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Abstract

Intracellular Delivery of Cancer-Targeting Antibody-Drug Conjugates

Geoffrey Y. Berguig

Chair of the Supervisory Committee:

Professor Patrick S. Stayton

Department of Bioengineering

The use of cancer targeted antibody-drug conjugates aims to reduce the adverse affects

of current therapies by selectively seeking and destroying tumor cells. Current systems

employ targeted monoclonal antibodies conjugated to chemotoxins which have good

cancer cell specificity, but suffer from early decomposition, normal tissue exposure, and

limited drug potency in solid tumors. An alternative to chemotherapeutics is the use of

proapoptotic peptides that reach the cystosol for action with enhanced specificity and

activity in the most chemoresistant cancer cells. The overall goal of our research is

to develop a cancer-targeted intracellular delivery vehicle using monoclonal

antibodies for targeting, pH-responsive polymers for endosomal escape,

and proapoptotic peptides for cell death. The ability of pH-responsive polymers

to alter the endosomal/lysosomal trafficking pathway of antibodies was evaluated

by ratiometric fluorescence and subcellular fractionation studies. A novel diblock

copolymer that self-assembles into micelles was developed to address micelle stability,

in vivo circulation, and therapeutic activity both in several cancer cell lines, and

activity in a tumor-xenograft mouse model.
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Chapter 1.

Chapter 1

INTRACELLULAR DELIVERY OF CANCER BIOLOGICS

Acquired resistance towards apoptosis is a hallmark of nearly all cancers which

can lead to uncontrolled proliferation and chemoresistance1. Advances in cancer

therapeutics has led to the development of antibody-drug conjugates (ADC) that

enhance in vivo targeting and therapeutic potency2–7. These conjugates however, are

often limited to chemosensitive cancers8,9. To address chemoresistance, proapoptotic

peptides that target dysregulated apoptotic machinery and induce apoptosis have

been developed10–12. Their use in clinical application has yet to realized due to a

number of extracellular and intracellular delivery barriers. Synthetic polymers that

enhance in vivo delivery of biologics and overcome intracellular trafficking barriers

through endosomal escape have been employed13–17. Combining ADC technology with

therapeutic peptides and synthetic polymers could open the door to a new class of

intracellular acting biologics with the potential to effect a wider range of cancers.
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1.1 Antibody-Targeted Therapeutics

1.1.1 Introduction

Cytotoxic chemo drugs are very effective at killing tumors at the cost of high toxicity

in normal tissues8. With a low therapeutic index, the toxic and sometimes fatal

effects of chemotherapy have spawned the development of targeted cancer drugs.

Tumor targeted drugs offer greater efficacy while benefiting from less toxicity18. The

discovery of tumor ligands overexpressed in and sometimes exclusive to cancer cells

has prompted the development of monoclonal antibodies (mAbs) as a moiety for

tumor targeting1. The first immunoglobulin proteins were murine mAbs generated

by Milstein and Kohler19. Murine mAbs served as a tool for many clinical studies

but their immunogenicity in humans encouraged the synthesis of chimeric, humanized

mAbs, beginning in the 1980s20. Since then, a number of humanized cancer-targeting

mAbs have been developed and approved for clinical use.

1.1.2 Evolution of Radioimmunotherapy

Rituximab, an anti-CD20 antibody for the treatment of non-Hodgkins lymphoma

(NHL) was the first antibody approved by the FDA for cancer therapy21. Since then,

other cancer specific antibodies have been approved, including trastuzumab, an anti-

Her2/neu antibody for breast cancer22. These treatments benefit from limited adverse

effects and immune responses, but as a single agent typically lack the therapeutic

potency equivalent to chemotherapy and radiation. Cytotoxic agents, have a low

therapeutic index, meaning the dosages required for tumor killing are near those

that cause normal tissue damage23. Radioimmunoconjugates (RIT), radionuclides

conjugated directly to targeted antibodies, offer greater efficacy with less toxicity

and increase the therapeutic index7,24,25. Rituximab spawned the approval of two
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targeted anti-CD20 antibodies conjugated to 90Y (ibritumomab tiuxetan) and 131I

(tositumomab)26,27. There are also reports using radioiodinated anti-Lym-1, a murine

IgG2a monoclonal antibody directed against HLA-DR, in B-cell lymphomas27. Antigen

expression on the surface of NHL cells often determines the localization ability of

the conjugates28. The long range gama-emission that occurs during the extended

circulation half-life of RIT, results in myelosuppression and radiation exposure to

normal organs29,30.

Myelosuppression limits high dosages of radiolabeled antibodies and has promoted

the development of pretargeted radiomimmunotherapies (PRIT)31. PRIT involves the

injection of antibody-streptavidin (Ab/SA) conjugates that localize to tumors, followed

by a biotinylated-clearing agent to remove circulating Ab/SA. Finally, radiolabeled

DOTA-biotin, a small tumor penetrating molecule that binds to Ab/SA on the surface

of tumors is injected and allowed to complex with Ab/SA bound to the surface of the

tumors. Circulating radiolabeled DOTA-biotin is excreted through the urine, limiting

the toxic effects associated with standard radiation therapies. In a study comparing the

biodistribution of PRIT, targeted CD20, CD22 and DR, Pantelias et al. found a strong

correlation between in vitro cell binding capabilities and in vivo tumor targeting32.

The conjugates with the highest tumor targeting effects were strongly dependent on

antigen expression in each cell line. Interestingly, the HD39/SA conjugate targeting

CD22 receptors was found to have a 24 hour half-life in BALB/C athymic mice and

displayed significantly low background levels in both the blood and kidneys. Of the

three conjugates used for PRIT, HD39/SA resulted in the lowest DOTA levels, likely

due to its rapid rate of endocytosis33 preventing binding of DOTA-biotin to the surface

of the tumor.
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1.1.3 Benefits of Antibody Drug Conjugates

Antibody-drug conjugates (ADCs) have the ability to improve the delivery of potent

molecules to tumors that would otherwise be intolerable for prolonged periods of

time6,7,34. These systems employ monoclonal antibodies conjugated to chemotherapeu-

tic agents and maintain relatively nonimmunogenic properties with a high affinity for

antigens overexpressed on cancer cells. The main considerations for the development

of ADCs, described by Senter are: the antigen target, localization of ADC to target

tissue, fate of ADC once antigen bound, systemic and intracellular stability of ADC

linker, and potency of released drug3. Disulfide bonds and peptide-based linkers have

demonstrated superior activity in vivo, where the addition of steric hindrances around

the binding site can improve circulation stability while still promoting reduction or

enzymatic degradation within the tumor cells35–37 Two recently FDA approved ADCs

are brentuximab vedotin and trastuzumab emtansine which combine a mAb with a

cytotoxic agent through an enzymatically cleavable dipeptide linker38–42. Release of

the cytotoxic drugs in the cells results in a biological event that leads to apoptosis. A

similar approach could also be used to arm ADCs with biomacromolecular drugs (e.g.

siRNA, DNA, peptides, and proteins) that require cytosolic delivery in order to exert

their therapeutic effect. These systems may offer a safer approach and address some

some of the adverse effects associated with ADCs.

1.1.4 Clinical Significance of Anti-CD22 Antibodies

The CD22 receptor has been identified as a useful surface marker for discriminating

neoplastic cells from a benign B-cell population43. Ligation of CD22 receptors with

anti-CD22 mAbs initiates rapid endocytosis followed by trafficking to vesicular com-

partments, making it an attractive target for ADC technology33,44,45. Anti-CD22 has

been an exciting potential targeting moiety for targeted therapies4. Administration of
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the first humanized monoclonal anti-CD22 antibody, epratuzumab, was well tolerated

in patients with no dose-limiting toxicity up to 1000 mg/m2/wk46. An extended

blood half-life of 23 days indicated that less frequent dosing schedules may be feasible.

Combinational therapies involving epratuzumab with chemotherapy could potentially

improve it’s effectiveness compared standard chemotherapy regimens as has already

been demonstrated with rituximab2,7. Unconjugated epratuzumab has demonstrated

significant therapeutic activity, however delivery was performed at nearly 12 times

the dosage of normally delivered 90Y-epratuzumab treatments. Studies using radiola-

beled anti-CD22 have shown that estimated dosages do not accurately predict tumor

responses, thus the therapeutic efficacy of RIT likely involves other mechanisms for

tumor control27,47. These findings suggest that targeting of the tumor may also play

a role in the magnitude of response. Clinical studies with radiolabeled-ibritumomab

tiuxetan and tositumomab, have shown similar tumor responses, showing a consistency

that anti-tumor activity is exhibited by many of the B-cell antibodies25.

1.2 Synthetic Polymers for Intracellular Delivery

1.2.1 Introduction

Endosomal trafficking is the one of the major barriers to the intracellular delivery

of biologic drugs48–51. Endosomes are responsible for sorting endocytosed material

to different organelles within the cell before they are degraded in lysosomes52,53.

Trafficking from endosomes to lysosomes is associated with a protease rich environment

at low pH (4.5) which is unfavorable for biologic drugs. Advanced synthetic polymers

have been developed to initiate endosomal escape and cytosolic release of their biologic

cargo.
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1.2.2 Cationic Polymers for Endosomal Escape

Following receptor-mediated endocytosis, internalized molecules are delivered to acidi-

fied, early endosomes (pH 6.6)54,55. Components that are not recycled or destined for

a distinct cellular compartment are transported to late endosomes (pH 5.8) and even-

tually lysosomes (pH 4.3) for degradation56. Cationic polymers like polyethylenimine

(PEI), are thought to promote endosomal escape through what was first described

by Behr et al. as the proton-sponge effect57. The primary, secondary, and tertiary

amino groups on PEI promote endosomal buffering with pKa values ranging from

pH 4 to 7. As protons are pumped into endosome to decrease the pH, amino groups

become protonated, causing an influx of chloride counter ions, and inducing osmotic

swelling and eventual release to the cytosol58,59. The polymers can be synthesized in

a linear, branched or dendrimeric architecture, however their cytotoxic behavior has

made them less advantageous for in vivo delivery60. Similar to PEI, a well defined

dendrimeric polymer polyamidoamine (PAMAM), is saturated with amino groups

(pKa range: 3.9 - 6.9) but exhibits less toxicity than PEI at concentrations up to two

orders of magnitude higher61,62. Uncharged, hydrophilic polymers like poly(ethylene

glycol) (PEG) have been introduced into cationic polymer architectures to improve

stability, reduce toxicity and increase serum stability63.

1.2.3 Mimicking Pathogenic Organisms

Viruses and other pathogens like diphtheria utilize protein coatings on their surface for

intracellular delivery of nucleic acids and proteins64. At physiological pH, the proteins

are in a stealth-like hydrophilic conformation. As pathogens are trafficked to endosomes

and lysosomes, a drop in the vesicular pH triggers a conformational change, exposing

a hydrophobic membrane-destabilizing domain. The hemagglutinin protein complex

found on the influenza virus exhibits a similar response65,66. Carboxylate groups on the
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peptide are protonated at acidic pH, exposing a hydrophobic coil that forms pores with

the endosomal membrane and prompting cytosolic release. Synthetic pH-responsive

peptides that undergo a structure change to disrupt endosomal membranes have also

been developed, but often suffer from low stability, immunogenicity and minimal

escaping activity50,57,67–69. The viral delivery phenomenon has inspired the design of

synthetic pH-responsive polymers containing alkyl(acrylic acid) monomers that mimic

the endosomolytic behavior of pathogens for intracellular delivery50,58.

1.2.4 pH-Responsive Polymers

One of the first synthetic polymers designed to elicit pH-responsive membrane destabi-

lizing activity was poly(ethylacrylic acid) (PEAA), by Tirrell and coworkers70–72. They

demonstrated that PEAA could disrupt lipid membranes through a pH-dependent con-

formational transition. Stayton and Hoffman built on these findings to develop similar

carboxyl containing monomers with improved tuneability to pH-responsive, membrane-

destabilizing activity73–76. An assortment of alky(acrylic acid) containing monomers

were synthesized and polymerized to screen for the most membrane-destabilizing in a

pH-responsive manner. A red blood cell hemolysis assay was designed to measure the

membrane disruptive activity as a function of polymer concentration and buffer pH.

The most active of these polymers was poly(propylacrylic acid) (PPAA), which was 15

times more hemolytic than PEAA at pH 6. The pKa of PPAA creates a pH-dependent

switch particularly well-tuned for endosomal trafficking48,73,74,76–78. In the ionized

state, PPAA is hydrophilic and inert. As the polymer is trafficked to endosomal pH

(5.5-6.5), a gradual protonation of carboxylic acid residues on each monomer triggers

a conformational hydrophobic shift, mediating membrane destabilization. PPAA has

been shown to enhance therapeutic efficacy of model proteins both in vitro and in

vivo58,79,80. PPAA can also enhance the cytoplasmic delivery of macromolecules like

antibody complexes to deliver larger proteins81, or improve the transfection efficiency
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of plasmid DNA82. PPAA has also modified with cell-penetrating peptides to trans-

port larger biomacromolecules. To improve the activity of PPAA, propylacrylic acidic

monomers have also been copolymerized with other hydrophobic monomers80

1.2.5 Reversible Addition-Fragmentation Chain Transfer

In order to deliver polymer-protein conjugates for clinical applications they must

have well-defined architectures, controlled molecular weights, and high uniformity.

Radical living polymerizations like reversible addition-fragmentation chain transfer

(RAFT) have been implemented to synthesize telechelic, di-end-functional polymers

with low polydispersity, predetermined molecular weights, and a variety of complex

architectures83,84. RAFT polymerization is similar to free radical polymerization, but

the addition of a chain transfer agent suppresses termination and degradative chain

transfer reactions. Commercially available thiocarbonylthio compounds have frequently

been used as chain transfer agents, and can be tuned to a desired transfer rate85. More

recently, trithiocarbonate chain transfer agents with defined end groups have been

utilized to create homopolymers, block copolymers, and ABA triblock copolymers

with controlled molecular weights and narrow polydispersities86,87. RAFT provides a

clean and precise method for attaching polymers to biomacromolecules for improved

in vivo circulation and cell targeting capabilities88. End-functional telechelic polymers

containing fluorescence labels, pyridyl disulfides (PDS), maleimides, azides and biotin

have been synthesized to improve intracellular delivery. These well-defined conjugates

maintain uniformity and reproducible biologic activity for clinical applications. Duvall

et al. formulated a pyridyl disulfide chain transfer agent for the RAFT synthesis of pH-

responsive copolymers with reducible therapeutic peptides89. Functional end groups

may be introduced into both the R and Z groups of a chain transfer agent, providing

heterotelechelic functionality85,88. Boyer et al. utilized a bifunctional chain transfer

agent to synthesize polymers with biotin and PDS terminal groups90. This procedure
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allowed for site specific, dual conjugation of bovine serum albumin through a disulfide

linkage, and avidin through the biotin functional end. Polymer-protein conjugates with

multifunctional architectures are advantageous for drug delivery techniques, allowing

for site-specific optimization of polymer drug loading and in vivo targeting91–93.

1.3 Apoptosis in Cancer

1.3.1 Introduction

In normal cells, intracellular sensors monitor homeostasis and can readily activate the

apoptosis pathways once DNA damage, viral infection, growth factor deprivation or

signal imbalance are detected94. Apoptosis is initiated by a cell-signaling cascade and

caspase activation, and often characterized by a loss of cell volume, the disruption of

the cell membrane, nuclear and cytoplasmic skeletal breakdown, and chromosomal

degradation95. An acquired resistance toward apoptosis is common to all types

of cancers9. Targeting the apoptotic proteins in cancer cells has the potential to

improve current cancer therapeutics in even the most highly resistant cancers. Our

understanding of the Bcl-2 family and its role in cellular processes has greatly improved

over the past 20 years, lending insight into it’s role in cancer cell survival. An improved

comprehension of the Bcl-2 pathways can pave the way for more specific therapies

that specifically target apoptosis in all cancer cells.

1.3.2 BCl-2 Family Members

Apoptosis is a genetically controlled process, dictated by the intracellular ratio of

proapoptotic and prosurvival proteins of the Bcl-2 family96. Proteins belonging to

this family can be divided into multi-domain prosurvival, multi-domain proapoptotic,

and BH3-only proapoptotic. The prosurvival proteins include Bcl-2, Bcl-XL, Bcl-2,

Mcl-1, and A1 which maintain sequence homology in four domains: BH1, BH2, BH3,
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and BH4, and are regulated by transcription factors like NFκB. The multi-domain,

proapoptotic proteins BAK and BAX are initiators of apoptosis and share sequence

homology in all four domains. The last group are BH3-only proteins regulated by

transcription factors in response to cell stress, and can be subdivided into two classes,

activators or sensitizers10,97. BH3-only activator proteins, BIM and BID can bind

to all prosurvival proteins while BH3-only sensitizers PUMA, NOXA, BAD, BIK,

BMF, and HRK have more selectively for antiapoptotic proteins (except for PUMA)12.

The BH3 domain forms an amphipathic alpha-helical structure upon binding to the

hydrophobic pocket of prosurvival proteins98.

1.3.3 Mitochondrial Priming

While the exact mechanism and interplay between the various Bcl-2 family members

is under investigation, a widely accepted model is that BAK and BAX mediated

apoptosis can only be initiated by the proapoptotic activators BIM and BID, while

proapoptotic sensitizers can only displace the proapoptotic by binding to prosurvival

members. In a well-designed BH3 profiling study to measure mitochondrial sensitivity,

Certo et al. determined that a cell could be in three possible states, unprimed for death,

primed for death or dead. Mitochondrial priming was correlated with the interaction of

prosurvival and proapoptotic members97. Unprimed cells lack expression of activator

proteins (BID and BIM) and cannot release cytochrome c in the presence of sensitizers

alone. In primed cells, activators are sequestered by prosurvival proteins to inhibit

apoptosis. In the dead state, sensitizers free activators from prosurvival proteins and

allow them to bind and activate BAK and BAX for apoptosis. Activation of BAK and

BAX leads to oligomerization and insertion into the mitochondrial membrane, forming

pores in the membrane that causes a loss in membrane potential, and cytochrome c

release99. Although the exact number of oligomer units formed by BAK and BAX

remains unclear, a temporal relationship has been established between oligomerization
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and cytochrome c release100. Once in the cytosol, cytochrome c recruits APAF-1 and

caspase-9 to form the apoptosome complex101. The holoenzyme then cleaves and

activates caspase-3 to initiate apoptotosis102. Within the caspases are the initiator

caspases 8, 9, and 10, and executioner caspases 3, 6, and 7, which act downstream of

the initiators.

1.3.4 Upregulation of Prosurvival Proteins

Impairment of the apoptotic machinery in cancer cells prevents intracellular sensors

from triggering programmed cell death. Upregulation of prosurvival proteins in tumor

cells has been linked to radiation and chemotherapeutic resistance103,104. 60 cancer cell

lines with high expression of Bcl-2, are correlated with chemoresistance to 122 different

agents105. In normal cells, the P53 tumor suppressor gene upregulates the proapoptotic

BAX protein in response to DNA damage or cell-cycle arrest, inducing apoptosis.

Mutation of the p53 suppressor gene found in more than 50% of cancers, removes

the DNA damage sensor and prevents apoptotic regulation106. To overcome these

hurdles, a new class of biomimetic peptides derived from the BH3-binding domain act

as biologic therapeutics. The first three-dimensional structure of the Bcl-XL complex

bound to the BAK peptide has laid the foundation for the discovery of proapoptotic

peptides105.

1.3.5 Significance of BIM in Cancer Cells

Efficient cell killing is dependent on the ability to neutralize the diverse groups of

antiapoptotic members. BID and BIM are the most promiscuous of the proapoptotic

BH3-only proteins with the ability to bind to all five prosurvival members and activate

apoptosis through BAK and BAX. The BIM protein is expressed in hematopoietic,

neuronal, and epithelial cells, localizing to microtubules through binding to the light
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chain of the dynein motor complex12. BIM levels are modulated via the degradation

pathway of proteosomes and are also regulated by FOXO3A in response to growth

factor deprivation and endoplasmic reticulum stress102. BIM was also found to be

crucial for the deletion of T and B cells in the termination of an immune response. In

tumor cells, paclitaxel was delivered before and after knockdown of the BIM protein

via siRNA and found to be critical for paclitaxel-mediated killing of lymphocyte-tumor

cells. In a study by Chen et al. the dissociation constant for the BIM peptide with

all five proapoptotic proteins ranged from 0.2 to 4.5 ηM106. In a separate study with

mitochondria isolated from cancer cells overexpressing Bcl-2, 100 uM of BID or BIM

peptides released cytochrome c, while the other BH3-only peptides did not. Although

the alpha-helical propensity of each BH3-only peptide varied, no correlation was found

with peptide activity or affinity.

1.3.6 TAT-BIM Fusion Peptide

Perturbation of the apoptotic pathway in cancer cells with proapoptotic peptides has

the potential to directly induce apoptosis while enhancing sensitization to cytotoxic

therapies. The discovery of the BIM peptides ability to efficiently induce apoptosis

through all five anti-apoptotic proteins has prompted the development intracellular

peptide delivery systems107. A peptide containing the HIV-1 derived transduction

domain (TAT) was fused to the proapoptotic BIM peptide to demonstrate therapeutic

activity in three different cancer cell and in tumor-xenograft bearing mice108. In vitro

studies performed between 2 and 10 µM, showed that the internalization efficiency

of BIM could be increased over 10-fold with the addition of the TAT transduction

domain and increased cleaved caspase-3 activity. Interestingly, TAT-BIM was also

found to increase sensitization of cancer cells towards radiation but the degree of

sensitization was dependent on cell type. In tumor xenograft-bearing mice, TAT-BIM

stunted the growth of tumors an in some cases caused shrinkage with no observable
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toxicity. The addition of a tumor-targeting modality would have likely improved the

modest tumor activity.

1.3.7 Stapled BID and BIM Peptides

BH3 peptides are often tagged with polyarginine tails to facilitate transport across

the plasma membrane. In vivo efficacy of the peptides is compromised by the loss

of secondary structures and susceptibility to proteolytic degradation109. To improve

in vivo stability and pharmacological properties, BH3 ”stapled” peptides have been

generated using a hydrocarbon staple110,111. To staple the peptides, non-essential

amino acids are replaced with non-natural amino acids containing connectable side

chains, creating stabilized alpha-helix structures that are protease resistant and cell

permeable with a high binding affinity to prosurvival members. When Walensky

et al. constructed the stapled BID (sBID) peptide, they found that the helicity

increased from 16% (BID) to 87% (sBID) in solution and that sBID internalized in

cells through energy-dependent, hydrophobic interactions110. Furthermore, the sBID

peptide induced apoptosis in cells after 20 hours at a concentration of 1 µM. Recently,

LaBelle and coworkers developed an alpha-helix stapled BIM peptide with similar

capabilities to stapled BID110,112. The stapled BIM induced apoptosis in resistant

hematologic cancers and preferentially affected cancer cells over normal cells. Studies

with TAT-BIM and stapled BIM have helped to realize the clinical importance of this

peptide for future clinical applications.
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Ratiometric fluorescence and cellular fractionation studies were employed to char-

acterize the intracellular trafficking dynamics of antibody-poly(propylacrylic acid)

(PPAA) conjugates in CD22+ RAMOS-AW cells. The HD39 monoclonal antibody

(mAb) directs CD22-dependent, receptor-mediated uptake in human B-cell lymphoma

cells, where it is rapidly trafficked to the lysosomal compartment. To characterize

the intracellular-release dynamics of the polymer-Ab conjugates, HD39-streptavidin

(HD39/SA) was dual-labeled with pH-insensitive Alexa Fluor 488 and pH-sensitive

pHrodo fluorophores. The subcellular pH distribution of the HD39/SA-polymer conju-

gates was quantified as a function of time by live-cell fluorescence microscopy, and the

average intracellular pH value experienced by the conjugates was also characterized

as a function of time by flow cytometry. PPAA was shown to alter the intracellular

trafficking kinetics strongly relative to HD39/SA alone or HD39/SA conjugates with

a control polymer, poly(methacryclic acid) (PMAA). Subcellular trafficking studies

revealed that after 6 h, only 11% of the HD39/SA-PPAA conjugates had been trafficked

to acidic lysosomal compartments with values at or below pH 5.6. In contrast, the

average intracellular pH of HD39/SA alone dropped from 6.7 ± 0.2 at 1 h to 5.6 ±

0.5 after 3 h and 4.7 ± 0.6 after 6 h. Conjugation of the control polymer PMAA

to HD39/SA showed an average pH drop similar to that of HD39/SA. Subcellular

fractionation studies with tritium-labeled HD39/SA demonstrated that after 6 h, 89%

of HD39/SA was associated with endosomes (Rab5+) and lysosomes (Lamp2+), while

45% of HD39/SA-PPAA was translocated to the cytosol (lactate dehydrogenase+).

These results demonstrate the endosomal-releasing properties of PPAA with antibody-

polymer conjugates and detail their intracellular trafficking dynamics and subcellular

compartmental distributions over time.

KEYWORDS: intracellular trafficking, endosomal escape, pH-responsive polymer,

anti-CD22 antibody, ratiometric fluorescence,
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Chapter 2. Introduction

2.1 Introduction

Non-Hodgkin lymphomas are typically treated with chemotherapy regimens1 in com-

bination with anti-CD20 monoclonal antibodies (mAbs), although their resistance to

chemotherapy underscores the need for additional targeted therapeutic strategies.2–4

Radiolabeled mAbs have also been employed for selective targeting of radioactivity

directly to tumor cells5,6 but eventual relapse in many patients again underscores

the need for new therapeutics. Antibody-drug conjugates (ADCs) can improve the

delivery of potent molecules to tumor lesions while limiting the toxicities associated

with nontargeted chemotoxins.4,6–9 ADCs constructed with biologic drugs (e.g., siRNA,

DNA, peptides, and proteins) that require cytosolic delivery may be directed to a wide

variety of oncogenic targets that are otherwise considered ”undruggable” by small

molecules. However, delivery of these molecules past the endosomal/lysosomal path-

way to intracellular microenvironments (i.e., in the cytoplasm) remains a significant

challenge. Following receptor-mediated endocytosis, internalized biologic drugs are

typically delivered to acidified early endosomes (pH 6.6).10,11 Biologic contents that

are not recycled or destined for a distinct cellular compartment are trafficked to late

endosomes (pH 5.8) and eventually lysosomes (pH 4.3) for degradation.12–14

Our group has developed synthetic polymers, including poly(propylacrylic acid)

(PPAA), that display pH-sensitive, membrane-destabilizing activities that are es-

pecially well-tuned for intracellular delivery.15 Incorporation of PPAA with biologic

drugs has demonstrated enhanced therapeutic activity.13,16–18 The intracellular traf-

ficking kinetics of PPAA conjugates has yet to be evaluated and could help evolve

more efficacious drug delivery systems. Fluorescence imaging has been shown to be a

powerful tool for following the intracellular trafficking of biomacromolecules. For exam-

ple, Massignani et al.19 used subcellular imaging techniques to measure the trafficking

kinetics of polymersomes from endocytosis to endosomal trafficking and cytosolic
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release. In other studies, Low and co-workers20,21 employed ratiometric fluorescence

techniques to characterize the pH of folate-driven trafficking through endosomes. The

intracellular pH was quantified via confocal microscopy of live cells treated with folate

modified with pH-sensitive or pHinsensitive fluorophores. Akinc and Langer used a

similar methodology to measure the environmental pH of nonviral vectors for DNA

delivery; rather than microscopic imaging, the average environmental pH of DNA over

a larger population of cells was quantitated by flow cytometry.22–24

In this work, quantitative ratiometric fluorescence microscopy was combined with flow

cytometry to study the intracellular trafficking dynamics of an anti-CD22-internal-

izing mAb with an endosomal-releasing polymer (Figure 2.1). CD22 receptor ligation

resulted in rapid endocytosis of the mAb followed by lysosomal trafficking. Ratiometric

fluorescence studies employing live-cell fluorescence microscopy and flow cytometry

were used to quantify the trafficking kinetics of the mAb conjugates. The results

were correlated with subcellular fractionation measurements that directly measured

quantities of translocated mAb conjugates versus controls.25,26 These studies provide

new mechanistic insight into the activity of endosomal-releasing, pHresponsive polymer

carriers.
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Figure 2.1: Intracellular trafficking of the HD39/SA-PPAA conjugate. Ligation
of the anti-CD22 monoclonal antibody (HD39) to CD22 leads to receptor-mediated
endocytosis. A portion of the conjugate is trafficked from endosomes to lysosomes
while a second fraction is released into the cytosol via endosomal escape mediated by
PPAA.
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2.2 Experimental Section

2.2.1 Materials

Spectra/Pro molecular porous membrane tubing [molecular weight cutoff (MWCO)

= 6000-8000 Da] was purchased from Spectrum Laboratories (Houston, TX). Alexa

Fluor 488 carboxylic acid succinimydyl ester (AF488) and pHrodo succinimydyl

ester (pHrodo) were purchased from Molecular Probes (Eugene, OR). Bio-Spin 30

chromatography columns prepacked with Bio-Gel P-30 gel in saline/sodium citrate

(SSC) buffer [molecular weight limit (MWL) = 40 000 Da; 732-6006 lot 400030949]

were purchased from Bio-Rad (Hercules, CA). 2-(4-Hydroxyphenolazo)benzoic acid

(HABA) was purchased from Sigma-Aldrich (St. Louis, MO). Proactive biotin-coated

microspheres (10.14 µm diameter; CP10N lot 9310) were purchased from Bangs

Laboratories (Fishers, IN). Propylacrylic acid (PAA) was synthesized as described

previously.27 Methacrylic acid (MAA) (Sigma-Aldrich) was vacuum-distilled prior

to use. [3H]N-Succinimidyl propionate was purchased from American Radiolabeled

Chemicals (St. Louis, MO). The HD39 mAb was produced by injecting hybridomas into

pristine-primed mice to generate ascites and purified as previously described.28 HD39

was then conjugated to streptavidin (SA) via a succinimidyl-4-(N-maleimidomethyl)-

cyclohexane-1-carboxylate (SMCC) heterobifunctional linker to form covalent chemical

conjugates using previously described methods.29 The purified HD39/SA conjugates

contained 1.2 SA per mAb.

2.2.2 Ramos-AW Cell Culture

Ramos-AW cells were obtained from the European Collection of Cell Cultures

(ECACC, Salisbury, U.K.). Cell cultures were maintained in log-phase growth in

RPMI 1640 medium containing L-glutamine and 25 mM HEPES supplemented with
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1% penicillin-streptomycin (GIBCO) and 10% fetal bovine serum (FBS, Invitrogen)

at 37 oC and 5% CO2.

2.2.3 Synthesis of Biotinylated Polymers

Radical addition-fragmentation chain transfer (RAFT) polymerizations of PAA and

MAA to obtain PPAA and poly(methacryclic acid) (PMAA) were conducted in

N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), respectively, un-

der anhydrous conditions for 24 h at 60 oC using biotin-ECT (ECT = 4-cyano-

4-[(ethylsulfanylthiocarbonyl)sulfanyl]pentanoic acid)30 as the chain-transfer agent

(CTA) and azobis(isobutyronitrile) (AIBN) as the radical initiator (Figure 2.2). The

initial monomer/CTA and CTA/initiator ratios for the polymerizations of PAA and

MAA were [M]0/[CTA]0 = 150:1 and [CTA]0/[I]0 = 1:1, respectively. The resultant

polymers were isolated by precipitation in diethyl ether. The precipitated polymers

were then redissolved in DMF and reprecipitated into ether (X4). The dry polymers

were redissolved in DMSO, added to 0.5 M Na2CO3 (pH 8.7) at a 10-fold volume

dilution, and dialyzed in distilled water (dH2O) using dialysis tubing (MWCO =

6000-8000 Da) to remove monomer and solvent. Gel-permeation chromatography

(GPC) was used to determine number-average (Mn) and weight-average (Mw) molecu-

lar weights and polydispersities (PDI = Mw/Mn) of PPAA and PMAA using Tosoh

SEC TSKGEL α-3000 and α-4000 columns (Tosoh Bioscience, Montgomeryville, PA)

connected in series to a 1200 Series liquid chromatography system (Agilent, Santa

Clara, CA) and a miniDAWN TREOS three-angle light scattering instrument with

an Optilab rEX refractive index detector (Wyatt Technology, Santa Barbara, CA).

HPLC-grade DMF containing 0.1 wt % LiBr at 60 oC was used as the mobile phase

at a flow rate of 1 mL/min.
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Figure 2.2: (top) Structure of the Biotin-ECT Chain-Transfer Agent and (bottom)
RAFT Polymerizations of PAA and MAA. The polymerizations of PAA and MAA
were conducted in DMF and DMSO, respectively, under anhydrous conditions for
24 h at 60 oC using biotin-ECT as the CTA and AIBN as the radical initiator. The
initial monomer/CTA/initiator ratio for the polymerizations of PAA and MAA was
[M]o/[CTA]o/[I]o = 150:1:1. The Mn values for the resultant PPAA and PMAA were
10.9 and 10.7 kDa with PDIs of 1.8 and 1.18, respectively.
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2.2.4 Antibody-Polymer Conjugation

A HABA binding assay, modified from Green,31 was used to determine the molar

excess of PPAA or PMAA chains needed to achieve four polymer chains per HD39/SA.

HABA was dissolved in 10 mM sodium hydroxide buffer (pH 12) at 2.65 mM and

added to SA or HD39/SA in sodium phosphate buffer (pH 7.4) at 40-fold molar excess

to occupy all biotin-binding sites. Biotin, PPAA, or PMAA in phosphate-buffered

saline (PBS) was added to the HABA solution at a range of concentrations. The final

SA or HD39/SA solution at 6.6 µM was measured on a plate reader. A biotin standard

curve was made to correlate the absorbance at 500 nm (A500) with biotin-binding

events and then used to quantify polymer-binding events. To verify complexation of

PPAA or PMAA with HD39/SA, a gel retardation assay was performed with 10 µg of

streptavidin or 2.56 µg of HD39/SA. Samples were loaded into a Bio-Rad Ready Gel

containing 4-15% Tris-HCl using a 5 loading buffer that contained 310 nM Tris HCl,

50% glycerol, and 1 µg/mL of bromphenol blue. The running buffer contained 30 g/L

Tris Base, 144 g/L glycine, and 10 g/L SDS in dH2O. Samples were run at a constant

125 V for 1 h and stained using Gel-Code Blue.

2.2.5 Preparation of Dual-Fluorescently Labeled HD39/SA Conjugates

For ratiometric fluorescence studies, HD39/SA was dual-labeled with amine-reactive,

pH-insensitive AF488 and pH-sensitive pHrodo. For dual labeling, AF488 and pHrodo

were dissolved in DMSO at 1 mg/mL and added to the reaction mixture at a 5-fold

molar excess with respect to 6.08 µM HD39/SA in a 0.1 M sodium bicarbonate buffer

(pH 8.3). The reaction was performed at room temperature for 1 h with subsequent

purification in microspin columns. For 95% recovery of the antibody conjugate with

microspin columns, the SSC buffer was removed from the prepacked gel and rinsed

with 0.5% bovine serum albumin (BSA) in PBS and 10% acetonitrile in PBS. The spin
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columns were then equilibrated with 0.5 mg/mL NaN3 in PBS (pH 7.4). Each rinse

consisted of 1.1 mL of buffer volume and centrifugation at 1000 g for 4 min. Dual-

labeled HD39/SA was purified from unreacted fluorophore using the pretreated spin

columns. The final concentration of HD39/SA and degree of labeling were determined

spectrophotometrically by applying absorbance measurements to a formula provided

by the manufacturer. Extinction coefficients for HD39/SA (380 000 M-1cm-1) and

pHrodo (39 600 M-1cm-1) were measured experimentally.

2.2.6 Characterization of Ratiometric Fluorescence by Flow Cytometry

The relationship between pH and ratiometric fluorescence of the dual-labeled

HD39/SA conjugate was characterized by fluorescence microscopy and flow cytom-

etry. HD39/SA was mixed with biotincoated polystyrene beads and imaged with a

fluorescence microscope. Briefly, dual-labeled HD39/SA was incubated at 25 nM with

106 beads/mL for 1 h and then aliquoted and washed twice in pH buffers (4.6-7.4).

The pH buffers were made by mixing 0.2 M phosphate buffer (monobasic, pH 5.0)

with 0.1 M citric acid (pH 4.0) or 0.2 M phosphate buffer (dibasic, pH 8.0). The

change in ratiometric fluorescence with pH buffer was measured by flow cytometry

and fluorescence microscopy. For flow cytometry, gating was performed with unlabeled

beads. For microscopy, beads were added to chamber slides and imaged as described

below. The pHrodo/AF488 ratio as a function of pH was analyzed as described

below.

2.2.7 Administration of Dual-Labeled Conjugates and pH Calibration

Dual-labeled HD39/SA-PPAA and HD39/SA-PMAA conjugates were formulated as

previously described. Samples containing 106 cells/mL in medium were incubated

with 25 ηM HD39/SA, HD39/SA-PMAA, or HD39/SA-PPAA for 1 h at 37 oC. The

34



Chapter 2. Experimental Section

cells were pelleted; washed with chilled modified PBS containing CaCl2 (0.1 g/L),

MgCl2 (0.1 g/L), and 0.5% BSA; and then resuspended in fresh medium at the same

concentration and incubated at 37 oC. Untreated cells and cells collected 1, 3, and 6 h

after treatment (150,000 cells per sample) were resuspended in 250 µL of modified

PBS for flow cytometry or 500 µL for fluorescence microscopy. To develop a pH

calibration curve for each time point of the ratiometric studies, cells were incubated

in pH-clamping buffers ranging from pH 4.5 to 7.4. The pH-clamping buffers were

created by mixing 50 mM MES (pH 6.0) with 50 mM citric acid (pH 4.5) or 50 mM

HEPES (pH 7.4) containing KCl (120 mM), NaCl (20 mM), CaCl2 (1 mM), MgCl2 (1

mM), and the ionophores nigericin (10 µM), monensin (1 µM), and valinomycin (10

µM).32,33 Cells were incubated for 15 min at 4 oC and then analyzed by flow cytometry

or fluorescence microscopy.

2.2.8 Flow Cytometry: Acquisition and Analysis

The average intracellular pH exhibited by trafficked HD39/SA conjugates was measured

by ratiometric fluorescence using a flow cytometer (Becton Dickinson LSR II Cell

Analyzer). Cells were excited at 488 and 532 nm, and fluorescence emission was

collected at 510 and 575 nm, respectively. For accurate measurements, cells were gated

by forward scattering area (FSC-A) and side scattering as well as FSC height (FSC-

H) and FSC width (FSC-W) with 10,000 gated events per sample. Postacquisition

analysis of ratiometric fluorescence was performed using FlowJo flow cytometry analysis

software (Tree Star, Ashland, Oregon). For each time point, gating of untreated cells

was applied to all treatments. For each cell event, the pHrodo signal was divided by

the AF488 signal after subtraction of the median autofluorescence from untreated

cells to obtain a ratiometric fluorescence value. A pH calibration curve was made

to convert ratio values to pH (see Figure 2.7A). pH-clamped cells were analyzed in

the same manner, and their median ratio values were plotted against pH. A linear
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regression curve was fit to the data and used to convert ratiometric fluorescence values

to average intracellular pH.

2.2.9 Fluorescence Microscopy: Acquisition and Analysis

The subcellular compartmental pH distribution of HD39/SA conjugates was measured

by ratiometric fluorescence using live-cell microscopy. After treatment, cells were

collected and added to Lab-Tek II chambered coverglass slides (NUNC, Rochester,

NY), which were placed on a Nikon Ti-E live-cell fluorescence microscope equipped

with an environmental control chamber. Cells were imaged with a mercury lamp

and a 100 objective using the following filter sets: 480/40 nm (EX) and 535/50 nm

(EM) for AF488 and 560/40 nm (EX) and 630/75 nm (EM) for pHrodo (49000 Series,

Chroma Technology, Rockingham, VT). Three image stacks per treatment with a

minimum of four cells per image were collected for each time point. Image stacks

were deconvolved using object-based measurement software (Volocity, PerkinElmer)

to remove out-of-focus fluorescence and identify conjugate-containing compartments.

For deconvolution, calculated point-spread functions were applied to the green and

red channels with 25 iterations to reach a nearly 100% confidence interval. The

green and red deconvolved channels were thresholded, and their overlapping voxels

were identified as regions of interest (ROIs). All touching voxels within a cell were

defined as a compartment, and a ratiometric algorithm was used to measure each com-

partment’s average ratiometric fluorescence from the original green and red channels

with background subtraction. Ratios were converted to pH using the pH calibration

curves, and the compartmental pH values were plotted as a histogram to evaluate the

compartmental pH distribution. Calibration curves were made for other time points

by imaging and analyzing pH-clamped cells in the same manner (see Figure 2.7B).

The average ratiometric fluorescence of compartments was plotted against pH and fit

with a linear regression curve to obtain a relationship between ratiometric fluorescence
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and compartmental pH.

2.2.10 Preparation of Tritium-Labeled HD39/SA

For fractionation studies, HD39/SA was radiolabeled with tritium and measured by

scintillation counting. HD39/SA (6.2 mg, 2 mg/mL in 50 mM sodium borate, pH 8, 50

mM NaC) was reacted with [3H]N-succinimidyl propionate (1 mCi) for 1 h at 25 oC. A

PD-10 desalting column was used for PBS buffer exchange and removal of unreacted

radiolabel. Additionally, [3H]HD39/SA was concentrated using an Amicon Ultra-4

centrifugal filter unit with a nominal MWL of 30,000 Da and quantified by A280

measurements. The specific reactivity of [3H]HD39/SA was measured on a scintillation

counter with Ultima Gold scintillation fluid (PerkinElmer, Waltham, MA).

2.2.11 Cellular Fractionation

Cytosolic and endosomal/lysosomal fractions containing HD39/SA conjugates were

separated by cellular homogenization and fractionation. Briefly, hot antibody was

spiked into cold antibody at a molar ratio of 1:2.5 and complexed with PPAA as

previously described. A sample containing 3 x 107 cells was treated with 25 ηM

[3H]HD39/SA or [3H]HD39/SA-PPAA for 1 h pulse and 5 h chase. A 10 µL aliquot of

medium containing cells and conjugate was collected at the beginning of the pulse for

scintillation counting. After treatment, the cells were washed with cold PBS and TES

buffer (1 mM triethanolamine, 1 mM EDTA, 0.25 M sucrose, pH 7.4, and protease

inhibitors), resuspended in 1 mL of TES buffer at 4 oC, and homogenized with 15-20

strokes of a syringe with a 26 gauge 5/8 in. needle. After confirmation of 80% cell

homogenization, the lysate was centrifuged at 250g for 5 min to sediment nuclei and

unbroken cells. A 400 µL aliquot of 20% OptiPrep (Sigma, D1556) was layered under

the postnuclear supernatant (PNS), which was then centrifuged for 1 h at 150,000 g
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using a swinging bucket rotor (TLS-55) to separate vesicular compartments. Afterward,

five fractions (200 µL) were collected from the top of the sample, and 10 µL of each

fraction was resuspended in scintillation fluid to measure tritium on a scintillation

counter. Untreated cells were also fractionated as described above to analyze the

cytosolic, endosomal, and lysosomal content within each fraction. For analysis, fractions

were run by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as

previously described and transferred to a polyvinylidene fluoride (PVDF) membrane

via a conventional protocol using transfer buffer [12 mM Tris-base, 100 mM glycine,

20% MeOH, 1% (w/v) SDS] for 1.5 h at 100 V on ice. The membrane was incubated

with blocking buffer (Thermo Scientific, PI-37536) for 1 h at room temperature, washed

for 10 min in TBS-T (3), and then incubated with primary antibody (1:2000 dilution

in blocking buffer) overnight at 4 oC. Next, the membrane was washed for 10 min

in TBS-T (3) and probed with secondary antibody (HRP goat antimouse, 1:100000

dilution in blocking buffer) in blocking buffer for 1 h at room temperature. Finally,

the membrane was washed for 10 min in TBS-T (3) and then incubated for 5 min with

premixed chemiluminescence substrate (Pierce, West Femto) at room temperature.

Excess substrate was drained, and the membrane was developed for 5 min on a Kodak

imager (Rochester, NY). Western blotting with anti-Rab5 and anti-Lamp2 antibodies

in untreated cells was used to measure endosome and lysosome activity,34 and a lactate

dehydrogenase (LDH) assay (Roche) was used to measure cytosolic activity.
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2.3 Results

2.3.1 Polymer Synthesis

Biotin-ECT was employed as the RAFT CTA for the polymerization of PPAA and

PMAA, as shown in Scheme 2.2. For both PAA and MAA, the initial monomer/CTA

and CTA/initiator ratios were [M]o/[CTA]o = 150:1 and [CTA]o/[I]o = 1:1, respectively.

TheMn values for the resultant PPAA and PMAA were 10.9 and 10.7 kDa with PDIs of

1.8 and 1.18, respectively. PMAA was employed as a negative control polymer because

of its structural similarity to PPAA but lack of endosomolytic properties.35,36

2.3.2 Antibody-Polymer Complexation

A single biotin functional group at the Z terminus of the polymer was incorporated at

the time of synthesis for facile conjugation to HD39/SA. Antibody-polymer conjugation

through the biotin-streptavidin linkage was measured using the HABA assay (Figure

2.3A). A molar excess of 12 PPAA chains yielded an average of 3.5 polymers bound

per SA or HD39/SA. A gel retardation assay was used to verify protein-polymer

conjugation, as observed by the disappearance of the free SA band or a shift in the

HD39/SA band after polymer conjugation (Figure 2.3B).
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Figure 2.3: The SDS-PAGE gel contains free streptavidin in lane 1 and HD39/SA
in lane 4. A molar excess of 4 PPAA to SA or HD39/SA resulted in 1 binding event
observed by the protein smear in lanes 2 and 5. The negatively charged polymer
attracted the complex closer towards the positive charge during the retardation assay,
causing a downward smear. A molar excess of 12 PPAA to SA or HD39/SA resulted
in 4 binding events noted in lanes 3 and 6, and a disappearance of the protein band.
In the case of SA-PPAA, the complex smears below and above the original band,
indicating both charge interactions during gel retardation as well as an increase in the
hydrodynamic radius of the SA-PPAA complex. With HD39/SA-PPAA, the increased
hydrodynamic radius of the complex is more apparent with an upwards shift in the
smear.
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2.3.3 Calibration of Ratiometric Fluorescence to a Standard pH Curve

The HD39/SA was dual-labeled with pH-insensitive AF488 and pH-sensitive pHrodo

to develop a pH probe for reporting the intracellular pH environment of trafficking

protein-polymer conjugates. The dual-labeled HD39/SA conjugate contained 3.2

AF488 and 3.5 pHrodo fluorophores per conjugate (Figure 2.4). To standardize

the ratiometric fluorescence as a function of pH, conjugates were incubated with

biotinylated polystyrene beads in a range of pH buffers and analyzed by flow cytometry.

The fluorescence histograms in Figure 2.5 demonstrate that the AF488 fluorescence

was independent of pH but the pHrodo fluorescence was inversely proportional to pH.

The plot of the ratio of the pHrodo and AF488 signals as a function of pH (Figure 2.6)

demonstrates that the ratiometric fluorescence decreased linearly from pH 5 to 7. These

results validate the combination of AF488 and pHrodo for intracellular measurements

over a broad but physiologically relevant pH range. Ratiometric fluorescence values

measured by fluorescence microscopy and flow cytometry were converted to pH using a

pH standard curve made with pH-clamped cells. For each time point, HD39/SA-treated

cells were resuspended in a range of clamping buffers from pH 4.5 to 7.4, and the

average ratiometric fluorescence value was plotted as a function of pH (Figure 2.7). For

the three treatments, ratiometric fluorescence values were converted to compartmental

pH (fluorescence microscopy) or average intracellular pH (flow cytometry) using linear

regression curves from the pH standard plots.
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Figure 2.4: The absorbance spectrum of HD39/SA dual-labeled with AF488 and
pHrodo. The degree of AF488 and pHrodo labeling was calculated from absorbance
maxima at 280 nm for HD39/SA, 495 nm for AF488, and 560 nm for pHrodo. The
extinction coefficients were determined experimentally for HD39/SA and pHrodo and
from the manufacturer for AF488 (see Methods and Materials).
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Figure 2.5: The fluorescence intensity of dual-labeled HD39/SA coated polystyrene
beads collected by flow cytometry. The pH sensitivity of dual-labeled HD39/SA was
measured by incubating polystyrene microspheres coated with dual-labeled HD39/SA
in a range of pH buffers. Coated polystyrene beads were then measured by flow
cytometry to obtain fluorescence emission histograms for AF488 and pHrodo. The
median pHrodo fluorescence was divided by the median AF488 fluorescence to obtain a
ratiometric fluorescence value, which was then plotted as a function of pH (see Figure
2.6).
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Figure 2.6: The ratiometric fluorescence of dual-labeled HD39/SA is pH-dependent.
HD39/SA was dual-labeled with pH-insensitive AF488 and pH-sensitive pHrodo, then
coated onto biotinylated-polystyrene beads. HD39/SA-coated beads were resuspended
in a range of pH buffers and the AF488 and pHrodo fluorescence intensity was
measured at each pH. The median intensity of pHrodo divided by AF488 was defined
as ratiometric fluorescence and plotted as a function of pH. A linear regression was
fit to the data to demonstrate that the ratiometric fluorescence of the HD39/SA
conjugates is pH dependent.

44



Chapter 2. Results

Figure 2.7: Standard pH curves for conversion of ratiometric fluorescence to pH
for (A) flow cytometry and (B) fluorescence microscopy obtained using pH-clamping
techniques. After 1, 3, and 6 h of treatment with HD39/SA, cells were collected and
resuspended in pH-clamping buffers. Ratiometric fluorescence values were then mea-
sured by (A) flow cytometry and (B) fluorescence microscopy. The values were plotted
as functions of pH (from the pH-clamping buffers), and regression curves were fit to the
data sets. The linear equations were applied to the measured ratiometric fluorescence
values to obtain the average intracellular pH (flow cytometry) and compartmental pH
(fluorescence microscopy) in Figures 2.9- 2.10
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2.3.4 Time-Dependent Dynamics of Subcellular Trafficking As Determined by Ratio-

metric Fluorescence Microscopy

The subcellular pH of HD39/SA-localized compartments was measured by live-cell

ratiometric fluorescence microscopy in RAMOS-AW cells, a model B-cell lymphoma cell

line that expresses CD22. Representative images of the subcellular compartmental pH

are shown in Figure 2.8. The ratiometric fluorescence value for each three-dimensional

pixel (called a Voxel) was converted to pH, and a color map was used to visualize the

pH of each compartment, as denoted by the legend at the bottom right. The average

pH of each compartment in 10-15 cells per treatment was plotted as a histogram in

Figure 2.9. After 1 h, the pH of subcellular compartments for all three conjugates

ranged from 6.2 to 7.6 (Figure 2.9A). After 3 h, the compartmental pH of HD39/SA

and HD39/SA-PMAA ranged broadly from 4.0 to 6.8, indicating endosomal/lysosomal

trafficking, whereas 92% of the HD39/SA-PPAA compartments showed pH values

between pH 6.4 and 7.6 (Figure 2.9B). After 6 h, 92% of HD39/SA-containing

compartments were trafficked below pH 5.6 and 90% of HD39/SA-PMAA-containing

compartments were trafficked below pH 6.0; in contrast, HD39/SA-PPAA exhibited

a bimodal distribution after 6 h, with 11% of compartments between pH 4.8 and

6.0 and 89% of compartments greater than pH 6.0 (Figure 2.9C). Shown in Figure

2.9D is the fraction of each treatment displaying pH values above those typically

encountered in early endosomes as a function of time. After 1 h, 75% of HD39/SA,

53% of HD39/SA-PMAA, and 85% of HD39/SA-PPAA compartments were above pH

6.6. After 3 h, less than 7% of HD39/SA or HD39/SA-PMAA but 72% of HD39/SA-

PPAA was still present above pH 6.6. After 6 h, no HD39/SA or HD39/SA-PMAA

compartments remained above pH 6.6, but 45% of HD39/SA-PPAA still remained

above this threshold. These findings combined with cell fractionation studies (see

below) suggest that a significant fraction of HD39/SA-PPAA exists in a combination

of early endosomal and cytosolic locations.
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Figure 2.8: RAMOS-AW cells were treated with HD39/SA, HD39/SA-PMAA, or
HD39/SA-PPAA for 1 h at 25 nM, washed in PBS, and then resuspended and incubated
in fresh medium. At the indicated times, cells were resuspended in PBS and transferred
to chamber slides for deconvolution wide-field fluorescence microscopy. Cells were
selected by scanning in bright field to avoid fluorescence bias and locate three or more
cells per viewing field; 10-15 cells were imaged per treatment, and all were included in
morphometric processing. Compartments [defined as touching voxels containing both
green (AF488) and red (pHrodo) fluorescence] were identified using Volocity image
analysis software. The ratiometric fluorescence of each voxel (defined as the pHrodo
signal divided by the AF488 signal) was then converted to pH using the corresponding
standard curve made by pH clamping (Figure 2.7B). The pH values of the voxels
were converted to a color map defined by the key at the bottom right. Representative
cell images for each time point and treatment are shown.
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Figure 2.9: RAMOS-AW cells were treated with HD39/SA, HD39/SA-PMAA,
or HD39/SA-PPAA at 25 ηM for 1 h, washed in PBS, and then resuspended and
incubated in fresh medium. Cells were transferred to chamber slides at indicated time
points, and the ratiometric fluorescence (defined as the pHrodo signal divided by the
AF488 signal) of subcellular compartments was measured by deconvolution wide-field
fluorescence microscopy (see Figure 2.8) and converted to pH using the corresponding
standard curve made by pH clamping (Figure 2.7B. Values of the pH of the subcellular
compartments (defined as the average pH of the voxels within a compartment) after
(A) 1 h, (B) 3 h, and (C) 6 h of trafficking were plotted as histograms. The percentage
of subcellular compartments above pH 6.6 at each of these times is shown in (D).
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2.3.5 Time-Dependent Trafficking Dynamics Determined by Flow Cytometry.

The time-dependent dynamics of HD39 intracellular trafficking was also evaluated by

flow cytometry. The intracellular pH of HD39/SA, HD39/SA-PMAA, and HD39/SA-

PPAA averaged over each cell was determined from the ratiometric fluorescence signal

measured by flow cytometry over the course of 6 h (Figure 5). After 1 h, the intracellular

pH was 6.7 ± 0.2 for HD39/SA, 6.45 ± 0.25 for HD39/SA-PMAA, and 6.75 ± 1.5

for HD39/SA-PPAA. These results are consistent with receptor-±mediated uptake of

the conjugates into early endosomal compartments. After 3 h, the intracellular pH

dropped to 5.6 ± 0.50 for HD39/SA and 5.45 ± 0.55 for HD39/SA-PMAA, while the

HD39/SA-PPAA conjugates had an average intracellular pH of 6.5 ± 0.20. After 6 h the

intracellular pH was 4.65 ± 0.55 and 4.9 ± 0.50 for HD39/SA and HD39/SA-PMAA,

respectively, characteristic of lysosomal pH. Significantly, the average intracellular pH

of the HD39/SA-PPAA conjugates was determined to be 6.25 ± 0.25 with a narrow

distribution compared with the other conjugates.
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Figure 2.10: RAMOS-AW cells were treated with HD39/SA (dash), HD39/SA-
PMAA (solid), or HD39/SA-PPAA (dotted) at 25 ηM for 1 h, washed in PBS, and
incubated in fresh medium for up to 6 h. For each time point, 1.5 x 105 cells were
washed and resuspended in PBS on ice. Ratiometric fluorescence was measured for
10 000 cells per treatment per time point via flow cytometry by dividing the pHrodo
fluorescence signal by the AF488 signal. Ratiometric fluorescence was converted to
average intracellular pH using the corresponding pH standard curve made by pH
clamping (Figure 2.7A). Error bars represent a 50% confidence interval of the total
cell population.
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2.3.6 Subcellular Fractionation Localization of Antibody-Polymer Conjugates

Cellular fractionation was used to separate cytosolic from vesicular compartments37 and

measure the percent ofradiolabeled HD39/SA conjugates in each fraction. Cytosolic

fractions were identified by an assay that measures the cytosolically active enzyme

LDH. Vesicular fractions were measured by immunoblotting using anti-Rab5 antibodies

to identify endosomes and anti-Lamp2 antibodies to identify late endosomes and

lysosomes. Scanned immunoblots were quantified using ImageJ software (NIH) to

measure the percentage of Rab5 and Lamp2 activity in each fraction relative to the

total signal (Figure 2.11A). LDH (cytosol) was distributed between fractions 1 (25%),

2 (28%), and 3 (32%). Rab5 (endosome) was most active in fractions 3 (38%) and 4

(42%), and Lamp2 activity (late endosome/lysosome) was found in fractions 4 (75%)

and 5 (25%) (Figure 2.11B). Fraction 3 was positive for LDH and Rab5 because it

was the boundary layer between the supernatant and denser media used to separate

the vesicles. The percentage of tritium-labeled HD39/SA and HD39/SA-PPAA in

each of the five fractions was quantified, and the results are plotted in Figure 2.11C.

HD39/SA was mostly found in three fractions with 8% in fraction 2 (LDH+), 62% in

fraction 3 (LDH+, Rab5+), and 20% in fraction 4 (Rab5+, Lamp2+). In contrast,

HD39/SA-PPAA was found at the highest level (40%) in the cytosolic fraction 2, with

28% in the mixed fraction 3 (LDH+, Rab5+), and only 22% in fraction 4 (Rab5+,

Lamp2+). These results are consistent with the conclusion that PPAA mediates

endosomal escape of the HD39 mAb.
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Figure 2.11: Samples containing 30 X 106 RAMOS-AW cells were treated with
[3H]HD39/SA or [3H]HD39/SA-PPAA at 25 ηM for 1 h, washed with PBS, and then
incubated in fresh medium for an additional 5 h. The cells were homogenized with
15-20 needle strokes and separated from the nuclear fractions and nonhomogenized cells.
Cytosolic content was separated from vesicular content by ultracentrifugation, and five
200 µL fractions were collected. (A) The untreated cell fractions were separated by
SDS-PAGE, transferred to immunoblots, and stained with anti-Rab5 (early and late
endosomes) and anti-Lamp2 (late endosome and lysosome) antibodies. (B) ImageJ
software was used to measure the antibody signals in each fraction, and an LDH
assay was used to measure the cytosolic activity. (C) The amount of HD39/SA or
HD39/SA-PPAA in each fraction was measured by radioactivity measurements and
plotted as the percentage of total intracellular content.
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2.4 Discussion

Bioinformatic studies have proposed that 75-80% of all disease targets reside within

the intracellular space.38 Evading lysosomal trafficking to gain access to intracellular

targets remains a delivery challenge for biologic drugs.39–41 Carriers that provide

endosomal-releasing activities are being investigated to address these barriers.42–44 In

the current work, pH-responsive poly-(propylacrylic acid) (PPAA) and the control

poly(methacrylic acid) (PMAA) were synthesized with a biotin-functionalized RAFT

CTA for complexation with mAb-streptavidin bioconjugates. Ratiometric fluorescence

and fractionation studies revealed that PPAA significantly increased the cytosolic

transport and altered the natural trafficking fate of HD39/SA out of endosomes and

lysosomes. PMAA, a polymer with similar structure but lacking endosomolytic activity,

had no significant effect on the HD39/SA trafficking dynamics.

Shan and Press45 first described the internalization and metabolic degradation of the

CD22 receptor when ligated to anti-CD22 and hypothesized that the acidic compart-

ments likely were lysosomes. Anti-CD22 mAb trafficking to endosomal and lysosomal

compartments was also confirmed by Carnahan et al.46 We used ratiometric fluo-

rescence and fractionation techniques to characterize the time-dependent trafficking

dynamics and found that HD39/SA was compartmentalized at pH 6.7 at 1 h and

trafficked through endosomes to lysosomes between pH 4.0 and 5.2 after 6 h. Incorpo-

ration of PPAA had a strong effect on the subcellular pH distribution of HD39/SA over

time. By 3 h, the average intracellular pH of HD39/SA-PPAA was 6.5, and 75% of the

HD39/SA-PPAA compartments had pH ¿6.6. After 6 h, the average intracellular pH

decreased to 6.2, and a bimodal distribution of subcellular compartments with 45% of

compartments at pH >6.6 was observed. This bimodality indicates that a fraction

of conjugates escape from endosomes while the remainder is eventually trafficked

to lysosomes. The use of more potent pH-responsive polymers could increase the
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amount of conjugate that escapes from endosomes and improve the cytosolic delivery

efficiency.13,15,16

Subcellular fractionation studies with radiolabeled mAb-polymer conjugates were

used to confirm the interpretation of the pH-trafficking dynamics studies. After 6 h,

89% of HD39/SA was localized within endosome- and lysosome-associated fractions

3-5. Conjugation of PPAA to HD39/SA was shown to increase the mAb-SA quantity

in cytosolic fraction 2 by 34%. While HD39/SA and HD39/SA-PPAA were both

present in the endosomal and lysosomal fractions, only 27% of the PPAA conjugates

were ultimately trafficked to lysosomes (fractions 4 and 5) over the studied time

frame. The findings are consistent with previous therapeutic studies showing that

PPAA-based polymer-peptide conjugates can escape endosomes and exhibit high

cell-killing activity.47 The quantitative mechanistic information that describes the

antibody-polymer trafficking dynamics sheds light onto the fate and distribution of

compartmental environments experienced by the mAb. Such information can be

used to screen carrier activities and potentially to optimize polymer compositions for

endosomal releasing activities and pH profiles.
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Chapter 3

ANTIBODY-POLYMER CONJUGATES FOR
PROAPOPTOTIC PEPTIDE DELIVERY

Antibody-polymer-peptide conjugates were made for intracellular peptide delivery.

The platform was composed of an anti-CD22/streptavidin (HD39/SA) conjugate

for B-cell targeting with biotinylated polymers for endosomal escape. Biotinylated

heterotelechelic polymers were synthesized by reversible addition-fragmentation chain

transfer (RAFT) with pendent pyridyl disulfides for peptide conjugation. Low aqueous

solubility of the polymer-peptide conjugates led to the development of a second platform

using HD39/SA with three biotinylated poly(propylacrylic acid) (PPAA) polymers

and one biotinylated BIM peptide with a reducible disulfide linker. The therapeutic

potential of conjugates was demonstrated with a cell viability assay in Ramos-AW cells.

The pharmacokinetics and biodistribution parameters of dual-radiolabeled conjugates

was evaluated in tumor-xenograft mice. With polymer attached, conjugates were

cleared from blood within 8 hours. We hypothesized that the anionic polymer was being

captured by scavenger receptors found on kupffer cells in the liver. This hypothesis

was confirmed by pretreating mice in a second study with scavenger receptor blockers,

which increased the circulation half-life of conjugates. Even though liver uptake was

blocked with a pretreatment regimen this approach would have little significance in a

clinical setting, therefore, a new series of hydrophilic polymers that did not result in

scavenger receptor uptake were explored in Chapter 4. These studies helped realize

that development of polymer conjugates for intracellular delivery must be done with

in vivo consideration and feasibility studies.
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3.1 Introduction

Antibody-drug conjugates (ADCs) have the ability to improve the delivery of potent

molecules or proteins to tumors in the body1,2. General considerations for ADC

technology are antigen targeting, endocytosis into targeted cells, release of drug into

the cytoplasm, and drug potency. To address these considerations, we have constructed

an ADC with a monoclonal antibody (anti-CD22) for targeting and cell uptake, a

telechelic, pH-responsive diblock copolymer (biotin-PPAA-b-PDSMA-co-DMA) for

endosomal escape with a labile drug linkage, and a therapeutic peptide (BIM) for

apoptotic induction. Antibody-drug loading is a key design consideration for cancer

therapeutics. Hamblett et al. found that while a higher loading of 8 drugs per antibody

had a correlative effect in vitro, medium loading with 4 and low loading with 2, had a

better response in vivo with a higher therapeutic index3. The ability to control drug

loading is an important focus of this chapter which we will explore using a diblock

copolymer with multiple PDS groups for conjugating our therapeutic peptide.

RAFT synthesis is a controlled radical polymerization technique used to produce

endosomolytic heterotelechelic polymers with pendent functional groups4–6. Chain

transfer agents (CTA), that control the polymerization process and provide end

functionality, have been modified with a number of end groups, such as biotin, to

allow for complexation with streptavidin-linked proteins7,8. Monomers with pendent

functional groups such as pyridyl disulfide (PDS), maleimides, and trifluorophenols can

also be incorporated into the polymers for labile or stable linkages with small molecules,

peptides, and nucleic acids that require intracellular delivery for activity9–13. The

diblock copolymer made in this study contained hetero-telechelic functionality, with the

ability to bind streptavidin through a biotin-functional CTA and conjugate peptides

through PDS-functional monomers. The diblock copolymer also exhibits membrane

destabilizing activity at endosomal pH as described in Chapter 2. Conjugated to the
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endosomal escaping polymer is the proapoptotic BIM peptide (see Chapter 1). To

induce apoptosis, the BIM peptide requires cytosolic delivery, giving rise to the use

the pH-responsive membrane destabilizing polymer.
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3.2 Experimental Section

3.2.1 Synthesis of biotin-poly[(PPAA)-(PDSMA-DMA)]

RAFT synthesis of biotin-poly(PPAA)-(PDSMA-DMA)] was conducted in DMF, under

anhydrous conditions for 24 hours at 60◦C using biotin-PPAA as the macroCTA and

azobisisobutyronitrile (AIBN) as the radical initiator. The initial monomer to CTA

ratios ([CTA]o/[M]o) initial CTA to initiator ratios ([CTA]o/[I]o) for the polymerization

of the diblock copolymer was 165 to 1 and 16.4 to 1, respectively. The monomer

feed ratio for DMA to PDSMA was 9 to 1. The resultant polymer was isolated by

precipitation in diethyl ether. The precipitated polymers were then redissolved in DMF

and reprecipitated into ether (x 4). The dry polymers were then redissolved in DMSO,

added to 0.5 M Na2(CO3)2, pH 8.7 at a 10-fold volume dilution, then run through a

PD-10 desalting column to remove monomer and solvent and lyophilized.

3.2.1.1 Size-exclusion gel permeation chromatography

Gel permeation chromatography (GPC) was used to determine molecular weight and

polydispersity (Mw/Mn, PDI) of the polymer using Tosoh SEC TSK-GEL α-3000

and α-4000 columns (Tosoh Bioscience, Montgomeryville, PA) connected in series

to an Agilent 1200 Series Liquid Chromatography System (Santa Clara, CA) and

Wyatt Technology miniDAWN TREOS, 3 angle MALS light scattering instrument

and Optilab rEX, refractive index detector (Santa Barbara, CA). HPLC-grade DMF

containing 0.1 wt.% LiBr at 60◦C was used as the mobile phase at a flow rate of 1

mL/min.
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3.2.1.2 NMR spectroscopy

1H NMR was performed to measure the diblock copolymer composition. The spectra

was recorded on a Bruker AV301 in deuterated water (D2O) at 25 oC . A deuterium

lock (CDCl3, D2O) was used and chemical shifts were determined in ppm from

tetramethylsilane (for CDCl3) and 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium

salt (for D2O). Polymer concentration was 7 mg/mL.

3.2.1.3 Quantification of PDS groups on diblock copolymer

The number of functional PDS groups per polymer chain was measured by pyridine-2-

thione release in PBS. Polymer and TCEP were brought to a final concentration of

1.25 and 5 mg/mL in PBS, pH 8.0, respectively. The absorbance of the leaving group

pyridine-2-thione was measured at 343 nm by spectrophotometry using an extinction

coefficient of 8,080 10-1 cm-1.

3.2.2 Red blood cell hemolysis assay

pH-dependent membrane disruption of the diblock copolymer was examined by a red

blood cell hemolysis assay. Activity of the free polymer was measured in physiologically

relevant pH buffers: 7.4, 7.0, 6.6, 6.2, and 5.8. Briefly, whole blood was collected in

vacutainer tubes containing EDTA, centrifuged, plasma aspirated and resuspended

in 150 mM NaCl to isolate the red blood cells (RBCs). RBCs were resuspended in

phosphate buffers at each pH and incubated with polymer (16, 32 and 64 µg/mL) for

1 hour at 37 oC. Hemoglobin release was measured by centrifugation of intact RBCs

and measuring the absorbance of the supernatant at 541 ηm.
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3.2.3 Characterization of BIM peptide

To measure the extinction coefficient of the BIM peptide, the lyophilized peptide

provided by the manufacturer was reconstituted in molecular grade (MG) water,

diluted into 4 concentrations and the absorbance of each solution was measured at 280

nm with a spectrophotometer. After plotting the absorbance versus concentration,

the slope of the fitted linear curve was determined to be the extinction coefficient.

The BIM peptide was also analyzed for purity by HPLC and mass spectrometry.

3.2.4 Formulation of polymer-peptide conjugates

For peptide-polymer conjugations, peptide was dissolved in MG water and incubated

with polymer in phosphate buffer, pH 8.0 containing 5 mM EDTA for 18 hours.

Conjugation reactions were done at 2:1, 4:1, and 10:1 peptide to polymer molar

ratios. Reaction of the pyridyl disulfide with the cysteine on the peptide results

in a disulfide linkage and release of pyridine-2-thione which was used to measure

conjugation efficiencies by spectrophotometric absorbance at 343 nm. Conjugation

of the peptide to the polymer was also verified by SDS-PAGE 16.5% tricine gel.

Conjugation reactions were also treated with TCEP prior to running SDS-PAGE to

verify peptide cleavage in a reducing environment.

3.2.5 Streptavidin-polymer complexation confirmed by HABA assay

The binding ability of the peptide-bound polymer chains was measured by a HABA

Assay (See Chapter 2). The ability to occupy all four biotin-binding pockets with

peptide-bound polymer chains was measured.
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3.2.6 Purification of free polymer from HD39/SA conjugates

To remove free polymer from HD39/SA conjugate solutions, an Amicon Ultra-0.5mL

centrifugal filter with a 100 kDa nominal molecular weight cut off was used. Following

manufacture protocol, 500 µL of conjugate solution was added to the filtration device,

followed by centrifugation for 10 minutes at 14,000 g. The sample was recovered

and analyzed by spectrophotometry to measure polymer depletion and conjugate

concentration.

3.2.7 Synthesis of biotinylated BIM peptide

The BIM peptide, MRPEIWIAQELRRIGDEFNAC was ordered from Abgent and

synthesized on solid support using standard Fmoc chemistry. A sulfhydryl-reactive

biotin agent was reacted with the cysteine at the N-terminus of the peptide to make

biotinylated-BIM (btBIM). First, biotin-HPDP (Thermo Scientific, IL) was dissolved

in anhydrous DMSO at 10 mg/mL (with heating and vortexing) then mixed with the

BIM peptide at a 1:10 molar ratio and reacted overnight at room temperature. DMSO

was removed with a high vacuum pump and the reaction mixture was dissolved in 5

mL ddH20. The soluble btBIM was separated by centrifugation, then purified and

analyzed by RP-HPLC and MALDI-TOF mass spectrometry.

3.2.8 Synthesis of biotinylated chain transfer agent

The RAFT chain transfer agent (CTA) biotin-PEG-ECT was synthesized as described.

1 g of biotin-PEG-NH3 (Quanta BioDesign) was mixed with NHS-ECT (3 mol eq.)

and DIEA (6 mol eq.) using 50 mL DCM for dissolution. The reagents were incubated

in a round bottom flask for 18 hours at room temperature under anhydrous conditions

then concentrated using a rotary evaporator. The biotin-PEG-ECT product was
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purified by flash column chromatography using a DCM/MeOH elution mixture from

10/1 to 9/1. The final product was analyzed by 1H-NMR to confirm purity of the

final product.

3.2.9 Synthesis of biotinylated-poly(propylacrylic acid)

RAFT polymerization of PAA was conduced in DMF under anhydrous conditions for

48 hours at 60 oC using the biotin-PEG-ECT as the CTA and AIBN as the radical

initiator. The initial monomer to CTA ratio ([M]o/[CTA]o), and initial CTA to initiator

ratios ([CTA]o/[I]o) for the polymerization of PAA was 150 to 1 and 1 to 1. The

resultant polymers were isolated by precipitation in diethyl ether. The precipitated

polymers were then redissolved in DMF and precipitated into ether (4X). The dry

polymers were redissolved in DMSO, added to 0.5 M Na2(CO3)2, pH 9 at a 10-fold

volume dilution, desalted using a GE PD10 column to remove monomer and solvent

then lyophilized. GPC was used to determine molecular weight and polydispersity.

PPAA also characterized for purity by 1H-NMR.

3.2.10 Formulation of antibody-polymer-peptide conjugates

To measure the streptavidin complexation capacity of the btBIM peptide, a HABA

assay was conducted as previously described. The streptavidin/HABA solution was

mixed with a ratio of biotin to obtain a standard curve, then with btBIM from a 1 to

6 molar excess as previously described. A linear regression curve was fit to the data

and binding capacity of btBIM was determined. These steps were repeated to measure

the binding capacity of PPAA. A HABA assay was then conducted with HD39/SA to

confirm one btBIM bound per HD39/SA followed by saturation with PPAA.
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3.2.11 Ramos-AW cell culture

Ramos-AW cells were obtained from the European Collection of Cell Cultures

(ECACC, Salisbury, UK ). Cell cultures were maintained in log phase growth in

RPMI 1640 medium containing L-glutamine, 25 mM HEPES, supplemented with 1%

penicillin-streptomycin (GIBCO) and 10% fetal bovine serum (FBS, Invitrogen) at

37◦C and 5% CO2.

3.2.12 Cell viability measured by mTS

An MTS assay was carried out to measure the number of viable cells in culture following

the various treatments. For this assay, 40k RAMOS-AW cells per well were seeded in

a 96-well round-bottom plate and treated in triplicate with 4 µM HD39/SA-PPAA-

btBIM, HD39/SA-PPAA, HD39/SA-btBIM, free btBIM, free PPAA, or staurosporine.

After 24 hours, cells were washed with fresh media (2X) then incubated with MTS for

2 hours. Samples were transferred to a flat-bottom 96 well plate and the absorbance

at 490 nm was measured on a plate reader. RAMOS-AW viability was normalized to

untreated cells.

3.2.13 Synthesis of dual-radiolabeled conjugates

For simultaneous detection of the antibody and peptide in pharmacokinetic and

biodistribution studies, a conjugate containing 3H and 14C was prepared. 6.2 mg of

HD39/SA at 2 mg/mL in 50 mM sodium borate, pH 8.5, 150 mM NaCl was reacted

with 1mCi 3H-N-succinimidyl propionate at 5mCi/mL in DMF for 2 h at 25 oC. PBS

buffer exchange and removal of unreacted radiolabel was performed with a PD-10

desalting column. The [3H]HD39/SA solution was concentrated using an Amicon

Ultra-4 centrifugal filter unit with 30,000 NMWL. btBIM or BIM peptides were reacted
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in 100 µL ddH20 with a 5X molar excess of 14C-acetic anhydride in 5 l dioxane for 30

min. Radiolabeled peptides were lyophilized to remove excess acetic anhydride and

acetic acid then resuspended in ddH20 (BIM) or DMF (btBIM). The concentration

and specific activity of [3H]HD39/SA, [14C]BIM, and [14C]btBIM was measured by

A280— absorbance and scintillation counting with ULTIMA GOLD scintillation fluid.

Complexation of one btBIM peptide to per HD39/SA via biotin-streptavidin linkage

was confirmed with a HABA assay. After [3H]HD39/SA-[14C]btBIM complexation,

trace DMF was removed by centrifugal filtration. The 11kDa PPAA was then added

to form the complete [3H]HD39/SA-PPAA-[14C]btBIM conjugate and confirmed by

both HABA and scintillation counting.

3.2.14 Optimization of tumor-xenografts mouse model

To optimize tumor growth rates and tumor take rates, RAMOS-AW cells were injected

in mice at three concentrations and followed for up to 11 days. For all in vivo studies,

BALB/c nu/nu mice (6 to 8 weeks old) were used from Harlan Sprague-Dawley and

housed under protocols approved by the FHCRC Institutional Animal Care and Use

Committee. To prepare cell suspensions, RAMOS-AW cells were resuspended in PBS

at 15, 10, or 5 x 106 cells per 200 µL. In the first study, 2 groups of 5 mice received

subcutaneous injections of 15 M cells in the right flank. Tumor measurements were

taken with calipers in the x, y, and z direction for up to 10 days. In the second study,

2 groups of 5 mice received 10M cells in the right flank and 5 M cells in the left flank

and were followed for 11 days. Tumor growth was plotted as a function of time and

data was fit using a logarithmic growth curve.
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3.2.15 Pharmacokinetics of dual-radiolabeled conjugates

Mice were injected subcutaneously in the right flank with 10M RAMOS-AW cells and

placed on a biotin-free diet (Purina Feed). Tumors were grown for seven days until

they reached 50 to 100 mm3. To measure whole blood clearance, 6 mice per treatment

each received 1.4 ηmoles of [14C]BIM, [3H]HD39/SA, [3H]HD39/SA-[14C]btBIM, or

[3H]HD39/SA-PPAA-[14C]btBIM via tail vein injection. Serial blood samples were

drawn in triplicate from the retro-orbital venus plexus using a 10 µL capillary tube

at the following time points: 5 m, 15 m, 30 m, 1h, 2 h, 4 h, 8 h, and 24 h. (Exact

injection and collection times were collected for each mouse). Blood was transferred to

scintillation vials containing 5 mL of ULTIMA GOLD scintillation fluid and sonicated

10 m. 3H and 14C activity in blood was measured by scintillation counting using

an automated deconvolution of 3H and 14C signal. Syringe weights were measured

before and after injection to calculate the total injection volume and specific activity

of each treatment was measured in triplicate from stock solutions. For blood clearance

calculations, 80 mL (blood) per kg (mouse) was assumed. Blood concentrations

were plotted using GraphPad Prism and fitted to a two-compartmental open model

(bi-exponential equation) with 1/y2 weighting to account for larger standard deviations

at the earliest timepoints. The number of peptides per antibody was calculated by

dividing the blood concentration of peptide to antibody.

3.2.16 Biodistribution of dual-radiolabeled conjugates

After 24 hours, mice were weighed, sacrificed and bled. Tumors and normal organs

(lung, liver, spleen, stomach, kidney, small intestine, large intestine, muscle) were

harvested, weighed and homogenized in 10 mL of ddH20 per gram of tissue. 200 µL of

homogenized tissue was transferred to a scintillation vial and 500 uL Solvable (Perkin

Elmer) was added. Samples were incubated at 60 oC overnight until tissues were
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solvated. 50 µL of 200 mM EDTA and 200 µL of 30% hydrogen peroxide were added

and samples were incubated overnight at room temperature. 25 µL 10N HCl and 10

mL of ULTIMA GOLD scintillation fluid (Perkin Elmer) were added to each sample,

then vortexed and incubated overnight at room temperature. Samples were run on a

scintillation counter to measure µL and 14C signal and the percent-injected dose per

gram (%ID/g) of tissue or blood was calculated. The stability of the peptide was also

calculated by plotting the ratio of peptide to antibody in each organ.

3.2.17 Succinylating BSA for scavenger receptor blocking

Succinylated BSA was made according to Takura et al14. Briefly, 100 mg of BSA was

dissolved at 20 mg/mL in 0.2 M Tris buffer, pH 8.65. Succinic anhydride was dissolved

in DMF at 0.9 mg/mL and added to BSA at a molar excess of 0, 120, 240, and 360.

Solutions were mixed for 5 hours, purified using a PD-10 column equilibrated with

ddH20 then lyophilized. The number of free amines remaining on the succinylated BSA

was quantified using an OPA assay. Briefly, BSA was dissolved in PBS at 5 mg/mL

then diluted to 0.5 mg/mL to make a standard curve. After adding appropriate

reagents, The absorbance at 280 nm was measured and the number of free amines was

calculated based on the standard curve. The molecular weight of the succinylated BSA

proteins was also measured by aqueous GPC. For in vivo studies, the BSA treated

with a 240-fold excess of succinic anhydride was selected.

3.2.18 Pharmacokinetics and biodistribution with scavenger receptor blockers

Mice (3 per group) were pretreated with 50 mg/kg of dextran sulfate, fucoidan,

succinylated-BSA or PBS via tail vein injection. One hour after injection of scavenger

receptors, dual-radiolabeled HD39/SA-PPAA-btBIM conjugates were injected into

mice. Pharmacokinetics and biodistribution were measured as described in the previous
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study.

3.2.19 In vivo comparison of PPAA conjugates versus HPMA Micelles

The pharmacokinetics and biodistribution of radiolabeled HD39/SA and BIM peptide

was assessed using two polymer systems: PPAA with dextran sulfate pretreatment and

the HPMA diblock copolymer. Dextran sulfate was used as a pretreatment to prevent

scavenger receptor uptake of the anionic PPAA conjugates. For the pharmacokinetic

and biodistribution studies 3 mice received 300 µg of [3H]HD39/SA with PPAA-

[14C]BIM, 1 hour after DxSO (50 mg/kg) via tail vein injection. 1 mouse received

300 µg of [3H]HD39/SA with HP-PDB-[14C]BIM via tail vein injection. Analysis was

performed as previously described.

73



Chapter 3. Results and Discussion

3.3 Results and Discussion

3.3.1 Synthesis of poly[(PAA)-(DMA-PDSMA)]

RAFT synthesis of the diblock copolymer is illustrated below in Figure 3.1. PPAA

was synthesized using biotin-ECT as the CTA, and AIBN as the radical initiator (see

Chapter 2). The resultant polymer was employed as the macro-CTA to synthesize the

diblock copolymer. The second block was synthesized by incorporated two monomers;

dimethylacrylamide (DMA) and pyridyl disulfide methylacrylate (PDSMA). The

target DP of the second block was 165 and the feed ratios were 90% DMA and 10%

PDSMA.
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Figure 3.1: RAFT-mediated synthesis of the diblock copolymer containing biotin-
poly(propylacrylic acid) (PPAA) with the incorporation of a second block containing
hydrophilic dimethylacrylamide (DMA) and the thiol function monomer, pyridyl
disulfide methylacrylate (PDSMA)
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3.3.2 Characterization of PPAA and diblock copolymer

The macroCTA and diblock copolymer were analyzed by size exclusion chromatography.

The refractive index measured for the macroCTA (PPAA) and the diblock copolymer

PPAA-b-PDSMA-co-DMA are shown in Figure 3.2. A shift in the chromatogram is

observed when the macroCTA is used to polymerize the subsequent diblock copolymer.

After calculating dn/dc values for each polymer, the number average molecular weight,

Mn, was found to be 18 kDa for PPAA and 35 kDa for diblock copolymer. The poly-

dispersities (PDI) were measured to be 1.7 and 1.8, respectively. The polymerization

of sterically hindered, bulky alpha-alkyl substituted acrylic acid monomers is generally

difficult and these reactions often exhibit slow polymerization rates and low monomer

conversion as demonstrated by Hastings with propylacrylic acid in 1969? . Bulky

hindered monomers prevent the propagating radical to react with monomer, thus

slowing the propagation and termination rates and increasing the polydispersity? . For

this reason the RAFT polymerization of PPAA was conducted under bulk monomer

conditions with a low initial CTA to initiator ratio ([CTA]o/[I]o = 1). These conditions

lead to a higher than usual PDI for a controlled radical polymerization however the

use of RAFT methodology allows for reasonable control over the molecular weight as

well as the incorporation of biotin moieties at the alpha chain terminus.
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Figure 3.2: A chromatogram of the macro-CTA (PPAA), and the diblock copoly-
mer (PPAA-b-[PDSMA-co-DMA]), measured by refractive index using size exclusion
chromatography.
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3.3.3 NMR spectroscopy of diblock copolymer

Composition of the diblock copolymer was measured by 1H-NMR using the spectrum

in Figure 3.3. After integrating the proton peaks related to PPAA, PDSMA, and

DMA, the composition of the second block was determined to be 90% DMA and 10%

PDSMA, which was equal to the feed ratio. This composition resulted in a calculated

13 PDS groups per polymer chain.

Figure 3.3: The NMR spectrum of the diblock copolymer was used to identify
the peaks associated with polymer composition and calculate the conversion of the
monomers
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3.3.4 Calculating PDS groups on diblock copolymer

The release of pyridine-2-thione from the diblock copolymer after reduction with

TCEP was correlated to the number of functional PDS groups per polymer chain. The

absorbance peaks for reduced polymer and native polymer are shown in Figure 13. The

change in absorbance at the peak maxima (343 ηm) between polymer in the absence

and presence of TCEP was used to measure the concentration of pyridine-2-thione,

with an extinction coefficient of 8,080 M-1cm-1. The average number of PDS groups per

polymer chain was found to be 13.7, which is consistent with the PDSMA composition

in the polymer measured by NMR in Figure 3.3. For all peptide-polymer conjugations,

the number of peptides loaded per polymer remained below the number of PDS groups

per chain to ensure a high binding efficiency while limiting the amount of free peptide

after conjugation.

3.3.5 Hemolytic activity of diblock copolymer

Endosomal escape is an important functionality for intracellular delivery and has

been shown to be correlated with a hemolytic assay. Hemolysis of the diblock was

studied to ensure that the addition of the bulky second block did not inhibit the

hemolytic activity of PPAA, the macroCTA. The pH responsive activity of both

polymers was measured at three concentrations: low (16µg/mL) medium (32µg/mL)

and high (48µg/mL). However because the diblock copolymer is nearly double the size

of the macroCTA, the medium concentration of the diblock is relatively equivalent

to the low concentration of the macroCTA in terms of PPAA concentration. The

percent hemolysis at each pH was calculated relative to a 0.1% solution of Triton-X

after subtracting the background absorbance at 500 nm and is shown in Figure 3.4.

The activity of PPAA was examined at three physiologically relevant pH buffers: pH

7.4 (cytosolic), pH 6.6 (early endosome), and pH 5.8 (late endosome) (Figure 3.4

79



Chapter 3. Results and Discussion

left). pH-responsive activity was observed for all three concentrations. The lowest

concentration of PPAA was non hemolytic at pH 7.4, with 35% hemolysis at pH 6.6

and 100% hemolysis at pH 5.8. At the medium and high concentrations of PPAA,

an increase in activity was observed at pH 7.4, with 100% hemolysis at pH 6.6 and

5.8. For the diblock copolymer (Figure 3.4, [right]), five different pH buffers were

tested between pH 7.4 and 5.8. At the lowest concentration no significant activity

was observed. At the medium concentration, the hemolytic activity reached 50% at

pH 6.2 and 5.8. At the highest concentration, the polymer exhibited 20% hemolysis

at pH 7.4, reaching 100% at pH 6.6 and below. These data suggest that the diblock

copolymer exhibits a desired hemolytic response with minimal activity at physiological

pH and high activity at endosomal pH. However, the bulkiness of the second block,

polymerized off of PPAA, did inhibit the hemolytic activity of PPAA. Hemolysis of the

polymer with peptides bound or complexed with HD39/SA was not evaluated in this

study. The addition of antibody-streptavidin, a large protein conjugate on one end of

the polymer and multiple peptides on the other end could sterically hinder the polymer

and diminished the hemolytic activity. While hemolysis could be correlated with

activity, a more quantitative approach would be to perform ratiometric fluorescence

microscopy and flow cytometry, as described in Chapter 2.
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Figure 3.4: Hemolytic activity was normalized to a 0.1% Triton X-100 solution.
Data represents the mean of a single experiment performed in triplicate with standard
deviation
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3.3.6 Streptavidin-polymer complexation

The binding efficiency of the biotinylated diblock copolymer with streptavidin was

quantified by a HABA assay. First, a biotin standard curve was made to correlate

biotin-binding events with HABA absorbance at 500 nm. Next, the diblock copolymer

was added to the streptavidin/HABA solution at increasing concentrations and the

change in A500 was recorded. Absorbance values were converted to binding events

using the biotin standard curve and a graph of molar excess of polymer to biotin

binding events was plotted as shown in Figure 3.5. A maximum of 3 polymer-binding

events was achieved with a molar excess of 9 polymers per streptavidin. Exceeding

this polymer excess resulted in saturation of the biotin binding sites. While the

diblock copolymer is a large polymer, a linear relationship exists between polymer

concentration and biotin binding events with approximately one binding event per SA

for every three polymers in solution.
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Figure 3.5: A HABA binding curve was used to measure the number of accessible
biotin per diblock copolymer and demonstrate saturation of the streptavidin protein
with biotinylated polymer
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3.3.7 Mass spectroscopy and extinction coefficient of BIM peptide

The 21-amino acid BIM peptide has nearly an equal number of hydrophilic and

hydrophobic residues and readily dissolves in both organic and aqueous solutions. The

peptide contains a carboxyl-terminus cysteine for disulfide conjugations, has a net

charge of -1 at neutral pH, and an isoelectric point at pH 4.7. The hydropathy of

the BIM peptide was analyzed using an online innovagen peptide characterization

program (Figure 3.6). The purity of the BIM peptide was measured by HPLC and

mass spectrometry. Reverse phase HPLC indicated a single peak with high purity.

The peptide was measured by mass spectromety as seen in Figure 3.7. The molecular

weight determined by mass spec was 2548 Da and also confirmed high purity with a

small amount of dimerization. With one tryptophan residue, the concentration of the

peptide can be measured at 280 nm. To quantify the molar concentration based on

absorbance units, the Beer-Lambert equation can be applied using a known extinction

coefficient. To measure the extinction coefficient, the BIM peptide was dissolved

at a known concentration and serially diluted into three concentrations. The A280

absorbance was plotted against known peptide concentrations and a linear fit was

applied to the data set shown in Figure 3.8. The extinction coefficient, determined by

the slope of the line was measured to be 4447 M-1cm-1.
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Figure 3.6: Hydropathy plot created online using Innovagen software describes the
number of hydrophobic and hydrophilic residues found on the BIM peptide.

Figure 3.7: Mass spectrometry of the BIM peptide was performed to ensure the
correct peptide was delivered from the company with more than 90% purity and little
dimerization.
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Figure 3.8: The extinction coefficient of the BIM peptide was calculated by plotting
the absorbance of the peptide at three concentrations and calculating the slope of a
linear regression fit.
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3.3.8 Polymer-peptide conjugation and peptide release

The peptide to polymer conjugation efficiency was measured by pyridine-2-thione

release at A343. Peptides were incubated overnight at 4, 6, 8 and 10-fold molar excess

to polymer and pyridine-2-thione release was measured the next day. The absorbance

curves for each polymer-peptide conjugate are displayed in Figure 3.9 (left). The

binding efficiency was found to be between 76 and 80% for every peptide loading

concentration. These results demonstrate that the peptide binds to the polymer

efficiently at all concentrations below the number of accessible sites per polymer chain.

Validation of the peptide-polymer conjugation was also measured by running the

conjugates on an SDS-PAGE gel. In Figure 3.9 (right), conjugation of the peptide to

the polymer is observed by the disappearance of the free peptide band. Furthermore,

in the presence of a reducing agent like TCEP, the conjugate smear at the top of

the gel disappeared indicating the peptide has been reduced from the polymer via

disulfide reduction.

Figure 3.9: The conjugation efficiency of the peptide with the polymer was quantified
by pyridine-2-thione release (left). Validation of conjugation and reduction through
the disulfide bond was also performed by SDS-PAGE in the presence and absence of a
reducing agent TCEP (right).
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3.3.9 Conclusions from polymer-peptide conjugations

Although conjugation of the BIM peptide to the diblock copolymer was successful,

the peptide-polymer conjugate was very hydrophobic with some turbidity observed in

the reaction mixture. This probably occurred because the diblock copolymer has 13

hydrophobic PDSMA monomers per chain which imparts a large hydrophobic effect.

Furthermore, multiple peptides per polymer chain increased the hydrophobicity such

that the polymer-peptide conjugates could not remain in solution. To overcome the

stability issue we explored a different approach by conjugating the BIM peptide directly

to HD39/SA via a reducible biotin linker. This would allow for direct complexation

to the mAb/SA conjugate while occupying the other three biotin binding sites with

PPAA to induced endosomal escape. The next section of this chapter will discuss our

approach in developing a unimeric antibody-polymer-peptide conjugate based on the

system described in Chapter 2.

3.3.10 Characterization of btBIM by mass spectrometry

In order to complex the BIM peptide directly to the the antibody-streptavidin con-

jugate, a biotin-hexyl-PDS (Biotin-HPDP) linker was introduced. The BIM peptide

was conjugated to the Biotin-HPDP linker in DMSO overnight and the crude product

was characterized by mass spec (Figure 3.10) After confirming a high yield of btBIM

product (2976 Da), DMSO was evaporated using a high vacuum and the crude product

was purified by reverse-phase HPLC. After purification, the purified product was frozen

and lyophilized in ddH20. Mass spec was then used to confirm the purified btBIM

product (Figure 3.11) had no remaining Biotiin-HPDP or free BIM peptide.
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Figure 3.10: The crude btBIM product was analyzed by mass spectrometry to
confirm sufficient conjugation. No free peptide was observed in the crude sample
suggesting near 100% conjugation with an excess of biotin-HPDP
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Figure 3.11: The final btBIM product was confirmed by mass spectrometry. The
three m/z peaks identified in this spectrum correspond to the +2, +3, and +4 charges
associated with the 2976 Da btBIM peptide conjugate
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3.3.11 Characterization of btPEG-ECT CTA by NMR

The biotin-PEG3-ECT chain transfer agent was synthesized and purified using a flash

column an increasing gradient of organic solvent. The purified btPEG-ECT product

was confirmed by NMR and all the peaks corresponding to protons on the CTA were

identified (Figure 3.12). The NMR spectrum helped to confirm the purity of the new

CTA using flash column chromatography. In previous versions of synthesizing the

biotin-ECT, lower yields were often the result of reacting a one to one molar ratio of

biotin to the ECT. With this method, an excess of ECT was reacted to conjugate all

the biotin-PEG. This made the process for purification easier because there was no

free biotin-PEG left in the solution. After confirming the purity of the new CTA, a

subsequent RAFT polymerization was set up for the final PPAA polymer.

Figure 3.12: NMR spectrum of the btPEG-ECT chain transfer agent following flash
column chromatography

91



Chapter 3. Results and Discussion

3.3.12 Characterization of PPAA by NMR spectroscopy

After purification of the PPAA polymer, analysis by NMR spectroscopy was used

to confirm monomer composition, purity and removal of any monomer species (Fig-

ure 3.13). All NMR peaks in the spectrum were accounted for in the chemical structure,

including the biotinylated chain transfer agent. The carbon backbone of PAA and the

propyl pendent group were identified by the large peak spanning between 0.9 to 2.2

ppm.

Figure 3.13: NMR spectrum of the btPEG-PPAA polymer
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3.3.13 Characterization of PPAA by GPC

The PPAA polymer was also characterized by size-exclusion chromatography via gel

permeation chromatography (GPC) (Figure 3.14). Three chromatograms are displayed

in the figure collected by light scattering, refractive index, and UV spectrophotometry.

The chromatogram indicates a polydisperse polymer always associated with the

polymerization of the sterically bulky propylacrylic acid monomer. This polydispersity

however is acceptable for RAFT synthesis and so the PPAA polymer was used for all

subsequent studies.

Figure 3.14: GPC chromatogram of btPEG-PPAA polymer following synthesis. The
three overlaid chromatograms including light scattering (LI), refractive index (RI),
and UV absorbance at 310 nm (UV)
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3.3.14 Formulation of HD39/SA-PPAA-BIM conjugates

Conjugation of btBIM and PPAA with streptavidin and HD39/SA through the biotin-

streptavidin linkage was quantified by a HABA assay. Using a biotin standard curve,

the btBIM binding capacity with streptavidin was quantified (Figure 3.15 Left). btBIM

bound to streptavidin with an 82% efficiency and biotin binding was found to increase

linearly with concentration. Next the ability of PPAA to bind to streptavidin was

quantified and showed a very high binding capacity (Figure 3.15 Right). Saturation of

the biotin binding sites on streptavidin with PPAA was observed around 3.5 PPAA

chains per streptavidin protein. The ability of HD39/SA to complex both the btBIM

peptide and PPAA polymer was also measured (Figure 3.15 Center). In this study,

HD39/SA was incubated with an equal molar ratio of btBIM peptide for one hour and

binding was confirmed by HABA. Next, PPAA was added sequentially to the HD39/SA-

BIM solution and biotin binding was again quantified by HABA absorbance. An excess

of 4 PPAA polymers was needed to saturate all biotin binding sites on HD39/SA-BIM

conjugates. This protocol was used to formulate the HD39/SA-PPAA-BIM conjugates

for all the subsequent therapy studies both in vitro and in vivo.
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Figure 3.15: A HABA assay was used to confirm the streptavidin complexation
ability of btBIM and the biotinylated PPAA. After confirming the binding capacity
of each macromolecule, the two were complexed with HD39/SA sequentially until all
biotin-binding sites were saturated.
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3.3.15 HD39/SA-PPAA-btBIM induces cell death in RAMOS-AW cells

In the following in vitro study, RAMOS-AW cells were treated for 24 hours with

staurosporine [5 µM], HD39/SA-PPAA, HD39/SA-btBIM or HD39/SA-PPAA-btBIM

with HD39/SA kept at 3.9 µM with one equivalent BIM peptide per conjugate and

three PPAA polymers per conjugate. After 24 hours, media was removed from

suspension cells by centrifugation and cell viability was measured via MTS. Here we

show that while HD39/SA with either BIM or PPAA does not exhibit any activity,

the complete conjugate resulted in 40% cell death after 24 hours.

Figure 3.16: RAMOS-AW cells were treated with HD39/SA-PPAA-BIM as well as
negative controls and staurosporine as a positive control. RAMOS-AW cell viability
was measured after 24 hours of treatment using an MTS assay.
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3.3.16 Acetylation of BIM peptide confirmed by mass spectrometry

Before radiolabeling the BIM peptide using 14C-acetic anhydride, a protocol was

developed to cap the N-terminus with acetic anhydride. After chemical modification,

the peptide was lyophilized to remove free acetic anhydride. The acetylated btBIM

peptide was confirmed by mass spectroscopy as shown in Figure 3.17. This reaction

yielded 95% efficiency and was then applied to radiolabel BIM and btBIM with

14C-acetic anhydride.

Figure 3.17: To confirm the radiolabeling protocol of btBIM with 14C-acetic an-
hydride, we reacted btBIM with cold acetic anhydride, then confirmed N-capped
acetylation by mass spectroscopy
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3.3.17 Radiolabeled HD39/SA and BIM peptide

The HD39/SA conjugate contained 0.92 3H atoms per HD39/SA with a specific

radioactivity of 273 µCi/mg. For in vivo studies, [3H]-HD39/SA was spiked into cold

HD39/SA for a final specific radioactivity of 8 µCi/mg. The BIM and btBIM peptides

were efficiently labeled using 14C-acetic anhydride via the N-terminus. Because the

acetic anhydride is symmetrical, only half of the peptides were conjugated with the

radioactive portion and thus contained 0.47 14C atoms per peptide. The specific

radioactivity of the peptides was 7.89 mCi/mg.

Figure 3.18: HD39/SA was labeled with [3H using [3H]-N-hydroxysuccinimidyl
propionate through primary amines to form a stable amide linkage. The final reaction
yielded 0.92 [3H] per HD39/SA, with a specific radioactivity of 273 µCi/mg

Figure 3.19: BIM peptide was labeled with [14C]-acetic anhydride to acetylate the N-
terminus. The final reaction yielded 0.47 [14C] per peptide, with a specific radioactivity
of 7,890 µCi/mg
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3.3.18 Dual-Radiolabeled HD39/SA-PPAA-BIM Conjugates

Complexation of HD39/SA with [14C]btBIM and PPAA was confirmed with a HABA

assay (Figure 3.20). More than 4 biotin-binding sites per HD39/SA were measured

with a biotin standard curve because HD39 contains 1.2 streptavidin. First, an excess

of 2 [14C]btBIM resulted in 0.8 binding events per HD39/SA. PPAA was then added

stepwise until saturation of the remaining biotin binding sites was confirmed. Every 3

PPAA resulted in 1 biotin-binding event until HD39/SA-[14C]btBIM was saturated

with 3-4 PPAA. Saturation of all accessible biotin-binding sites was confirmed by

the addition of free biotin and no change in HABA signal. These results were also

confirmed by scintillation counting. Unbound peptide and trace DMF were removed

by spin filtration.

Figure 3.20: Formulation of the HD39/SA-PPAA-[14C]btBIM was confirmed with
a HABA assay. First [14C]btBIM was added to saturate one biotin binding site on
streptavidin. Next, PPAA was added to saturate the remaining biotin binding on
HD39/SA.
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3.3.19 Tumor Growth and Take Rate

The optimization parameters for tumor-xenografts are high tumor takes with slow

tumor growth (100 mm3 after 7-10 days). Tumor volume was measured in mice

inoculated with 15M, 10M, or 5M RAMOS-AW cells over 11 days (Figure 3.21, Left).

The percent of 10 mice bearing tumors for each cell concentration was also plotted

in Figure 3.21, Right. 15M cells resulted in a tumor take rate of 100%, however the

tumors had grown too large (more than 100 mm3 by 7 days. Mice injected with 10M

cells had a 71% take rate with tumors that were smaller than 100 mm3 after day 7.

5M cells resulted in a tumor take rate of 50% and the slowest tumor growth. From

these studies we concluded that 10M cells per mouse was an optimal cell number for a

high tumor take rate and slow tumor growth in the following pharmacokinetic and

biodistribution studies.

Figure 3.21: Tumor growth and take rate were measured following subcutaneous
injection of RAMOS-AW cells in the right flank of BALB/c nude mice. Tumors were
measured with calipers in the X, Y, and Z direction. The tumor growth rate from this
study was used to select a cell injection concentration and conjugate administration
day post cell injection.
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3.3.20 Pharmacokinetics of Dual-Radiolabeled Conjugates

Tumor xenografts were formed by subcutaneous injection of 10M RAMOS-AW cells in

the right flank of mice. After 7 days, tumors reached a size of 50 to 100 mm3 and mice

were injected with 1.4 nmoles of [14C]BIM, [3H]HD39/SA, [3H]HD39/SA-[14C]btBIM, or

[3H]HD39/SA-PPAA-[14C]btBIM. Sequential blood samples were collected in triplicate

through the retro orbital vein plexus. 3H and 14C activity were measured on a

scintillation counter and the blood concentration level of each radiolabel was calculated

and plotted as percent of injected dose (%ID) in Figure 3.22. The concentration of

HD39/SA was stable over time and corresponded with previous studies using this

antibody streptavidin conjugate. After 24 hours, the blood concentration had plateaued

to 20% ID. The free peptide, BIM was cleared from the blood with 4.5% ID after 5

minutes and 1% after 24 hours. The HD39/SA-btBIM conjugates remained together

for the first two hours after injection with an HD39/SA and btBIM concentration

of 17% of the injected dose. After 2 hours the concentration of peptide in the blood

reduced while the antibody concentration remained constant, indicating that the

btBIM peptide was being cleaved from the conjugate. After 24 hours, 3% of the

peptide and 12% of the antibody remained in the blood. HD39/SA-PPAA-btBIM

was cleared from the blood before HD39/SA-btBIM, however the peptide to antibody

ratio for HD39/SA-PPAA-btBIM remained the same. This suggests that the peptide

linker is more stable with the polymer also bound. After 2 hours, the concentration of

peptide and antibody was 9% but after 24 hours had decreased to 2%. The ratio of

peptide to antibody in the blood was also calculated to assess peptide stability. For

HD39/SA-btBIM, the peptide to antibody ratio rapidly decreased after 2 hours and

eventually reached 1:4. For HD39/SA-PPAA-btBIM, the peptide was more stable in

the blood and remained at 1:1. These results demonstrate that the BIM is rapidly

cleared from the blood but it’s bioavailability is increased on HD39/SA conjugate.

Furthermore, PPAA on HD93/SA may help to increase the stability of the peptide
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linker but also leads to complete clearance after 8 hours.
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Figure 3.22: The pharmacokinetics of the dual-radiolabeled HD39/SA-PPAA-BIM
conjugates was evaluated. The following treatments are HD39/SA (top left), BIM (top
right), HD39/SA-BIM (middle left), and HD39/SA-PPAA-BIM (middle right). The
ratio of BIM peptide on HD39/SA was compared with and without PPAA (bottom
left) over time.
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3.3.21 Biodistribution of Dual-Radiolabeled Conjugates

24 hours after injecting radiolabeled conjugates the mice were sacked and tissues

processed. The percent of injected per gram (%ID/g) of tissue or blood was calculated

and normalized by measuring 3H and 14C signal (below). In the first graph, the %ID/g

of antibody was measured for HD39/SA, HD39/SA-BIM, and HD39/SA-PPAA-btBIM.

HD39/SA alone was found at more than 10% in the blood and lungs, 5 10% in the

liver, spleen and kidneys and 6% in the tumor tissue. This high concentration in

the tumor agrees with previous biodistribution studies on the HD39/SA conjugate.

For the HD39/SA-btBIM conjugate, the HD39/SA portion was found in all the same

tissues as the free conjugate but in lower concentrations. This is likely due to a lower

bioavailability in the blood as was demonstrated with the pharmacokinetic study from

above. Interestingly, the HD39/SA portion of the HD39/SA-PPAA-btBIM conjugate

was found at a lower concentration in all organs except the liver (10%) and spleen

(8%). These concentrations are higher than the other two conjugate systems and

are likely due to uptake by the scavenger receptor found on kupffer cells in both the

liver and spleen. This receptor is known to bind and endocytose anionic polymers

and proteins to remove them from the blood as a clearing mechanism. The next plot

below describes the %ID/g of the BIM peptide or btBIM on HD39/SA or HD39/SA-

PPAA. The free peptide does not appear at a high concentration in any organ likely

because it was cleared by the kidney shortly after injection 24 hours before. The

only organ with a large amount of btBIM peptide from the HD39/SA conjugate was

the liver with 4% ID/g. The peptide concentration in the tumor was below 1% even

though it’s corresponding antibody was 4%, indicating the antibody only targeted the

tumor after most of the peptide had reduced in the blood. The btBIM peptide on

the HD39/SA-PPAA conjugate was found at 4% in the liver and 9% in the spleen.

These high concentrations further confirm the uptake of the conjugate by kupffer cells

found in both organs and the quick removal of the conjugate from the blood. The
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peptide to antibody ratio of the two conjugates was also measured in each organ. For

HD39/SA-btBIM, the peptide ratio was below 0.5 in all organs except the liver at

0.8. This higher loading ratio indicates the liver had taken the conjugate out of the

blood before the peptide had reduced from the antibody. Most significantly however,

the peptide ratio on for the HD39/SA-PPAA-btBIM conjugate was near 1 in the

spleen, kidney, and stomach, 0.1 in the lung and 0.4 in the tumor. These high ratios

further support the hypothesis that the polymer helped to stabilize the peptide in the

blood, preventing rapid degradation of the peptide linker. The biodistribution results

indicate that 6% of the HD39/SA is targeted to the tumor when normalizing tumor

weight. The HD39/SA-PPAA-btBIM conjugate however is depleted from the blood

and processed in the liver and spleen, reducing the blood circulation time and tumor

targeting effects of the antibody.
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Figure 3.23: The biodistribution of dual-radiolabeled conjugates was evaluated
after 24 hours following tail vein administration. HD39/SA and BIM were followed
separately using 3H and 14C labeling, respectively. The % injected dose per gram
of tissue (%ID/g) was evaluated in the blood, lung, liver, spleen, stomach, kidney,
small intestine, large intestine, tumor and muscle. The relative dose of HD39/SA
is described in the top plot, BIM in the middle plot and the ratio of Peptide per
HD39/SA in the lower plot.
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3.3.22 Evaluating the cause of PPAA depletion from the blood

Based on an extensive literature search, we hypothesized that the anionic polymer,

PPAA, caused rapid uptake by scavenger receptors on kupffer cells found in the liver

and spleen. Other labs that encounter this phenomenon have attempted to reduce

scavenger receptor binding through two main mechanisms. The first is to inject

or pretreat mice with free polymer 30 minutes prior in order to saturate scavenger

receptors. The second and more common approach is to block scavenger receptor

binding via blocking agents like fucoidan. Fucoidan is a sulfonated fucose polymer

that specifically binds a family of scavenger receptors and is often used to inhibit

macrophage binding in vivo. We hypothesized that using fucoidan as a blocking agent

would improve the circulation time and increase tumor targeting of the complete

conjugate.

Systemic delivery and pharmacokinetic parameters are key obstacles in the design of

cancer-targeted conjugates. Conjugates are often unable to reach the active tumor site

due to blood clearance by the liver. Scavenger receptors (SR) expressed on kupffer

cells (KC) in the liver and spleen have evolved to recognize and endocytose pathogens,

apoptotic cells and proteins. The SR also instigates the rapid depletion of anionic

macromolecules through a receptor-mediated process. A number of strategies have

been developed to prevent blood clearance of drug conjugates via depletion or knockout

models and polyanions blocking agents. Gadolinium chloride is a rare earth metal

used in animal models to prevent SR binding by eliminating the KCs altogether. For

mechanistic studies, KC-depletion by GdCl3 has helped to understand gene delivery

mechanisms, liver immunopathology with viral infections and bacterial binding within

the liver15–17. For clinical therapies, GdCl3 may be more damaging than less invasive

than other blocking techniques. Binding competition with polyanions has also been

successful as a tool to increase blood circulation while reducing liver uptake. Takakura

et al. demonstrated SR targeting with dextran sulfate (DS) at 1 mg/kg and complete
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saturation at 100 mg/kg18. Coadministration of a model protein with succinylated-

BSA (suc-BSA), maleylated-BSA (mal-BSA) or DS (20 mg/kg) resulted in a reduction

of hepatic cell uptake by 95, 80, and 75%, respectively. Kawabata et al. used these

same polyanions to alter the fate of negatively charged plasmid DNA. On its own,

pDNA was quickly removed from the blood by the liver19. In competition, polyanions

administered at 20 mg/kg 1 minute before pDNA increased plasma concentration

and decreased liver uptake. Of the 5 macromolecules, DS was the most effective

blocker, followed by mal-BSA and suc-BSA. Other sulfate-modified polysaccharides

have been discovered from nature and used for SR inihibition. Fucoidan, a sulfate-

modified polysaccharide has shown good SR blocking against a number of peptides

and polymers.

It has been well established that strongly anionic macromolecules are recognized and

rapidly endocytosed by scavenger receptors (SRs) found on kupffer cells in the liver.

Blocking SRs with anionic macromolecules has been shown to prolong circulation and

increase plasma concentrations of macromolecules and chemotherapeutic drugs in vivo.

Biodistribution measurements show that pretreatment with DxSO results in a greater

amount of antibody in the blood and a reduction in the liver and spleen. Fucoidan

also resulted in a slight increase in the blood and a decrease in the liver but no effects

in the spleen. DxSO and fucoidan appeared to also increase tumor concentration

above PBS and Suc-BSA. For the future studies, DxSO will be selected as the optimal

receptor blocker for therapeutic studies.

3.3.23 Succinylated-BSA

A series of succinylated BSA proteins were made for scavenger receptor blocking.

An excess of 120, 240, and 360 succinic anhydrides were reacted with BSA and the

number of free amines remaining on the protein were quantified with an OPA assay

(Figure 3.24). An excess of 120, 240, and 360 succinc anhydrides reduced the number
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of free amines from 60 to 30, 20, 20, respectively. The molecular weight of the

succinylated BSA proteins was quantified using aqueous size exclusion chromatography.

The experimental and theoretical molecular weights are shown in Table 3.1. These

results confirm that the BSA proteins were modified and resulted in larger molecular

weights. A decrease in the Suc120-BSA could be an artifact of running aqueous

GPC. BSA tends to be a sticky protein especially when running through aqueous

columns and small changes in the elution run from each batch could have resulted

in a skew in the molecular weight down to 63,000 (experimental) in place of 69,000

(theoretical).

Figure 3.24: The number of free amines following succinylation of BSA with an
excess of 120, 240, and 360 succinic anhydrides was confirmed with an OPA assay.
(A) A standard curve demonstrates the linearity between free amines and fluorescence
intensity. (B) The number of free amines after succinylation was quantified for each
reaction.
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Table 3.1: The theoretical molecular weight was calculated based on the number of
free amines after the reaction of BSA with succinc anhydride. Experimental molecular
weight was measured on an aqueous gel-permeation chromatography system.
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3.3.24 Pharmacokinetics of conjugates with scavenger receptor blockers

The pharmacokinetics of the dual-radiolabeled HD39/SA-PPAA-btBIM conjugates

was evaluated over 8 hours post tail vein injection using a pretreatment of several

different scavenger receptor blockers (50 mg/kg) and PBS alone (Figure 3.25). The

dual-radiolabeled conjugates had a [3H] label on HD39/SA, and [14C] label on the

btBIM peptide. In the first graph we see that the complete conjugate is cleared from

the blood over the same 8 hours time time course as previously demonstrated. With 500

kDa dextran sulfate (DxSO), the conjugates remained in the blood at approximately

40% of the injected dose for the first 4 hours and then a decrease to 30% after 8

hours. Similarly, the btBIM and HD39/SA signal remained relatively close. Using

fucoidan, an algae extract, the bioavailability was 50% of the injected dose after 1 hour,

then eventually decreased down to 15% after 8 hours. With the succinylated-BSA

(Suc-BSA) the conjugates had a high bioavailability at 50% for the first hour but

eventually dropped to 10% after 8 hours. The comparison of the three scavenger

receptor blockers demonstrated that DxSO exhibited the best block capability to

increase the bioavailability of the conjugates. DxSO is known to saturate scavenger

receptors upon in vivo administration and therefore the hypothesis that the conjugates

are cleared by scavenger receptor binding to PPAA has been supported.
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Figure 3.25: The pharmacokinetics or bioavailability of the conjugates was monitored
over 8 hours following pretreatment with three different scavenger receptor blockers:
dextran sulfate (DxSO), fucoidan, and succinylated-BSA (Suc-BSA), administered
30 minutes prior to conjugates via tail vein injection. Black squares represent the
signal measured by [3H]HD39/SA ad white squares represent the signal measured by
[14C]btBIM.
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3.3.25 Biodistribution of conjugates with scavenger receptor blockers

Biodistribution of the conjugates in the blood, liver, spleen, and tumor were assessed

by harvesting tissues and measuring the amount of [3H] and [C14] per gram of tissue

(Figure 3.26). As was observed in the four groups by pharmacokinetics, the percent of

conjugate in the blood was highest with DxSO pretreatment at 14% ID/g. All other

pretreatments including PBS resulted in 5% ID/g after 8 hours. The DxSO group

was also lowest in the liver but PBS exhibited the highest percentage. This result was

expected considering each of the scavenger receptor blockers was designed to saturate

the kupffer cells in the liver to an extent. In the spleen, the DxSO and SucBSA groups

were lowest at 12% relative to PBS at 15%. In the tumor, the highest percentage of

conjugate was experienced by fucoidan pretreatment at 2% ID/g.
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Figure 3.26: Biodistribution of the conjugates was quantified in the blood, liver,
spleen, and tumor. The horizontal lines in each plot represent the mean collected from
three mice per group. The y-axis denotes the percent injected dose per gram of tissue
(%ID/g).
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3.3.26 In Vivo Comparison of PPAA versus HPMA conjugates

After demonstrating that HD39/SA-PPAA-BIM was depleted from the blood by

scavenger receptors in the liver, we determined if we could increase tumor targeting of

the conjugate using the scavenger receptor blocker DxSO. Additionally, we wanted

to use a second polymer biotin-HPMA-co-PDSMA-b-PDB (HP-PDB) with a neutral

corona and biotin on the hydrophilic end to increase circulation of the antibody

without a scavenger receptor blocker.

The pharmacokinetics of the two conjugate systems was measured over 24 hours

(Figure 3.27). These results demonstrate that the HPMA diblock copolymer improves

the blood half-life of [3H]HD39/SA compared to PPAA with the DxSO pretreatment.

After 24 hours, 40% of the HD39/SA-HPMA injected dose (ID) remained in the blood,

while 20% ID of the HD39/SA-PPAA remained in the blood. The [3H]HD39/SA-

[14C]BIM conjugates were initially made for another in vivo study and had been purified

and stored at 4 oC for over a month. Over this time, if the BIM linker partially

degraded a fraction of the peptide could have been free in solution. This phenomenon

could explain why 40% of the peptide in both conjugates had cleared in the first 30

minutes. Nonetheless, 3 PPAA chains appeared to better protect the peptide linker

from degradation compared with one HPMA polymer. There was a faster decrease

in the blood concentration and peptide to mAb ratio. The diblock copolymer was

designed to conjugate peptides directly to the polymer through functional PDS groups

in the polymer, but this approach was not used for the sake of comparing the PPAA

polymers to the neutral corona of HPMA. Future work may include the BIM peptide

conjugated directly to the polymer through disulfide bonds.

A comparison of the biodistribution of the two polymer conjugates after 24 hours shows

that in the blood, HPMA conjugates are at 15 %ID/g while PPAA conjugates are at

10 % ID/g (Figure 3.27). The use of DxSO significantly changed the biodistribution
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of PPAA conjugates. The concentration in the blood increased from 1 to 10 %ID/g,

concentration in the liver decreased from 11 to 5 %ID/g and the spleen decreased from

8 to 4 %ID/g. The concentration of HPMA conjugates in the liver and spleen was

approximately the same as PPAA suggesting that the neutrality of the HPMA diblock

copolymer does not promote scavenger receptor uptake. Finally, tumor targeted

increased with the HPMA conjugates, with 1.3 %ID/g of PPAA conjugates and 2.4

%ID/g of HPMA conjugates in the tumor.
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Figure 3.27: The pharmacokinetics and biodistribution of HD39/SA-PPAA-BIM
with DxSO pretreatment was compared to a HD39/SA-HPMA-BIM conjugate where
HPMA is a diblock composed of biotin-poly[(HPMA-PDSMA)-b-(PAA-DMAEMA-
BMA)]. Blood circulation was measured for over 24 hours while tissues including
blood, liver, spleen, and tumor were measured to calculate the %ID/g of tissue.
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3.4 Conclusion

In this chapter, we explored the development of a unimeric antibody-polymer-peptide

conjugate. Initially we synthesized a biotinylated diblock copolymer with an endoso-

molytic block consisting of PAA and a peptide conjugating block with pendent PDS

groups that would complex with the antibody-streptavidin conjugate characterized

in Chapter 2. After assembling the conjugates we found that the polymer was not

hydrophilic enough to support multiple BIM peptides without crashing out of solution,

therefore we pursued an alternative system. Using the HD39/SA-PPAA conjugates

we developed in Chapter 2, we modified the BIM peptide with a biotin linker using a

reducible disulfide bond. The biotinylated peptide was then complexed with HD39/SA

at a 1:1 molar ratio and the remaining biotin binding sites were occupied by the

PPAA polymer. This system was somewhat complex to assemble consistently and

often the in vitro results were inconsistent, but because we achieved in vitro activity

with the proapoptotic peptide on the HD39/SA-PPAA conjugates we pursued these

conjugates in vivo. The pharmacokinetics and biodistribution studies revealed that

although the disulfide linked peptide was stable in the presence of PPAA polymer

chains, the PPAA caused the conjugates to be rapidly cleared from the blood by

scavenger receptors found in the liver. To overcome this effect, we used scavenger

receptor blockers described in the literature to saturate the receptors and increase

the circulation time of the conjugates. While this method did improve the circulation

there was little clinical significance this technique. Comparing PPAA conjugates to a

more hydrophilic, neutral micelle, we found that the micelles out performed PPAA

both in circulation and low distribution to organs. Development of this micelle carrier

is described in further detail in Chapter 4.
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Chapter 4

EVOLUTION OF POLYMER MICELLE CONJUGATES
FOR ANTIBODY-TARGETED PEPTIDE DELIVERY

In the previous chapters, we developed an antibody-polymer-peptide conjugate for the

intracellular delivery of proapoptotic peptides. Rapid blood clearance of the conjugates

caused by binding to scavenger receptors led us to explore new polymer architectures

in the form of micelles (20 η). A series of diblock copolymers were developed that

could self-assemble into micelles with a hydrophilic shell and a hydrophobic core.

The hydrophilic shell provided micelle stability with peptide- and antibody-loading

modalities. The membrane destabilizing hydrophobic core exhibited endosomal escap-

ing properties for intracellular delivery. Micelles were optimized for peptide-loading,

antibody-targeting, and in vivo safety.
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4.1 Introduction

The first diblock copolymers develop in this chapter were based on work by Convertine

et al.1,2. for the intracellular delivery of siRNA. The first block (HP), contained

the hydrophilic monomer hydroxypropyl methacrylate (HPMA) to impart micelle

stability3–5 and pyridyldisulfide methacrylate (PDSMA) for peptide conjugation6–8.

The endosomol releasing segment (PDB) was a tercopolymer with propylacrylic acid

(PAA), dimethylaminoethyl methacrylate (DMAEMA), and butyl methacrylate (BMA).

PAA and DMAEMA are pH-sensing monomers with a pKa below physiological pH

(7.4). At endosomal pH (6.6) the two monomers are protonated causing the polymer

to undergoe a phase transition from self-assembled micelles to unimers. BMA is

a hydrophobic monomer thought to interact with and disrupt the lipid bilayer of

endosomes. While HP-PDB diblock copolymers have demonstrated good activity with

siRNA, no peptide activity was achieved. The polymer concentrations required for

peptide delivery exceed for those for siRNA, resulting in high polymer toxicity in

B-cell lymphoma, ovarian and breast cancer Furthermore, the micelles stability was

also compromised with high peptide loading.

To improve peptide-loaded micelle stability, reduce toxicity, and increase the circulation

half-life of conjugates, a new series of diblock copolymers were formulated based on a

poly(ethylene glycol) methyacrylate (PEGMA)-containing hydrophilic block. PEG

polymers have demonstrated good safety profiles in humans and are approved by

the food and drug administration9–12. Coating proteins and nanoparticles with PEG

polymers has been proven to increase circulation times. Higher PEG densities, in

the form of PEG brushes have also shown reduced toxicity due to steric hindrances

and low permeability13,14. To maximize the desired effects of PEG in the diblock

copolymer, we selected a PEGMA monomer with 19 ethylene glycol repeat units (Mn

= 950 Da). Homopolymerization via using reversible additions-fragmentation chain
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transfer (RAFT), resulted in a 15-mer repeat with a molecular weight up to 15,000

Da. Densely packed monomers were hypothesized to exhibit similar properties to a

PEG brush as previously described.

The PEGMA homopolymer was used a macro chain transfer agent (CTA) for the

synthesis of a PEGMA-PDB diblock copolymer. We aimed to increase micelle stability

and reduce toxicity by replacing the HPMA monomer with PEGMA. Unfortunately,

PEGMA also reduced the hemolytic activity of the PDB block. Low hemolysis is usually

correlated with poor endosomal escaping properties. To increase endosomolytic activity

of the micelles, the PDB block was replaced with diethylaminoethyl methacrylate

(DEAEMA) and butyl methacrylate (BMA). Manganiello et al. previously studied the

activity of these monomers and their feed ratios for plasmid delivery15,16. The ”EB”

block, as it was termed, with a feed ratio of 60:40 (DEAEMA:BMA) was found to

be most active with minimal toxicity. For our studies, the PEGMA macroCTA was

employed for the synthesis of PEGMA-EB diblock copolymers. A series of polymers

were made by varying the degree of polymerization for the EB block and studying

it’s effects on micelle stability, hemolytic activity, in vitro toxicity, and maximum

tolerated dose in a mouse model.
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4.2 Experimental Section

4.2.1 Solid phase synthesis of BIM and BIM/LE peptides

Peptides were synthesized using Fmoc solid phase synthesis at a 0.1 mmole quantity.

BIM and BIM-L62E (BIM/LE) peptides were synthesized on an arg preloaded NovaSyn

resin (EMD Millipore) using the following sequences:

BIM NH2-CMRPEIWIAQELRRIGDEFNAYYARR-OH

BIM/LE NH2-CMRPEIWIAQEERRIGDEFNAYYARR-OH

Upon completion of peptide synthesis, peptide-loaded resin was rinsed sequentially

with N-methyl-2-pyrrolidone, dimethylformamide, dichloromethane, and methanol,

dried under vacuum, then cleaved and deprotected with a solution containing 9.4 mL

trifluoroacetic acid, 250 µL dH20, 250 µL ethanedithiol, and 100 µL triisopropylsilane.

Following resin filtration, crude peptide was precipitated into cold ether/hexane

(60/40), dissolved in ddH20 containing TCEP then purified by reverse-phase high

performance liquid chromatography on a Jupiter 5um C18 300 column (Phenomenex).

HPLC purified peptides were confirmed by ion trap mass spectrometry.

4.2.2 Cytochrome c release induced by BIM peptide

The ability of BIM and BIM/LE to induce cytochrome c release from isolated mito-

chondria was confirmed by an ELISA assay. Ramos cells (5 x 108) were grown in 3-tier

culture flasks, transferred to tubes, washed with PBS and equilibrated with 5 mL of

homogenization buffer (0.25 M sucrose, 1 mM EGTA, 10 mM HEPES/NaOH, 0.5%

BSA, pH 7.4) for 5 minutes at 4◦C. Cells were then homogenized under high nitrogen

pressure using a sealed steel container for 10 min at 400 psi, 4◦C. Disruption of cell

membranes was confirmed with Trypan blue under a microscope. Cells were collected
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and centrifuged for 10 min at 750 g in 15 mL round bottom tubes (BD (35)2059).

After lipids were removed from the surface, the supernatant was transferred to a new

vial and centrifuged for 12 minutes at 12,000 g, 4◦C. The mitochondria pellet was

resuspended in 500 uL of wash buffer (0.25 M sucrose, 1 mM EDTA, 10 mM Tris/HCl,

pH 7.4, supplemented with protease inhibitor (Roche Complete minitablets) and

placed on ice. Next, a BCA assay was performed to measure total protein. 15 µL of

mitochondria solution was collected and added to 15 uL of 0.6% SDS, then heated for

10 minutes at 95◦C. 10 µL of BSA at 0, 0.5, 1, 1.5, and 2 mg/mL and 5 uL 0.9% SDS

was added to a 96 well plate and 4, 10, an 15 µL of mitochondria/SDS solution was

added to the plate and equilibrated with dH20. 100 µL of bichonic acid/copper(III)

sulfate (50/1) was added to each well and incubated for 50 minutes at 37◦C. The BSA

standards were used to make a standard curve and measure the total protein in the

mitochondria solution. Finally, peptides in DMSO (1 mM) were incubated with 50 ug

of mitochondria in 100 µL of experimental buffer (125 mM KCl, 10 mM Tris-MOPS

[pH 7.4], 5 mM glutamate, 2.5 mM malate, 1 mM KPO4, 10 µM EGTA-Tris, pH 7.4)

for 35 minutes at 37◦C. Solutions were then centrifuged at 13,000 rpm for 10 minutes,

4◦C, and supernatant was collected for Western Blot analysis.

4.2.3 Gel-permeation chromatography

Gel-permeation chromatography (GPC) was used to determine number average (Mn)

molecular weight and polydispersity (PDI) of the polymers using Tosoh SEC TSK

GEL α-3000 (X2) and α-4000 (X1) columns (Tosoh Bioscience, Montgomeryville, PA)

connected in series to a 1200 Series liquid chromatography system (Agilent, Santa

Clara, CA) and a miniDAWN TREOS three-angle light scattering instrument with

an Optilab TrEX refractive index detector (Wyatt Technology, Santa Barbara, CA).

HPLC-grade DMF containing 0.1 wt% LiBr at 60◦C was used as the mobile phase

at a flow rate of 1 mL/min. Reverse-phase high performance liquid chromatography
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(RP-HPLC) was used to measure monomer conversions for each macroCTA using

aliquots collected at To and Tx.

4.2.4 Synthesis of poly(HPMA-PDSMA) macroCTA

The multifunctional HPMA-PDSMA diblock copolymer was synthesized as a macro

chain transfer agent (macroCTA). The polymerization was conducted with an initial

molar ratio of HPMA to PDSMA at 9:1. HPMA was dissolved in ultrapure water (5.87

g). Biotinylated 4-cyano-4-(ethylsulfanylthiocarbonyl)sulfanylvpentanoic acid (biotin-

ECT) was dissolved in ethanol. The initiator solution was prepared by dissolving

V70 in ethanol. PDSMA was dissolved in ethanol. Ethanol solutions were combined

and added to the aqueous HPMA solution in a 25 mL round-bottom flask. The final

solvent ratio was 2:1, water to ethanol. The solution was purged with nitrogen for 30

min on ice and allowed to react at 70◦C for 4 h. The resultant polymer was isolated by

repeated precipitation from ethanol into an excess of ether. The polymer was rinsed

after final precipitation with pentane to remove excess ether and dried overnight in

a vacuum oven. The macroCTA was characterized by SEC to be 14,700 g/mol with

a PDI of 1.07 from the measured dn/dc of 0.091. 1H NMR was used to determine

the composition of 87% HPMA and 13% PDSMA by evaluating the peak at 3.9 ppm

and aromatic peaks at resonances between 7 and 8.5 ppm for HPMA and PDSMA,

respectively.

4.2.5 Synthesis of poly[(HPMA-PDSMA)-b-(PAA-DMAEMA-BMA)]

Poly[(HPMA-PDSMA)-b-(PAA-DMAEMA-BMA)] was prepared by adding the poly-

(HPMA-co-PDSMA) macroCTA (0.638 g, 43.3 µmol) to a solution of BMA (0.861 g,

6.06 mmol), DMAEMA (0.715 g, 4.55 mmol), and PAA (0.519 g, 4.55 mmol) (40:30:30

mol %) in dimethylformamide (DMF) (5.076 g) such that the final solvent concentration
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was 65% by weight. The initial macroCTA to V70 initiator (5.3 mg, 17.3 ?mol) ratio

([macroCTA]o/[I]o) and initial monomer to macroCTA ([M]o/[macroCTA]o) were 2.5:1

and 350:1, respectively. The polymerization solution was purged with nitrogen for

30 min before being allowed to react at 30◦C for 24 h. The final polymers were

isolated by precipitation from ethanol into a 50-fold excess of pentane/ether (3:1

v/v). The polymer precipitant was rinsed with neat pentane and dried under vacuum

overnight. The polymer was dissolved in deionized water and further purified by

passing them through PD10 desalting columns. The final dry polymer was obtained

via lyophilization. The diblock copolymer was characterized by SEC to be 35 000

g/mol with a PDI of 1.80 from the measured dn/dc of 0.081. 1H NMR was used to

determine the composition of the second block.

Figure 4.1: The HPMA-PDSMA macroCTA was first synthesized by RAFT using
the biotin-ECT chain transfer agent and the initiator V501. After purification, the
macroCTA was subsequently polymerized with PAA, DMAEMA, and BMA to form a
diblock copolymer.
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4.2.6 Synthesis of poly(PEGMA)

A series of Poly(polyethylene glycol methacrylate) polymers were synthesized via

RAFT to serve as macroCTAs for subsequent polymerizations. In the reaction Azobis-

(4-cyanopentanoic acid) (ABCVA) was used as the initiator and 4-cyanopentanoic

acid dithiobenzoate (CTP) as the chain transfer agent (CTA), with 20 wt% monomer

in dimethylacetamide. The initial monomer ([M]o) to CTA ([CTA]o) to initiator ([I]o)

ratios for the three polymers was 25:1:0.2 or 50:1:0.2. Solutions were vortexed in 20

mL scintillation vials, transferred to septa-sealed 10 mL round bottom flasks, purged

under N2 for 30 minutes, and transferred to a preheated water bath at 70◦C for

various time points. The resultant polymers were isolated by precipitation in diethyl

ether. The precipitated polymers were then dissolved in acetone and precipitated into

diethyl ether (x6). The dried polymers were analyzed by 1H NMR to assess purity

and gel-permeation chromatography (GPC) was used to determine number average

(Mn) molecular weight and polydispersity (PDI) of the polymers.

Figure 4.2: RAFT polymerization was used to synthesize a macroCTA composed of
Polyethylene glycol methacrylate (950 Da) (PEGMA950) as the monomer, V501 as
the initiator, and dimethylacetamide as the solvent.
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4.2.7 Synthesis of poly[(PEGMA)-(PAA-DMAEMA-BMA)]

Poly[(PEGMA)-b-(PAA-DMAEMA-BMA)] was prepared by adding the poly-

(PEGMA) macroCTA to a solution of BMA (0.166 g, 1.17 mmol), DMAEMA (0.137

g, 876 µmol), and PAA (0.100 g, 876 µmol) (40:30:30 mol %) in dioxane such that the

final solvent concentration was 50% by weight. The initial macroCTA to V501 initiator

(5.3 mg, 17.3 ?mol) ratio ([macroCTA]o/[I]o) and initial monomer to macroCTA

([M]o/[macroCTA]o) were 5:1 and 300:1, 200:1, or 100:1, respectively. The polymeriza-

tion solutions were purged with nitrogen for 30 min before being allowed to react at

70◦C for 24 h. The final polymers were isolated by precipitation from dioxane into a

10X excess of diethyl ether. The polymer precipitant was rinsed with diethyl ether

and dried under vacuum overnight. The polymer was dissolved in deionized water

and further purified by passing them through PD10 desalting columns. The final dry

polymer was obtained via lyophilization. The diblock copolymer was characterized by

SEC and 1H NMR to determine composition of the second block.

Figure 4.3: The PEGMA polymer synthesized in the previous step was used as the
RAFT macroCTA while propylacrylic acid, dimethylethyl methacrylate, and butyl
methacrylate were used as the monomers to form a statistical copolymer second block
for endosomolytic activity.
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4.2.8 Synthesis of poly[(PEGMA)-b-(DEAEMA-BMA)]

Poly[(PEGMA)-b-(DEAEMA-BMA)] was prepared by adding the poly(PEGMA)

macroCTA to a solution of DEAEMA and BMA (60:40 mol %) in dimethylacetamide

(DMAc) such that the final solvent concentration was 50% by weight. The initial

macroCTA to V501 initiator (5.3 mg, 17.3 µmol) ratio ([macroCTA]o/[I]o) and initial

monomer to macroCTA ([M]o/[macroCTA]o) were 5:1 and 50:1, 100:1, 150:1, 200:1,

or 300:1, respectively. The polymerization solutions were purged with nitrogen for 30

min before being allowed to react at 70◦C for 24 h. The final polymers were isolated

by precipitation from dioxane into a 10X excess of petroleum ether. The polymer

precipitant was rinsed with petroleum ether and dried under vacuum overnight. The

polymer was dissolved in deionized water and further purified by lyophilization. The

diblock copolymer was characterized by SEC and 1H NMR to determine composition

of the second block.

Figure 4.4: The PEGMA polymer synthesized in the first step was used as the
RAFT macroCTA while diethyl methyl methacrylate and butyl methacrylate were
used as the monomers to form a statistical copolymer second block for endosomolytic
activity.
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4.2.9 Monomer conversion by HPLC

Determination of monomer conversion by 1H-NMR was inconclusive because the vinyl

resonances of the two methacrylate-based comonomers could not be distinguished.

To measure monomer conversion we developed a new method using reverse-phase

high-performance liquid chromatography (RP-HPLC). RP-HPLC was performed

using a Finnigan Surveyor LC Pump Plus with UV-Vis Detector and a 250 mm

Vydac 218TP C18 5µ column (Part 218TP52). 10 uL of the polymer reaction were

collected before (To) and after (Tx) polymerization, then diluted 500x in a solution

of hexafluoro-2-propanol (50%), methanol (25%), ddH2O (25%), and trifluoroacetic

acid (TFA 0.1%). With a 20 µL sample loop on a manual injector, samples were

injected and run using ddH20 (0.1% TFA) as the aqueous phase and acetonitrile (0.1%

TFA) as the organic phase. A gradient was set from 5% to 95% acetonitrile over 12

minutes and UV absorbance was measured at 220 nm to observe the vinyl species in

each monomer. The percent monomer conversion was measured by integrating the

absorbance peak to find the area under the curve (AUC) and the following equation

(1-(AUCTX/AUCTO)×100).

4.2.10 Preparation of micelles in aqueous buffer

To prepare polymer micelles in aqueous buffer, dried polymer was weighed into 1.5

mL eppindorf tubes then dissolved with ethanol at 100 mg/mL. After vigorous mixing

by vortexing and sonication, polymers were diluted 10X with DPBS (GIBCO) and

vortexed. Ethanol was removed by spin filtration with an Amicon Ultra-4 3k MWCO

centrifugation filter (EMD Milipore). Polymer concentration was analyzed by UV spec

using an absorbance maxima at 290 nm before and after centrifugation to determine

the final concentration.
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4.2.11 Particle sizing

Particle sizes of polymers were measured by dynamic light scattering (DLS) using

a Malvern Zetasizer Nano ZS. Lyophilized polymers were prepared as previously

described then diluted to 0.5 mg/mL into phosphate buffer, pH 7.4. Polymers were

filtered with a 400 ηm Milipore hydrophilic PTFE filter prior to measurement.

4.2.12 Red blood cell hemolysis assay

pH-dependent membrane disruption of the diblock copolymers was examined by a red

blood cell hemolysis assay. Activity of the free polymer was measured in physiologically

relevant pH buffers: 7.4, 7.0, 6.6, 6.2, and 5.8. Briefly, whole blood was collected in

vacutainer tubes containing EDTA, centrifuged, plasma aspirated and resuspended

in 150 mM NaCl to isolate the red blood cells (RBCs). RBCs were resuspended in

phosphate buffers at each pH and incubated with polymer (5, 10, 20, and 40 µg/mL)

for 1 hour at 37◦C. Hemoglobin release was measured by centrifugation of intact RBCs

and absorbance of the supernatant was measured at 541 etam.

4.2.13 Cytotoxic profile of polymers in vitro

To measure the toxicity of the diblock copolymers, Ramos-AW cells were plated in

96-well plates with 25,000 cells per well and SKBR3 cells were seeded in 96-well

plates with 6,000 cells per well the night before. Cells were treated with various

concentrations of polymer for 1, 2 or 3 days. At the initiated time point, cell culture

media was replaced and 20 µL of MTS reagent was added to each well. The conversion

of MTS to formazan in metabolically active cells was measured by 490 ηm absorbance

on a plate reader. The percent viable cells was normalized to untreated cells after

subtracted background MTS absorbance.
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4.2.14 In vivo toxicity of PEGMA-EB40 polymers

To determine the maximum tolerated dose (MTD) of the PEGMA-EB40 polymers,

three polymers were selected from the series, DP 50, 100, and 200 and injected into

nude BALBc mice via tail vein injection. Micelles were formulated in DPBS as

previously described. For a 200 uL injection in the tail vein at 60, 90, and 120 mg/kg

in 0.02 kg mice, polymers were prepared at 6, 9, and 12 mg/mL. Polymers were

injected sequentially from 60 to 120 mg/kg with one injection per mouse. Mice were

monitored for 1 hour post injection for any signs of discomfort or toxicity. After 1, 3,

5 and 10 days, 250 µ of blood was drawn via retro orbital eye bleed and body weight

was monitored. Blood was collected into 1 mL Heparin-coated vacutainers, centrifuged

at 1,500 at 4◦C to separate plasma from serum. The supernatant containing serum

was collected, and centrifuged in 1.5 mL eppindorf tubes at 1,500 rpm at 4◦C, then

transferred to new tubes, kept on ice and submitted for pick up by Phoenix Central

Laboratories for blood enzyme analysis.
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4.3 Results and Discussion

4.3.1 Cytochrome c release

Cytochome c release induced by the BIM peptide was confirmed by Western blot

using mitochondria isolated from Ramos-AW cells. One day before study, cells were

either left untreated or treated with staurosporine (0.1 µM) to observed a synergistic

effect. Mitochondria isolated from cells were treated with varying concentrations

of BIM peptide. After 30 minutes, mitochondria were pelleted and separated from

supernatant. The amount of cytochrome c released into the supernatant was measured

by a Western blot (Figure 4.5). For each concentration the mitochondria pellet (mito)

and supernatant (sup) was analyzed. With BIM peptide alone, we observed complete

release of cytochrome c down to 1 µM, and approximately 25% release at 0.1 µM.

For STS treated cells, an increase in cytochrome c was observed to nearly 50% at the

lowest concentration indicating a synergistic effect. Dose dependent cytochrome c

release of the BIM peptide indicates that the newly synthesized sequence is able to

activate cytochrome c release from Ramos-AW cells.
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Figure 4.5: Cytochrome C release was measured in mitochondria isolated from
Ramos-AW cells. Cells were treated with or without staurosporine (STS) at 0.1 µM
for 24 hours prior to isolating mitochondria. Peptide was incubated with mitochondria
for 30 minutes and the amount of cytochrome c found in the mitochondria pellet
(mito) or supernatant (sup) was measured by Western blot.
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4.3.2 Diblock copolymers for peptide and antibody loading

Below is a chemical representation of the diblock copolymer synthesized by RAFT

polymerization. The biotin functional end group allows for facile complexation to an

antibody/streptavidin conjugate through the most stable non covalent-interaction,

biotin-streptavidin. Additionally, the pyridyl disulfide monomer PDMSA incorporated

into the first block of the micelle allows for conjugation of the cysteine functional BIM

peptide through a cleavable disulfide bond. This is the basis for the diblock copolymer,

micelle formulation in order to deliver antibody-targeted polymer-peptide conjugates

to the intracellular cytosolic compartment of a cell for therapeutic action.

Figure 4.6: The chemical structure of HP-PDB is drawn with a cartoon representation
of the polymer micelle with peptide and antibody/streptavidin loading.
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4.3.3 Characterization of poly[(HPMA-PDSMA)-b-(PAA-DMAEMA-BMA)]

Upon synthesis and purification of the macroCTA and then the diblock copolymer,

both polymers were analyzed by gel-permeation chromatography to measure the

number average molecular weight (Mn), weight average molecular weight (Mw), and

polydispersity (PDI = Mn/Mw). Figure 4.7 represents the chromatogram of both

the macroCTA (btPEG-HP) and the diblock copolymer (btPEG-HP-PDB) measured

by the refractive index detector. The first peak in blue represents the macroCTA

which is unimodal with a low polydispersity of 1.15. Addition of the second block

causes a shift in the molecular weight indicated by a curve shift to the left and a

broader distribution and a polydispersity of 1.82. The broad distribution yields a

higher PDI which is caused by the low hand off of propylacrylic acid (PAA) during

polymerization. The sterically hindered PAA monomer decreases the rate of hand

off to the next monomer during RAFT polymerization which we believe causes an

uneven distribution and increased polydispersity. Nonetheless, the polymerization of

the macroCTA and subsequent second block was successful by RAFT.

Figure 4.7: Size exclusion chromatography using gel-permeation was used to monitor
the molecular weight and polydispersity of the macroCTA and diblock copolymer
shown in blue and red, respectively.
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To quantify the monomer composition of the macroCTA made from the biotinECT and

ECT chain transfer agent, 1H-NMR was performed on both macroCTAs. A comparison

of both NMR spectrums reveal consistent monomer peaks associated with HPMA

and PDSMA (Figure 4.8). Integration of these peaks was then used to determine the

percent of PDSMA monomer in the macroCTAs. For the macroCTA without biotin,

the PDSMA concentration was 6.1% of the polymer and for the biotin-containing

macroCTA, PDSMA was found to be 6% of the polymer composition.

Figure 4.8: Two macroCTAs are analyzed by NMR spectroscopy. The top is
HPMA-PDSMA using ECT as the chain transfer agent (CTA). The spectrum below
is HPMA-PDSMA using a biotin-CTA for antibody/streptavidin conjugation. The
composition and percent of PDS groups in each polymer is quantified by taking the
ratio of respective peaks.
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The complete polymer poly[(HPMA-PDSMA)-b-(PAA-DMAEMA-BMA)] was ana-

lyzed by 1H-NMR following purification by precipitation in diethyl ether and PD10

filtration. All relevant proton peaks associated with HPMA, PDSMA, DMAEMA, and

BMA were identified in the clean NMR spectrum (Figure 4.9). By integrating these

peaks and subtracting from the back bone peak up field, the monomer composition

within the second block was determined to be 13:25:62 for PAA:DMAEMA:BMA,

respectively.

Figure 4.9: An NMR spectrum of the complete diblock copolymer poly([HPMA-
PDSMA]-b-[PAA-DMAEMA-BMA]) is shown above. All peaks pertaining to the each
monomer are identified in the spectrum. Purity and monomer composition are also
verified.
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The theoretical and experimental monomer composition for the macroCTA and

diblock copolymer poly([HPMA-PDSMA]-b-[PAA-DMAEMA-BMA]) was tabulated in

Table 4.1. The theoretical composition represents the feed ratio of each monomer for the

polymerization and the experimental composition represents the values determined by

1H-NMR. With a target degree of polymerization (DP) of 150, the macroCTA reached

68% monomer conversation with a DP of 102. Furthermore, the feed ratio of PDSMA

and HPMA were 7.5% and 92.5% respectively, while the resultant composition was

6% and 94%. There is close agreement between the feed ratio and actual composition

demonstrating the control of monomer composition through RAFT synthesis. In

the subsequent synthesis of the second block, PAA, DMAEAMA, and BMA were

incorporated at a feed ratio of 30%, 30%, and 40%, respectively. The final composition

of the three monomers was 13%, 25%, and 62%, respectively. The low reactivity ratio

of PAA caused by the steric hindrance from the propyl group generally yields a low

monomer composition. Because the ratio of cationic monomer, DMAEMA, was twice

more than the anionic monomer, PAA, the second block was slightly cationic. There

was also a higher percentage of the hydrophobic monomer, BMA, then was desired.

The overall monomer conversion was 41.9%.

Table 4.1: The following table describes the experimental and theoretical monomer
composition of the HP macroCTA and HP-PDB diblock copolymer determined by
NMR spectroscopy and GPC
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4.3.4 Hemolytic activity of poly([HPMA-PDSMA]-[PAA-DMAEMA-BMA])

The diblock copolymer was designed to form stable micelles at physiological pH, with

a hydrophilic corona to impart stability of the peptide and an endosomolytic second

block that remains in the core at physiological pH. Upon acidification in endosomes and

lysosomes, the diblock copolymer changes confirmation from micellar to unimeric. The

PAA and DMAEMA monomers are protonated, exposing BMA causing endosomolytic

activity. To measure this response, the polymer was incubated with isolated red blood

cells in different pH buffers. At acidic pH, the polymers causes red blood cell lysis,

or hemolysis, releasing hemoglobin into the buffer. After centrifugation, the amount

of hemoglobin is measured in the supernatant and calculated relative to red blood

cells treated with 1% TritonX. In this study, the polymers were incubated with red

blood cells at 5, 10 and 20 µg/mL for one hour and the amount of hemolysis was

measured after 1 hour at 37◦C (Figure 4.10). At all three concentrations, no hemolytic

activity was observed at pH 7.4 and 7.0. At pH 6.6, 30% hemolysis was observed at

the highest concentration. The hemolytic activity peaked at pH 6.2, with 90% at 20

µg/mL and less activity at pH 5.8. The hemolytic profile observed here was not the

most desirable because ideally we would like the polymers to escape endosomes as soon

as they are internalized. At lower pH, protein cargo can be degraded by proteases and

other enzymes. Ideally the polymers would not exhibit any activity at physiological

pH, but a sharp increase at pH 7.0 or 6.6.
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Figure 4.10: The ability of HP-PDB to lyse red blood cells was confirmed by a
hemolysis assay. Polymer was incubated with isolated red blood cells and diluted into
different pH buffers. The percent release of hemoglobin relative to TritonX positive
control is plotted. The polymer was incubated with red blood cells at 5, 10, and 20
ug/mL for 1 hour. Supernatant was isolated and absorbance was measured on a plate
reader at 500 nm.
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4.3.5 Characterization of polymer-peptide conjugates

After characterizing the intrinsic properties of the polymer alone, the ability of the

polymer to conjugate to the BIM peptide was confirmed in Figure 4.11 . In phosphate

buffer, the polymer was reacted with the BIM peptide at three ratios: 4:1, 2:1, and

1:1, polymer to peptide. After allowing the free cysteine on the peptide to react

with the PDS groups on the polymer overnight, the diameter of the polymer-peptide

nano particles was measured by dynamic light scattering (Figure 4.11 (upper left)).

At all three ratios, the number average diameter ranged from 18 to 25 ηm with no

statistical difference at any polymer to peptide ratio. Next, the reactivity of the

peptide to the PDS groups was verified by the release of PDS and conversion to

2-mercaptopyridine which absorbs at 343 ηm (Figure 4.11 (upper right)). The peptide

conjugation efficiency ranged from 95% for the 4:1 ratio down to 82% for the 1:1

ratio. The ability of the biotinylated polymer to conjugate to streptavidin with various

peptide loading ratios was measured using a HABA assay (Figure 4.11 (lower left)).

Conjugation to streptavidin through the biotin linkage was not affected by peptide

loading. At all three peptide loading ratios, an excess of one polymer to streptavidin

resulted in 0.66 biotin binding events. All the numerical values from the three studies

are tabulated in Figure 4.11 (lower right).
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Figure 4.11: The ability of HP-PDB to conjugate to peptides and bind to streptavidin
was characterized. First the BIM peptide was conjugated to the polymer with increasing
molar ratios 4:1, 2:1, and 1:1 Polymer:Peptide. Dynamic light scattering was used
to measure the number average diameter and confirm that peptide loading did not
effect the size of the micelles. Next, peptide conjugation was measured by the release
of pyridyl disulfide and conversion to 2-mercaptopyridine which can be measured
by absorbance measurements. Finally the ability of the peptide-polymer conjugates
to bind to streptavidin was confirmed using a HABA assay. The resultant peptide
conjugation efficiency and biotin binding events were plotted in the table at the bottom
right.

144



Chapter 4. Results and Discussion

4.3.6 Toxicity profile of poly([HPMA-PDSMA]-[PAA-DMAEMA-BMA])

The toxicity of the diblock copolymer was measured in vitro. Polymer micelles were

formed in phosphate buffer and incubated with RAMOS-AW cells for up to six hours

from 100 to 500 µg/mL (Figure 4.12). After six hours, the cells were pelleted and

washed, then MTS was added for 2 hours and viability was measured by measuring the

absorbance at 490 nm. Unfortunately, this polymer was very toxic at even low polymer

dosages. From 300 to 500 µg/mL, there was 0% cell viability after only 6 hours. The

concentrations required for peptide delivery were too toxic with poly([HPMA-PDSMA]-

[PAA-DMAEMA-BMA]). The realization of this toxicity led us to explore alternative

polymer designs that are more hydrophilic and biologically compatible.

Figure 4.12: The cytotoxicity of HP-PDB was measured in Ramos-AW cells. Cells
were incubated with polymer from 100 to 500 ug/mL for up to 6 hours and cell viability
was measured by MTS. HP-PDB was determined to be very toxic to Ramos-AW cells.
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4.3.7 Characterization of poly(PEGMA) macroCTAs

A series of poly(PEGMA950) macroCTAs were synthesized via RAFT by varying the

degree of polymerization (DP) from 25 to 50 and reaction time from 5 to 18 hours.

After the reaction, the polymers were precipitated in diethyl ether to remove unreacted

monomer and the purified polymers were analyzed by gel-permeation chromatography.

Figure 4.13 represents an overlay for each macroCTA chromatogram. An increase in

reaction time resulted in an increase in molecular weight noted by the shift to the

left. The macroCTA with a DP of 50 was much larger and had a high polydispersity

indicated by the larger distribution. Table 4.2 shows the incubation time and

DP for each macroCTA as well as the number average molecular weight (Mn) and

polydispersity (PDI). The molecular weight increased from 8,400 Da at 5 hours to

13,800 Da at 12 hours and 15,700 Da after 18 hours. All the measured PDIs were

between 1.04 and 1.08. The macroCTA made with a DP = 50, was 34,900 Da with a

higher PDI at 1.21. Because of the high polydispersity at DP = 50, we decided to use

a DP = 25 for subsequent studies with a reaction time of 12 hours.

Table 4.2: The target degree of polymerization (DP), reaction time, Mn, and PDI
for each PEGMA950 is described in the following table
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Figure 4.13: A series of PEGMA950 polymers were synthesized by varying both
reaction time and degree of polymerization [mon]o/[CTA]o. The purified PEGMA
polymers were analyzed by size exclusion chromatography to measure the molecular
weight (Mn) and polydispersity (Mw/Mn)
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The poly(PEGMA) macroCTAs were characterized by 1H-NMR to confirm their

composition and purity (Figure 4.14). All protons associated with carbons atoms on

the CTP chain transfer agent were identified by 1H-NMR. Furthermore, the protons

associated with the ethylene repeats as well as the methyl group on the end were also

identified by 1H-NMR. 1H-NMR was also used to ensure no vinyl peaks are present

which would be associated with unreacted monomer.

Figure 4.14: The PEGMA950 polymer was analyzed by NMR to confirm purity and
determine the actual monomer conversion. All protons on the polymer were accounted
for by NMR spectroscopy.
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4.3.8 Characterization of poly([PEGMA]-[PAA-DMAEMA-BMA]) Polymers

A series of diblock copolymers were synthesized using the PEGMA macroCTA (15,700

Da) made in the previous study. The second block containing the PDB formula-

tion, was synthesized using a target degree of polymerization of 100, 200, and 300.

A chromatogram collected by gel-permeation chromatography (GPC) is shown in

Figure 4.15. In this figure is an overlay for all the diblock copolymers made in this

series as well as the macroCTA. A clear shift to larger molecular weights is seen in the

chromatogram indicating successful polymerization of the subsequent second block.

The molecular weight of the first and second block, polydisersity, and block ratios

were also determined by GPC and given in Table 4.3. An increase in the target DP

resulted in and increase in the second block length and increased the ratio of the

second to first block from 0.55 up to 1.24. Furthermore, the PDI remained relatively

low but increased from 1.14 up to 1.26 with a DP of 300. The length of the second

block correlated linearly with DP as is often the case when using RAFT synthesis for

controlled polymerizations.

Table 4.3: The target DP, Mn of the first and second block, PDI and ratio of second
block to first block are all described in the following table for each polymer.
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Figure 4.15: Size exclusion chromatography was performed on the PEGMA-PDB
diblock copolymer series. PEGMA-PDB was synthesized by RAFT using a degree of
polymerization of 100, 200 and 300. All three polymers, including DP200 synthesized
in dimethylacetamide denoted by (*), and the macroCTA are plotted in the figure
and represented by a shift from the macroCTA.
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The PEGMA-PDB polymer series was also characterized by 1H-NMR to confirm

purity and obtain data on monomer composition (Figure 4.16). The NMR spectrum

of the diblock copolymer synthesized with a target DP of 200 demonstrated a clean

spectrum with no monomer impurities. All proton peaks found in the spectrum were

quantified and accounted for on the diblock copolymer. Overlap of the backbone peak

downfield however, make it somewhat difficult to characterize the exact monomer

composition of the second block.

Figure 4.16: The PEGMA-PDB polymer series was also confirmed by NMR spec-
troscopy. Observance of the three monomers in the second block confirm the presence
of the second block as well as monomer composition within the diblock copolymer.
All relevant proton peaks in the NMR spectrum were accounted for on the diblock
copolymer.
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To form micelles with the PEGMA-PDB polymers, unimers were first formed by

dissolved dried polymers in ethanol at 100 mg/mL. The polymer solution was then

diluted into phosphate buffer at 10 mg/mL and mixed by vortexing. Polymers were

then diluted to 0.5 mg/mL in phosphate buffer, sterile filtered and analyzed by

dynamic light scattering to obtain particle size. The number mean diameter was

measured for all four PEGMA-PDB polymers and ranged from 8 to 15 ηm. A low

polydispersity indicates fairly uniform particles with no large increase in size with

increasing DP.

Figure 4.17: Dynamic light scattering was used for each PEGMA-PDB polymer to
determine the number mean diameter in nanometers. All polymers exhibited similar
diameters irrespective of DP.
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4.3.9 Hemolytic activity of poly([PEGMA]-[PAA-DMAEMA-BMA])

The hemolytic activity of the PEGMA-PDB polymers as a function of pH and degree of

polymerization (DP) was measured in (Figure 4.18). The PEGMA-PDB polymer series

was incubated with red blood cells in different pH buffers at several concentrations.

The percent hemoglobin release from red blood cells was measured relative to a 0.1%

TritonX control. The percent hemolysis appeared to increase with higher DP polymers

however the total relative levels were very low. This was very concerning considering

PDB containing polymers usually have higher activity. One possible reason for this

low hemolytic activity is a low incorporation of PAA monomer which helps to trigger

the membrane lytic response. A second possibility is that the PEGMA macro CTA is

so bulky and sterically hindered that the second block never gets a chance to interact

with the hydrophobic membrane of the red blood cells. Another concern with this

polymer series is that the hemolytic activity only appears to increase below pH 6.6.

If the polymer only become endosomolytic below this pH, the endosomes could have

matured to late endosomes which contain a number of enzymes and proteases that

could degrade the biologic cargo, in this case peptide. Ideally, the polymer would

escape endosomes much earlier in the maturation at high pH. This would likely give

the cargo the best chance to stay in tact before reaching the cytosol.
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Figure 4.18: The hemolytic activity of each polymer was measured using a red blood
cell hemolysis assay. In this assay, polymers were incubated with isolated red blood
cells in different pH for one hour. The concentration of hemoglobin released from
the red blood cells was isolated and measured on a plate reader using an absorbance
measurement at 500 ηm. Polymers were incubated with red blood cells at a range of 5
to 80 µg/mL.
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4.3.10 Cytotoxicity of poly([PEGMA]-[PAA-DMAEMA-BMA])

After characterizing the PEGMA-PDB polymer series and observing the hemolytic

response, the polymers were analyzed for cytotoxicity in Ramos-AW and SKBR3 cells

(Figure 4.19). Cells were treated in 96 well plates for up to 1 day at concentrations

varying from 0.1 to 1 mg/mL. MTS was used to measure the percent viability relative

to the untreated controls. A clear trend in toxicity is observed with increasing the

degree of polymerization in Ramos-AW cells. In SKBR3 cells however, no toxicity was

observed for any of the polymers up to 1 mg/mL. This is a significant finding as most

of the pH responsive polymers we make in our lab exhibit some toxicity in adherent

cell lines at these concentrations. Because of the low hemolytic activity even at 80

µg/mL, we decided to explore a new second block that could be more active than

PDB and has already shown good activity when delivering plasmid DNA.

Figure 4.19: Cytotoxicity of the PEGMA-PDB polymer series was measured in
Ramos-AW and SKBR3 cells. Cells were incubated with various concentrations of
each polymer for 24 hours and cell viability was measured using an MTS assay. Cells
were treated in triplicate.
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4.3.11 Characterization of poly([PEGMA]-[DEAEMA-BMA])

The next series polymers made by RAFT also included the 15,700 Da PEGMA polymer

as the macroCTA. The endosomal-releasing second block however, was composed of

two monomers: diethylaminoethyl methacrylate (DEAEMA) and butyl methacrylate

(BMA) at a 60 to 40 molar feed ratio, respectively. Protonation of the DEAEMA

monomer at endosomal pH helps to promote micelle destabilization and exposure of

the hydrophobic BMA to destabilize endosomal membranes. The ratio of 60 to 40

was selected based on previous finding by Manganiello et al.15. A series of PEGMA-

EB40 polymers were synthesized by RAFT polymerization with varying degrees of

polymerization (DP): 50, 100, 150, 200, and 300. The chromatograms for each polymer,

collected by GPC are displayed in Figure 4.20 along with the PEGMA macro CTA.

A clear shift to the right is observed for increasing DP, signifying higher molecular

weight. The molecular weight of the first and second block as well as polydispersity

were measured by GPC. While a clear shift to higher molecular weights is observed

by GPC, there is also the appearance of a larger coupling peak as the DP increases.

This coupling peak could be due to dead chain ends formed during the synthesis of

the macroCTA or caused by RAFT synthesis of the second block. Optimization of the

RAFT synthesis of the first and second block could also be performed to eliminate

the formation of the coupling peak however will not be considered in the scope of this

thesis.
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Figure 4.20: Size exclusion chromatography was performed on the PEGMA-EB40
polymer series. The chromatograms include the PEGMA macroCTA and the diblock
copolymers ranging in DP from 50 to 300, noted by a shift to higher molecular weight.
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Table 4.4 lists the theoretical and experimental molecular weights, monomer conversion,

PDI, and block ratios determined by GPC and HPLC. We observed a linear increase

in the second block length with an increase in the DP. The controlled polymerization

of the second block via RAFT yielded very close ratios of DEAEMA and BMA relative

to the feed ratios. The conversions were all very high around 90% and the theoretical

molecular weights determined by HPLC were all in very close agreement with the

experimental molecular weights determined by GPC. Additionally, the PDI of all the

polymers was relatively low (less than 1.2). Good control of the block lengths and

block ratios via RAFT were also demonstrated. It is thought that the block ratio is a

crucial part to optimizing activity of the polymer carrier as the ratio of the second

to first block helps determine how active the polymer is at endosomal escape. The

activity of each carrier was also characterized by hemolysis as will be described later

in this chapter.

Table 4.4: The following table describes the feed and conversion ratios of each
monomer in the PEGMA-EB40 diblock polymerization using the same macroCTA.
Monomer conversion was measured by HPLC using to and tx samples. The theoretical
and experimental molecular weights determined from HPLC and GPC are also given,
with PDI and block ratios.
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The PEGMA-EB40 polymer series was also characterized by 1H-NMR (Figure 4.21).

All the relevant proton peaks have been assigned to each of the monomers and the

NMR spectrum demonstrates a clean polymer without monomer impurities. Addi-

tionally, monomer conversion was also measured by integrating the peaks associated

with DEAEMA and BMA and found to be very similar to the monomer conversion

determined by HPLC.

Figure 4.21: NMR spectroscopy was performed for the PEGMA-EB40 polymer
series. The following is the NMR spectrum for PEGMA-EB40 DP 100. The first
and second block are confirmed by NMR with good purity and conversion. NMR
spectroscopy was used to determine the theoretical molecular weight.
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Particle sizing of the PEGMA-EB40 polymer series was performed for a selection of

the polymers (Figure 4.22). DP 50, 100, and 200 were analyzed by dynamic light

scattering to determine the number average diameter. With a DP of 50 and a block

ratio of 0.4, the polymers didn’t appear to form micelles, likely because there was

not enough hydrophobic block to impart the formation of micelles. The DP 100

and 200 polymers were able to form micelles that were 20 and 25 ηm in diameter,

respectively.

Figure 4.22: Dynamic light scattering for three polymer from the PEGMA-EB40
polymer series are shown. The number mean diameter was measured for DP 50, 100,
and 200. Polymers at 0.5 mg/mL were measured in PBS following passage through a
0.4 µm syringe filter.
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4.3.12 Hemolytic activity of poly([PEGMA]-[DEAEMA-BMA])

The hemolytic activity of the PEGMA-EB40 polymer series was also explored in

Figure 4.23. While the DP 50 polymer did not exhibit any hemolytic activity, the DP

100, 200, and 300 were all extremely active. DP 100 and 200 exhibited a sharp increase

in hemolysis below pH 7.0, while DP 300 was active below pH 7.4. Interestingly, the

PEGMA-EB40 polymers were much more active than the PEGMA-PDB polymers.

For the DP 200 and 300, 100% hemolysis was achieved with only 10 µg/mL which

is very high relative to the other pH-responsive polymers that have been previously

synthesized. From the hemolytic profile it appears that having a DP above 100 would

be ideal for the best endosomolytic activity. Hemolysis activity has been linked with

in vitro activity for siRNA delivery as described by Convertine et al.1. The DP 300

polymer however, was only slightly soluble during the formulation process and exhibits

very high hemolysis close to physiological pH, making it a low contender for peptide

delivery. This polymer if delivered to cells would likely cause high cytotoxicity.
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Figure 4.23: The hemolytic activity of each PEGMA-EB40 polymer was studied.
PEGMA-EB40 DP 50, 100, 200, and 300 were incubated with red blood cells for
1 hour at various concentrations. The percent release of hemoglobin was measured
relative to TritonX 1% positive control. The dependency of hemolysis on pH was
confirmed by incubating polymers with red blood cells in various pH buffers ranging
from ph 5.8 to pH 7.4. All samples and treatments were analyzed in quadruplicate.
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4.3.13 In vitro toxicity of poly([PEGMA]-[DEAEMA-BMA])

The in vitro toxicity of the PEGMA-EB40 polymers was assessed in Ramos-AW and

SKBR3 cells after 24 hours (Figure 4.24). Polymers were incubated with cells at

various concentrations from 0.1 to 1 mg/mL and cell viability was measured by MTS.

The polymer toxicity was higher than expected in the Ramos-AW suspension cells,

however, polymer toxicity is often higher in suspension cells as we have seen with

previous results. In the adherent SKBR3 cells, no toxicity was observed with the DP

100 polymer. The DP 200 did exhibit higher toxicity however at the concentration

that will be administered with the peptide (300 µg/mL or less) SKBR3 cells were 75%

viable. For this reason we will select a polymer with a DP below 200 and above 100

for peptide delivery.

Figure 4.24: The cytotoxicity of each polymer was measured in Ramos-AW and
SKBR3 cells. PEGMA-EB40 DP 100 and 200 were incubated with cells for unto 24
hours at various concentrations. Cell viability was measured by MTS using triplicate
samples in a 96 well plate.
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4.3.14 In vivo toxicity of Poly([PEGMA]-[DEAEMA-BMA])

The maximum tolerated dose of the PEGMA-EB40 polymers was assessed following

tail vein injection in nude mice. Because this was the first time we injected a diblock

copolymer with this formulation, we do did not know the therapeutic window and

used a parameter matrix. PEGMA-EB40 polymers DP 50, 100, and 200 were injected

sequentially at 60, 90, and 120 mg/kg with each mouse receiving a single injection.

250 µL of blood was collected via retro orbital bleeds and mice were weighed on days

1, 3, 5, and 14. Serum was isolated from red blood cells and processed by Phoenix

Central Laboratories to analyze blood enzyme levels. Glucose, amylase and lipase

enzymes were measured for pancreas toxicity; AST, ALT, and total bilirubin were

measured for liver toxicity; creatinine for kidney toxicity; and creatine kinase for

muscle toxicity (Figure 4.25). As a negative control, one untreated mouse was used for

baseline measurements of each enzyme. All mice maintained their body weights after

5 days and throughout the two weeks of observations. All enzyme levels remained near

baseline, 5 days post injection except for some of the polymers at the highest dosage

(120 mg/kg). Slightly elevated glucose, creatinine, and lipase levels were observed at

the highest concentration but these levels returned to baseline 2 weeks after treatment.

One consideration for this study is that all treatments were performed on a sample

size of one. This was done to determine if any of the polymers would be lethal at the

concentrations administered. Because no obvious toxicity was reported in the time

span of 2 weeks we continued to investigate the PEGMA-EB40 polymer formulation

for future peptide delivery studies.
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Figure 4.25: The toxicity of the PEGMA-EB40 polymer series was measured in
vivo. PEGMA-EB40 DP 50, 100 and 200 were administered in nude mice via tail
vein injection at 60, 90 and 120 mg/kg. 200 uL of blood was collected from mice via
retrorbital eye bleeds, purified and submitted to Phoenix Laboratories for analysis.
Enzyme activity levels for the pancreas, kidney, liver, and muscle are compared to a
control untreated mouse (dotted line). Enyzme activity was monitored for up to 13
days but the plot above represents activity after 5 days.
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4.4 Conclusions

In this chapter, optimization of a diblock copolymer formulation led us to discover a

novel diblock copolymer with high hemolytic activity and a safe in vivo profile. The

unique feature of this polymer design is the 950 Da PEGMA monomer that forms a

PEG-like brush on the shell of the micelle. Our hypothesis was that a large PEGMA

monomer on the micelle shell would impart a good in vitro/vivo safety profile. Based

on this initial data, the PEGMA block combined with EB forms stable micelles with a

good hemolysis profile as well. In the next chapter we will expand on the PEGMA-EB

design to include peptide- and antibody-loading capabilities for targeted intracellular

delivery.
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Chapter 5

ANTIBODY-MICELLE CONJUGATES FOR
PROAPOPTOTIC PEPTIDE DELIVERY

A rationally designed diblock copolymer was synthesized by RAFT for the intracellular

delivery of a proapoptotic peptide. The diblock copolymer was composed of three

monomers in the first block: polyethylene glycol methacrylate (PEGMA 950 or 300

Da), biotin-hydroxyethyl methacrylate (bioHEMA), and pyridyl disulfide methacrylate

(PyrSMA), and two monomers in the second block: diethylaminoethyl methacrylate

(DEAEMA) and butyl methacrylate (BMA). The hydrophilicity of the first block and

hydrophobicity of the second block caused the polymer to self-assemble into compact

micelles (20 ηm). The proapoptotic BIM peptide was modified with a cysteine and

conjugated through a reducible disulfide bond. The micelle-peptide conjugates were

then loaded with antibody/streptavidin conjugate through the bioHEMA monomer

using anti-CD22/SA for B-cell targeting and anti-Her2neu/SA for ovarian cancer cell

targeting. The effect of antibody-targeting and proapoptotic activity were quantified

in Ramos and SKOV3 cells. A Ramos tumor-xenograft model was used to study

the pharmacokinetic and biodistribution parameters of dual-radiolabeled conjugates.

Early tumor activity was also measured by histology and immunohistochemistry with

cleaved caspase 3 and Ki67 markers.
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5.1 Introduction

Dysregulated apoptotic machinery is a hallmark of cancer leading to apoptosis inhibi-

tion, uncontrolled proliferation, and chemoresistance1. In cancer cells, the balance of

proapoptotic and prosurvival proteins is tipped toward overexpression of the prosur-

vival B-cell lymphoma 2 (Bcl-2) proteins. Increased Bcl-2 expression has been linked

with poor prognosis and a diminishing response to chemo and radiation treatment2,3.

Patients with cancers near the apoptotic threshold, known as mitochondrial priming,

exhibit c better clinical response to chemotoxins4. In patients with multiple myeloma,

AML, ALL, and ovarian cancer, mitochondrial priming consistently correlated with

better clinical outcomes to chemotherapy. Targeting Bcl-2 proteins in unprimed cancer

cells has the potential to decrease the apoptotic threshold and increase sensitivity to

chemotherapeutics in highly resistant cancer cells.

Small molecules derived from the Bcl-2 homology 3 (BH3) domain, elicit apoptotic

activity by binding Bcl-2 proteins and displacing the activators BAK and BAX to

initiate apoptosis.5. BH3-mimetics like ABT-737 and ABT-263, which specifically

target Bcl-2, Bcl-XL, and Bcl-w, have shown promising clinical outcomes as a single

agent or in combination with chemo drugs6–8. One of the set backs to these small

molecules is that they only target a specific subset of cancers that don’t have increased

Mcl-1 and BFL1 expression. To affect a broader range of cancers, BH3-mimetic

peptides have been developed. One of the most promiscuous peptides, BIM, exhibits

a high binding affinity (KD = 1-5 nM) to all five Bcl-2 proteins (including Mcl-1 and

BFL1). BH3 profiling by Letai and Certo showed that BIM peptides can induce

cytochrome c release in primed and unprimed mitochondria isolated from different

cancer lines9,10. When fused to the polycationic HIV-1 derived TAT peptide, TAT-BIM

could penetrate and induce apoptosis in cancer cells11. Recently, LaBelle and coworkers

introduced a hydrocarbon ”staple” in the BIM peptide to improve stability, protease-
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resistance, and cell-permeability12,13. Stapled BIM induced apoptosis in resistant

hematologic cancers and preferentially affected cancer cells over normal cells. Studies

with TAT-BIM and stapled BIM have highlighted the clinical importance of BIM but

effective in vivo delivery of therapeutic peptides has not yet been addressed.

Antibody-drug conjugates (ADC), designed to target cancer cells and deliver small

molecules that would otherwise be too toxic on their own have become a clinical

success14–18. A similar ADC platform may be harnessed for delivering biologics like the

BIM peptide. Unfortunately, receptor-mediated endocytosis of ADCs results in endo-

somal/lysosomal trafficking and degradation by proteases at low pH. To overcome this

trafficking barrier, proteins and nucleic acids have been delivered using pH-responsive

polymers for endosomal escape and cytosolic release19–22. These polymers undergo a

phase transition from a hydrophilic state at physiological pH (7.4) to a hydrophobic

and membrane disruptive state at endosomal pH (≤ 6.6). Polymers used in this

application often self-assemble into particles known as micelles with a hydrophilic core,

and hydrophilic corona. Reversible addition-fragmentation chain transfer (RAFT)

synthesis allows for the development of well-tuned heterotelechelic diblock copolymers

with endosomal-releasing capabilities. Manganiello et al. demonstrated that the

copolymerization of diethylaminoethyl methacrylate (DEAEMA) with butylmethacry-

late (BMA) by RAFT could be tuned for endosomal escape and intracellular delivery

of plasmid DNA23. A hydrophilic block like poly(ethylene glycol) on the corona of the

micelle could provide steric stabilization with ”stealth-like” properties to minimize

protein adsorption and increase blood circulation24–30. The incorporation of functional

and/or reactive monomers (e.g. pyridyl disulfides, maleimides, and biotin) facilitate

the integration of targeting and therapeutic elements into the copolymer31–36.

In the following work, RAFT was employed for the synthesis of a multifunctional

diblock copolymer with antibody-targeting capabilities and proapoptotic peptide

delivery in SKOV3 ovarian cells and Ramos B-cell lymphoma cells. The hydrophilic
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first block is composed of three different monomers: polyethylene glycol methacrylate

950 (O950) or 300 Da (O300), pyridyldisulfide methacrylate (PyrSMA), and biotin-

hydroxyethyl methacrylate (bioHEMA). The first block was designed to promote micelle

stability in vivo, a labile peptide bond, and complexation of an antibody/streptavidin

conjugate. The hydrophobic second block is composed of DEAEMA and BMA and

was designed for endosomal escape. In vivo parameters such as maximum tolerated

dose and blood toxicity were studied to optimize formulation parameters and polymer

block lengths. The proapoptotic activity of the BIM peptide on the antibody-micelle

conjugate was demonstrated in SKOV3 and Ramos cells. In vivo activity of the

conjugates was evaluated in a Ramos tumor-xenograft mouse model and measured by

cleaved caspase 3 and Ki67 activity. The pharmacokinetics and biodistribution of the

[3H]antibody-micelle-[14C]peptide conjugates was also studied.
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5.2 Experimental Methods

5.2.1 Fmoc solid phase peptide synthesis

Peptides were synthesized using Fmoc solid phase synthesis at a 0.1 mmole quantity.

BIM and BIM-L62E (BIM/LE) were synthesized from trityl-cys preloaded NovaPEG

resin (EMD Millipore) using the following sequences:

BIM = NH2-CMRPEIWIAQELRRIGDEFNAYYARR-OH

BIM/LE = NH2-CMRPEIWIAQEERRIGDEFNAYYARR-OH

After synthesis, resin was rinsed sequentially with N-methyl-2-pyrrolidone, dimethyl-

formamide, dichloromethane, and methanol, dried under vacuum, then cleaved and

deprotected with a solution containing 9.4 mL trifluoroacetic acid, 250 µL dH20,

250 µL ethanedithiol, and 100 µL triisopropylsilane. Following resin filtration, crude

peptide was precipitated into cold ether/hexane (60/40), dissolved in ddH20 containing

TCEP then purified by reverse-phase high performance liquid chromatography on a

Jupiter 5µm C18 300 column (Phenomenex). HPLC purified peptides were confirmed

by ion trap mass spectrometry.

5.2.2 Cytochrome c release from isolated mitochondria

The potential for BIM and BIM/LE to induce cytochrome c release from isolated

mitochondria was measured with an ELISA assay. Ramos and Ramos-AW cells (500 x

106) were grown in 3-tier culture flasks, washed with PBS and equilibrated in 5 mL of

homogenization buffer (0.25 M sucrose, 1 mM EGTA, 10 mM HEPES/NaOH, 0.5%

BSA, pH 7.4) for 5 minutes at 4◦C. Cells were homogenized under high nitrogen pressure

in a steel container for 10 min at 400 psi, 4◦C. Disruption of cell membranes was

confirmed with Trypan blue under a microscope. Cells were collected and centrifuged

173



Chapter 5. Experimental Methods

for 10 minutes at 750 g in 15 mL round bottom tubes (BD (35)2059). After lipids

were removed from the surface, the supernatant was transferred to a new vial and

centrifuged for 12 minutes at 12,000 g, 4◦C. The mitochondria pellet was resuspended

in 500 µL of wash buffer (0.25 M sucrose, 1 mM EDTA, 10 mM Tris/HCl, pH 7.4,

supplemented with protease inhibitor (Roche Complete minitablets) and placed on ice.

Next, a BCA assay was performed to measure total protein. 15 µL of mitochondira

solution was collected and added to 15 µL of 0.6% SDS, then heated for 10 minutes

at 95◦C. 10 µL of BSA at 0, 0.5, 1, 1.5, and 2 mg/mL and 5 µL 0.9% SDS was

added to a 96 well plate and 4, 10, an 15 µL of mitochondria/SDS solution was

added to the plate and equilibrated with dH20. 100 µL of bichonic acid/copper(III)

sulfate (50/1) was added to each well and incubated for 50 minutes at 37◦C. The BSA

standards were used to make a standard curve and measure the total protein in the

mitochondria solution. Finally, peptides in DMSO (1 mM) were incubated with 50 ug

of mitochondria in 100 uL of experimental buffer (125 mM KCl, 10 mM Tris-MOPS

[pH 7.4], 5 mM glutamate, 2.5 mM malate, 1 mM KPO4, 10 uM EGTA-Tris, pH 7.4)

for 35 minutes at 37◦C. Solutions were then centrifuged at 13,000 rpm for 10 minutes,

4◦C, and supernatant was collected for measurement using a Cytochrome c ELISA

kit.

5.2.3 Synthesis of PyrSMA monomer

Mono-2-(methacryloxy)ethyl succinate)(SMA, 8.9 g, 0.0387 mol) was dissolved in

300 mL chloroform in a 500 mL round-bottomed flask. To this solution N-hydroxy

succinimide (NHS, 4.89 g, 0.0425 mol) was added and stirred for 30 min under nitrogen

environment. This solution was cooled to 0◦C in an ice bath and the reaction mixture

was further stirred for 30 min. N,N-dicyclohexyl carbodimide (DCC, 9. 57 g, 0.0464

mol) and a catalytic amount of 4-(dimethylamino)pyridine (66 mg) were added and

the solution was stirred for 1 h at 0◦C. The reaction was further continued for 22
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h at room temperature under nitrogen environment. After reaction, a large white

precipitated powder of dicyclohexyl urea was filtered off twice. A solution of 2-(pyridyl

dithiol)-ethylamine hydrochloride (1.0 g, 0.0045 mol) and Et3N (1.13 g, 0.0112 mol)

was cooled to 0◦C in an ice bath and stirred for 30 min. Previously synthesized

NHS-activated SMA solution in chloroform (65 mL chloroform solution 2.2 g, 0.0067

mol) was then added dropwise for 1 h. The reaction mixture was stirred overnight (16

h) at room temperature and transferred to a separating funnel followed by washing

three times with H2O (150 mL). The organic extracts were finally washed with brine

and dried over Na2SO4, filtered, and concentrated in vacuo to afford a crude oil which

was purified by column chromatography [SiO2, EtOAc/ hexane 3:1] to obtain 1.62 g

pure product (yield=60.5%). 1H NMR CDCl3; MS( ESI) m/z calcd for C17H22N2O5S2

M+ 421.5, found 421.2.

5.2.4 Synthesis of bioHEMA monomer

To make biotin monomer, the small molecule biotin was conjugated to hydroxyethyl

methacrylate through an ester bond. First, 1 gram of biotin was dissolved in 30 mL of

dimethylacetamide. A 2-fold molar excess of hydroxyethylmethacrylate (HEMA), N,N-

diisopropylcarbodiimide (DIC), and 4-dimethylaminopyridine (DMAP) were dissolved

in the biotin solution and reacted overnight at 4◦C. The reacted product was filtered

to remove dicyclohexylurea (DCU) by-product, then precipitated in cold diethylether

(4X) to remove DMAP. Finally the product was dissolved in dimethylsulfoxide and

precipitated in 0.5 M NaOH to remove free biotin. The pellet was washed with ddH2O

and the final product was lyophilized into a dry powder. The purity of the bioHEMA

monomer was confirmed by 1H-NMR and mass spectrometry.

175



Chapter 5. Experimental Methods

5.2.5 RAFT synthesis of multifunctional PEGMA macroCTAs

Two copolymers were synthesized via RAFT using Azobis(4-cyanopentanoic acid)

(ABCVA) as the initiator, 4-cyanopentanoic acid dithiobenzoate (CTP) as the chain

transfer agent (CTA), with 20 wt% monomer in dimethysulfoxide (Figure 5.1). The

initial monomer ([M]o) to CTA ([CTA]o) to initiator ([I]o) ratios for the two polymers

was 25:1:0.1. Both reaction solution contained a feed ratio of 10% pyridyl disulfide

methacrylate (PyrSMA), 10% bioHEMA, and either 80% polyethylene glycol methacry-

late 950 Da (O950) or 300 Da (O300) (Scheme 1). Individual polymerization solutions

were vortexed in 20 mL scintillation vials, transferred to septa-sealed 10 mL round

bottom flasks, purged under N2 for 30 minutes, and transferred to a preheated water

bath at 70◦C for 14 h. The resultant polymers were isolated by precipitation in diethyl

ether. The precipitated polymers were then dissolved in acetone and precipitated into

diethyl ether (x6). The dried polymers were analyzed by 1H NMR to assess purity and

gel-permeation chromatography (GPC) was used to determine number average (Mn)

molecular weight and polydispersity (PDI) of the polymers using Tosoh SEC TSK

GEL α-3000 and α-4000 columns (Tosoh Bioscience, Montgomeryville, PA) connected

in series to a 1200 Series liquid chromatography system (Agilent, Santa Clara, CA)

and a miniDAWN TREOS three-angle light scattering instrument with an Optilab

TrEX refractive index detector (Wyatt Technology, Santa Barbara, CA). HPLC-grade

DMF containing 0.1 wt% LiBr at 60◦C was used as the mobile phase at a flow rate of

1 mL/min. Reverse-phase high performance liquid chromatography (RP-HPLC) was

used to measure monomer conversions for each macroCTA using aliquots collected at

To and Tx.
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Figure 5.1: RAFT synthesis was used to make two macro chain transfer agents
(CTA) with ABCVA as the radical initiator and dithiobenzoate as the chain transfer
agent (CTA). Three monomers were incorporated into the macroCTAs: poly(ethylene
glycol) methacrylate (PEGMA 300 or 950 Da), biotin-hydroxyethyl methacrylate
(bioHEMA), and pyridyl disulfide methacrylate (PyrSMA).
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5.2.6 RAFT synthesis of diblock copolymers with PEGMA macroCTAs

O950 and O300 polymers were isolated from the previous synthesis and used as the

macroCTA for RAFT copolymerization with Azobis(4-cyanopentanoic acid) (ABCVA)

as the initiator, 4-cyanopentanoic acid dithiobenzoate (CTP) as the chain transfer agent

(CTA), 50 wt % monomer in 1,4-dioxane (Figure 5.2). The initial monomer ([M]o) to

macroCTA ([mCTA]o) to initiator ([I]o) ratios for both polymers was 125:1:0.2. The two

polymer solutions contained a monomer feed of 60% diethylaminoethyl methacrylate

(DEAEMA) and 40% butyl methacrylate (BMA). Individual polymerization solutions

were vortexed in 20 mL scintillation vials, transferred to septa-sealed 5 mL round

bottom flasks, purged under N2 for 20 minutes, and transferred to a preheated water

bath at 70◦C for 8 h. The resultant polymers were isolated by precipitation in

petroleum ether. The precipitated polymers were then redissolved in acetone and

reprecipitated into petroleum ether (x5). The dried diblock copolymers were analyzed

by 1H NMR, GPC and RP-HPLC as previously described.
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Figure 5.2: RAFT synthesis was used to make two diblock copolymers by incorpo-
rating the multifunctional O950 and O300 polymers as the macroCTAs with ABVCA
as the radical initiator. To make the second block, the monomer feed ratio was 60%
diethylaminoethyl methacrylate (DEAEMA) and 40% butyl methacrylate (BMA).
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5.2.7 Formulation of peptide-loaded micelles

Polymeric micelles were conjugated to peptides via disulfide exchange. First, polymers

were dissolved as unimers in ethanol (100 mg/mL) then diluted 10-fold into DPBS,

pH 7.4 to spontaneously form micelles. Ethanol content was reduced to less than

0.01% using Amicon-4 Ultra 3k MWCO spin columns (EMD Millipore) and the

polymer concentration was verified by 290 ηm absorbance. The number of pyridyl

disulfde (PDS) groups per polymer chain was quantified by reducing PDS groups

on the polymeric micelles with an excess of Bond Breaker TCEP solution (Pierce).

Conversion of PDS to 2-mercaptopyridine results in a colorimetric change quantified

by a 343 nm absorbance with an extinction coefficient of 8,080 M-1cm-1. Next, BIM

or BIM/LE were dissolved in anhydrous dimethylsulfoxide (30 mM), added to the

polymer solutions and mixed vigorously by vortexing then reacted overnight at room

temperature. In the final reaction mixture, the polymer concentration was 500 µM

with a 1.25 molar excess of peptide which resulted in one peptide bound per polymer

chain. Disulfide conjugation was monitored via PDS release and the formation of

2-mercaptopyridine. Reduction of the disulfide bond in the presence of glutathione was

confirmed by HPLC purification. The formation of micelles and the number average

diameter before and after peptide loading was measured by dynamic light scattering

following filtration through a 0.45 µm syringe filter with a polymer concentration of

0.5 mg/mL. The ability of the biotin-containing polymer micelles to complex with

streptavidin and antibody/streptavidin conjugates was quantified using a HABA assay

as previously describedBerguig:2012vz.

5.2.8 Cell culture

SKOV3 and Ramos cells were obtained from the American Type Culture Collection

(ATCC, Mannassas, VA). Cells were maintained in log-phase growth at 37◦C and 5%
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CO2 and grown in RPMI 1640 medium supplemented with L-glutamine and 25 mM

HEPES supplemented with 1% penicillin-streptomycin (GIBCO) and 10% fetal bovine

serum (FBS, GIBCO).

5.2.9 Antibody-mediated uptake of polymer-peptide conjugates

To study the effect of antibody targeting on the polymeric micelles, fluorescently-

labeled peptide was conjugated and measured within the cells by flow cytometry. To

make the fluorescent peptide, a 4-fold molar excess of Rhodamine Red-X, succinimidyl

ester was reacted with the N-terminal amine of the BIM peptide in anhydrous DMSO

with diethylethanolamine (DIEA). After 4 hours, Rhodamine-labeled BIM (RhoBIM)

peptide was purified by RP-HPLC and the final product was confirmed by mass

spectrometry. For uptake studies, RhoBIM was conjugated to the polymer micelles

as previously described. Anti-Her2neu/SA conjugates were loaded on the peptide-

polymer conjugates at various ratios for one hour prior to cell treatment. SKOV3 cells

were seeded at 1.5 x 105 cells per well in 6-well plates one day before and Ramos cells

were seeded at 3.0 x 105 cells per well on the day of the study. Cells were treated in

triplicate with fluorescent conjugates for 1, 2, and 4 hours at a 50 µM peptide dose.

After the indicated incubation times, cells were washed with PBS containing 2% BSA

and 0.1% Trypan blue to quench extracellular fluorescence. The median fluorescence

intensity of treated cells was measured by flow cytometry. Cells were excited at

532 ηm and fluorescence emission was collected at 575 ηm. To accurately measure

fluorescence, cells were gated by forward scattering area (FSC-A) and side scattering

as well as FSC height (FSC-H) and FSC width (FSC-W) with 10,000 gated events per

sample. Post-acquisition analysis was performed with FlowJo flow cytometry software

(Tree Star, Ashland, Oregon). Gating of untreated cells was applied to each cell type

and time point and autofluorescence from untreated cells was subtracted from each

treatment.
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5.2.10 Cell viability measured by MTS

Peptide conjugates were formulated as previously described. SKBR3 and SKOV3 cells

were seeded in 96 well plates, 6 x 103 cells per well and allowed to adhere overnight.

Ramos cells were seeded in 96 well round bottom plates at 50 x 103 cells per well. In

triplicate, peptide conjugates were added to each well at various concentrations with

at a final volume of 100 µL including media. Cell viability was measured after 1 and 2

days of incubation with conjugates after washing with fresh media. 20 µL of CellTiter

96 Aqueous One Solution Cell Proliferation Assay (MTS Promega) was added to 100

µL of media and allowed to react for up to 2 hours. After significant conversion of

MTS to formazan was observed, 100 µL of the MTS/media solution was transferred

to a new 96 well plate and the absorbance at 490 ηm was measured on a plate reader

(Tecan)

5.2.11 Radiolabeling HD39/SA and BIM with [3H] and [14C]

Conjugates were dual-radiolabeled with 3H and 14C in order to follow the antibody

and peptide in vivo. First, 6.2 mg of HD39/SA at 2 mg/mL in buffer containing 50

mM sodium borate, 150 mM NaCl, pH 8.5, was reacted with 1 mCi 3H-N-succinimidyl

propionate (American Radiolabeled Chemicals, Inc.) at 5 mCi/mL in DMF for 2

hours at 25◦C. Unreacted radiolabel was removed using a PD-10 desalting column

equilibrated with PBS. The final [3H]HD39/SA product was concentrated using an

Amicon Ultra-4 centrifugal filter unit with 30,000 NMWL and the final concentration

was measured by A280. The 10 mg of BIM peptide was dissolved in DMSO containing

an excess of N,N-diisopropylethylamine. A 5X molar excess of 14C-acetic anhydride

in 1 mL of toluene was reacted with the BIM peptide for 30 minutes. Radiolabeled

peptides were precipitated in ether to remove excess radiolabel and acetic acid. The

concentration and specific activity of [3H]HD39/SA and [14C]BIM was measured
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by A280 absorbance and scintillation counting with ULTIMA GOLD scintillation

fluid.

5.2.12 Pharmacokinetics of dual-radiolabeled conjugates

For all in vivo studies, BALB/c nu/nu mice (6 to 8 weeks old) were used from Harian

Sprague-Dawley and house under protocols approved by the FHCRC Institutional

Animal Care and Use Committee. To prepare cell suspensions, Ramos cells were

resuspended 10 x 106 cells per 200 µL PBS. Mice were injected subcutaneously in

the right flank with 10 x 106 Ramos cells and placed on a biotin-free diet (Purina

Feed). Tumors were allowed to grow for seven days until they reached 50 to 100 mm3.

To measure whole blood clearance, 6 mice per treatment each received 1.4 nmoles of

[3H]HD39/SA with or without 14 ηmoles of Polymer-[14C]BIM conjugates via tail

vein injection. Serial blood samples were drawn in triplicate from the retro-orbital

venus plexus using a 10 uL capillary tube at the following timepoints: 5 m, 15 m,

30 m, 1 h, 2 h, 4 h, 8 h, and 24 h. (Exact injection and collection times were

collected for each mouse). Blood was immediately transferred to scintillation vials

containing 500 uL of Solvable (Perkin Elmer). 5 mL of ULTIMA GOLD scintillation

fluid was added and sonicated for 10 minutes. 3H and 14C activity in the blood was

measured by scintillation counting using an automated deconvolution of radioactive

signal. Syringe weights were measured before and after injection to calculate the total

injection volume. Specific radioactivity for each treatment was measured in triplicate

from stock solutions. For blood clearance calculations, 80 mL (blood) per kg (mouse)

was assumed. Blood concentrations were plotted using GraphPad Prism and plotted

to a two-compartmental open model (bi-exponential equation) with 1/y2 weighting

to account for larger standard deviations at the earliest time points. The number of

peptides per antibody/streptavidin conjugate was calculated by dividing the peptide

to antibody/streptavidin concentration.
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5.2.13 Biodistribution of Dual-Radiolabeled Conjugates

After 24 hours, mice were weighed, sacrificed and blood by heart stick. Tumors,

lung, liver, spleen, stomach, kidney, small intestine, large intestine, and muscle were

harvested, weighed, and homogenized in 10 mL of ddH2O per gram of tissue. 200 µL

of homogenized tissue was transferred to a scintillation vial and 500 µL of Solvable

was added. Samples were incubated at 60 oC overnight until tissues were solvated.

50 uL of 200 mM EDTA and 200 µL of 30% hydrogen peroxide were added and

samples were incubated overnight at room temperature. 25 uL 10N HCl and 10 mL

of ULTIMA GOLD scintillation fluid were added to each sample, vortexed, then

incubated overnight at room temperature. Samples were run on a scintillation counter

to measure 3H and 14C signal and the percent-injected dose per gram (%ID/g) of

tissue or blood was calculated. The stability of the peptide bound to the polymer was

calculated by plotting of peptide to antibody for each organ.

5.2.14 Cleaved Caspase 3 Activity in Tumor Xenografts

Xenograft tumors were formed as previously described. Seven days after inoculation

mice were injected via tail vein in groups of 5 with HD39/SA, HD39/SA-Polymer,

HD39/SA-Polymer-BIM or Polymer-BIM at a dose of 15 mg/kg (HD39/SA), 275

mg/kg (O950) or 159 mg/kg (O300), and 16 mg/kg (BIM). The molar ratio of

HD39/SA to Polymer to BIM was 1:90:90. Three days following treatment, mice were

sacrificed and blood was collected via heart stick. Tumor, liver, lung, and kidney

were harvested and prepared for formalin fixing. Lungs were perfused with formalin,

kidneys bisected longitudinally, and liver cut into two sections containing the median

lobe and left median lobe. Sections were placed into cassettes, soaked in formalin for

3 days than submitted to pathology for processing.
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5.3 Results and Discussion

5.3.1 Cytochrome c release confirms BIM not BIM/LE activity

To test the activity of the BIM and control BIM/LE peptides, a cytochrome C release

study was performed (Figure 5.3). Mitchondria isolated from Ramos cells, a B-cell

lymphoma line were incubated with either BIM or BIM/LE at 1, 0.1, or 0.01 µM for

30 minutes. This would allow sufficient time to bing all Bcl-2 proteins and release

activator proteins, Bak and Bax, which were previously sequestered by the Bcl-2 family

proteins. Release of Bak and Bax would allow for homodimerization, insertion into

mitochondrial membrane, mitochondria depolarization and cytochrome c release. After

incubation with the peptides, mitochondria were isolated from the supernatant by

centrifugation and the percent cytochrome c released from mitochondria was measured

using an ELISA assay. 100% release was based on mitochondria treated with 0.1%

TritonX. As is seen from the figure µM BIM but not BIM/LE caused 100% cytochrome

c release. The effects were also dose dependent with 0.1 µM and 0.01 µM yielding 80%

and 50%, respectively. The single point mutation in BIM/LE however, was enough to

inhibit the binding activity of the BIM peptide. These results indicate that the BIM

peptide sequence is critical to induce cytochrome c release in Ramos cells and that

BIM/LE will serve as a good negative control peptide for the polymer carrier. The

next challenge will be to deliver significant quantities of this peptide intracellularly to

induce apoptosis in vitro and possibly in vivo.
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Figure 5.3: Mitochondria isolated from Ramos cells were treated for 30 minutes with
BIM or control BIM/LE peptide. Cytochrome C release induced by the BIM peptide
was quantified with an ELISA assay on the supernatant. The control BIM/LE peptide
with a leucine to glutamic acid mutation did not exhibit any considerable release.
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5.3.2 Optimization of poly[(PEGMA)-(DEAEMA-BMA)]

A series of diblock copolymers were synthesized by RAFT to identify a good target

degree of polymerization (DP) and block ratios for the hydrophilic and endosomolytic

blocks. The scheme for RAFT synthesis of the first and second block are given in

Figure 5.4. The polyethylene glycol methacrylate 950 (PEGMA950) monomer with 19

repeat units was homopolymerized using a target DP of 25. After purification, the

polymer was then used as a macro chain transfer agent (CTA) for the copolymerization

of DEAEMA and BMA (EB) at a monomer feed ratio of 60 to 40, respectively. A

series of diblock copolymers (PEGMA950-EB40) were synthesized with a target DP of

50, 100, 150, 200, and 300 in order to study correlate the effects on particle size and

hemolytic activity. Gel-permeation chromatography was used to measure the number

average molecular weight (Mn) of the polymer series. An overlay of the chromatograms

is shown in Figure 5.5A. Some polymer coupling is seen on the left edge for each peak

which often occurs when using the CTP as the CTA. The theoretical (HPLC) and

experimental (GPC) molecular weight is plotted against the target DP in Figure 5.5B.

A linear relationship exists between the target DP and molecular weight of O950-

EB as is commonly seen with living polymerizations by RAFT. Furthermore RAFT

provides good control of molecular weights with low polydispersities (PDI) less than

1.1. Particle size for the polymer the DP 50, 100, and 200 polymers in phosphate buffer

was measured by dynamic light scattering (DLS) as seen in Figure 5.5C. Interestingly,

the DP 50 polymer was unable to form particles, while DP 100 and 200 had a number

average diameter of 19 and 23 nm, respectively. The phenomenon seen with the DP 50

polymer is likely due to the short chain length of the EB block which may not impart

enough hydrophobicity to form micellar structures. The sterically bulky PEGMA

first block is very hydrophilic and therefore requires a larger second block (DP 100

or more) to form stable particles. The potential for each polymer in the series to

exhibit membrane destabilizing activity in a pH dependent manner was studied with
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a hemolysis assay as shown in Figure 5.5D. The polymers incubated at 20 µg/mL

with red blood cells exhibited distinct activities with respect to their DP. The first

polymer, DP 50, did not exhibit any hemolytic activity which further demonstrates

that a small hydrophobic second block not only prevents the formation of particles but

also makes it inactive for hemolysis. The DP 100 polymer exhibited some hemolytic

activity at pH 6.2 and below, reaching up to 60%. The DP 200 polymer exhibited

higher activity starting at pH 6.6 and below, reaching 100%. The DP 300 polymer

exhibited the highest activity starting at pH 7.0 and below and also reaching 100%.

Based on these results, we decided to target a DP between 100 and 200 to achieve

stable particles with membrane destabilizing activity around endosomal pH 6.6

Figure 5.4: The RAFT synthesis of the Poly(PEGMA) and Poly[(PEGMA)-
(DEAEMA-BMA)] (PEGMA950-EB40) diblock copolymers was performed under
nitrogen using ABCVA as the initiator, CTP as the chain transfer agent, and dimethy-
lacetamide (DMAc) as the solvent at 70◦C.
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Figure 5.5: The PEGMA950-EB40 polymer series was analyzed by gel-permeations
chromatography (A) to determineMn. A plot of target DP versus experimental and
theoretical molecular weight determined by GPC and HPLC, respectively is also
shown (B). Thea ability to form micelles in phosphate buffer and the number average
diameter was measured by dynamic light scattering (C). The hemolytic activity of
each polymer as a function of pH was also measured (D).
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5.3.3 Characterization of PyrSMA monomer by NMR

Figure 5.6: 1H-NMR was performed on the PyrSMA monomer to confirm purity of
the final product. All the proton peaks on the NMR spectrum were accounted for in
the monomer and assigned letters as seen in the figure.
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5.3.4 Synthesis of poly[(PEGMA-PyrSMA-bioHEMA)-(DEAEMA-BMA)]

The multifunctional diblock copolymer poly[(PEGMA-PyrSMA-bioHMEA)-(DEAEMA-

BMA)] termed ”O950” was synthesized to incorporate several components for successful

intracellular peptide delivery (Figure 5.7). The first monomer PEGMA is 950 Da with

19 ethylene oxide repeating units. This monomer serves as the bulk of the hydrophilic

block, promoting aqueous solubility with peptide and antibody loading and biocom-

patibility for in vitro and in vivo application. This sterically bulky methacrylate

monomer is longer than most monomers used in RAFT synthesis but it’s reactivity

and polymerization capabilities have been optimized in previous formulations. The

next methacrylate monomer, bioHEMA allows for facile complexation with cancer-

targeting monoclonal antibodies that has been previously conjugated to streptavidin.

Incorporation of the bioHEMA monomer in the hydrophilic block allows for easy com-

plexation while the polymer is assembled in a micelle structure. The last methacrylate

monomer PyrSMA, contains a pyridyl disulfide end group for disulfide conjugation

to the cysteine modified BIM peptide. Again, this monomer was incorporated in

the hydrophilic block to allow for easy conjugation of the BIM peptide while the

polymer is aggregated in the micelle state. It was also thought that incorporation of

the PDS containing monomer between the bulky PEGMA monomers would allow for

some steric hindrances and protect the peptide from reduction in the blood prior to

arriving at the tumor site. After synthesis and purification of the hydrophilic block, the

polymer was employed as the macro chain transfer agent (macroCTA) for the synthesis

of the second block. The 60:40 feed ratio for the DEAEMA and BMA monomers

was previously optimized by Anthony Convertine and coworkers23,30. The optimized

ratio helps the unimeric polymers form micelles in aqueous solutions, while taking

advantage of the pH-tranisition from DEAEMA upon acidification in endosomes and

the hydrophilic residue of BMA for membrane interactive properties. Together these

monomers have demonstrated the delivery and intracellular release of microRNA and
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plasmid DNA in living cells. Varying this feed ratio too high or twoo low above the

60:40 feed ratio often results in micelle instability, an undesirably charged micelle

core, or no pH-transition. The phase transition of the polymer micelles into unimers

triggered by acidic pH is a key component of this polymer design. The micelles should

remain stable and inactive while circulating in the body but undergo a phase transition

endosomolytic, or membrane disruptive upon endocytosis and exposure to the acidic

endosomes. This allows for the release of the biological cargo, in this case peptide,

into the cytosol for therapeutic action.
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Figure 5.7: The diblock copolymer poly[(PEGMA-PyrSMA-bioHEMA)-(DEAEMA-
BMA)] (O950) was synthesized by RAFT with a multifunctional hydrophilic first
block containing PEGMA950 for in vivo biocompatibility, a biotin-containing monomer
(bioHEMA) for antibody/streptavidin complexation and a PDS-containing monomer
(PyrSMA) for disulfide conjugation to a cysteine containing peptide. The second block
contains the DEAEMA monomer which undergoes a pH-dependent phase transition
and the BMA monomer for hydrophobic interactions with membrane disruption.
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5.3.5 Gel-permeation chromatography with O950 polymer

Gel-permeation chromatography (GPC) was utilized to determine the Mn and PDI of

the macroCTA and the diblock copolymer. Figure 5.8 provides the chromatograms

measured by light scattering (left), refractive index (center), and UV Absorbance

(right). In each chromatogram both the macroCTA (solid line) and diblock copolymer

(dotted line) are displayed. A clear shift from the first and second polymer is noted

indicating good synthesis of the second block to a larger molecular weight. A larger

peak coupling is seen in the light scattering signal more so than the other two

chromatograms due to the sensitivity to larger species by light scattering. Slight

coupling was observed in the RI and UV signal and was estimated to be around 5%

of the total peak. A characterization table for each polymer is shown in Table 5.8.

The first block was made using a DP of 50 with a CTA to Initiator ratio [CTA]o:[I]o

= 10 and a reaction time of 24 hours. The feed ratio for this polymer was 90:5:5

[PEGMA:PyrSMA:bioHEMA]. For the second block, a DP of 300 was used with a

[CTA]o:[I]o = 5, and a reaction time of 8 hours. In previous studies, a longer reaction

time was used however this resulted in significant loss of the functional PDS groups

on the PyrSMA monomer. The % monomer conversion for DEAEMA and BMA

were calculated to be 29 and 32, respectively. The reactivity ratio for these two

monomers was determined to be nearly 1 indicating that the feed ratio is preserved

in the monomer conversion during polymerization. The PDI for this polymer was

calculated to be 1.17 with an Mn = 38,000 Da.
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Figure 5.8: Size exclusion chromatography was used to measure the Mn of the
macroCTA and diblock copolymer and determine the PDI of each. The O950-EB
polymer was run on a gel-permeation chromatography instrument equipped with three
detectors: three-angle light scattering(LS), refractive index (RI), and UV spectropho-
tometry. The RI and LS detectors were used to calculate Mn and PDI.

Table 5.1: The O950 macroCTA and diblock copolymer were characterized by GPC
to determine molecular weight and polydispersity. Monomer conversion for the second
block was measured by HPLC purification. Monomer conversion and feed ratios are
also given in the following table.

195



Chapter 5. Results and Discussion

5.3.6 Quantification of PDS release and peptide conjugation

The number of PDS groups per polymer was quantified by first reducing with a

10X molar excess of TCEP then measuring the conversion of pyridyldisulfide to 2-

mercaptopyridine which absorbs at 343 ηm (Figure 5.9A). As a blank, polymer at

the same concentration without TCEP was used. Using the Beer-Lambert’s law

with an extinction coefficient of 8,080 M-1cm-1, we determined there to be 1.9 PDS

groups per polymer chain. Next we reacted the BIM peptide at various concentrations

with a fixed concentration of polymer to form a disulfide linkage and measured PDS

release (Figure 5.9B). The conjugation efficiency at all peptide to polymer ratios

(1:2, 1:1, 2:1, and 4:1) was 60%, except for the highest ratio because all PDS groups

were saturated on the polymer. Furthermore, no solutions crashed out upon adding

the peptide suggesting the micelles were stable even with up to 1-2 peptides per

polymer. With the previous HPMA-based micelles, this had been a concern because

too much peptide on the polymers often caused precipitation and crashing out of the

micelles. The PEGMA-based polymer carriers are more stable in aqueous solution

with peptide bound. These peptide loading ratios for the O950-BIM conjugates were

further characterized in the subsequent studies.
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Figure 5.9: The number of PDS groups per O950 polymer chain was measured to
be 1.9. (left). Polymer in phosphate buffer was reduced with an excess of TCEP
and the conversion of PDS to 2-mercaptopyridine was quantified by A343 absorbance.
Conjugation of the BIM peptide to the polymer was also quantified by PDS release
with a peptide to polymer ratio of 1:2, 1:1, 2:1, and 4:1 (right). The conjugation
efficiency of BIM to O950 was determine to be approximately 60%.
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5.3.7 Hemolytic activity of O950 and O950-BIM conjugates

The ability of the O950 polymer and O950-BIM conjugates to lyse red blood cells

(hemolysis) in a pH-dependent manner was studied (Figure 5.10). O950 polymer (5, 10,

20, 40 µg/mL) was incubated with red blood cells for one hour at 37◦C and the amount

of hemoglobin released by lysed red blood cells was quantified (Figure 5.10A). The

O950 polymer exhibited good hemolytic activity in a concentration dependent manner

with good activity at only 5 µg/mL. At all concentrations the polymer did not exhibit

any hemolytic activity until below pH 7.0. This is advantageous for in vivo application

because the polymer must remain nontoxic and inert at or near physiological pH.

Good activity at pH 6.6 is preferred since this is the pH of early endosomes, a point

at which endosomal escape would be preferred. Next the hemolytic activity of the

O950-BIM was assessed for each peptide loading ratio at 20 µg/mL (Figure 5.10B).

The O950-BIM conjugates exhibited a similar hemolysis profile to O950 indicating that

the peptide-loading did not have any effect on the polymers pH-responsive activity.

Furthermore, all peptide loading ratios (1:2, 1:1, 2:1, and 4:1 [BIM:O950] exhibited

the same hemolysis profile which suggests that the pH-responsive activity of the

second block is unaffected by the peptide, even with 1.9 peptides per polymer. A

good hemolysis profile is not a direct indication of the potential intracellular activity

however, good hemolytic activity is often linked with positive intracellular delivery of

siRNA, peptides, and plasmid DNA.
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Figure 5.10: The hemolytic activity of O950 was quantified at 5, 10, 20, and 40
µg/mL from pH 5.8 to 7.4 (left). For all concentrations, the polymer was inactive at
pH 7.0 and above. Furthermore, the O950-BIM conjugates did not appear to effect
the hemolytic activity of the polymer for any of the peptide loading ratio (right).
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5.3.8 Particle sizing for O950 and O950-BIM conjugates

The number average diameter of the O950 and O950-BIM micelles in phosphate

buffer was quantified using dynamic light scattering (Figure 5.11). First the O950

was suspended in phosphate buffer to form micelles, then diluted into a range of

pH buffer (pH 5.8, 6.2, 6.6, 7.0, and 7.4) (Figure 5.11A). DLS was performed with

polymer in each buffer at 0.5 mg/mL. At pH 7.4 and 7.0, micelles were measured

to be approximately 20 ηm. At pH 6.6 and below, the micelles fell apart and the

polymer exhibited a unimeric confirmation. Interestingly, the pH transition from 7.0

to 6.6 yielded a unimeric confirmation. In the hemolysis study, this same pH transition

caused the polymers to go from a nonactive state to hemolytic. The phase transition

of O950 is likely between pH 6.6 and 7.0. Next the particle sizes of the O950-BIM

conjugates for each peptide loading ratio was also measured at pH 7.4. For peptide

loading ratios between 0 and 2:1, the micelles maintained the same particle sizes.

At the 4:1 ratio however, larger particles were observed with an average size of 70

ηm. These results indicate that the micelle sizes remain stable up to 1 peptide per

polymer (2:1). For future in vitro and in vivo studies we will likely form O950-BIM

conjugates such that each polymer chain is bound to a single peptide. This would allow

for maximum peptide (drug) loading without affecting micelle stability or activity,

determined by DLS and hemolysis, respectively.
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Figure 5.11: Dynamic light scattering was used to measure the number average
diameter of the polymer micelles in a range of pH buffer (left). A decrease below pH
7.0 shows a drop in the diameter from 20 ηm to 5 indicating the phase transition to
unimers. Peptide loading did not effect particle sizes except at the highest peptide
loading ratio of 4:1. Polymers were analyzed in phosphate buffer at 0.5 mg/mL
after filtering samples through a 0.4 µm syringe filter. All samples were analyzed in
triplicate.
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5.3.9 Streptavidin binding to O950 and O950-BIM

The ability of the biotin-containing O950 polymer to bind to streptavidin through the

very stable, non-covalent interaction was quantified by a HABA assay (Figure 5.12).

In this study, O950 and O950-BIM conjugates (1:2, 1:1, 2:1, and 4:1 [BIM:O950]) were

incubated a molar excess of 2, 3, and 4 with streptavidin and the displacement of

HABA measured by absorbance at 500 ηm was quantified. A standard curve made

with a known concentration of biotin was utilized to convert absorbance values to

biotin binding events. The O950 polymer alone exhibited a linear binding curve

with a biotin binding capacity of 1 biotin for every 2 polymers. This indicates that

there is 0.5 biotin monomers accessible for every polymer chain. In the case of the

O950-BIM conjugates, a similar streptavidin binding capacity was observed, albeit

slightly decreased. This indicates that even with peptide loaded on the first block,

the O950-BIM conjugates can still actively bind to streptavidin. This is an important

observation because in order to make use of the antibody-streptavidin conjugates

for cell targeted, the O950-BIM conjugates must be able to bind to the streptavidin

protein and remain stable in solution.

202



Chapter 5. Results and Discussion

Figure 5.12: A HABA binding assay was performed to confirm the accessibility of the
biotin monomer in the O950 polymer. Complexation with streptavidin confirmed that
an excess of 2 polymers was required for a single biotin binding event. Furthermore,
O950-BIM conjugates exhibited similar biotin binding efficiencies as the free polymer
with only a slight decrease in activity.
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5.3.10 Antibody mediated uptake of O950-fluorescent BIM conjugates

To determine whether the anti-Her2/streptavidin (Her2/SA) conjugates could enhance

uptake of O950-BIM, cells were treated with Her2/SA-O950-BIM modified with a

Rhodamine fluorophore on the BIM peptide. One hour after incubation, extracellular

fluorescence was quenched with Trypan Blue and mean fluorescence intensity within

cells was quantified by flow cytometry (Figure 5.13). Her2/SA-O950-BIM conjugates

were made with varying Her2/SA to O950-BIM ratios at 1:8, 1:4, and 1:2, however

cells were treated with equal concentrations of O950-BIM. Compared to the untargeted

O950-BIM conjugates, 1 antibody per 8 polymer chains doubled the MFI from 3200 to

7000. With twice as much antibody, or 1 antibody per 4 polymers, the MFI increased

to 8000 but with 1 antibody per 2 polymers chains the MFI remained at 8000. These

results suggest that Her2/SA helps to increase the amount of O950-BIM uptake in

SKOV3 cells however the amount taken up is likely limited to the amount of free Her2

receptors on the cells surface. This is demonstrated at the higher antibody ratios.

The MFI from 1:4 and 1:2 did not vary most likely because all Her2 receptors had

been saturated. Increased incubation time with cells would likely result in greater

differences between O950-BIM and the Her2/SA-O950-BIM conjugates, as the Her2

receptors would have more time to recycle and express on the cell surface.
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Figure 5.13: Fluorescently-labeled BIM peptide was conjugated to O950 at a 1:1
molar ratio. O950-BIM was then complexed with anti-Her2/SA conjugates at various
ratios (1:8, 1:4, and 1:2 [mAb:Pol] and incubated with SKOV3 cells at a peptide
concentration of 1 µM. After 1 hour, cells were trypsanized, washed with FACS buffer
(0.1% Trypan blue, 2% BSA in PBS) and the mean fluorescence intensity was measured
by flow cytometry.
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5.3.11 Maximum tolerated dose study with O950 polymer

To determine the maximum tolerated dose of the O950 polymer in mice, the polymer

was administered via tail vein at 120, 160, 200, and 240 mg/kg (n = 1). Blood

was collected on day 1, 3, and 5 to measure toxicity through blood enzyme levels.

Figure 5.14 shows the blood toxicity 3 days after administration using markers for

pancreas, liver, kidney, and muscle. Although this study was performed with a single

mouse at each dosage level, no trends were observed between dosage and blood toxicity

levels. Glucose, amylase, total bilirubin, and creatinine were all at normal levels.

Lipase, AST, ALT, and creatine kinase had some aberrant levels but none of these

increased levels were related to polymer dose. Furthermore, the maximum tolerated

dose of O950 was not realized in this study suggesting that the administration dose for

O950 could likely be increased. For all future in vivo studies, the O950 polymer will

be administered at 240 mg/kg to conserve on polymer usage, while administering a

significant dose for peptide delivery. With one peptide per polymer this would equate

to 15-20 mg/kg of BIM peptide.

206



Chapter 5. Results and Discussion

Figure 5.14: To determine the maximum tolerated dose of the O950 polymer, 5
concentrations of polymer were prepared and administered via tail vein injection at
120, 160, 200, and 240 mg/kg (n = 1). Blood samples were collected after 1, 3, and 5
days, processed to measure enzyme levels for toxicity in pancreas, liver, kidney and
muscle.
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5.3.12 Tumor activity measured by cleaved caspase 3

The activity of the O950-BIM conjugates was evaluated in athymic nude mice using

Ramos cell tumor-xenografts. In the following study, O950-BIM was formulated

with two different lymphoma targeting antibody conjugates, anti-CD22/SA and

anti-CD19/SA. CD19 has been measured to have 222,000 receptor sites per Ramos

cell, while CD22 has 35,00037, however a number of studies have shown that CD22

receptors are more readily endocytosed than CD19 upon antigen binding. Mice bearing

tumor xenografts were treated with a combination of low dose chemotherapy to elicit

synergistic activity in the tumor cells. Cyclophosphamide at 35 mg/kg was selected

as the chemotherapeutic which had been previously used in combination with Bcl-2

antisense oligonucleotides38. Three days following dual administration, mice were

sacrificed and blood was collected for systemic toxicity; lung, liver, kidneys and tumors

for histology and immunohistochemistry.

Three days after treatment, 400 µL of blood was drawn via heart stick. Plasma

was processed and submitted to Phoenix Laboratory for analysis. Serum glucose,

lipase, and amylase were analyzed for pancrease, AST, ALT, and total bilirubin were

measured for liver, creatinine for kidney, and creatine kinase for muscle (Figure 5.15).

No elevated enzyme activity levels were measured in any of the treatment groups.

These results indicate that the conjugates are non toxic up to three days following

administration.
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Figure 5.15: Three days after administration of conjugates, blood was collected
by heart sticks, processed and submitted to Phoenix Laboratories. Blood enzymes
including serum glucose, lipase, and amylase (for pancreas), AST, ALT, and total
bilirubin (for liver), creatinine (for kidney), and creatine kinase (for muscle) were
analyzed. Plots include all five mice per treatment group and their mean.
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In a single blind sampling of histological samples stained by hematoxylin and eosin

staining, the pathologist noted no marked effects or toxicity in the lungs, liver or

kidneys for any treatment. Initially, these results were surprising given the high dosage

of polymer and peptide administered to each mouse. Coupled with the blood enzyme

activity levels, these results suggest that the complete conjugates exhibit good in vivo

biocompatibility with a potentially high therapeutic index window.

Body weights for all mice was measured on day 0 and day 3 and averaged for each

treatment group (Figure 5.16A). No significant changes were observed for any treatment

group. After harvesting organs, tumor masses were weighed on a scale Figure 5.16B.

While no significant differences were observed, analysis by histology found that many

of the tumors from the CD22-Pol-BIM treatment group contained a large portion of

mammary fat pads which would have added to the measured mass.

Following formalin fixation for each organ, tumors were bisected and embedded in

paraffin, then sectioned for histology, Ki67, and cleaved caspase 3 staining. The Ki67

staining was inconclusive because of the background signal from rabbit anti-asialo

injected during cell inoculation. Cleaved caspase 3 (CC3) however, successfully stained

all apoptotic cells. Bisected tumors stained with CC3 were imaged on a slide imager

at 10X magnification and analyzed using HistoQuest software. The algorithm applied

to each tissue section was able to identify all cells by the nuclear stain (blue), and

the percent of those cells which were also CC3 positive (brown). The percent of

CC3 positive cells for two sections of each tumor were averaged and plotted on the

dot plot in Figure 5.16C. No distinguishable differences were observed between any

group except the CD22-O950-BIM. CD22-O950-BIM was significantly greater than

PBS alone according to a Bartletts test (P <0.05) which measures deviation from the

normal distribution.
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Figure 5.16: The body weight of each mouse in the study was monitored on day 1 and
day 3 following administration(A). Following tissue harvesting on day three, tumors
were also weighed(B). Tumors were harvested and bisected, then fixed, sectioned, and
IHC stained for cleaved caspase 3 activity then analyzed by microscopy and image
analysis. The percentage of brown nuclei (CC3+) versus blue nuclei (CC3-) stained
cells was plotted for each tumor.
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After analyzing tumors by CC3 activity we looked at all the tumors by hematoxylin

and eosin staining. We observed by CC3 staining that there were fewer cells per area

within the tumors treated with CD22-O950-BIM treated tumors. At first it appeared

to be empty or void space between many of the cells. A deeper look by Hemotoxylin

and Eosin staining revealed that the void space was likely polymer material stuck

within the tumors. These findings were only observed in the CD22-O950-BIM treated

mice. The pathologist said the only other time she had seen such artifacts was when

mice were given collagen or some other polymer scaffolds. These non biological artifacts

could therefore be attributed to the injected polymers. It is not clear however, whether

the polymer had precipitated due to the low pH environment of the tumor or because

of the hydrophobic nature of the peptides conjugated to the cells.

To characterize the results seen in the tissue sections we plotted the cell density

(cells/mm2) of each tumor bisection against the tumor area measured (Figure 5.17).

Using the Pearsons Correlation calculation we found that only in CD22-Pol-BIM

treatment, the number of cells per area correlated with tumor size, such that the

smaller the tumor, the lower the density of the cells inside of it. These results may

suggest that the CD22-targeted conjugates exhibited better penetration into the

tumors. The propensity to penetrate the tumors however was also related to the size

of the tumors, with smaller tumors resulting in better penetration.
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Figure 5.17: A Pearson correlation function was applied to each tumor image
from the cleaved caspase 3 analysis. The tumor size from each tumor bisection was
plotted against cell density (cell/mm2). A Pearson correlation equation was applied
to each data set to determine if there was a correlation between tumor area and cell
density. A linear fit (solid line) and 95% confidence interval (dotted line) was applied
to the data set. The only group that showed a significant correlation was CPA +
CD22/SA-O950-BIM.
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Conclusions from cleaved caspase study: In the cleaved caspase study we delivered a

low dose of chemotherapy in combination with antibody-polymer-peptide conjugates

in tumor xenograft-bearing mice. No toxic effects from the polymer conjugates was

observed by blood enzyme analysis or Hematoxylin and Eosin staining after three

days following administration. Cleaved caspase 3 activity, a marker for apoptosis

was measured by immunohistochemistry. Elevated levels were observed in tumors

treated with CD22 antibody conjugated to the polymer-peptide system however these

levels were only statistically significant compared to PBS treatment using a Bartletts

test.

5.3.13 In vitro comparison of two BIM peptides on O950 polymer

While the BIM peptide synthesized and characterized in this chapter did not exhibit

any activity on O950, we tested a second BIM peptide described in the previous

chapters and found high activity on the O950 polymer. Note: the activity data for

this new peptide will be included in an updated version of this thesis document.
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Figure 5.18: The in vitro activity of two BIM peptides was evaluated with the O950
polymer using MTS to measure cell viability.
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