c) 1H NMR of PPS-PDS (compound 1) in CDCl3. The density of pure PPS-PDS was
measured to be 1.169 g/mL.
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Figure 4.4: Characterization of compound 2 (mPEG-SS-PPS). (a) GPC RI trace of mPEG-
SS-PPS (compound 2). Dispersity = 1.08, with no contamination from either polymer
block. (b) 1H NMR of mPEG-SS-PPS (compound 2) in CDCl3. One of the benzylic protons
overlapped with the CDCl3 peak and could not be integrated.
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Figure 4.5: Characterization of compound 3 (N3-PEG-SS-PPS). (a) GPC RI trace of N3-
PEG-SS-PPS (compound 3). Dispersity = 1.06, with no contamination from either polymer
block. The commercially-available N3-PEG-SH had a large percentage of disulfide-dimerized
chains (N3-PEG-SS-PEG-N3). The disulfide chains were considered to be inert bystanders in
the reaction and would be removed during later purification steps (namely MeOH extraction).
(b) 1H NMR of N3-PEG-SS-PPS (compound 3) in CDCl3. One of the benzylic protons
overlapped with the CDCl3 peak and could not be integrated.
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Figure 4.6: LCMS analysis of therapeutic peptides. After purification, the purity and identity
of all peptides was confirmed by LCMS analysis. Representative chromatograms of UV
absorbance at 220 nm are shown for (a) SAH-MS1-18, (b) ATSP-7041, and (c) BIM-SAHB.
Peptides diluted from DMSO stock solutions show a DMSO solvent injection absorbance.
Stapled peptides with (i, i+7) staples, such as ATSP-7041, often have two isomers of the
staple, as previously described by others, which elute as separate chromatographic peaks
after stapling but have identical mass spectra. Ac = acetylated N-terminus. Am = amide
C-terminus. B = norleucine. X = S5. Z = R8. Cba = β-cyclobutyl-L-alanine.
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4.2d). Of the two assembly methods, the FNP method was more easily scalable and allowed

for rapid encapsulation of our therapeutic cargoes, so FNP became our method of choice for

assembling polymersomes.

Figure 4.7: Flash nanoprecipitation using a 3D-printed confined impingement jets with di-
lution (CIJ-D) device. (a,b) Cut-away views of our 3D-printed CAD design using the same
dimensions published by Han et al. [277]. (c) Syringes are attached to the CIJ-D device
inlets via threaded luer-lock adapters, and an outlet tube is placed into a PBS dilution
reservoir. After rapid mixing, an air cushion in the syringes clears the device and mixes
the dilution-reservoir with air bubbles. (d) The resulting polymersome solution is opaque,
even when the polymersomes are smaller than the wavelength of light, due to their very high
concentration.

While most polymersome formulations we have made yielded polymersome formulations
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of about the same size (i.e. 120-130 nm), some drug encapsulations have produced other

structures (Figure 4.8), presumably micelles in some cases and smaller polymersomes in

other cases. SAH-MS1-18, when encapsulated in polymersomes using the FNP method, con-

sistently yielded slightly smaller polymersomes with hydrodynamic diameters of 65-90 nm

before extrusion (Figure 4.8a). When S63845 or ATSP-7041 were encapsulated with high

drug concentrations, much smaller structures formed (Figure 4.8b,c), and for the S63845

sample, cryo-EM confirmed these were micelles. For both drugs, when the amount of drug

relative to polymer was decreased, more typical polymersomes were formed. Of note, using

the inverse direct dissolution method previously described by O’Neil et al. in the Hubbell

group [189], S63845 and ATSP-7041 were both highly soluble in a pipettable polymer melt

made from mixing PEG-SS-PPS and PEG(500)DME, so presumably these drugs have fa-

vorable interactions with the PEG-SS-PPS block copolymer during drug encapsulations. In

the patent on PEG-PPS block copolymers, the authors mention the occasional formation

of metastable micellar aggregates using polymer block length ratios that should normally

form polymersomes [279]. Interestingly, they also note that heating of these micelles can

help them overcome the kinetic trap to reach a more favorable thermodynamic state as very

small polymersomes, similar in size to what we see for SAH-MS1-18 encapsulations (Figure

4.8a) [279]. It seems that drugs that favorably interact with PEG-PPS, including two hydro-

carbon stapled peptides, can influence the structure of polymersomes formed in the presence

of very high concentrations of drug relative to polymer.

For nanocarriers self-assembled from amphiphilic building blocks, a primary concern is

their stability in the presence of serum proteins. Therefore, we first tested the stability of our

PEG-SS-PPS polymersomes in the presence of fetal bovine serum (FBS; Figure 4.2e). Poly-

mersomes encapsulating a hydrophilic dye, calcein, at self-quenching concentrations, were

used to detect polymersome disruption via fluorescence dequenching. When the polymersome

stock solution was diluted into cell culture media and incubated at 37 ◦C for 1 hour, there

was no detectable polymersome disruption (Figure 4.2e, Media). When the polymersomes
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Figure 4.8: Encapsulation of some drugs affects polymersome assembly. Polymersomes made
from PEG-SS-PPS block copolymers typically have a primary population with Dh of 120
- 130 nm, and a 100 nm extrusion step breaks up any larger aggregates to that same size.
(a) SAH-MS1-18 encapsulation at peptide:polymer mass ratios of 1:4 repeatedly produced
polymersomes that are slightly smaller than our typical polymersomes. Two representative
encapsulations are shown. (b) S63845 encapsulation at high mass ratios produced micelles (as
confirmed by cryo-EM), while a lower mass loading encapsulation via FNP produced typical
polymersomes. (c) ATSP-7041 at high mass loading ratios produced a mixed population of
(presumably) micelles and polymersomes, with mostly micelles. Decreasing the mass loading
ratio allowed the formation of normal polymersomes. All DLS data are intensity-scaled size
distributions with Dh calculated from the Regularization fit.
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were diluted into media with 10% FBS, the fluorescence still remained constant, indicating

no polymersome disruption due to serum proteins (Figure 4.2e, Media + FBS). As a positive

control, a detergent (Triton X-100) was added to completely disrupt the polymersomes and

release calcein, and this caused a large increase in fluorescence intensity (Figure 4.2e, Media

+ FBS + Triton). These data indicate that PEG-SS-PPS polymersomes are highly stable

in the presence of serum proteins, in agreement with the stability generally associated with

polymersomes as a class of nanoparticles.

We next tested whether or not SAH-MS1-18, which is relatively amphiphilic, would

diffuse out of the polymersomes during storage. Polymersomes encapsulating SAH-MS1-18

were stored for 1 month at 4 ◦C in PBS, then the sample was analyzed by aqueous SEC

HPLC to detect any peptide released (Figure 4.2f). No detectable amount of free peptide

had leaked out of the polymersomes during 1 month of storage, highlighting the stability of

stapled peptide encapsulation and compatibility with long-term storage in PBS at 4 ◦C.

Notably, polymersome encapuslation of SAH-MS1-18 also greatly enhanced the aqueous

solubility of the peptide, which is a crucial consideration for intravenous injection of sufficient

doses. On larger scales, PSOMSAH-MS1-18 was concentrated by TFF such that the average

SAH-MS1-18 concentration in the solution was in the millimolar (mM) range (e.g. 2.7 mM

in the overall solution, but all locally concentrated inside polymersomes), and no aggregation

was observed by eye or DLS. This is more than 10 times the solubility limit of the peptide

alone in PBS.

4.3.2 αCD19 Polymersomes Deliver Cargo into DLBCL Cells Specifically

via CD19

Next, we sought to target these polymersomes to DLBCL cells and optimize their cellular

uptake. To do so, we designed a Fab specific for human CD19 (αCD19) and added a cysteine

linker (αCD19-cys) for site-specific conjugation to polymersomes. The variable regions of

the αCD19-cys Fab were designed from the HD37 mouse-anti-human-CD19 IgG [280, 281],
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with constant regions from mouse IgG consensus sequences (Figure 4.9). The cysteine linker

was added at the C-terminus of the heavy chain, opposite the antigen-binding face, with a

short, flexible, hydrophilic spacer and a terminal cysteine (Figure 4.10a). To generate non-

binding control Fabs, the variable regions were grafted from a published sequence targeting

the xenoantigen Outer surface protein A (OspA) of Borrelia burgdorferi [282, 283], while

the constant regions remained unchanged (Figure 4.9). The four Fabs (αCD19, αCD19-cys,

αOspA, and αOspA-cys) were cloned in DH5α, expressed in HEK293T cells, and purified

by Protein G affinity chromatography (Figure 4.10b). We then tested the antigen-specific

binding of αCD19-cys to CD19+ DLBCL cells, and it bound specifically, with no apparent

influence from the encoded cysteine linker (Figure 4.10c).

We next functionalized the Fabs’ cysteine linker with a DBCO handle for click-chemistry

attachment to the surface of the polymersomes (Figure 4.11a). When the Fabs were initially

purified, the thiol on the cysteine linker was unreactive. Others have shown that solvent-

accessible cysteines on recombinant proteins secreted from mammalian cells are initially

disulfide-bonded with small molecule thiols, such as cysteine and glutathione [284]. By

titrating the amount of reducing agent, TCEP, we were able to specifically reduce the solvent-

accessible cysteine linker and convert it to a DBCO handle without disrupting internal

disulfides (Figure 4.11b,c).

Interestingly, the amount of TCEP that reduced only the terminal thiol was a range

of values, rather than a single point. The range from 0.5 - 1 equivalents of TCEP was a

stable range to reduce precisely 1 equivalent of reactive thiol on the Fabs (Figure 4.11b,c). We

hypothesize this range may be explained by the relative reducing potentials of the thiols in the

system. One TCEP molecule will generate one Fab-thiol and one small molecule thiol, and

that liberated small molecule thiol, presumably cysteine or glutathione, appears to favorably

reduce the terminal thiol on a second Fab. Therefore, 0.5 equivalents of TCEP generated

1 equivalent of Fab-thiol and, we hypothesize, 0.5 equivalents of a small molecule disulfide.

The next 0.5 equivalents of TCEP (0.5 – 1 equivalents total) are then presumably consumed
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Figure 4.9: DNA coding sequences of engineered Fabs and their protein translations. (Con-
tinued on the following page.)
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Figure 4.9, continued: DNA coding sequences of engineered Fabs and their protein transla-
tions. Fabs were designed with variable domains (Vκ and VH) for binding to either human
CD19 (αCD19) or an irrelevant xenoantigen (αOspA). All Fabs shared the same constant
domains (Cκ and CH). For αCD19-cys and αOspA-cys, the cysteine linker sequence was
added to the C-terminal end of the CH domain.

Figure 4.10: Expression and binding validation of Fabs. (a) Fabs were designed using pre-
viously published sequences (Figure 4.9) from antibodies that bind either human CD19
(αCD19) or an irrelevant xenoantigen (αOspA). To enable site-specific conjugation to poly-
mersomes, a flexible cysteine linker was encoded at the C-terminus of the heavy chain of each
Fab to generate αCD19-cys and αOspA-cys. (b) Coomassie staining of purified Fabs sepa-
rated on an SDS-PAGE gel. Each Fab appears pure at the expected molecular weights, and
addition of DTT in the loading buffer reduces the interchain disulfide to generate polypep-
tides (heavy chain and light chain) that overlap at their expected molecular weights. (c)
Flow cytometry measurement of Fab binding to a CD19+ DLBCL cell line, SU-DHL-5.
Cells were stained with the indicated Fab, then with an AF647-labeled αFab secondary anti-
body. αCD19 Fabs bind CD19+ DLBCL with or without the cysteine linker, and the control
(αOspA) Fabs do not.

in reducing the small molecule disulfides and don’t further reduce internal disulfides in the

Fab. This window, then, from 0.5 – 1 equivalents of TCEP per Fab, was a safe range to

precisely functionalize the Fabs with a DBCO click chemistry handle and reliably produced

DBCO:Fab ratios of 1. Importantly, these are equivalents with respect to unimeric (not

disulfide dimeric) intact (not free heavy or light chain) Fab, as determined by UV absorbance
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Figure 4.11: Fab functionalization for attachment to polymersomes. (Continued on the
following page.)

122



Figure 4.11, continued: Fab functionalization for attachment to polymersomes. (a) Disulfide-
capped Fabs were (i) reduced with TCEP (90 minutes at 37 ◦C), then (ii) immediately, with-
out workup, reacted with a 100-fold excess of the heterobifunctional linker, Sulfo DBCO-
PEG4-Maleimide, for 1 hour at room temperature. Excess linker was then removed by
extensive diafiltration (10 kDa MWCO Amicon). (b,c) A range of TCEP stoichiometries
was used to determine the optimal amount of TCEP for reducing the cysteine linker with-
out disrupting internal disulfides. (b) The DBCO:Fab ratio was determined by UV-vis
absorbance (see Section 4.5.11), and (c) the percent of intact Fab was determined by quan-
tification of a Coomassie-stained SDS-PAGE gel. The y-values were normalized to the ratio
of Fab in its intact, unimeric form before the reaction (in this case, 80%), as measured by
SDS-PAGE gel quantification. From these data, we determined the reliable range (0.5 - 1
equivalents) of TCEP to reduce only the terminal cysteine linker and functionalize it with
DBCO. Using this optimized DBCO-functionalization protocol, we generated αCD19-DBCO
and αOspA-DBCO with DBCO:Fab ratios reliably ∼1. (d,e) To attach Fabs to the polymer-
somes, polymersomes were assembled with 5% N3-PEG-SS-PPS and 95% mPEG-SS-PPS.
Fab-DBCO was added to react overnight, and then any non-conjugated Fab was removed by
size (SEC or TFF diafiltration). In this example, enough DBCO was added to theoretically
functionalize 0.1% of the polymer chains on the external polymersome surface (or 0.05%
of the total polymer chains in the sample). (d) After purification, the CBQCA protein
quantification assay was used to detect Fab retained in the final samples, accounting for
background signal contributions from blank, peptide-only, and empty polymersome samples.
The polymer and peptide concentrations of every sample were known from GPC and LCMS
measurements, respectively, to calculate their relative background contributions. From this,
the fluorescence contribution from Fab was calculated (purple bars), and the unknown Fab
concentrations were calculated by comparing to the Fab-only control sample. (e) To confirm
the Fab remaining in the samples (detected in (d)) was attached to the polymersomes and
not just contaminating, non-conjugated Fab, a Coomassie-stained SDS-PAGE gel was used
to confirm the disappearance of the Fab-DBCO band. Importantly, this band disappearance
is due to covalent, rather than non-covalent, Fab:polymer interaction, because spiking more
Fab (the same amount as the Fab-only lane) into the polymersome samples restored the
Fab band. Gel samples were loaded such that, assuming 100% Fab conjugation, the Fab
bands would be identical. All gel samples were prepared in the presence of sodium azide
(to quench DBCO:azide reactions) and NEM (to quench thiols and disulfide shuffling). The
broad polymer smearing is due to the presence of sodium azide.

at 280 nm for total protein concentration combined with Coomassie-stained SDS-PAGE gel

quantification for the relative percentage of each species. TCEP was chosen as the reducing

agent due to its powerful reducing potential nearly independent of pH and its relative non-

reactivity with maleimides, which allows the reduced-Fab TCEP mixture to be directly

reacted with the maleimide-DBCO linker without any workup and chance for re-oxidation.

The DBCO-functionalized Fabs were then “clicked” onto the polymersomes. We gen-
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erated polymersome treatments with a range of Fab densities on the surface by using the

N3 on the polymersome surface as the excess functional group (5% N3-PEG-SS-PPS, 95%

mPEG-SS-PPS) and adding different molar amounts of Fab-DBCO into aliquots from a

common polymersome stock solution (Figure 4.11c). Using reaction stoichiometries target-

ing 0.1%, 0.5%, and 1% polymer functionalization, we generated low (+), medium (++),

and high (+++) Fab densities. The resulting Fab-polymersomes were purified by size to

remove any non-conjugated Fab. The amount of Fab attached to the polymersome surface

could be quantified using the CBQCA protein quantification assay according to the manu-

facturer’s instructions (representative example in Figure 4.11d), and the successful removal

of non-conjugated Fab could be verified using a Coomassie-stained SDS-PAGE gel (Figure

4.11e).

At this point, knowing the aggregation number of these polymersomes would be useful

to have an understanding of roughly how many Fabs are attached to each particle and how

they are spaced. The aggregation number could be precisely measured using light scattering

experiments, but we already had enough relevant data to make a rough estimation from two

different techniques.

First, using the density of PPS and volume of the the PPS layer of the polymersome,

we can roughly estimate how many chains there are per particle if we assume the PPS layer

has a density equivalent to bulk PPS. This is likely an upper-limit estimation of the number

of chains per particle. From our large scale synthesis of PPS-PDS, we measured the density

of the pure bulk homopolymer as 1.169 g/mL. For a polymersome with roughly 130 nm

diameter and a 9 nm PPS layer thickness from cryo-EM, the volume of the PPS layer can

be roughly estimated as Volume = 4
3π(r nm)3 − 4

3π(r − 9
2 nm)3 with r = 130

2 = 65 nm,

or Volume = 222, 759 nm3. Then with the volume of the PPS layer (222,759 nm3), the

density of bulk PPS (1.169 g/mL), and the average molar mass of PPS53 (3181 g/mol),

we can estimate the number of chains per particle as Volume × Density ÷ Molar Mass =

49, 281 polymers per particle.

124



Meanwhile, we had done a simple Nanoparticle Tracking Analysis (NTA) measurement

to measure the concentration of nanoparticles (nanoparticles/mL) for a sample with a known

concentration of polymer (mg/mL) with a known molar mass (5,324 g/mol for mPEG28-SS-

PPS53). From this, we can estimate 15, 632 polymers per particle.

While neither of these methods are as accurate as measuring aggregation number by light

scattering, they both give us a rough estimation that there are on the order of magnitude of

15,632 - 49,281 polymers per polymersome for a 130 nm Dh polymersome made of PEG28-

SS-PPS53. Functionalizing 1% of the polymers in the outer bilayer (assuming half, and

no flipping of the N3 groups across the bilayer) means adding roughly 78 - 246 Fabs per

particle, and functionalizing 0.1% would mean roughly 8 - 25 Fabs per particle, assuming

100% reaction efficiency. Our reaction efficiencies were typically 10 - 40% and seemed to

vary based on the concentration of the samples during the reaction.

Theoretically, the density of αCD19 Fab on the polymersome surface could greatly influ-

ence cellular uptake [285], so we measured uptake by DLBCL cells at multiple Fab densities.

To measure uptake, we encapsulated a self-quenching solution of the hydrophilic fluorophore

calcein into polymersomes and attached either αCD19 Fab (αCD19-PSOMcalcein) or an ir-

relevant Fab (αOspA-PSOMcalcein) to the surface at varying densities (high (+++), medium

(++), and low (+)). We treated four DLBCL cell lines (SU-DHL-5, OCI-Ly1, OCI-Ly3, and

OCI-Ly8) with the fluorescence-quenched polymersomes and measured uptake by flow cy-

tometry. In each cell line, we observed antigen-specific, dose-dependent, and time-dependent

accumulation of calcein fluorescence (Figure 4.12a). Even OCI-Ly3, which expresses low but

non-zero levels of CD19 (Figure 4.12), exhibited low levels of antigen-specific uptake (Figure

4.13a,b). Regardless of cell line, the αCD19-PSOMcalcein with the lowest Fab densities (+)

were endocytosed to the greatest degree. As further evidence of active targeting, if the same

treatments were performed without the final purification step to remove non-conjugated Fabs

from the samples, antigen-specific uptake was almost completely blocked by the contaminat-

ing free Fabs (Figure 4.13c,d).
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Figure 4.12: CD19 targeting enhances polymersome delivery into DLBCL cells. (Continued
on the following page.)
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Figure 4.12, continued: CD19 targeting enhances polymersome delivery into DLBCL cells. A
self-quenching calcein solution was encapsulated in PEG-SS-PPS polymersomes with 5% N3
functionalization. Aliquots of this stock solution were then functionalized with either αCD19
or irrelevant (αOspA) Fabs at various Fab:polymer densities (+++, ++, +). DLBCL cell
lines were treated as indicated and analyzed by flow cytometry and imaging cytometry.
Treatment concentrations were normalized by calcein absorbance after Triton X-100 disrup-
tion and calcein dequenching. (a) Uptake of fluorescent polymersomes into four DLBCL
cell lines was measured by flow cytometry to evaluate time-, concentration-, Fab-, and Fab-
density-dependence. αCD19 Fab functionalization greatly improved cellular uptake, and
lower Fab densities caused more uptake. (b) The same samples from (a) were subsequently
analyzed by ImageStream imaging cytometry for single-cell fluorescence images. Represen-
tative images are shown with the following channels: brightfield, calcein (green), anti-Fab
extracellular staining (magenta), and an overlay. (c) CD19-specific polymer uptake correlates
with CD19 expression. Cells were either stained with fluorescent αCD19 IgG or treated with
αCD19-PSOMcalcein or αOspA-PSOMcalcein for 24 hours. An unstained, untreated sample
of SU-DHL-5 is shown for comparison. (d) Polymersome-uptake after 24 hours is dose-
dependent for both specific uptake (αCD19) and non-specific uptake (αOspA). The total
polymer concentration in the treatment is indicated in µg/mL.

To confirm that the polymersomes were enhancing intracellular calcein accumulation and

dequenching rather than simply binding more to the cell surface, we imaged the same sam-

ples using ImageStream imaging cytometry (Figure 4.12b). Indeed, the lower Fab densities

enhanced antigen-specific uptake and diffuse, intracellular calcein (green) accumulation. We

also stained extracellular polymersomes on the cell surface using a fluorescent anti-Fab anti-

body, and the extracellular anti-Fab staining (magenta) did not overlap with the intracellular

calcein staining (green), confirming that the diffuse calcein signal was a result of enhanced

intracellular accumulation and fluorescence dequenching rather than simply increased extra-

cellular binding.

The uptake of αCD19-PSOMcalcein was also highly antigen specific. Uptake of αCD19-

PSOMcalcein in each cell line correlated with expression levels of CD19, while uptake of

αOspA-PSOMcalcein was less, more heterogeneous, and uncorrelated with CD19 expression

(Figure 4.12c). This trend was consistent across a range of doses (Figure 4.12d).

Together, these data show that αCD19-PSOMs are endocytosed antigen-specifically with

lower Fab densities causing the greatest intracellular accumulation. We therefore used this
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Figure 4.13: Calcein uptake heatmaps (supplementary). (a) Data as shown in Figure 4.12a
measuring uptake of calcein-loaded polymersomes in OCI-Ly3. (b) Data from (a) re-scaled
to visualize CD19-specific uptake in OCI-Ly3. (c) Data as shown in Figure 4.12a measuring
uptake of calcein-loaded polymersomes in SU-DHL-5. (d) A similar experiment to (c) was
conducted without the final purification step in which excess Fab was removed from the
treatments. Excess Fab blocked nearly all antigen-specific uptake. Of note, the highest con-
centration treatments in (d) are 5-times higher than in (c) in terms of calcein concentration.
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lowest Fab density formulation (+) for all further experiments with therapeutic cargoes.

4.3.3 Polymersome-Mediated Intracellular Delivery Enhances the

Therapeutic Efficacy of BH3-Mimetic Stapled Peptides

Calcein was a useful model cargo to optimize polymersome uptake into DLBCL cells, and

next we made polymersomes encapsulating our therapeutic cargo, SAH-MS1-18 [102], to

ultimately test the polymersomes’ ability to improve the intracellular delivery and efficacy

of stapled peptides.

After encapsulating SAH-MS1-18 in polymersomes (PSOMSAH-MS1-18) and functional-

izing them with Fabs (αCD19-PSOMSAH-MS1-18 and αOspA-PSOMSAH-MS1-18), we tested

the ability of SAH-MS1-18 to induce apoptosis in DLBCL when it was either used as a free

peptide or when its intracellular delivery was facilitated by PEG-SS-PPS polymersomes.

First, SU-DHL-5 was treated with equivalent doses of SAH-MS1-18 either as a free drug,

inside of αCD19- or αOspA-PSOMs, or on the outside of empty αCD19- or αOspA-PSOMs

(Figure 4.14a). Delivery of SAH-MS1-18 inside of polymersomes enhanced its potency by

∼100-fold. Importantly, when the same doses of peptide were used but on the outside of

empty polymersomes, cell death was completely eliminated. This confirms that the greatly

enhanced potency is due to the facilitated delivery, rather than any non-specific toxicity due

to the combination of materials. We then treated other DLBCL cell lines, including OCI-

Ly1, OCI-Ly3, and OCI-Ly8 (Figure 4.14b). Delivery inside of polymersomes enhanced the

potency of SAH-MS1-18 by ∼10-fold in OCI-Ly1 and OCI-Ly8. OCI-Ly3, which endocytosed

very low levels of αCD19- or αOspA-PSOMs (Figure 4.12, Figure 4.13a,b) exhibited little cell

death. Even for this qualitatively cell permeable staple peptide [102], intracellular delivery

using PEG-SS-PPS polymersomes greatly enhanced its efficacy.

To confirm this delivery benefit was not unique to SAH-MS1-18, we delivered another

apoptosis-inducing stapled peptide, BIM SAHB [103, 104, 244], into DLBCL cells using

polymersomes (Figure 4.15). The potency of BIM SAHB was improved 10x by polymersome
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Figure 4.14: Polymersome delivery enhances the therapeutic potency of SAH-MS1-18 in
DLBCL. (a) When SAH-MS1-18 was delivered into SU-DHL-5 DLBCL cells using polymer-
somes, its potency was amplified by orders of magnitude. When the cells were treated with
the same materials but formulated with free peptide on the outside of empty polymersomes,
the therapeutic effect was completely eliminated. (b) Across four different DLBCL cell lines,
polymersome delivery enhances the therapeutic efficacy of SAH-MS1-18. Plotted points are
the means of duplicates +/- S.E.M. fitted to a normalized non-linear regression with variable
slope.
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delivery into OCI-Ly1 and OCI-Ly8. Importantly, SU-DHL-5 was not sensitive to BIM

SAHB delivered in polymersomes, even though it was extremely sensitive to SAH-MS1-18

delivered in the same way. This highlights the mechanistic specificity of these peptides’

induction of apoptosis and the benefit this system provides specifically by enhancing cellular

uptake.

Figure 4.15: αCD19-PSOM delivery enhances the potency of BCL-2 family pan-activator,
BIM-SAHB. BIM-SAHB was delivered to DLBCL cells either as free peptide, in CD19-
targeted polymersomes, or in irrelevantly-targeted polymersomes, and viability was measured
by CellTiter-Glo 2.0. Plotted points are the mean of duplicates +/- S.E.M. and fitted by
normalized non-linear regression with variable slope (GraphPad Prism).

Unexpectedly, αOspA-PSOMs loaded with therapeutic cargoes were almost as potent as

αCD19-PSOMs (Figures 4.14, 4.15), even though αCD19-PSOMs facilitated greater uptake

of a calcein model cargo (Figure 4.12). One possible explanation for this could be the

threshold character of apoptosis as opposed to the continuous scale of calcein fluorescence.

If a small amount of peptide is delivered non-specifically into the cell by αOspA-PSOMs,

and if it is enough to induce apoptosis, then no further accumulation could be facilitated by

CD19 targeting and appreciated in a cell death assay. These data suggest that the majority

of improved potency in vitro is likely due to facilitated endosomal escape and/or protecting

the peptide cargo from serum protein sequestration. For targeted nanocarriers, the benefits

of targeting are usually more pronounced in vivo than in vitro.
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4.3.4 p53-Reactivation Primes DLBCL for Cell Death by MCL-1

Inhibition and Sensitizes DLBCL to αCD19-PSOMSAH-MS1-18

With PEG-SS-PPS polymersomes able to enhance the intracellular delivery and therapeutic

potency of PPI-inhibiting stapled peptides, we sought to target a synergistic combination

of PPIs that are commonly deregulated in clinical DLBCL, namely MCL-1 over-expression

and WTp53-inactivation. Tumor suppressor protein p53 is known to modulate transcription

of a number of BCL-2 family members in a pro-apoptotic way. There is a p53-reactivating

stapled peptide, ALRN-6924, currently in clinical trials. While the sequence of ALRN-6924

is proprietary and unpublished, its pre-clinical predecessor, ATSP-7041, has a published

sequence and has used by multiple groups for p53 reactivation. ATSP-7041 has been highly

optimized to be cell-permeable and drug-like, and its therapeutic efficacy is not negated

by serum proteins [28]. ATSP-7041 is also one of the few stapled peptides that has been

successfully applied in vivo. We therefore used ATSP-7041 as our p53-reactivating stapled

peptide to prime DLBCL for apoptosis.

Interestingly and surprisingly, we found that p53 primes DLBCL cell lines for cell death

specifically with increased sensitivity to MCL-1 inhibition rather than to other anti-apoptotic

proteins such as BCL-2 or BCL-XL. We sought to characterize this p53:MCL-1 axis and

therapeutically exploit it in DLBCL using stapled peptides (ATSP-7041 to reactivate p53,

and αCD19-PSOMSAH-MS1-18 to inhibit MCL-1).

To determine therapeutically-relevant treatment concentrations, we first tested the cell

death sensitivity of DLBCL cell lines to ATSP-7041 at 24 and 72 hours (Figure 4.16). For

three cell lines with wildtype p53 (SU-DHL-5, OCI-Ly19, and DOHH2), 1 µM ATSP-7041

was an amount that induced some apoptosis at 24 hours and a lot more apoptosis by 72

hours. A fourth DLBCL cell line with wildtype p53, OCI-Ly3, was less sensitive to ATSP-

7041 treatment, and this cell line was included as a more resistant WTp53 control. Two

DLBCL cell lines with mutant p53 (OCI-Ly1 and OCI-Ly8) had no cell death in response to

ATSP-7041, except a small amount at the highest dose, 30 µM, for 72 hours of treatment.
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This 30 µM dose is higher than the highest dose I have found in the literature in in vitro

treatments (10 µM; [28]), and this cell death is likely non-specific due to the high dose. After

24 hours of treatment, ATSP-7041 has previously been shown to induce p53 transcriptional

activation [28], and with these data, I chose 1 µM as the 24-hour treatment dose to evaluate

BCL-2 family changes in response to p53 re-activation.

When DLBCL cell lines were treated with the p53-reactivating stapled peptide ATSP-

7041 for 24 hours, DLBCL with WTp53 exhibited transcriptional changes within the BCL-2

family consistent with known p53 transcriptional targets (Figure 4.17). First, CDKN1A

(p21) transcription was highly upregulated, indicating robust p53-reactivation. Within the

BCL-2 family, the mRNA of p53 upregulated modulator of apoptosis (PUMA) was strongly

upregulated across each of the cell lines with WTp53. BAX, an effector of apoptosis and

another known p53-transcriptional target, was also upregulated across each of the WTp53

cell lines. Interestingly, NOXA mRNA appeared unchanged after p53-reactivation. NOXA

is a canonical transcriptional target of p53, though it is also regulated by multiple other

transcription factors [286]. In general, the WTp53 cell lines responded to p53 reactivation

by increasing expression of PUMA and BAX, transcriptional changes consistent with priming

the cells for apoptosis.

We then evaluated how these transcriptional changes after p53-reactivation affected pro-

tein levels of PUMA (Figure 4.17b). Consistent with the changes in PUMA mRNA, PUMA

protein was also upregulated after p53-reactivation in DLBCL lines with wildtype p53 (i.e.

SU-DHL-5, OCI-Ly3) but not in lines with mutant p53 (i.e. OCI-Ly1, OCI-Ly8).

Next, we measured how p53-induced changes in the BCL-2 family affected the cells’ func-

tional sensitivity to apoptosis. Mitochondrial outer membrane permeabilization (MOMP)

by BAX and BAK, and the resulting mitochondrial depolarization, is the point-of-no-return

when a cell initiates the feed-forward process of apoptosis. Cells’ sensitivities to mitochon-

drial depolarization and apoptosis can be measured by permeabilizing the cell membrane

and treating with varying concentrations of a BIM BH3 peptide, the BH3 binding domain of
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Figure 4.16: Cell death sensitivities of DLBCL cell lines to ATSP-7041. Four DLBCL
cell lines with WTp53 and two with mutant p53 (OCI-Ly1 and OCI-Ly8) were treated with
ATSP-7041 at a range of doses for 24 or 72 hours when viability was measured using CellTiter
Glo 2.0 relative to an untreated control. DMSO controls were included with a volume of
DMSO equal to the highest peptide treatments. Data plotted are the mean of duplicates +/-
S.E.M. fitted to a normalized non-linear regression with variable slope (GraphPad Prism 8).
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Figure 4.17: p53-reactivation with ATSP-7041 primes DLBCL for apoptosis, particularly
through MCL-1 inhibition. (Continued on the following page.)
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Figure 4.17, continued: p53-reactivation with ATSP-7041 primes DLBCL for apoptosis, par-
ticularly through MCL-1 inhibition. DLBCL cell lines were treated for 24 hours with either
ATSP-7041 or vehicle control (DMSO) to assess the effects of p53-reactivation on the BCL-2
family of proteins. (a) The relative mRNA expression levels of DLBCL cell lines with and
without p53-reactivation were quantified for the BCL-2 family members and for p53’s classic
transcriptional target, CDKN1A/p21. Plotted values are the mean of biological triplicates
(each in technical triplicate) +/- S.E.M. (b) Western blot of PUMA protein in DLBCL cell
lines with or without p53-reactivation. Bands were quantified in ImageJ, normalized to actin,
and quantified as the ratio of PUMA in the ATSP-7041 treatment to the vehicle control. (c)
Apoptotic priming with or without p53-reactivation. After pre-treatment with ATSP-7041,
mitochondrial depolarization was measured in response to varying doses of BIM BH3 pep-
tide. A t-test was used to compare each pair of points. * p ¡ 0.005. (d) Sensitivities to a
BCL-2 inhibitor (ABT-199), BCL-XL inhibitor (A-1331852), and MCL-1 inhibitor (S63845)
were measured with (+) or without (-) prior p53-reactivation by ATSP-7041. Dilution curves
were made in duplicate, normalized to an untreated control receiving the same pre-treatment,
and analyzed by non-linear regression to calculate the IC50 +/- S.E. Individual dose curves
are presented in Figure 4.18. (e) Cell death sensitivities to SAH-MS1-18 delivered in poly-
mersomes with or without p53-reactivation. Plotted values are the mean of duplicates +/-
S.E.M., normalized to untreated control and fitted using non-linear regression.

Figure 4.18: DLBCL sensitivities to BH3-mimetics with and without p53 priming. Each cell
line was treated for 24 hours with either ATSP-7041 or vehicle control (DMSO), washed, then
treated for 24 hours with the indicated BH3 mimetic. Plotted points are means of duplicates
+/- S.E.M., normalized to an untreated control that received the same pre-treatment, and
fitted using nonlinear regression.

pan-activating protein BIM. The more “primed to die” the cells are, the less BIM BH3 pep-

tide is required to induce mitochondrial depolarization. After treatment with p53-reactivator
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ATSP-7041, cell lines with wildtype TP53 (i.e. SU-DHL-5, OCI-Ly3) were significantly more

“primed to die” than vehicle-treated controls (Figure 4.17c). In agreement with the mRNA

and protein changes in the BCL-2 family, p53-reactivation functionally sensitized DLBCL to

MOMP.

While DLBCL was primed for apoptosis after p53-reactivation, it was not yet clear which

anti-apoptotic proteins the surviving cells were relying on for survival, because increased

levels of PUMA and BAX could theoretically be sequestered by any of the anti-apoptotic

proteins in the BCL-2 family. Three of the anti-apoptotic proteins, BCL-2, BCL-XL, and

MCL-1, are the most commonly implicated in chemoresistant and chemorefractory cancers,

and each of these three proteins has recently been successfully inhibited using specific small

molecule therapeutics. We tested whether or not p53-reactivation changed the sensitivity of

these DLBCL cell lines to therapeutic inhibition of BCL-2 by ABT-199 (a.k.a. venetoclax),

BCL-XL by A-1331852, or MCL-1 by S63845 (Figures 4.17d, 4.18). Cells were pre-treated

with ATSP-7041 (+) or a vehicle control (-) for 24 hours, washed, and then treated with

varying doses of each therapeutic, and dose-death curves were fitted to calculate EC50 sen-

sitivities. After p53-reactivation, the cell lines with WTp53 were much more sensitive to the

MCL-1 inhibitor (S63845). Both an MCL-1-sensitive cell line (SU-DHL-5) and a relatively

resistant cell line (OCI-Ly3) were made much more sensitive to MCL-1 inhibition by first

reactivating p53 with ATSP-7041. Surprisingly, there was no notable change in sensitivity

to the BCL-2 inhibitor (ABT-199) or BCL-XL inhibitor (A-1331852), even though each of

these anti-apoptotic proteins is capable of sequestering PUMA and BAX. This highlights

MCL-1 as a synergistic therapeutic target with p53-reactivation, such as by ATSP-7041.

We then tested the sensitivity of DLBCL to the stapled peptide MCL-1 inhibitor, SAH-

MS1-18, delivered either in polymersomes or as free drug, with and without p53-reactivation

(Figure 4.17e). After priming cells for 24 hours with ATSP-7041 and washing off the drug,

each cell line was then treated for 72 hours with equivalent doses of SAH-MS1-18, either in

polymersomes or as free peptide. DLBCL with WTp53 was made more sensitive to SAH-
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MS1-18 delivered as αCD19-PSOMSAH-MS1-18 after p53-reactivation. As with the small

molecule inhibitor of MCL-1 (S63845), a sensitive cell line (SU-DHL-5) was made even more

sensitive by p53-reactivation. Notably, a resistant cell line, OCI-Ly3, became a sensitive cell

line simply by reactivating p53. OCI-Ly3 also endocytosed very small amounts of αCD19-

PSOMcalcein (Figure 4.12, Figure 4.13a,b), so this dramatic sensitization by p53-reactivation

is noteworthy. While SAH-MS1-18 with polymersome delivery was made much more potent,

SAH-MS1-18 as a free drug showed no change. This peptide is reportedly highly MCL-1

specific and is reported to cause no non-specific cell membrane disruption [102]. Somehow

SAH-MS1-18, without assisted cellular uptake, is unable to exploit the apoptotic priming

induced by p53-reactivation. In DLBCL with WTp53, αCD19-PSOMSAH-MS1-18 paired with

p53-reactivator ATSP-7041 is a potent therapeutic combination in vitro, rivaling cell death

sensitivities commonly seen for potent small molecule therapeutics.

4.3.5 αCD19-PSOMcalcein Delivers Calcein to DLBCL In Vivo

While αCD19-PSOMs were taken up by DLBCL cells in vitro (Figure 4.12), we ultimately

sought to apply this stapled peptide delivery platform in vivo. We next tested the ability

of αCD19-PSOMcalcein to deliver calcein into DLBCL cells in vivo. We engrafted OCI-

Ly8 DLBCL cells in NSG mice in both a disseminated (i.v.) model and an orthotopic

(subcutaneous tumor) model. We treated with one dose of αCD19-PSOMs or vehicle (PBS)

six days later, and 24 hours after treatment sacrificed the mice to analyze the DLBCL

cells by flow cytometry. The disseminated OCI-Ly8 cells (CD19+ CD20+) were found

in the bone marrow but not in the liver and spleen. Both disseminated (bone marrow)

and orthotopic (subcutaneous tumor) DLBCL cells had measureable calcein fluorescence

compared to vehicle-treated controls (Figure 4.19). Though this pilot experiment only had

two mice per group, this proof of concept motivated scale-up and testing of SAH-MS1-18-

loaded polymersomes in DLBCL xenograft models in vivo.
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Figure 4.19: Polymersome delivery to DLBCL cells in vivo: pilot experiment. αCD19-
PSOMcalcein delivers calcein to OCI-Ly8 DLBCL cells in both disseminated (bone marrow)
and orthotopic (subcutaneous tumor) xenograft models in NSG mice. Mice were engrafted
with OCI-Ly8 on day 0, treated once with αCD19-PSOMcalcein on day 6, and the DLBCL
cells analyzed by flow cytometry on day 7. OCI-Ly8 cells were gated by size and CD19+
CD20+ staining. N = 2 mice per group. Plotted are the mean and range of the MFI.
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4.4 Conclusions, Discussion, and Future Directions

Stapled peptides are promising tools for mimicking α-helices at PPI-interfaces and disrupting

disease-driving PPIs with high affinity and specificity. Their primary weaknesses towards

clinical translation are (1) their minimal cellular uptake, (2) their lack of cellular targeting,

and (3) their solubility. In this work, we found that these weaknesses, and thereby the

efficacy, of a pre-clinical stapled peptide, SAH-MS1-18, could be dramatically improved by

using PEG-SS-PPS polymersomes for cytoplasmic delivery. For delivery into DLBCL cells,

we functionalized the outer surface of PEG-SS-PPS polymersomes with CD19-binding Fab

antibody fragments, and this facilitated robust uptake and cytoplasmic dissemination into

DLBCL cells. While stapled peptides are often only minimally water soluble, encapsula-

tion in PEG-SS-PPS polymersomes allowed for stable solubilization of stapled peptides at

concentrations orders of magnitude higher than for the peptides alone (i.e. low mM overall

concentrations in polymersome stock solutions). With SAH-MS1-18 as a therapeutic cargo,

polymersome delivery improved its therapeutic efficacy by multiple orders of magnitude. We

then used this new system for drugging PPIs to exploit a synergistic therapeutic weakness in

DLBCL, namely p53-reactivation and MCL-1 inhibition. By therapeutically reactivating p53

in DLBCL using the stapled peptide ATSP-7041, DLBCL cell lines were primed for apoptosis

with a specific sensitivity to therapeutic inhibition of MCL-1. While the polymersomes im-

proved the efficacy of the MCL-1 inhibiting stapled peptide by orders of magnitude, priming

DLBCL with p53-reactivation made resistant cell lines sensitive and sensitive cell lines more

sensitive to MCL-1 inhibition. Together, these data highlight the utility of using rationally

designed nanocarriers to facilitate the targeted, cytoplasmic delivery of therapeutic peptides

to fully harness their affinity, specificity, and therapeutic potential.

We now aim to use this platform for robust in vivo delivery of stapled peptides. Few

stapled peptides in the literature have been successfully applied in in vivo experiments, and

this platform could facilitate their in vivo delivery. A pilot experiment using a fluorescent

model cargo showed that αCD19 polymersomes could facilitate delivery to both disseminated
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and subcutaneous xenograft models of DLBCL. Meanwhile, we are in the process of scaling

up the synthesis of our peptides, polymers, and Fabs by multiple orders of magnitude to

produce enough polymersomes for in vivo drug treatment experiments, and we have now

established methods for assembling and purifying these polymersomes at these much larger

scales. We have also been testing xenograft models of wildtype TP53 DLBCL, and we are

about to begin our in vivo treatments.

While these polymersomes greatly enhanced the efficacy of two stapled peptides, SAH-

MS1-18 and BIM SAHB, their encapsulation and retention mechanisms in PEG-SS-PPS

polymersomes are not completely understood. I hypothesize both the hydrocarbon staple

and their charged side chains are indispensable factors for their high degrees of encapsulation

and stable retention. When I attempted to encapsulate non-stapled versions similar to these

stapled peptides, very little encapsulation was measureable (data not shown). On the other

end of the spectrum, a less polar, less charged stapled peptide, ATSP-7041 (-1 charge), was

also encapsulated in PEG-SS-PPS polymersomes in large amounts, but upon dilution, it

readily diffused out of polymersomes to equilibrate with the extra-vesicular space (data not

shown). Hydrophobic small molecules, such as S63845, were likewise able to be encapsulated

to a high degree but ultimately leak out of the polymersomes upon dilution. It seems that

the hydrophobic, all-hydrocarbon staple of these peptides is critical for the high degrees of

encapsulation we routinely see for hydrocarbon-stapled peptides, while polar side chains and

charged groups are critical for keeping the peptides in the interior of the polymersomes and

preventing them from diffusing across the PPS layer to leak out. While no polymeric carrier

will be ideal for all types of therapeutic cargoes, PEG-SS-PPS polymersomes seems particu-

larly ideal for encapsulation and retention of pre-clinical stapled peptides that have not been

extensively optimized for cellular uptake by removing most of their native polar/charged

groups (e.g. ATSP-7041).

We were able to achieve robust uptake into DLBCL cells by decorating these polymer-

somes with CD19-binding Fab antibody fragments. This block co-polymer, PEG-PPS, has
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previously been shown in many applications to be useful for delivering both hydrophilic and

hydrophobic cargoes into immune cells via non-specific phagocytosis. The disulfide version

in particular, PEG-SS-PPS, has been shown in macrophages to rapidly facilitate endosomal

escape and diffuse intracellular dissemination of a fluorescent cargo after phagocytosis [181].

In this work, we were able to functionalize the surface of the polymersomes with a targeting

moiety for antigen-specific cellular uptake into DLBCL cells via CD19. However, B cells

are also a phagocytic cell type, and we saw some uptake of fluorescent cargo and improved

therapeutic efficacy for non-targeted polymersomes too, suggesting that in vitro, a large

portion of the improved therapeutic efficacy of SAH-MS1-18 was due to enhanced cellular

uptake, endosomal escape, or minimized serum sequestration, rather than solely enhanced

receptor-mediated endocytosis. While we only tested three Fab functionalization densities,

we saw a large effect on the amount of uptake for different densities. The targeted uptake

of these polymersomes can likely be optimized much more than we have done here, and the

optimal density should be different for each receptor:ligand pair.

Reactivation of p53 has long been known to cause pro-apoptotic transcriptional changes

within the BCL-2 family. In DLBCL, a cancer in which wildtype TP53 is far more common

than mutated TP53, we showed that p53 reactivation was particularly pro-apoptotic in a

way that sensitized DLBCL to therapeutic inhibition of MCL-1 specifically. Tong et al.

recently showed that MCL-1 is particularly important for cancer cell survival in the context

of PUMA upregulation [287], and our data support their findings. The applicability of this

therapeutic p53:MCL-1 synergy should be fruitful to explore in other types of cancers with

wildtype TP53. Both of these are classically considered “undruggable” PPI targets in cancer

for which therapeutics are now being tested in clinical trials.

Ultimately, this work demonstrates the therapeutic utility of using supramolecular nano-

materials for targeted, intracellular delivery of therapeutic peptides. More specifically, we

present here a PEG-SS-PPS polymersome delivery platform that seems to be ideal for tar-

geted delivery of all-hydrocarbon stapled peptides. These polymersomes meet all the criteria
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of a robust in vivo nanomedicine platform (stability, targetability, active uptake, endosomal

escape, biocompatibility, and scalability). While this work enhances the efficacy of stapled

peptides that are already somewhat cell permeable (i.e. SAH-MS1-18, BIM-SAHB), the

greater utility of this platform could come from enhancing the delivery of peptides that are

potent and specific binders to their target proteins but therapeutically inert due to a lack

of cellular uptake. By bypassing the requirements for cellular uptake, rationally-designed,

peptide-based PPI inhibitors could potentially be more rapidly developed without requiring

extensive empirical screening to simultaneously optimize target binding, serum sequestra-

tion, and cellular uptake. This modular nanomedicine platform can likely be adapted for the

targeted intracellular delivery of many different hydrocarbon-stapled peptides to and into a

variety of cell types of interest.

4.5 Materials and Methods

4.5.1 Synthesis of PPS-PDS: Poly(Propylene Sulfide) (PPS) with Pyridyl

Disulfide (PDS) End-Group (Compound 1)

Thiol-functionalized PEGs were purchased from Laysan Bio Inc. (mPEG-SH) and Nanosoft

Polymers (N3-PEG-SH) and used as delivered. Both PEGs were advertised with MW 1,000

Da, though by our NMR and MALDI measurements were approximately 1,200 Da, and our

PPS degree of polymerization (DP) was scaled accordingly to maintain previously reported

block ratios.

Benzyl mercaptan (1 eq.) in degassed, anhydrous THF (20 mM) was deprotonated with

sodium methoxide (NaOMe; 1.1 eq.) under nitrogen protection for 30 minutes. Propylene

sulfide (53.3 eq.) was rapidly added by syringe under vigorous stirring and nitrogen pro-

tection. The reaction was carried out under a constant flow of vented nitrogen protection

to prevent pressure accumulation. The reaction proceeded to completion within 1 hour,

according to 1H NMR, at which point the thiolates were quenched with acetic acid (AcOH;
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2 eq.). Disulfide-dimerized PPS chains were then reduced by adding triethylamine (TEA; 3

eq.), water (H2O; 8 eq.), and tributylphosphine (TBP; 8 eq.) under nitrogen protection for

four hours. Aldrithiol-2 (25 eq.) was dissolved in a minimal amount of THF and degassed,

and the PPS reaction mixture was cannulated dropwise into the capping solution under

nitrogen protection and vigorous stirring and stirred overnight. THF was then removed,

and the crude yellow oil was extracted with methanol repeatedly until clear. The removal

of aldrithiol-2 and the mercaptopyridine byproduct were confirmed by silica TLC with a

mobile phase of 2% methanol in DCM. The fluorescence indicator under UV light was used

to detect aldrithiol-2 and mercaptopyridine. CAM staining was used to detect PPS-PDS.

Dragendorff staining was used to detect mercaptopyridine. The pure PPS-PDS was dried

under high vacuum, and the final product was a clear oil with a slight yellow tint. Purity

was confirmed by DMF GPC, NMR (Figure 4.3), and TLC. Compound 1 was stored under

argon protection at -80 ◦C.

4.5.2 Synthesis of Methoxy- and Azide-Poly(Ethylene

Glycol)-block-Poly(Propylene Sulfide) (mPEG-SS-PPS (Compound

2) and N3-PEG-SS-PPS (Compound 3))

PPS-PDS (1.2 eq. PDS) and R-PEG-SH (R = OMe or N3; 1 eq. free thiol (as determined

by polymer mass and dimerization degree by GPC) were each dissolved in DCM (1 g/mL

and 0.01 g/mL respectively) and degassed under nitrogen bubbling. The PEG solution

was cannulated dropwise into the PPS solution under vigorous stirring and allowed to react

overnight, and the reaction mixture gradually turned yellow. The crude product was con-

centrated and purified over a gradient silica flash column. 30 grams of dry silica per gram

of crude mixture (assuming no solvent) was loaded into a flash column as a slurry in DCM.

The concentrated sample was loaded onto the column in DCM, in which there was very little

migration. The column was then washed with 2% methanol in DCM, in which PPS-PDS and
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PPS-PPS disulfides washed off the column. Due to the refractive index matching of the silica

and solvent, this migration was visible by eye as an opaque band. The yellow mercaptopyri-

dine byproduct also visibly eluted in this washing step. The PEG-SS-PPS band, still visible

at the top of the column, was then eluted with 10% methanol in DCM. Behind the eluting

band, the silica visibly turned opaque as the methanol saturated the silica. The solvent from

the eluted product was then removed by rotary evaporation. A minimal amount of DMF

was used to transfer the polymer to 50 mL centrifuge tubes. The polymer was precipitated

with -20 ◦C MeOH at a ratio of 1:10 or greater and centrifuged at 4,700 g at -10 ◦C until

the supernatant was visibly clear. The deceleration rate was minimized to avoid disturbing

the oil when the centrifuge stopped. The clear supernatant was decanted, and the oil was

then extracted two more times with -20 ◦C MeOH, centrifugation, and decanting. After the

MeOH extractions, removal of DMF and co-eluting PEG was confirmed by NMR and by

TLC with CAM staining and a mobile phase of 8% methanol in DCM. The polymer was

then redissolved in DCM, filtered through a 0.2 µm filter into pre-weighed scintillation vials,

and immediately dried by rotary evaporation followed by high vacuum. The final product

was a clear, slightly yellow oil, confirmed pure by DMF GPC, NMR (Figures 4.4,4.5), and

TLC. All polymers were stored under argon protection at -80 ◦C.

In our first syntheses, the heterodisulfides were synthesized in the opposite direction, by

first making PEG-PDS and reacting it with PPS-SH. However, the method elaborated upon

above allowed for a simpler, more effective workup and a stable, capped PPS intermediate.

Therefore, our scaled-up syntheses were done as presented above, though both synthesis

routes produced indistinguishable final products.

4.5.3 Synthesis and Purification of Hydrocarbon-Stapled Peptides

For peptide synthesis, rink amide AM low loading resin was purchased from Sigma Aldrich

(8.55120). Solvents and natural amino acids were purchased from Gyros Protein Technolo-

gies, while stapling amino acids were purchased from Sigma Aldrich or Advanced ChemTech.
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All-hydrocarbon stapled peptides were synthesized on a PreludeX peptide synthesizer

from Gyros Protein Technologies, primarily using chemistries described by Bird et al. [79].

First, the resin was swelled in DCM for 15 min followed by DMF for 15 min. Deprotection

reactions were done with 20% piperidine in NMP for 2 x 10 min, with the exception of stapling

amino acids, which were deprotected for 4 x 10 min. Of note, because the α-carbon of the

stapling amino acids is di-substituted, their N-termini fail to generate a purple Kaiser test,

even when they are successfully deprotected. Unless otherwise specified, coupling reactions

used 10 eq. of amino acid (300 mM solution in NMP), 9.5 eq of HATU (285 mM solution in

NMP), and 20 eq of DIPEA (600 mM solution in NMP) for 30 min. Stapling amino acids

were coupled using half the amount of each solution for 1 hr. To couple the amino acid

directly following a stapling amino acid, the coupling reaction was repeated for 4 x 1 hr,

except Cba, which was repeated for 2 x 4 hr. For very large scale synthesis of SAH-MS1-

18, double coupling with 5 eq. amino acid was used for regular amino acids, and longer

reaction times with 5 eq. amino acid were used for the positions after S5 and R8. After each

coupling reaction, the resin was exposed to capping solution (4/1/0.1 NMP/Ac2O/DIPEA)

for 10 min to cap any unreacted amines, generate truncation impurities instead of deletion

impurities, and simplify HPLC purification. After every reaction step, the resin was washed

with alternating washes of DMF and DCM.

After completing the linear synthesis, peptides to be acetylated were deprotected and

capped with capping solution. For FITC-labeled peptides, the N-terminal beta-alanine re-

mained FMOC-protected during the RCM reaction. For RCM stapling, the resin was washed

thoroughly with DCM, then suspended in a 4 mg/mL solution of Grubbs 1st generation

catalyst in anhydrous 1,2-dichloroethane with 20 mol% catalyst with respect to resin substi-

tution. The catalyst solution was prepared fresh immediately before stapling. The stapling

reaction was carried out under nitrogen bubbling for cycles of 3 x 2 hr followed by 3 x 4 hr,

with DCM washing between cycles. Stapling was confirmed by LCMS through the loss of

ethylene (28 Da). For FITC-labeled peptides, the resin was then deprotected and reacted
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with 300 mM FITC, isomer I (Sigma Aldrich, F7250) and 600 mM DIPEA for overnight or

longer. FITC-conjugation was confirmed with LCMS.

Completed peptides were then cleaved from the resin. The resin was washed thor-

oughly with DCM and dried, followed by TFA cleavage using a fresh solution of 95/2.5/2.5

TFA/H2O/TIS for 2 hours. After the TFA solution was collected, the resin was washed once

with TFA solution, the TFA solutions pooled, and the peptide immediately precipitated us-

ing 50/50 hexane/diethyl ether in 50 mL centrifuge tubes at a volume ratio of 10:1 or greater.

The solution was chilled at -80 ◦C for 1 hour, then the peptide was pelleted by centrifugation

at 1,500 g for 20 min at -10 ◦C. The crude pellet was dried, resuspended in an H2O/ACN

mixture, and lyophilized. The peptide was then resuspended in a minimum volume 50/50

H2O/ACN with ammonium bicarbonate buffer at roughly neutral pH and allowed to sit at

room temperature at least overnight. This facilitated the complete deprotection of the car-

bamic acid on tryptophan side chains, as identified by MW + 44 impurities in LCMS [79].

Complete deprotection of ATSP-7041 proceeded slowly, and the peptide began to precipitate

after a few hours. A large quantity or urea was dissolved into the solution and sonicated,

which redissolved the peptide.

The peptide solutions were then filtered and purified via reverse-phase HPLC-MS using

a C18 column from Waters (XBridge Peptide BEH C18, 130 Å, 5µm, 19 mm x 150 mm)

with mobile phases A (water + 0.1% formic acid) and B (ACN) unless otherwise noted.

The pure fractions were pooled, concentrated by rotary evaporation, and lyophilized. The

peptides were redissolved in 30% ACN in H2O, filtered, aliquoted, lyophilized, confirmed

pure by LCMS, and quantified by amino acid analysis (AAA; UC Davis Molecular Structure

Facility).

SAH-MS1-18 had poor chromatographic shape and inconsistent retention times with

formic acid as the mobile phase modifier. Instead, 0.1% TFA was added to both A and B

mobile phases for this peptide, which improved the chromatography significantly. After the

purified peptide was lyophilized, it was dissolved in a minimal amount of glacial acetic acid
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with a small amount of water and acetonitrile for complete dissolution. After a few minutes,

the solution was diluted with Milli-Q water, re-lyophilized, then aliquoted and analyzed as

described above.

4.5.4 Reverse-Phase Liquid-Chromatography Mass-Spectrometry (LCMS)

Analysis of Peptides

LCMS was used to confirm the completion of synthesis reactions, measure peptide purity,

and measure peptide concentrations in polymersome formulations.

An analytical column was used to match the purification column and facilitate method

transfer (XBridge Peptide BEH C18, 130 Å, 5µm, 4 mm x 150 mm) with mobile phases A

(water + 0.1% TFA) and B (ACN). An example of a general method includes a 5 minute

isocratic loading phase at 10% B, a 3-5%/minute separation gradient, then a column wash at

100% B for 5-10 minutes, followed by re-equilibration at 10% B. Columns were always stored

in 100% acetonitrile. All samples were filtered through a 0.2 µm filter, except polymersomes

that had been extruded, which should also remove dust and debris.

Peptide purity was calculated by the Agilent software integrating the 220 nm absorbance

chromatogram.

Peptide concentration in polymersomes was measured by running a AAA-quantified stan-

dard sample and using the area under the curve of the peptide peak’s UV absorbance to

calculate the amount of peptide injected from an unknown sample. The area under the curve

is directly proportional to the amount of peptide injected. The polymer seemed to interact

strongly with the column, so after a set of polymersome samples, the column was washed

with acetonitrile, DCM, then acetonitrile again, being careful to never have water and DCM

in the column at the same time.
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4.5.5 Polymersome Assembly

For thin film assembly, the polymers were dissolved in DCM, and 10 mg of polymer was

transferred to a 2 mL glass vial that had first been piranha-etched. The DCM was evaporated

under high vacuum to form a thin layer of polymer film on the glass walls. 250 µL of sterile

PBS was added to the vial, and the vial was slowly rotated at room temperature for 2-3

days, until no polymer was visible on the vial walls.

For flash nanoprecipitation (FNP), we 3D-printed a CIJ-D device (Figure 4.7) using the

same design parameters originally reported by Han et al. [277] and previously used by

others for assembly of PEG-PPS polymersomes [190, 191]. 3D-printing allowed for rapid,

reproducible assembly of these devices. Syringe adapters (IDEX P604) and outlet adapters

(IDEX P202X, IDEX P200X) were purchased from Fisher Scientific. The outlet tubing used

was 1/16” O.D. and 0.04” I.D. Before each use, the device was sterilized and cleaned with

0.5 M NaOH and rinsed repeatedly with Milli-Q water. All assemblies were done in a sterile

hood, following the protocols and ratios previously described by Allen et al. [190, 191].

For calcein encapsulations, a 100 mM calcein solution was prepared at physiological

osmolarity (∼313 mOsm). Calcein in its protonated form (Calcein High Purity, Thermo

Fisher Scientific) was first dissolved in 2 molar equivalents of NaOH from a 1 M solution,

then 13 mOsm worth of 1X PBS, pH 7.4 (Gibco, Thermo Fisher Scientific), was added. The

solution was then diluted to a final calcein concentration of 100 mM using Milli-Q water for

a final osmolarity of 313 mOsm. This solution was used both as the anti-solvent stream in

the syringe and as the dilution reservoir during FNP encapsulation.

For stapled peptide encapsulations, polymer was dissolved in THF at 40 - 100 mg/mL.

SAH-MS1-18 or BIM-SAHB was added from a DMSO stock solution (20 - 100 mM) at

peptide:polymer mass ratios of ∼1:4, then this THF solution was diluted 1:1 with PBS in

an attempt to solubilize as much peptide as possible. This solution was then impinged

against PBS into a PBS reservoir. For our largest-scale assemblies, the PBS-dilution step

was omitted, and THF was removed from the FNP-mixed solution by rotary evaporation to
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make a highly concentrated polymersome solution.

All polymersome samples were then extruded 11 - 21 times through a 100 nm pore-

size membrane (Whatman Nucleopore Track-Etched Membrane, 19 mm, 100 nm) using a

syringe-driven Mini Extruder (Avanti Polar Lipids) in a sterile hood. Size and dispersity were

monitored by DLS. The polymersomes were then immediately purified from any residual or-

ganic solvents using gravity-driven disposable PD-10 desalting columns containing Sephadex

G-25 resin (GE Healthcare) into 1x PBS, pH 7.4 (Gibco, Thermo Fisher Scientific). If non-

encapsulated cargoes needed to be fully removed and no further workup would be performed,

then the polymersomes were instead purified into PBS over Sepharose CL-4B or using a 300

kDa MWCO MicroKros device to fully remove non-encapsulated cargoes.

4.5.6 Measuring Polymersome Stability in Serum via Calcein Fluorescence

Dequenching

Polymersomes encapsulating a self-quenching calcein solution were assembled as described

above. The resulting stock solution was diluted 1:100 into either RPMI 1640 (“media”),

media + 10% fetal bovine serum (FBS), or media + 10% FBS + 5 mM Triton X-100

in a black, flat-bottom 96-well plate. Samples were incubated at 37 ◦C, and the calcein

fluorescence was monitored for 1 hour via plate reader (SpectraMax iD5, Molecular Devices).

Each sample was prepared in quadruplicate, and each value was background-subtracted

using corresponding samples prepared by diluting pure PBS instead of polymersomes into

the indicated solution (though all background solutions had negligible fluorescence values).

4.5.7 Aqueous Size-Exclusion High-Performance Liquid Chromatography

(SEC HPLC)

The same PBS solution was used as the mobile phase as for polymersome assembly and for

dissolving lyophilized peptides before SEC HPLC. The column used was AdvanceBio SEC,
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130 Å, 2.7 µm, 4.6 mm diameter with a 50 mm length guard column in series with a 150

mm column (Agilent). The polymersome solution was stored at 4 ◦C for one month before

analysis. Peptide concentrations in the polymersome solution were measured by LCMS using

the area under the curve of the UV absorbance chromatogram, and SEC HPLC samples

injected were equimolar in peptide as measured by reverse-phase LCMS.

4.5.8 Fab Design

The αCD19 Fab was designed using published variable region sequences (Vκ and VH) from

HD37 mouse-anti-human-CD19 IgG [280, 281], for both light chain (GenBank CAA67620,

amino acids 1-111) and heavy chain (GenBank CAA67618, amino acids 1-124), combined

with constant regions (Cκ and CH) from mouse IgG consensus sequences for light chain

(UniProt P01837, amino acids 1-107) and heavy chain (UniProt P01868, amino acids 1-104).

To create an irrelevant control Fab, the variable regions were substituted for those from an

antibody specific for xenoantigen OspA without changing the constant regions [282, 283]. A

cysteine linker (. . . GSGGSSGSGC) was encoded on the C-terminus of the heavy chain to

create αCD19-cys and αOspA-cys for site-specific conjugation to polymersomes.

4.5.9 Fab Cloning

Fab sequences were acquired as gBlocks Gene Fragments (Integrated DNA Technologies) and

cloned into an AbVec2.0 plasmid under a cytomegalovirus (CMV) promoter for constitutive

mammalian expression [288]. A signal peptide sequence derived from osteonectin was added

to the N-terminus of both light and heavy chains to induce protein secretion. The plasmid

also contained an ampicillin resistance gene under a constitutive E. coli promoter. After

cloning and transformation into competent DH5α, the plasmid was selected for using ampi-

cillin, and propagated by bacterial growth in lysogeny broth (LB) with 100 µg/mL ampicillin

in shaker flasks at 37 ◦C. The plasmid was isolated using NuelcoBond Xtra Maxi kits (Mach-

ery Nagel). Purified plasmids were sequenced at the University of Chicago Comprehensive
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Cancer Center DNA Sequencing and Genotyping Facility (UCCCC-DSF), and all sequences

were confirmed to align with the designed sequences (Benchling).

4.5.10 Fab Expression and Purification

Fabs were expressed in HEK293T suspension cells in FreeStyle 293 Expression Medium

(Thermo Fisher Scientific). At 1 million cells/mL in log-phase growth, cells were transfected

with 1 µg of plasmid and 2 µg of polyethylenamine in 40 µL OptiPRO SFM (Gibco) per

million cells. Transfected cells were cultured for 6 days in shake flasks at 37 ◦C and 5% CO2.

The cells were then pelleted by centrifugation, and the supernatant was filtered through a

0.22 µm filter and pH-adjusted to 7.0 using 1 M Tris buffer, pH 9.0. The Fabs were then

purified by affinity chromatography using 5 mL HiTrap Protein G HP columns (GE Life Sci-

ences) via fast protein liquid chromatography (AKTA FPLC, GE Healthcare). A dedicated

column was used for each Fab to prevent cross-contamination. For large scale purification,

up to 3 x 5 mL columns were connected in series. The column was first equilibrated with

5 column volumes (CVs) of PBS at 5 mL/min. The crude Fab solution was then flowed

over the column at 5 mL/min and the column washed with 10 CVs of PBS. Pure Fab was

eluted with 0.1 M glycine-HCl, pH 2.7, into 3 mL fractions pre-buffered with 125 µL of

1 M Tris buffer, pH 9.0, and 1 mL of 1x PBS, pH 7.4, to achieve a neutral pH in each

fraction upon elution. The crude flow-through was collected and the purification repeated

multiple times until the UV-absorbance of the elution peak was minimal. Elution peaks were

pooled, dialyzed extensively (Slide-A-Lyzer, G2 Dialysis Cassettes, 10 kDa MWCO, Thermo

Fisher Scientific) against 1x PBS, pH 7.4, concentrated (Amicon Ultra-15, 10 kDa MWCO,

Millipore Sigma) to no more than 10 mg/mL, sterile filtered, and either stored at 4 ◦C or

aliquoted and frozen for later use.

Fab concentrations were calculated using UV absorbance based on their calculated ex-

tinction coefficients at 280 nm (48,923 M−1cm−1 for αCD19-cys and 47,432 M−1cm−1 for

αOspA-cys).
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4.5.11 Fab Functionalization with DBCO

Coomassie-stained SDS-PAGE was used to determine the fraction of each sample that was

unimeric, intact Fab, as opposed to Fab-Fab disulfides or free heavy/light chain, which were

the two other minor bands in some samples (Figure 4.10). The fraction of intact, unimeric

Fab was always > 80%. The concentration of unimeric, intact Fab, was then calculated as

the product of the concentration determined by UV absorbance at 280 nm and the fraction

determined by SDS-PAGE.

Before the reduction reaction, EDTA (UltraPure, 0.5 M EDTA, pH 8.0; Invitrogen) was

added to a final concentration of 10 mM to the Fabs in PBS, pH 7.4. TCEP, aliquoted

in Milli-Q water and frozen at 1 M, was diluted immediately before use to 1 mM in PBS

+ 10 mM EDTA, pH 7.4. TCEP (0.85 equivalents with respect to the concentration of

intact, unimeric Fab) was added to the Fab, and the reaction was immediately vortexed.

The reaction was incubated at 37 ◦C for 90 minutes. The heterobifunctional linker, Sulfo-

DBCO-PEG4-Maleimide (Click Chemistry Tools), was dissolved immediately before use at

20 mM in PBS with 10 mM EDTA, pH 7.4. 100 equivalents of the linker were added to the

reduced Fab without workup, and the reaction was immediately vortexed and incubated at

room temperature for 1 hour. After 1 hour, the Fab was immediately purified by 8 rounds

of diafiltration into 1x PBS, pH 7.4, at 4 ◦C, using Amicon ultrafiltration devices with a 10

kDa MWCO and a volume appropriate to the scale of the reaction to avoid concentrating

the Fabs to greater than 10 mg/mL. Functionalized Fabs were then sterile filtered.

After purification of Fab-DBCO, the Fab concentration was calculated using equation

4.1:

Concentration of Fab (M) =
A280 − (A309 × CF)

εFab,280
(4.1)

with A280 and A309 the sample absorbance at 280 nm and 309 nm respectively, the correction

factor CF =
εDBCO,280
εDBCO,309

= 1.089 , and εFab,280, the extinction coefficient of the Fab at 280 nm
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(48,923 M−1cm−1 for αCD19-cys and 47,432 M−1cm−1 for αOspA-cys).

DBCO concentration was calculated using equation 4.2:

Concentration of DBCO (M) =
A309

εDBCO,309
(4.2)

with εDBCO,309 = 12, 000M−1cm−1.

The number of DBCO groups per Fab was then calculated as the ratio of their concen-

trations as measured by UV absorbance.

DBCO-functionalized Fabs were stored at 4 ◦C if they would be used within a few weeks,

and the rest were aliquoted and frozen at -20 ◦C.

4.5.12 Fab Conjugation to Polymersomes

Polymersomes were assembled as described above, with 5% N3-PEG-SS-PPS and 95% mPEG-

SS-PPS. DBCO-functionalized Fabs were then reacted with the N3-functionalized polymer-

somes with Fab-DBCO as the limiting functional group. The smaller volume, the DBCO-

functionalized Fab, was added to the tube first, and the larger volume, the N3-functionalized

polymersomes, was then added rapidly and immediately mixed by pipetting or vortexing to

ensure uniform distribution within the reaction. The click reaction was allowed to proceed

overnight at room temperature. The samples were then either purified or transferred to 4

◦C until purification.

Fab-functionalized polymersomes were purified by size into PBS either by gravity-driven

SEC using Sepharose CL-4B resin or by diafiltration using TFF (MicroKros, 300 kDa

MWCO, mPES, 0.5 mm; Repligen) driven either by syringe or, at larger scales, by peri-

staltic pump (Figure 4.20; Fisher Scientific, 13-876-2). The gravity column or TFF flow

path was first sterilized using 0.5 M NaOH, then equilibrated with PBS prior to purification,

all in a sterile hood.

For purified, Fab-functionalized polymersomes, SAH-MS1-18:polymer mass ratios were
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Figure 4.20: Peristaltic-pump tangential flow filtration (TFF). A peristaltic pump (Fisher
Scientific, 13-876-2) was set up with tubing on the pump spindle (3/32”) such that a medium-
speed (40 - 50) corresponds to no more than 12 mL/min. Using 1/16” tubing, the sample
was drawn clockwise through the setup shown: from the bottom of the sample reservoir
(right side, 50 mL tube), through the pump, to the MicroKros module inlet, and from the
MicroKros module outlet back to the sample reservoir. The filtrate was collected in a separate
50 mL tube (left side). To increase the rate of filtration, a slight amount of backpressure
(not enough to slow the flow rate much) was generated using a screw compressor clamp on
the outlet tubing from the MicroKros outlet to the sample reservoir (Humboldt H-8665).
Using this setup, the dead volume was minimal, approximately 2 mL, and polymersome
concentration and diafiltration were semi-automated.
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typically ∼1:10 - 1:20, with encapsulation efficiency ∼10 - 20%. For every formulation,

peptide concentrations were measured by LCMS against a AAA-quantified sample, poly-

mer concentrations measured by GPC using refractive index AUC, and Fab concentrations

measured using CBQCA against a UV-vis quantified Fab-DBCO control.

4.5.13 Flow Cytometry Staining

Purchased from BioLegend were mouse Fc block (TruStain FcX (anti-mouse CD16/32) anti-

body, 101320), PE anti-human CD45 (304039, clone HI30), APC anti-human CD19 (363006,

clone SJ25C1), and APC-Cy7 anti-human CD20 (302314, clone 2H7). Human Fc block (BD

Biosciences 564220, clone 3070) was purchased from Fisher Scientific. Depending on the

available lasers on the cytometer used, live/dead (L/D) stain was either a UV-excitation dye

(Invitrogen Fixable Blue Dead Cell Stain, L23105) or a violet excitation dye (BioLegend,

Zombie Violet Fixable Viability Kit, 423113). To detect our mouse-backbone Fabs by flow cy-

tometry, a secondary anti-Fab F(ab’)2 was purchased from Jackson ImmunoResearch (Alexa

Fluor 647 AffiniPure F(ab’)2 Fragment Donkey Anti-Mouse IgG (H+L), 715-606-151).

For a general staining protocol, cells were washed with PBS and stained with L/D stain

1:500 in PBS for 15 minutes on ice. Fc block was then added directly to the mixture (1:200

for human Fc block, 1:50 for mouse Fc block) for 15 minutes on ice. Antibodies were then

added (final dilution 1:100) for 30 minutes on ice. Cells were centrifuged, resuspend in FACS

buffer (5% FBS in PBS), and analyzed by flow cytometry.

4.5.14 Cell Culture

Human DLBCL cell lines were cultured in RPMI 1640 (Gibco, Thermo Fisher Scientific)

supplemented with 10% FBS, 10 mM HEPES (Gibco, 1 M), 2 mM L-glutamine (Gibco, 200

mM), MEM non-essential amino acids (Gibco, from 100x solution), and 100 U/mL penicillin-

streptomycin (Gibco, 10,000 U/mL) at 37 ◦C and 5% CO2. Cells were split every 2-3 days.

Most cell lines were split to 0.5 million cells per mL, but SU-DHL-5 and OCI-Ly3 were split
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to 0.1 million cells per mL or lower and not allowed to reach densities higher than 1 million

cells per mL.

SU-DHL-5 was acquired from ATCC, and OCI-Ly3 and OCI-Ly19 were acquired from

DSMZ. The Kline lab kindly shared with us OCI-Ly1, OCI-Ly8, DOHH-2, VAL, and RCK-8.

4.5.15 Cell Death Assays

Treatments were prepared in 96-well plates in 50 µL at 2x concentration. Cells were sus-

pended at 0.2 million cells per mL, and 50 µL (10,000 cells) were added to each well and

pipette-mixed. The plates were incubated for 24 - 72 hours, depending on the experiment,

then 100 µL of CellTiter-Glo 2.0 (Promega) was added and pipette-mixed, followed by lu-

minescence reading (SpectraMax iD5, Molecular Devices).

4.5.16 Quantitative Real-Time PCR (qRT-PCR)

Following relevant drug treatments as indicated, cells were lysed with Trizol (Life Technolo-

gies) and total RNA was isolated from each sample using the Direct-zol RNA MiniPrep

kit (Zymo Research) per the manufacturer’s instructions and quantified (DeNovix DS-11

Spectrophotometer). RNA from each biological replicate (500 ng) was converted to double-

stranded cDNA using the Superscript III first strand synthesis reverse transcription kit

(Invitrogen) per the manufacturer’s directions.

qRT-PCR was performed using TaqMan Master Mix and Gene Expression Probes (Ap-

plied Biosystems) for each of the following genes: A1: Hs00187845, B2M: Hs00984230,

BAD: Hs00188930, BAK: Hs00832876, BAX: Hs00180269, BCL2: Hs00608023, BCLW:

Hs00187848, BCLXL: Hs00236329, BID: Hs00609632, BIM: Hs00708019, BMF: Hs00372937,

CDKN1A: Hs00355782, GAPDH: Hs02758991, MCL1: H01050896, NOXA: Hs00560402,

PUMA: Hs00248075. Samples were run on the 7500 Fast Real-Time PCR System (Applied

Biosciences). Data was analyzed with the ExpressionSuite software utilizing the ∆∆CT

method with GAPDH and B2M as two housekeeping genes and DMSO-treated cells as ref-
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erence samples.

4.5.17 Xenografts

Cells were resuspended in either PBS or 50% matrigel in PBS for subcutaneous engraft-

ments using no more than 200 µL. Typically 5 million cells were engrafted per tumor. For

disseminated engraftments, no more than 200 µL of cells in PBS were injected through either

retro-orbital or tail vein injection.
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Many co-authors have contributed to the work in this chapter. Katrina Maxcy conducted
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maintain the mouse colony. Elyse Watkins designed, cloned, and expressed the Fabs and

advised on their purification, storage, and handling. Logan Leak did qPCR, cell death as-

says, western blotting, BH3 profiling/priming, and cell culture. Dr. Jeffrey Ting contributed

to the synthesis and analysis of the PEG-SS-PPS polymers, as well as SAXS data analysis

of the polymersomes. Isadora Kucera contributed to peptide synthesis, purification, and

analysis, in addition to Fab plasmid production and purification. Rosy Liao contributed to

western blotting. Dr. Lindsey Ludwig contributed to BH3 priming and profiling. Michal

Raczy contributed to polymer synthesis, polymersome formation and purification, and poly-

mersome characterizations. Yu Tian did electron microscopy imaging and contributed to the

peptide synthesis and purification processes. Sicheng Jiang contributed to peptide purifica-

tion. Professors James LaBelle, Matthew Tirrell, and Jeffrey Hubbell guided, advised, and

supported the many various aspects of this project, contributing to data analysis, experiment

conception, and the general directions of the project along the way.
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CHAPTER 5

DISCUSSION, FUTURE DIRECTIONS, AND CONCLUSIONS

5.1 Molecular Medicines vs. Supramolecular Nanomedicines

Almost all of the most widely used medicines today rely on one molecule to be able to have

reasonable pharmacokinetics in the blood stream, reach its target in a specific place in the

body, and once there exert its therapeutic effect. The properties that one molecule must have

to be able to do that – to be a “drug-like” molecule – are fairly well understood. However,

when developing drugs, there are trade-offs between properties such as molecular size, binding

specificity, potency, toxicity, cellular uptake, and solubility, among other considerations.

Optimizing one of these important parameters is typically detrimental to others, and these

trade-offs present the dilemma of “undruggable” targets that cannot be drugged by a single

molecule, including intracellular PPIs (see Section 1.1).

Supramolecular nanomaterials have started to overcome some of these trade-offs. By

encapsulating drugs in nanomaterials, a drug molecule can be used that meets only some

of the “drug-like” requirements (e.g. binding potency and specificity with its target), while

a nanocarrier can bolster the drug’s other drug-like properties (e.g. pharmacokinetics, tu-

mor accumulation, cellular uptake, endosomal escape). There are now numerous examples

of supramolecular nanomedicines that are being used clinically (as thoroughly reviewed re-

cently by Anselmo and Mitragotri [114, 115]). The most successful class of nanomedicines

for cancers are liposomes encapsulating cytotoxic small molecule drugs (see Section 1.3.3).

By encapsulating the drugs in nanocarriers, the pharmacokinetics can be improved, the

toxicity lessened, and the intratumoral accumulation increased. An exciting recent break-

through example is patisiran, a now clinically approved supramolecular nanomedicine that

delivers an siRNA into hepatocytes to knock down a disease-driving protein. In this case, an

siRNA could never be a therapeutic on its own due to a complete lack of drug-like properties

(rapid clearance, immunogenicity, lack of cellular uptake), but a carefully designed nanocar-
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rier can address the drug-like weaknesses to unlock a new set of druggable disease targets.

Supramolecular nanomedicines represent an important paradigm shift that expands the pool

of druggable targets beyond the classic one-molecule-drug paradigm.

Our work, as shown throughout this thesis, seeks to develop supramolecular nanocarriers

to use peptide-based therapeutics to drug intracellular PPIs. While peptides can be designed

to specifically and tightly bind to a target protein, they lack drug-like properties necessary

to be able to reach their target proteins inside diseased cells within the body (see Section

1.2.2). With a supramolecular delivery system, a PPI inhibitor could ideally be developed

focusing solely on binding specificity at the molecular level, while letting a supramolecular

nanocarrier address the pharmacokinetics, cellular uptake, and endosomal escape.

Here, I first discuss the supramolecular nanocarriers used in this thesis for intracellular

delivery of therapeutic peptides and their relative strengths, weaknesses, and future out-

looks. Then I discuss ways in which the pool of druggable PPIs might be further expanded,

either by delivery of even more complex drug cargoes or by conceptualizing new ways to

think about drugging PPIs other than simple orthosteric inhibition. I then discuss targeted

nanomedicines, how our work conceptually advances the field, and exciting new directions

in which targeted nanomedicines have room for improvement toward clinical efficacy.

5.2 Intracellular Delivery of Therapeutic Peptides Using

Supramolecular Nanomaterials

Our goal was to develop a nanoparticle delivery system that could deliver stapled peptides to

and into cancer cells in large doses, regardless of the peptide’s intrinsic cellular uptake prop-

erties. To that end, we developed a peptide amphiphile micelle delivery system (Chapters 2

and 3) then a targeted polymersome delivery system (Chapter 4).
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5.2.1 Peptide Amphiphiles

Our group’s first iterations on this goal of intracellular peptide delivery involved attaching a

lipid tail to a peptide to generate a peptide amphiphile (PA) [120, 121], which incorporated

peptides into micellar nanostructures and allowed non-cell-permeable peptides to interact

with a cell membrane and be internalized [125–127]. When we incorporated an endosome-

labile linker between the peptide and the lipid tail, the peptide accumulated more within

cells and had more potent therapeutic efficacy [141, 142].

This platform has numerous strengths for the intracellular delivery of therapeutic pep-

tides, as discussed in Section 1.3.2. In summary, PA micelles protect the peptides from

premature degradation and clearance, are amenable to targeting, facilitate cellular uptake,

are biocompatible with unimers cleared through the kidneys upon disassembly, and the ma-

jority of a PA micelle’s mass is comprised of the therapeutic peptide itself, which participates

in the self-assembly as the hydrophilic headgroup.

For in vivo, intracellular delivery of peptide therapeutics, PA micelles face three remaining

primary obstacles.

First, the dynamic nature of lipid-based micelles causes them to dissociate in the presence

of serum proteins within 8 minutes [271]. While this is often enough time to actively target

PA nanoparticles to accumulate in a specific tissue [128–140], complete stability would allow

for RME of an intact, supramolecular nanostructure with its entire therapeutic payload.

Attaching targeting elements (e.g. Fabs) to the surface of a highly dynamic, lipid based

micelle should also prove quite difficult. As some of the targeting elements dissociate from

the rest of the structure, they would become competitive inhibitors of the other targeting

elements still associated with the therapeutic cargoes.

Some potential strategies come to mind for stabilizing PA micelles and thereby enabling

intact targeting and RME. One possibility, as has been done by Liu et al. [236], is to

incorporate four or more guanine repeats between the hydrophobic tail domain and the

hydrophilic head group. This allowed for the formation of G-quadruplex entanglements be-

162



tween unimers, thereby stabilizing the micelles in the presence of serum proteins. In fact,

these G-quadruplexes accomplished precisely what we seek to do, which is completely in-

hibiting the interactions of the PAs with albumin [236]. Some other form of crosslinking or

entanglement in the corona could also be used to make the micelles more stable. Alterna-

tively, it might be possible to cross-link the lipid cores of the micelles. This would require

new lipid tails to be synthesized, with chemical functionalities suitable for crosslinking. The

saturated hydrocarbons we typically use are not chemically reactive in any ways conducive

to crosslinking. In fact, many crosslinking chemistries require at least some polarity in their

functional groups, so one would need to be careful not to disrupt the propensity of the PAs

to form micelles while trying to cross-link lipid tails. If some sort of stabilizing interactions

were added to PA micelles, they could be made more conducive to targeting and RME of an

intact micelle.

Second, after endocytosis, non-membrane-permeable therapeutic peptides require some

intentional mechanism for endosomal escape. In Chapter 2 [142], a BIM BH3 peptide was

endocytosed as a PA, after which endo-lysosomal cathepsins cleaved a linker to remove the

peptide from the tail, and by some unknown means the peptide escaped the endosome to

act as a therapeutic and activate apoptosis. However, this approach was not universally

generalizable to other peptides, which failed to exert a therapeutic effect using a very similar

molecular design (e.g. Acar et al. 2017 with an unstructured p53 peptide [141], Section 3.10

with p53 stapled peptide amphiphiles). To overcome this, a mechanism for endosomal escape

should be incorporated into the PA micelle design. For example, mixed micelles could be

made with endosome-escape peptides as PAs mixed with the therapeutic PAs. Ideally, these

should be peptide sequences that are activated only in the endosome (e.g. at acidifying pH,

such as TAT, Penetratin, or HA2) and not always active (e.g. Arginine-repeat sequences,

such as R8), in order to avoid non-specific uptake by cells before reaching the targeted cell

type.

Third, there is potential to improve the PA linker for intracellular peptide release. In our
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current work, we have used a cathepsin-cleavable linker [141, 142], but it is possible that this

waits until too late in endo-lysosomal maturation to cleave the linker when cathepsins could

also start cleaving the therapeutic peptide. Moreover, if an endosome escape element is in-

corporated into PA micelles, the cleavable linker would need to be cleaved before endosomal

escape. Using a linker that is cleaved late in endosome maturation could lead to non-cleaved

PAs being released from the endosome, instead of the released therapeutic peptide. One

possible alternative could be a disulfide-based linker, which could allow for earlier release

in endosomes [175–181], before acidification and protease activation. The cytoplasmic en-

vironment is also relatively reducing compared to the extracellular space, and if the PA is

released to the cytoplasm without tail removal, the linker could still be cleaved there. The

cathepsin-cleavable linker has proven quite promising for releasing the therapeutic peptide

in the endosome, but when endosome escape functionalities are incorporated, the timing and

mechanism of linker release will need to be coordinated with the timing of endosomal escape.

Finally, while this delivery platform is amenable to peptides, which participate in the

self-assembly process, it would be difficult to extrapolate this strategy to whole proteins. It

should be possible to use this platform to drug PPIs that rely primarily on primary structure

or α-helical secondary structure, but expanding to more complicated tertiary structures could

prove difficult without correspondingly larger therapeutics, such as proteins.

5.2.2 Polymersomes

The second platform we used for intracellular delivery of peptide therapeutics was PEG-

SS-PPS polymersomes with αCD19 Fab targeting moieties (Chapter 4). The Hubbell lab

had previously developed the PEG-PPS polymersome system (discussed in Section 1.3.5

and Chapter 4) for vaccine applications, including delivering protein antigens to phagocytic

immune cells. With a few modifications, this system seemed to have ideal characteristics of a

targeted nanocarrier for intracellular delivery of hydrocarbon-stapled peptide therapeutics.

These polymersomes are highly stable, polymeric vesicles, somewhat analogous to li-
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posomes [169, 174, 188]. As our polymer building block, we chose an amphiphilic block

copolymer composed of a hydrophilic poly(ethylene glycol) (PEG) block and a hydrophobic

poly(propylene sulfide) (PPS) block with a disulfide bond between the two blocks (PEG-SS-

PPS) [181]. This block copolymer and its similar counterparts have previously been shown

to have characteristics of an ideal nano-excipient for intracellular delivery of stapled pep-

tides. First, the excellent stability of polymersomes should allow for attachment of targeting

ligands to the surface and RME of the intact nanocarrier. In collaboration with the Hubbell

lab, we designed a CD19-binding Fab with a site-specific conjugation handle to make poly-

mersomes that bind to DLBCL cells and facilitate endocytosis. Second, while liposomes

can only achieve 5-10% PEGylation before their structure is disrupted [163–166], the 100%

PEG functionalization on a polymersome surface produces a dense PEG brush, which re-

sists protein-adsorption that would otherwise lead to non-specific uptake and clearance from

the body. Third, PPS-based polymersomes have been shown to successfully encapsulate

both hydrophilic cargoes in the aqueous core and hydrophobic cargoes in the PPS phase

[181, 189, 196–198]. We hypothesized this dual hydrophobic/hydrophilic loading character

would allow for successful encapsulation of hydrocarbon-stapled peptides, which have both

a hydrophilic peptide domain and a hydrophobic all-hydrocarbon staple. Fourth, Cerritelli

et al. showed that when a disulfide bond is used to link the PEG and PPS blocks together

(i.e. PEG-SS-PPS), the block copolymer can be rapidly cleaved in the reducing endosome,

which disrupts the polymersomes and allows the PPS block to rapidly facilitate endosomal

escape and intracellular accumulation [181]. Fifth, the PPS backbone can be oxidized to

become hydrophilic, which should allow the polymer to be cleared by glomerular filtration

through the kidneys [192]. And sixth, this polymer’s non-reducible counterpart (PEG-PPS)

has recently been shown to be non-toxic in high doses in both mice and non-human pri-

mates [191]. Together, these characteristics describe a theoretically ideal nanocarrier for

cytoplasmic delivery of a hydrocarbon stapled peptide to and into a targeted cell type.

Future work is needed to understand the role of the all-hydrocarbon staple in facilitating
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encapsulation into these polymersomes and the utility targeted polymersomes for other car-

goes. Anecdotally, multiple all-hydrocarbon-stapled peptides have been successfully loaded

into these polymersomes, all with high degrees of encapsulation, while very similar peptides

lacking only the staple had much lower degrees of encapsulation (data not shown). We hy-

pothesize that the hydrocarbon staple has some beneficial interactions with the PPS bilayer,

while the polar/charged peptide prefers the aqueous core and prevents the peptide from

being able to diffuse out through the PPS bilayer.

Hydrophobic cargoes that might be more miscible with PPS, such as some small molecule

drugs, might also benefit from solubilization and targeting in similar polymersomes, though

their ability to diffuse out of the polymersomes would be an important question to evaluate.

Anecdotally (data not shown here), certain small molecule BH3 mimetics seemed to rapidly

leak out of PEG-SS-PPS polymersomes, while some were better retained. To adapt these

targeted polymersomes to other types of cargoes, slight design changes may be beneficial,

such as finding ways to retain cargoes in the core (e.g. Doxil pH entrapment in liposomes)

or using a polymer with higher glass transition temperature. Whereas PPS has a glass

transition temperature well below physiological temperature, modifying the polymersomes

such that they are more solid-like could make them more resistant to hydrophobic cargo

leakage.

Another benefit of this delivery platform for targeted, intracellular peptide delivery is

its modularity. For example, click chemistry functionalization on the polymersome surface

is easily amenable to any variety of surface ligands as well as ligand densities. The car-

goes, meanwhile, can be hydrophilic, hydrophobic, or amphiphilic, thanks to the presence

of both the hydrophobic PPS layer and the hollow, aqueous lumen. Importantly, the cargo

encapsulation is a physical process, which allows for unmodified cargoes to be rapidly encap-

sulated. Chemically modifying peptides to incorporate them into a nanocarrier, for example

as peptide amphiphiles, is relatively synthetically challenging and low throughput. More-

over, appending a lipid to a peptide can interfere with the peptide’s binding to its target
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protein and requires a cleavable linker to release the tail from the peptide after internaliza-

tion. With a physical encapsulation process, such as with these polymersomes, unmodified

peptide cargoes can be rapidly encapsulated without chemical modifications or labile linkers.

The flexibility and modularity of targeted PEG-SS-PPS polymersomes, in both its cargo en-

capsulation and targeting ligands, allows for rapid screening of therapeutic formulations and

targeting ligands.

5.3 Increasing the Pool of Druggable PPIs

Currently, the majority of known, disease-driving PPIs are considered undruggable, and

the main reason is the large size of PPIs relative to the small size of “drug-like” molecules

(see Section 1.1). Very few PPIs are mediated by small “hotpot” domains that can be

drugged with small molecules, but for those that are, small molecules have proven effective

(e.g. venetoclax inhibiting BCL-2’s PPI interface). Stapled peptides have begun to expand

the druggable set of PPIs to include those that are primarily mediated by an α-helix (e.g.

ALRN-6924 to competitively release and reactivate p53). However, the majority of PPIs

have much more complicated interaction interfaces mediated by residues spanning tertiary

structures that are larger than even stapled peptides can inhibit. For this majority of PPIs,

larger biologics may need to be used as PPI inhibitors, and as the therapeutics get larger

and more polar, their intracellular delivery gets more difficult.

5.3.1 Intracellular Delivery of Proteins

Nanomaterials such as PEG-SS-PPS could prove to be useful for cell-specific, cytoplasmic

delivery of whole proteins. PEG-PPS polymersomes have repeatedly been used for protein

encapsulation for immune-modulation applications, and with the reducible PEG-SS-PPS to

facilitate rapid endosomal escape, this platform could be amenable to cell-specific, cytoplas-

mic delivery of entire proteins. If this works, one could imagine numerous applications that
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would be enabled.

First, recombinant proteins with precise tertiary structures could be used as inhibitors of

very large PPIs that could otherwise not be blocked with other, smaller tools. As one exciting

example, antibodies and antibody fragments could be used as intracellular PPI inhibitors.

Antibodies have been remarkably effective and successful at targeting extracellular proteins

as biologic therapeutics, and enabling their intracellular access would unlock an entire domain

of druggable targets.

In another interesting application, an intracellular immunity function exists involving

TRIM21, which recognizes intracellular, antibody-bound ligands and facilitates their degra-

dation [289]. With intracellular delivery of entire antibodies, this would unlock a more rapid

development platform for intracellular PPI inhibitors in a way that not only inhibits the

protein but degrades it.

With intracellular protein delivery at sufficient doses, one could also imagine replacing

lost or mutated proteins in a transient way. Tools such as CRISPR have proven promising

for addressing genetic diseases, but the ethical concerns and implications of genetic editing,

especially inheritable edits, are still being established. Delivering copies of the protein would

be a transient therapeutic to accomplish the same goal. As one example, in cancers with

mutated p53, perhaps a recombinant wildtype p53 could be delivered into cancer cells. Since

the cancer cells were not pressured to develop p53-inactivating mechanisms, these cancer

cells should theoretically be quite sensitive to p53-induced cell death. Because p53 is a

transcription factor, its therapeutic effect would be greatly amplified, and less protein might

be required to be delivered into the cell.

5.3.2 Intracellular Delivery of Nucleic Acids

In addition to proteins, nucleic acids could unlock countless druggable targets with sufficient

intracellular delivery. Rather than blocking or degrading a disease-driving PPI partner, one

could deliver an siRNA to knock down the protein in diseased cells. This is precisely the
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mechanism used by patisiran, the first FDA-approved nanomedicine for intracellular deliv-

ery of a nucleic acid, namely siRNA (see Section 1.3.1). Currently, this strategy is clinically

applied to a genetic disease to knock down a mutant protein. With active-targeting func-

tionalities, one could imagine extending this platform to countless disease-driving PPIs, in

which the proteins are not mutated but their relative levels and interactions are deregulated.

As with protein delivery, mRNA delivery could be used to replace lost proteins in a

transient manner, without permanent DNA modifications. Using the same example as above,

mRNA encoding the wildtype p53 protein could be delivered into cancer cells that have

mutated or deleted p53. This sudden introduction of a tumor suppressor might rapidly

induce apoptosis in cancers with mutated p53.

5.3.3 Modulating PPIs without Orthosteric Inhibitors

In addition to the supramolecular medicine approaches presented above, there are currently

many active lines of research into molecular medicine modalities that can also be used for

drugging “undruggable” targets such as intracellular PPIs.

For example, proteolysis targeting chimeras (PROTACs) are two-headed therapeutics in

which one head binds to the target protein and the other head binds to an E3 ubiquitin

ligase. This creates a ternary complex to catalyze the ubiquitination and degradation of

the target protein. With this approach, a small molecule would not need to orthosterically

inhibit a PPI interface, which is nearly impossible for small molecules to do (see Section

1.1). Instead, a small molecule could be used that binds anywhere on the target protein,

then by turning it into a PROTAC, it could inhibit that protein by proteolytic knockdown.

This is a relatively new therapeutic paradigm that could allow more traditionally “drug-like”

molecules to expand the pool of druggable PPIs.

Alternatively, some “undruggable” proteins are mediated by more druggable targets up-

stream. By drugging these more druggable upstream targets, one can indirectly affect the

protein of interest. For an example relevant to our work with apoptosis and the BCL-2
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family, simultaneous inhibition of BCL-2, MCL-1, and BCL-XL, three of the primary anti-

apoptotic members of the BCL-2 family responsible for cancer cell survival (see Section 1.1.1),

is potently synergistic to reactivate apoptosis in many cancers. While a BCL-2 inhibitor is

clinically approved (i.e. venetoclax), a specific and effective inhibitor of MCL-1 or BCL-XL

has been difficult to develop via the classic PPI inhibition paradigm of orthosteric binding.

Meanwhile, kinases can readily be drugged using classic, drug-like inhibitors. Ibrutinib is a

drug that inhibits Bruton’s tyrosine kinase (BTK), a critical kinase in B-cell signaling, and

this inhibition leads to downstream downregulation of MCL-1 and BCL-XL in malignant B

cells [290]. Therefore, ibrutinib treatment can be used to indirectly downregulate MCL-1

and BCL-XL and thereby synergize with direct BCL-2 inhibition by venetoclax [290, 291].

This is one example of drugging more druggable upstream targets of an undruggable protein,

and in this case it even does so in a specific cell type (i.e. B cells). This is a less direct

strategy than simply inhibiting the problematic protein, and a lot of other cell signaling

changes occur downstream in addition to the intended change. However, thinking about and

discovering upstream regulators such as BTK could unlock new ways to drug known but

undruggable disease-driving PPIs.

5.4 Targeted Nanoparticle Drug Delivery

Targeted nanoparticles are an exciting improvement over the non-targeted nanoparticles

that are currently approved for clinical use (introduced in Section 1.3.6). In addition to the

potential benefits simply from encapsulation (e.g. improving the pharmacokinetics of a drug,

minimizing toxicity, facilitating intratumoral accumulation via the enhanced permeability

and retention (EPR) effect), such as for clinically-approved liposomes, nanoparticles can

be functionalized with active targeting ligands to cause accumulation in specific tissues

or cell types and even promote endocytosis into targeted cells [158]. While no actively

targeted nanoparticles have yet been translated into clinical use, there are countless pre-

clinical examples of the benefits of active targeting, including our work in Chapter 4.
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5.4.1 Fabs as Engineered Targeting Moieties

In our first attempt to develop a recombinant, CD19-binding antibody fragment for targeting

nanocarriers to DLBCL, we cloned an scFv antibody fragment for expression in E. coli. This

αCD19 scFv had a 6x His tag and a site-specific cysteine conjugation handle. The scFv

domain was designed using the sequences from the scFv portion of the chimeric antigen

receptor (CAR) of αCD19 CAR T cells. Despite trying to optimize the expression in E. coli,

either from whole-cell lysates, periplasmic extracts, or secreted protein, the majority of the

scFv was trapped in insoluble inclusion bodies.

At this point, we stepped back and found a wealth of literature on nanoparticles with

antibody targeting fragments, particularly work with liposomes from the lab of Theresa

Allen (as introduced in Section 1.3.6). From that literature, we learned that scFv fragments

often have problems with soluble expression or, if successfully expressed, instability during

storage. Full IgG molecules however, while being very stable, have Fc domains that can be

recognized by immune cells’ Fc receptors to cause rapid clearance of the nanocarriers from

the bloodstream (discussed in Section 1.3.6).

Meanwhile, Fab fragments were shown to be an ideal intermediate between an scFv and

an IgG. In addition to the variable regions of the antibody “arm,” a Fab also contains the

constant portion of the antibody arm, and adding this domain seems to greatly contribute

to the solubility and stability of Fabs relative to scFvs. While Fabs are about twice as large

as scFvs, they are still about 1/3 the size of an IgG. And most importantly, Fabs completely

lack the Fc domain that causes recognition and clearance of IgGs. For these reasons, they

found that Fabs had ideal properties for nanoparticle targeting.

However, at the time of their work, Fabs were produced through proteolytic digestion of

IgG into F(ab’)2 fragments and subsequent disulfide reduction into F(ab’) fragments. This

production process greatly limited the economic scalability of Fab production for antibody-

nanoparticle targeting, and thus they concluded that scFvs were more promising and scalable

due to their potential ability to be recombinantly expressed at large scale. They then devised

171



strategies to enhance the stability of scFvs in solution to try to overcome their primary

weakness: stability.

The production process presented in Chapter 4, using recombinant, engineered Fabs with

a site-specific conjugation handle, represents an important advancement for ligand-targeted

nanoparticles. Recombinant expression in mammalian cells overcomes the primary obstacle

(i.e. scalability) of Fabs as targeting ligands. Moreover, it allows for the introduction of

engineered modifications to the C-terminus of the heavy chain fragment, opposite the antigen

binding face, such as a site-specific cysteine linker in our case. With this system, the antibody

fragments are highly stable (unlike scFv fragments), scalable (unlike F(ab’) fragments), have

no Fc domain to facilitate clearance (unlike IgG), and require no recombinant tags for affinity

purification as many common antibody affinity ligands can be used to bind Fabs (in our

case, Protein G for Fabs with a mouse backbone). This system is also highly amenable

to both rational design (e.g. from a known IgG sequence, as in Chapter 4) or screening

development (e.g. phage display, yeast display). In our case, we designed the Fab from

literature sequences, and it was soluble, highly expressed, correctly folded, and functional

on the first try.

Much theoretical and experimental work has been done by others on understanding the

receptor-mediated binding and uptake of targeted nanoparticles into cells. For example, the

density of targeting ligands on the nanoparticle surface can greatly influence cellular uptake

of the nanoparticles [285]. In our work, the density of targeting Fabs on the surface of

the polymersomes did impact their uptake into DLBCL cells, but our optimization of that

uptake was a crude approximation with only a few densities tested. Further fine-tuning the

density of Fabs on the polymersome surface could potentially further improve their uptake

into DLBCL cells.
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5.4.2 “Super Selectivity” Using Cooperative Targeting Ligands

Targeting CD19+ malignant B cells is a good place to start with ligand targeted nanopar-

ticles, because CD19 is an endocytic receptor, is expressed only on B cells, and is expressed

on the vast majority of malignant B cells. However, there are many types of cancers, and in-

deed many other therapeutic applications, in which there is no known, obvious, and selective

endocytic surface receptor to target. In these cases, which are the majority of applications,

how can ligand-targeted nanoparticles be of any use?

Within the last 9 - 10 years, a new idea for ligand targeted nanoparticles has begun

to emerge called “super selectivity” [292], which allows for designing nanoparticles that

bind cells not only based on the presence of a surface receptor, but based on levels of

expression, or even combinations of levels of expression of multiple receptors. Nanoparticles

targeted to a single cell surface receptor, such as CD19, with a high affinity ligand, such as

a Fab, fail to discriminate against high and low receptor expressing cells. They bind both.

However, targeted nanoparticles benefit from the combined avidity of the many targeting

ligands on the surface. Thanks to avidity, the ligand:receptor affinity can be decreased while

still leaving the nanoparticle with excellent avidity to the target. Perhaps unexpectedly,

this decrease in ligand affinity and reliance instead on avidity can generate a sharp on/off

binding characteristic for nanoparticles that can be finely tuned based on the cell surface

receptor expression levels. This concept, decreasing ligand affinity and fine-tuning avidity

to achieve highly selective binding, has been called “super selectivity” [292]. In addition

to theoretical and simulation work on this idea [292], numerous groups have successfully

applied it to targeting nanoparticle to specific cell types. For example, this idea can be used

to target nanoparticles to cells based on combinations of levels of surface receptors, tightly

binding cells that express both of two receptors while failing to bind cells that only express

one or the other [293, 294]. Theoretically, this concept can be extrapolated to a combination

of any number of cell surface receptors [294], such that nanoparticles might be designed to

bind to specific cell types based on very slight changes in cell surface expression patterns.
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The idea of “super selectivity,” or even more powerfully, cooperative super selectivity with

multiple surface receptors, is an exciting new avenue for ligand targeted nanoparticles. This

idea is especially powerful for applications in which no single, high affinity receptor:ligand

pair seems like an obvious choice. For example, one could imagine delivering cargoes to

specific subsets of immune cells that would otherwise be impossible to therapeutically ma-

nipulate separately. Or in cancer, many cancers have no one unique receptor to target,

unlike B cell malignancies, but perhaps they can be distinguished (and drugged) using sub-

tle differences in surface receptor patterns instead. Now that the theoretical frameworks and

simulations on nanoparticle super selectivity have been established, the first proof-of-concept

applications have begun to emerge, and this is likely to be an emerging branch of research

in the coming years due to its potential for broad clinical applications.

5.4.3 Beyond Passive versus Active Targeting

We showed that active targeting facilitated uptake into DLBCL cells, and others have

similarly demonstrated the cell-specific delivery benefits of active targeting. However, no

actively-targeted nanoparticles have yet succeeded in clinical translation. There are numer-

ous obstacles facing actively-targeted nanoparticles in vivo that rapidly clear them from the

bloodstream before they can even encounter and bind to their targeted cells. For the clinical

translation of actively targeted nanomedicines, it will be equally important to understand

how to prevent their clearance from circulation as it will be to understand how to cause the

targeted cells to internalize them. There are many parameters beginning to be understood

that influence the pharmacokinetics of nanoparticles, and these upstream parameters will be

important to understand to control the fate of a dose of nanoparticles.

A common obstacle for nanoparticle therapeutics is phagocytosis by immune cells. Sosale

et al. recently summarized this problem and presented some potential ways to mitigate

it [295]. Phagocytosis of nanoparticles is largely promoted by non-specific adsorption of

serum proteins, including IgG, and then immune cell recognition of those proteins, such as

174



by Fc receptors. While protein adsorption and phagocytosis can be lessened, for example

by PEGylation, even densely PEGylated polymersomes do not completely inhibit protein

adsorption and phagocytosis.

In addition to preventing protein adsorption, nanoparticles can be functionalized with

signals that actively inhibit phagocytosis. Phagocytes use a surface receptor, SIRPα, to

recognize “self” cells by their expression of CD47, and this SIRPα-CD47 interaction serves

as a “don’t eat me” signal to prevent phagocytosis. Work from the lab of Dennis Discher

has harnessed this mechanism to label nanoparticles with CD47 epitopes to prevent their

phagocytosis and enhance their delivery [296]. Mechanisms such as these, which inhibit

phagocytosis, should greatly enhance the ability of nanoparticles to deliver cargo to their

intended cell types and thereby enhance their efficacy and minimize their side-effects.

Very recently, another exciting strategy was published for overcoming nanoparticle phago-

cytosis, particularly by Kupffer cells in the liver [297]. Ouyang et al. in the Chan lab showed

that a critical dose threshold exists, which for mice is ∼1 trillion nanoparticles. For doses

below this threshold, Kupffer cells are able to phagocytose a majority of the nanoparti-

cles, proportional to the administered dose. For doses above this threshold, the Kupffer

cells’ rate of uptake is saturated, and a much larger proportion of nanoparticles above this

threshold dose accumulate in tumors instead of being cleared by Kupffer cells. By simply

co-administering a large bolus of empty liposomes as “delivery enhancers,” they saturated

Kupffer cell uptake such that a much larger percentage of therapeutic liposomes accumu-

lated in tumors, thereby boosting the therapeutic effect for an equivalent dose. The authors

then show that across the literature, this same dose threshold exists, with much greater

accumulation in tumors for doses above 1 trillion nanoparticles in mice. This threshold ex-

isted regardless of the type of nanoparticle (i.e. organic, inorganic), targeting (i.e. passive

targeting, active targeting), or size (i.e. small (10 - 50 nm) or large (i.e. > 50 nm)). This

is an exciting new concept for nanomedicines, as it highlights the potential for inhibiting

off-target uptake, such as by Kupffer cells, to maximize on-target uptake, such as in tumors.
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Another recent finding from Sindhwani et al. in the Chan lab showed that transcyto-

sis plays an important role in extravasation of nanoparticles into many solid tumors [298].

Nanoparticle uptake into solid tumors has typically been conceptualized as a passive pro-

cess, occurring primarily through leaky vasculature due to the enhanced permeability and

retention (EPR) effect. This recent publication shows that active transcytosis plays a key

role, if not a larger role than the EPR effect. As we develop a greater understanding of how

nanoparticle transcytosis works, and how to harness it, we should be able to greatly improve

the targeted, intentional delivery of nanoparticles to specific tissues and cell types, especially

if they are compartmentalized away from the circulatory system by an intact endothelium.

Relevant to our work in Chapter 4, the PEG-SS-PPS polymersomes we assembled have

excess N3 functional groups on the surface that could easily be functionalized with CD47

peptide epitopes to minimize phagocytosis [296]. PEG-PPS polymersomes are also highly

non-toxic [191], and empty polymersomes should be safe “delivery enhancers” to saturate

Kupffer cell clearance in the liver [297]. Finally, the high degree of stability of polymersomes

makes them a promising candidate class of nanoparticles to be able to withstand transcytosis

into tumors, once we understand how to harness it. Using these simple strategies, among

others, the pharmacokinetics of targeted nanoparticles such as ours can likely be greatly

improved, before a nanoparticle even encounters its target.

5.5 Conclusions

The work in this thesis seeks to contribute to the areas of PPI therapeutics, stapled peptides,

cancer cell death biology, and nanoparticle drug delivery. We have developed a targeted

nanocarrier that facilitates the delivery of therapeutic stapled peptides to and into DLBCL

cells to unlock the druggability of otherwise “undruggable” PPIs. This is an exciting avenue

of research with the potential for adaptation in a wide variety of clinical applications. While

the work presented here may move these fields forward ever so slightly, there remain countless

known but undruggable disease targets due to our lack of chemical tools, and an even greater
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number of disease targets yet to be discovered. Through collaboration across the boundaries

of biology, chemistry, and physics, we can continue to engineer tools to understand and

manipulate human disease with precision at the molecular level.
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[67] Valeria Azzarito, Kérya Long, Natasha S. Murphy, and Andrew J. Wilson. Inhibi-
tion of α-helix-mediated protein-protein interactions using designed molecules. Nature
Chemistry, 5(3):161–173, March 2013.
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