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Reversibly Neutralized Perfringolysin 0 for Intracellular Delivery of Macromolecules

by

Nicole J. Yang

Submitted to the Department of Chemical Engineering on October 5 th 2015
in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy in Chemical Engineering

ABSTRACT

With an increasing understanding of the molecular bases of disease, macromolecules such as
proteins and siRNA can potentially be used as therapeutics, modulating biological function with high
specificity to reverse pathological progression. However, while certain contexts require manipulating the
biology inside the cell, the large size and charge of macromolecules prevent them from spontaneously
crossing the cell membrane. For proteins, this problem limits the scope of diseases that are potentially
addressable. For siRNA, this prevents access to the cellular machinery responsible for executing gene
silencing in the first place. Thus, a safe and effective method to deliver proteins and siRNA into the
cytoplasm is desired to fully enable their therapeutic potential.

In this thesis, we describe the development of an intracellular delivery system based on a bacterial
pore-forming protein, and demonstrate its efficacy in vitro using protein and siRNA payloads.
Perfringolysin 0 (PFO) is a member of the cholesterol-dependent cytolysin (CDC) family of bacterial
toxins whose pores, reaching up to 30nm in diameter, allow the passage of large molecules without a
specialized transport mechanism. However, the creation of such pores on the cell membrane is
accompanied by cytotoxicity, which limits the practical use of these proteins as a delivery tool. Thus, we
developed a strategy to selectively activate PFO in endosomal compartments to minimize cytotoxicity.
Specifically, we engineered a neutralizing binder against PFO on the fibronection scaffold. The binder
was designed to have a higher affinity for PFO at neutral pH, inhibiting pore-formation on the cell
membrane, and a lower affinity at acidic pH, promoting pore-formation on endosomal membranes. Fusing
this binder to an antibody against EGFR allowed specific targeting and internalization. Using a protein
payload-the ribosome-inactivating protein gelonin-administered in trans, we demonstrated that this
strategy enables efficient delivery with high specificity and low toxicity, increasing the therapeutic
window of PFO by orders of magnitude in vitro.

One advantage of this delivery system is its modularity, as the payload administered in trans is
readily swappable with other molecules of interest. Thus, we next demonstrated that the neutralized PFO-
based system can also be used for intracellular delivery of siRNA. For this application, we engineered a
targeted siRNA carrier based on the dsRNA-binding protein p19 of the Carnation Italian Ringspot Virus
(CIRV). In particular, we matured the affinity of p19 to create clones with some of the highest affinities
for siRNA reported to date. Higher affinity correlated with higher potency, with the tightest-binding p19
mutant enabling silencing of a reporter gene with pM concentrations of siRNA in vitro. This increase in
potency was partially due to increased uptake of siRNA. However, we also observed that the high-affinity
clones enable stronger silencing even When each clone internalizes similar numbers of siRNA. This
observation suggests that prolonging the association of siRNA and its carrier inside the cell may be a
strategy for further improving the efficiency of silencing.
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Overall, the work described in this thesis demonstrates how neutralizing binders can be used to
control the activity of potent membrane-disrupting agents, to deliver exogenous macromolecules into the
cytoplasm with low toxicity. Further optimization of the neutralized PFO-based system for in vivo use
will enhance its utility as a viable therapeutic strategy.

Thesis Supervisor: K. Dane Wittrup
Title: C.P. Dubbs Professor, Chemical Engineering and Biological Engineering

Thesis Supervisor: Robert S. Langer
Title: David H. Koch Institute Professor
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Chapter 1. Introduction

1. The Intracellular Delivery Problem

Macromolecules such as proteins and siRNA can potentially be used to modulate biological

function with high specificity for the treatment of disease 1,2. However, while certain therapeutic strategies

require manipulating biology inside the cell, the large size and charge of macromolecules prevent them

from spontaneously crossing the cell membrane. This problem limits the scope of diseases that are

potentially addressable with proteins, and prevents siRNA from accessing the cellular machinery

responsible for executing gene silencing in the first place. Thus, an effective method to deliver proteins

and siRNA into the cytoplasm is desired to fully enable their therapeutic potential.

Proteins as Drugs. The high affinity of binding and specificity of interaction intrinsic to protein-protein

interactions have made proteins, as a class of molecules, successful therapeutics 3 . For example, protein

drugs are in clinical use to inhibit (e.g. antibodies), augment (e.g. immunostimulatory cytokines) or

reconstitute (e.g. hormones) biological function' by interacting with extracellular receptors. In contrast,

there is a lack of engagement with intracellular targets, in part reflecting the difficulty of reliably

delivering intact and functional protein into the cytoplasm4 .

Currently, the relatively most robust method to introduce exogenous proteins into the cytoplasm

is to introduce the genetic material (typically DNA, but also mRNA) encoding the protein of interest.

Various gene delivery techniques are routinely used in the laboratory, including electroporation, chemical

transfection and viral transduction. However, the advantages and disadvantages of delivering genetic

material versus the protein product itself should be considered within the context of the disease. For

example, for proteins requiring long-term persistence, it may be most appropriate to deliver its DNA that

can be stably maintained. Alternatively, mRNA, although less stable and more immunogenic than DNA,

does not risk genomic integration. Its transient nature, in fact, may further increase its safety profile from

a clinical perspective. However, the recipient cell must be capable of expressing the protein of interest at

therapeutic levels in a consistent manner. In contrast, delivering protein allows the highest degree of

control over the dose and duration of the active product. Protein are also non-integrative and transient,

and thus particularly appropriate for applications requiring only a single, one-time manipulation (such as

This chapter was reproduced in part with permission from Yang et al. Methods Mol Biol. 2015; 1266:29-53.
Copyright c 2015 Springer Science+Business Media New York.
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genome editing5 6).

Proof-of-concept studies have demonstrated that intracellular delivery of proteins can be achieved

in vitro and to some degree, in vivo, as discussed below (see "Intracellular Delivery Systems for Protein

and siRNA Payloads"). However, targeted delivery of proteins is "in its infancy" 4 and preclinical studies

demonstrating therapeutic efficacy from intracellularly delivered proteins are yet to be reported.

siRNA as Drugs. RNA interference (RNAi) is an endogenous, post-transcriptional gene silencing

mechanism' that can be triggered by exogenously introduced siRNA8 . Synthetic siRNAs are loaded

directly onto Argonaute and unwound to form the RNA-induced silencing complex (RISC). mRNA with

perfect complementarity to the guide strand in RISC is cleaved between the 1 0 th and lth nucleotide

(counting from the 5' of the guide strand)8 . To note, cleavage occurs only with Argonaute 2 (AGO2), as

the other three human AGO proteins lack catalytic activity9 . An active RISC has been estimated to cleave

approximately 10 molecules of mRNA10 , and depending on the doubling rate of cells, gene silencing

below 50% can be maintained for approximately 2-8 days".

siRNAs are attractive therapeutics from a drug-development perspective, because a single

delivery platforn can be readily expanded towards multiple gene targets. In theory, siRNAs can be

designed against any gene, including those that code for "undruggable" proteins that lack an enzymatic

pocket for a small-molecule to bind. In addition, although extensive optimization is required to identify an

effective sequence, this process may be achieved in a relatively short period of 4-8 weeks 3.

Multiple preclinical studies have demonstrated proof-of-concept using siRNA-mediated gene

silencing for the treatment of cancer, either with siRNA alone or in combination with another drug

(typically a chemotherapeutic). For example, a liposomal siRNA formulation targeting Protein Kinase N3

(PKN3) delayed growth of primary tumors and reduced metastases in orthotopic tumor models in

mice 14,15. This system completed Phase I clinical trials and evaluation in combination with gemcitabine is

planned (NCTO1808638). Other lipid-based siRNA formulations are also under clinical evaluation for the
16treatment of cancer

2. Naturally Occurring Intracellular Delivery Systems

Certain bacterial toxins and viruses have evolved mechanisms to shuttle protein or genetic

material across the mammalian cell membrane. While the mechanisms of many such processes are not yet

fully elucidated, bacterial and viral systems have inspired numerous engineering efforts and are thus

briefly surveyed below.

14



Bacterial toxins. A number of bacterial toxins are potent inhibitors of central cellular functions such as

protein synthesis. Typically, a separate domain (typically denoted the B domain, translocation domain, or

translocation complex when oligomerization occurs) is responsible for binding to cellular receptors and

translocating the catalytic domain (denoted the A domain) into the cytoplasm".

Some toxins form their own pores, such as the diphtheria and anthrax toxins. The translocation

domains of anthrax toxin, known as the protective antigen (PA), oligomerizes into a pre-pore complex

following proteolytic activation. Subsequent internalization and endosomal acidification is thought to

trigger its conversion into a full pore, through which catalytic domains translocate into the cytosol18 .

A number of other toxins, such as the plant toxin ricin, Pseudomonas exotoxin A and cholera

toxin, take advantage of the ERAD machinery to enter the cell 9 -2 1 . Following binding to gangliosides via

its B domains, cholera toxin is internalized and trafficked to the ER where the A domain is reduced,

unfolded and subsequently refolded in the cytoplasm 2 2 2 3 .

Viruses. Viruses can be classified into enveloped viruses, which are encased in a lipid membrane

containing glycoproteins, or non-enveloped viruses, which lack a membrane. In general, enveloped

viruses are thought to orchestrate the fusion of host and viral membranes using viral fusion proteins,

which expose hydrophobic peptides upon environmental triggers such as receptor binding, low pH or

proteolytic cleavage. For example, influenza A exposes a hydrophobic segment of hemagglutinin (HA)

upon endosomal acidification. With this mechanism, there is no need to translocate across the cell

membrane.

Non-enveloped viruses, in contrast, have to cross the membrane in order to access the cell

interior. In general, non-enveloped viruses are thought to mediate the disruption of cellular membranes by

exposing or releasing lytic peptides that are amphipathic or hydrophobic 25 -27 Alternatively, members of

the polyomavirus family such as the simian virus (SV40) use a strategy similar to the aforementioned

cholera toxin, and hijack the ERAD machinery 2 ,29.

3. Engineered Intracellular Delivery Systems

3.1. Methods of Evaluating Delivery Systems.

Whereas the permeability of small molecules can be quantitatively measured by standardized

assays using model membranes 30 , such universally adopted assays are lacking for objectively comparing

15



the performances of different macromolecule delivery systems. Accurately quantifying the number of

functional peptides or proteins that successfully enter the cytoplasm is technically challenging, although

selective isolation of the cytosol (and not endosomal compartments) using cellular fractionation3 13 2 or

digitonin-mediated permeabilization of the plasma membrane33 have been reported. Immunoprecipitation

demonstrating the intended disruption of the target intracellular protein-protein interaction has also been

presented as evidence of permeation

Fluorescence-microscopy based methods or biological assays measuring the activity of the

payload in the cytoplasm have also been employed. In microscopy, diffuse cytosolic staining (indicating

endosomal release) is frequently contrasted with punctate signal (indicating endosomal entrapment) to

provide a qualitative assessment of permeation, although payloads in the intracellular space that have

aggregated or are associated with subcellular organelles may also produce punctate patterns. In some
36

cases, automated image analyses have been reported to identify endosomal release events . However, the

presence of labeled payload in the cytoplasm does not guarantee that it has retained its function, and the

label itself or fixation steps may cause artifacts in cellular distribution 7'38 . Flow cytometry may

potentially be used as an alternative when the fluorescence spectra are distinct in the endosomal

compartment and the cytoplasm.

Alternatively, cytosolic uptake can be confirmed by measuring a biological effect that is

generated only when the payload is in the cytoplasm. For example, a protein payload fused with the avi

tag, when delivered to cells stably expressing biotin ligase (BirA), is expected to become biotinylated

only in the cytoplasm 40 . When intracellular kinases are targeted, such as with an affibody against Raf- 1,

downstream signaling pathways are expected to be perturbed only when the protein inhibitor has reached

the cytoplasm41 . In addition, peptide payloads have been conjugated to dexamethasone (Dex) derivatives,

which bind to transiently expressed gluococorticoid receptor (GR)-fusion proteins in the cytosol, to

induce a reporter4 2 or alter its localization43 . It should be noted that reporter gene expression inherently

amplifies the signal through multiple rounds of transcription and translation, whereas microscopically

observing the altered localization of a fluorescent reporter is subject to the detection threshold of the

instrument.

In cases where the biological activity of the payload is reported, one must be mindful that certain

payloads can require fewer numbers in the cytoplasm to generate the measured, macroscopic effect. This

is particularly true for catalytic proteins. For example, approximately 50 molecules of p-lactamase in a

single cell have been reported to generate a detectable signal from catalyzing a fluorogenic substrate,

albeit over a long period of time (I6hrs) 44 . Similarly, in theory, four molecules of Cre recombinase can

repeatedly catalyze multiple recombination events to promote recombined gene expression45 . Single

16



molecules of toxins such as diphtheria and ricin have been estimated to kill a cell 46.47, relevant in

instances where cell death is used as the readout for delivery.

3.2. Intracellular Delivery Systems for Protein and siRNA Payloads.

Although some proteins have been reported to spontaneously cross the cell membrane, such

examples are rare and have not adopted widespread use. Alternatively, naked siRNA can be delivered by

hydrodynamic injections in mice48- 0 , but such methods are unsuitable for use in humans. Thus, both

proteins and siRNA typically require a delivery vehicle (or technique) that allows them to cross the cell

membrane.

Physical disruption of the membrane. Varying physical methods of disrupting the cell membrane, such

as microinjection and electroporation 5 , have been used to deliver compounds ranging from small

molecules to proteins. Sharei et al. developed a microfluidic device that induces transient disruption of the

plasma membrane through physical constriction. Silicon "nanowires" have also been reported which

pierce through the cell membrane1, 4 . From a clinical perspective, such mechanical methods are likely

limited to in vitro or ex vivo applications, such as modulating immune cells for vaccination" or adoptive

T cell transfer.

Chemical disruption of the membrane. A chemical cocktail consisting of NaCl, a transduction

compound (NDSB-201 or GABA), glycine and glycerol has been reported to transduce proteins and small

RNAs in both immortalized cell lines and primary cells 6. This method, termed "iTOP," was reported to be

approximately four-times more efficient than the cell-penetrating peptide oligoarginine (RI 1) at

transducing primary fibroblasts with a model protein.

Small-molecule conjugates. For siRNA payloads, conjugation to small molecules such as cholesterol 56

or N-acetylgalactosamine (GalNAc)5 7 has been shown to mediate gene silencing in the liver. Analogous

strategies for protein payloads have not been demonstrated.

Nucleic acid-based strategies. For siRNA payloads, aptamer-siRNA chimeras have been reported to

mediate gene silencing in mouse models of cancer expressing the target receptor 5859. A tetrahedral DNA

particle, conjugated to siRNA and folate (for targeting) was reported to have favorable biodistribution

properties and mediate gene silencing in vivo60 . In addition, RNA "microsponges" have been reported,

which are composed entirely of RNA hairpins that are converted to siRNAs by Dicer intracellularly 6 1 .

17



Lipid-based strategies. For protein payloads, lipid formulations that successfully transfect DNA or RNA

have been attempted for use with proteins. For example, a formulation based on a mixture of cationic and

neutral lipids was reported to translocate negatively charged proteins62 . Alternatively, molecular

"handles" such as DNA oligos63 or negatively-charged GFP 5 have been attached to the protein of interest

to promote its complexation with lipids.

Lipid-based formulations are one of the most advanced delivery platforms for siRNA, with

multiple formulations undergoing clinical evaluation 1, including stable nucleic acid lipid particles

(SNALPs) 64, lipidoid nanoparticles6 5'66 and lipoplexes 5 . In addition, combinatorial synthesis and

screening approaches have identified lipid-like materials with increasing potenCY67,6.

Polymer-based strategies. For protein payloads, polymer-based formulations that have been used

successfully for nucleic acid transfections, such as poly-p-amino esters (PBAEs), have been examined for

their ability to deliver proteins. Alternatively, Yan et al. reported a technology to encapsulate single

proteins in a polymeric shell ("nanocapsule") after attaching the monomeric building blocks of the
69,70

polymer directly to the protein

For siRNA payloads, cyclodextrin-based formulations first demonstrated RNAi-mediated gene

silencing in humans from a targeted nanoparticle delivery system71--73. Alternative polymeric vehicles

include Dynamic polyconjugates (DPCs) based on a poly(butyl amino vinyl ether) (PBAVE) backbone, to

which GalNAc and PEG are conjugated via an acid-labile linker, and siRNA via a disulfide bridge 74. The

design of DPCs has evolved to formulations where cholesterol-conjugated siRNA is co-injected with the

PBAVE-based masked polymer5 or a membrane-lytic peptide76 . In addition, cationic polymers that

complex siRNA have been chemically conjugated to antibodies for receptor-specific delivery77.

Peptide-based strategies. Cell-penetrating peptides have been reported to enhance the permeability of

various macromolecules. For protein payloads, early studies showed that the TAT peptide can mediate the

translocation of covalently coupled proteins78-80. Later on, an amphiphilic CPP Pep-I was reported to

non-covalently complex and translocate peptide and protein cargo". Substance P (SP), an 11-residue

neuropeptide, has also been proposed to mediate the cytosolic delivery of synthetic antibody fragments8 2

and nucleic acids8 3 following covalent conjugation.

For siRNA payloads, cell-penetrating peptides such as TAT 4 , MPG8s, poly arginine 6 and

CADY 8 7 have been conjugated to or complexed with siRNA to aid in their delivery. The CPP transportan

conjugated to stearyl8' or myristol groups89 have also been reported.

18



Protein-based strategies. Various pore- or channel-forming proteins of bacterial origin have been

utilized to translocate exogenous protein cargo. Doerner et al. reported the functional expression of an

engineered bacterial channel (MscL) in mammalian cells, which could be controlled by covalent

modifications to introduce various cargo into the cytoplasm9 . Alternatively, protein payloads conjugated

to the anthrax toxin lethal factor (LF) have been transported across pores formed by protective antigen

(PA)4'4 '. The cholesterol-dependent cytolysin (CDC) family of pore-forming toxins have also been

proposed as "reversible permeabilization" reagents to translocate exogenous proteins9 "', as further

discussed below (see "Cholesterol-Dependent Cytolysins as a Delivery Tool"). Certain translocation

domains of bacterial toxins which do not form pores have also been proposed as a modular tool that can

be fused to, and enhance the intracellular delivery of, various cargo including proteins93.

Alternatively, "supercharged" GFP, a variant engineered to have high net positive charge (+36)94,

and certain human proteins with naturally high positive charge95 ' 96 have been reported to translocate

across the cell membrane. Curiously, 3E10, an autoantibody proposed to bind to dsDNA 97 , has also been

reported to penetrate into the nucleus and impair DNA repair" or translocate an exogenous phosphatase

across the cell membrane".

Protein vehicles for siRNA payloads are typically composed of a RNA-binding moiety that is

fused to either a cell-penetrating moiety or a receptor-targeting moiety 10. In certain cases, the positively

charged RNA-binding moiety is thought to mediate translocation in addition. For example, protamine (or

truncated protamine) has been fused to scFvs' 1103 or DARPins10 4 and polyarginine (R9) has been fused

to scFvs86 for targeted delivery of siRNA. Non-cationic dsRNA-binding moieties have also been reported,

such as the double-stranded RNA binding domain (dsRBD) of PKR, which was fused to cell-penetrating

peptides14'105 , or the viral dsRNA binding protein p19, which was fused to a targeting peptide (YSA)1 06.

Alternatively, without using a protein-based RNA carrier, siRNA has been directly conjugated to

targeting antibodies using chemical linkers'"7.

Exosome-based strategies. Exosomes, endogenously generated vesicles containing proteins, lipids and

nucleic acids' 08 , have been reported to deliver exogenous siRNA that have been loaded into the vesicle by

electroporation'09.

Virus-based strategies. For protein payloads, encapsulation in virus-like particles" or attachment to an

engineered bacteriophage T4 head"' have been reported to enhance cytosolic delivery. For siRNA

payloads, short hairpin RNA (shRNA) expression cassettes' 12 1
1
4 can be delivered virally.

19



Bacteria-based strategies. The type III secretion system (T3SS) is a bacterial organelle that delivers

bacterial proteins directly into eukaryotic cells. Bacterial "minicells" containing the T3SS have been

reported to deliver antigens to the cytosol of antigen-presenting cells' 15 . Alternatively, E. Coli expressing

shRNA, invasin and listeriolysin 0 (LLO) were reported to induce "trans-kingdom RNAi" upon oral or

intravenous administration"11.

Inorganic material-based strategies. A variety of inorganic materials have been proposed to deliver

protein and siRNA cargo intracellularly, including silica, carbon nanotubes, quantum dots and gold

nanoparticles'17120

4. Cholesterol-Dependent Cytolysins as a Delivery Tool

Background. Cholesterol-dependent cytolysins (CDCs) are a family of pore-forming toxins secreted

(mainly) by Gram-positive bacteria, including Perfringolysin 0 (PFO), Listeriolysin 0 (LLO),

Streptolysin 0 (SLO) and Pneumolysin (PLY). CDCs share approximately 40-80% pairwise identity122

and those whose structure has been solved share an analogous 4-domain structure. CDCs are secreted as

water-soluble toxins, and PFO has been reported to form anti-parallel dimers in solution 23 . Most CDCs

bind to cholesterol on mammalian cell membranes (with the exception of ILY, which also binds to human

CD5912 4 ), and the affinity of this interaction has been reported to be on the order of hundreds of nM 25 "26 .

CDCs are thought to recognize cholesterol through a Thr-Leu pair conserved in all CDCsz6

Following this initial interaction, the loops in domain 4 are thought to anchor into the membrane.

Insertion of the highly conserved Trp-rich loop (also known as the undecapeptide, with the sequence

ECTGLAWEWWR) has been proposed to trigger allosteric changes that allow the membrane-bound
127

monomers to interact with each other . Structural transitions in domain 3 are thought to expose a

previously buried oligomerization interface, which allows hydrogen bonding interactions to form between

neighboring P-strands, and 3-stacking interactions between Tyr181 and Phe3 18 which lie on each

strand 2
1. Following the formation of a pre-pore complex, two bundles of alpha helices in domain 3 each

unfold into amphipathic p-hairpins that insert into the membrane 2 9. The transmembrane hairpins form a

p-barrel pore composed of 35-50 monomers, which reaches 25-30nm in diameter' 2 '. The pores formed by

CDCs are one of the largest bacterial toxin pores that have been reported to date" 0 .

Motivation for use as a delivery tool. Because the pores formed by CDCs are remarkably large, they are

thought to allow macromolecules to directly diffuse across without requiring a specialized transport

20



mechanism. The ability to shuttle multiple types of payloads across the cell membrane enables CDCs to

be used as a generalizable tool independent of the chemical and biological identity of the payload. In

addition, interestingly, CDCs share a remarkably analogous structure with human perforin131 . This

structural similarity indicates that these pore-fonning proteins may also share a similar mechanism of

action. As such, successful engineering strategies developed for CDCs have the potential to be translated

to perforin, a non-immunogenic alternative.

CDCs have previously been demonstrated to deliver a wide range of payloads to both established

and primary cell types' 2 . Early studies showed that CDCs such as SLO, PFO and LLO can be used as

transfection regents to introduce various membrane-impermeable payloads into cells, including plasmid

133 134 3 3 137DNA ", antisense oligonucleotides -, siRNA, glycopeptides (bleomycin)136 and various proteins . In

particular, targeted LLO and PFO constructs (fused to binding moieties against tumor associated antigens)

successfully delivered macromolecular payloads such as the ribosome-inactivating toxin gelonin92 and

siRNA138 to antigen-positive cells more efficiently than their untargeted counterparts.

5. P19 as an siRNA Carrier

Background. Viral suppressors of RNA silencing (VSRs) are a family of viral proteins that inhibit the

RNA interference pathway in its host, such as by binding to AGO or dsRNA to prevent the assembly of

RISC 39. All plant viruses and certain insect and mammalian viruses express VSRs 40.

P19, the structures of which from the Tomato Bushy Stunt Virus (TBSV)141 and the Carnation

Italian Ringspot Virus (CIRV) 142 are available, is one of the most extensively studied VSRs. P19 forms a

tail-to-tail homodimer, which creates a positively charged, concave surface of p-sheets that wrap around

one side of the siRNA. Basic and polar residues from p19 interact with the phosphate groups and 2'

hydroxyls on the siRNA backbone, directly or through water. In addition, two tryptophan residues from

each monomer fonn stacking interactions with the terminal bases of the siRNA. This end-capping

interaction acts as a "molecular caliper" that confers a size-selectivity for siRNAs approximately 21 base

pairs in length. Overall, p19's recognition of siRNA is thought to be independent of sequence, as the

aforementioned interactions with the siRNA backbone or terminal bases do not rely on the chemical

identity of specific bases. Interestingly, although p19 forms hydrogen bonds with both the 3' 2-nt

overhangs and 5' phosphates of siRNA, the former has been shown to be dispensable for binding whereas

the latter was required to maintain affinity4 42

The reported affinities of pl9 towards siRNA have varied, ranging from the picomolar

(170pM 42, 200pM 14 and 370pM 144) to the nanomolar range (7nM, 12nM 145, 97nM 46 and 450nM147 ). In
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addition, p19 has been reported to have extremely rapid on- and off-rates (1.69 x 108 M 's ]and 6.2 x 10-

s- , respectively), based on a solution-based fluorescence quenching assay 44. Native p19 contains three

free cysteines, two of which are solvent exposed, and mutating them to either alanine or serine did not

significantly affect affinity' 46 . Tandem dimers of pl9, where two monomers were linked with flexible

Gly 4Ser linkers, were reported to have 2-3 fold improvement in affinity1 47 compared to the unlinked

dimer. Additionally, the affinity of p19 has been reported to depend pH but in conflicting directions,

either increasing 48 or decreasing106 with decreasing pH.
140

The high affinity of p19 for dsRNA has fueled its use in various biological applications

including miRNA/siRNA detection and RNAi suppression. Typically, to detect and quantify miRNA

from biological samples, a complementary RNA probe is used to create a dsRNA hybrid that can then be

captured by p19149'15 7. p19-coated magnetics beads are commercially available as a miRNA detection kit

using this approach5 8 . Similarly, p19 has been used to immunoprecipitate endogenous siRNAs 9 -61 . In

addition, the natural function of p19 inhibiting RNAi1 62 has been utilized in plants to reduce transgene

silencing for enhanced recombinant protein yields 63 ' 65 , or in mammalian cells for enhanced recombinant

adenovirus titers 66 . Rauschhuber et al. further demonstrated the utility of p 19-mediated inhibition of

RNAi inhibition in vivo, by virally delivering p19 under tissue-specific promoters1 66 . Additionally, p19

has been used to stabilize siRNAs in bacteria for "recombinant" production of siRNA 16 and to deliver

siRNA intracellularly for gene silencing10 6.

Motivation for use as a siRNA delivery vehicle. As noted by Liu et al.1 38 , protein-based siRNA delivery

vehicles, compared to nanoparticulate formulations, have the advantages that they can be synthesized and

purified in a relatively straightforward manner to monodispersity, and that their relatively smaller size

favors extravasation to and diffusion within the tumor 6. As summarized earlier (see "Intracellular

Delivery Systems for Protein and siRNA Payloads"), there is precedent demonstrating gene silencing

using protein-based delivery vehicles, but few have adopted widespread use or advanced towards more

extensive preclinical or clinical evaluations. This may be due to the generally lower efficiencies of

silencing, complicated preparation and purification strategies involving chemical conjugation or protein

refolding, or poor pharnacokinetics and biodistribution properties stemming from the polycationic nature

of previous delivery vehicles 38.

As such, we had previously reported the development of a double-stranded RNA binding domain

(dsRBD)-based, three-agent siRNA delivery system targeting EGFR 38 . The dsRBD was that of human

Protein Kinase R (PKR). While this system achieved specific silencing in vitro with an EC50 of

approximately 10 nM siRNA, the low affinity of the dsRBD against its payload prevented efficient

delivery to xenografted tumors following intravenous administration. Indeed, we observed the siRNA
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dissociating prematurely from the dsRBD-based vehicle and accumulating primarily in the kidney, in a

similar manner to naked siRNA (data not shown). However, subsequent efforts to mature the affinity of

the dsRBD via yeast surface display methodologies were unsuccessful (data not shown), initiating the

need for a dsRNA-binding protein that has higher affinity naturally.

Several factors make p19 an attractive alternative as the siRNA binding moiety. Similar to

dsRBDs, p19 binds to siRNA independent of sequence, allowing association with any siRNA in theory,

through non-covalent interactions that allow eventual release and simple preparation (mixing, instead of

conjugation). In addition, the starting affinity of p19 is higher than that of dsRBDs (see "Background"

above), whose monovalent affinity is approximately 200nM169 and apparent affinity in bivalent form is

1383.5nM1 . In addition, the charge density of p19 is lower and more negative than the dsRBD of PKR, with

an expected net charge of -2, in contrast to +5 for PKR dsRBD. Positively-charged proteins are thought to

become absorbed non-specifically onto the negatively-charged surfaces of mammalian cell

membranes9s 170-172. Finally, the end-capping mechanism of binding present only in p19 ensures 1:1

binding between a p19 dimer and one molecule of siRNA, and thus true monodispersity. In contrast, one

double-stranded RNA binding motif (dsRBM) occupies approximately 12 base pairs of dsRNA 7 3 ,

allowing two dsRBMs to bind to one molecule of siRNA. Such a setup can potentially cause crosslinking

and aggregation (the dsRBD of PKR is composed of two homologous dsRBMs).
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Chapter 2. Antibody-Mediated Neutralization of Perfringolysin 0 for Intracellular Protein

Delivery

Introduction

The ability to safely and efficiently deliver exogenous proteins to the cytoplasm of target cells is

highly desired to enable potential therapeutic interventions. While much progress has been made in the

development of delivery systems, as discussed in Chapter 1, their practical implementation remains a

significant challenge.

Members of the cholesterol-dependent cytolysin (CDC) family of bacterial pore-forming toxins

have previously been demonstrated to deliver a wide range of payloads to both established and primary

cell types2 , but their widespread use as a delivery system has been limited by their cytotoxicity. Early

studies showed that CDCs such as Streptolysin 0 (SLO), Perfringolysin 0 (PFO) and Listeriolysin 0

(LLO) can be used as versatile transfection regents to introduce various membrane-impermeable payloads

into cells, including plasmid DNA3, antisense oligonucleotides4 , siRNA 5, glycopeptides (bleomycin)6 , and

various proteins7 . However, the cytotoxicity of the CDCs often required them to be removed after a brief

incubation to avoid cell killing". Because such manipulations are not possible in an in vivo setting,

alternative delivery methods are needed.

Among those proposed are encapsulating or conjugating LLO into or onto liposomes, which are

modified with targeting antibodies in some cases, to shield or inactivate the protein until they are

internalized into target cells 0'". Although the specificity of delivery were greatly increased when using

these approaches in in vitro models, such nanoparticulate formulations often suffer from poor

pharmacokinetics and biodistribution, accumulating in the reticuloendothelial system12 to cause dose-

limiting toxicity. Indeed, in vivo demonstrations of LLO-encapsulating liposomes have been limited to

vaccination applications targeting phagocytic cells3 ' 14 . Alternatively, to allow specific targeting of CDCs

with favorable biodistribution properties, we previously generated targeted LLO and PFO constructs

fused to binding moieties against cancer antigens. While the targeted constructs delivered

macromolecular payloads such as the ribosome-inactivating toxin gelonin 5 and siRNA16 to antigen-

positive cells more efficiently than their untargeted counterparts, they remained equally toxic.

In this study, we report a novel, non-particulate engineering strategy that widens the therapeutic

This chapter was reproduced in part with permission from Yang et al. Mol. Pharmaceutics, 2015, 12 (6), pp 1992-
2000. Copyright C 2015 American Chemical Society.
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window of PFO by greater than five orders of magnitude, substantially improving its potential

translatability. The guiding principle of this engineering strategy, first attempted by Lee et al. with

liposonal delivery2, is to direct pore formation to preferentially occur in endosomal compartments rather

than on the plasma membrane, to eliminate the deleterious toxicities associated with breaching the latter

while efficiently releasing co-endocytosed payloads to the cytoplasm. To such ends, we created a bi-

specific neutralizing antibody capable of binding to PFO, inhibiting its pore-fonning activity in the

extracellular space, and the cancer-associated antigen EGFR, promoting receptor-mediated internalization

in target cells. In vitro, complexed with an attenuated PFO mutant, this antibody-PFO system delivered

the payload gelonin with comparable efficacy to the previously reported targeted PFO construct, while

achieving unprecedented low levels of cytotoxicity. Antibody-mediated internalization of PFO was

necessary for efficient delivery, supporting the model of endosomal release.

Our findings support the exploration of CDCs as a versatile, safe and effective delivery vehicle

that can enhance the intracellular access of exogenous proteins. Furthermore, we demonstrate the concept

of antibody-mediated neutralization as a novel strategy to control the activity of potent membrane-

disrupting agents. This approach can potentially be extended to other pore-forming proteins including

human perforin, further advancing the practical implementation of a highly efficient, pore-forming

protein-based intracellular delivery system.

Results

Engineering of PFO binder for reversible neutralization. PFO is capable of forning pores very

efficiently, but its activity is not readily tunable in a rational manner due to its mechanism of action

requiring multiple intermolecular interactions and conformational change"7 . Yeast surface display, a well-

established technique for directed evolution, was not applicable to engineer PFO directly because the

protein was too toxic to express in yeast (data not shown). In contrast, yeast surface display techniques

can be applied in a straightforward manner to obtain proteins that bind to PFO and alter its function

(Figure 2.1A) in a similar manner to certain neutralizing antibodies' 8 ,19.

To isolate neutralizing binders against PFO, we first sorted through yeast libraries previously

developed from the fibronectin scaffold2 0 to obtain a collection of distinct binders. The 1 0 h type II

domain of fibronectin (Fn3) is a stable, cysteine-free scaffold that has been shown to effectively mediate

molecular recognition- , and to be readily expressed as a genetic fusion with other proteins of interest.

The Fn3 libraries were subject to multiple rounds of mutagenesis via error-prone PCR and enriched for

binders via magnetic bead selection and fluorescence activated cell sorting (FACS). Selections were
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perforned using PFO of which the cysteine at position 459 was mutated to an alanine12 to prevent

crosslinking. This PFOC459A mutant is herein referred to as "PFO." 18 individual clones from the resulting

library could be grouped into six distinct families based on sequence similarity, suggesting that binders

were isolated against multiple epitopes on PFO.

To investigate whether any of these PFO binders interacted with functionally important epitopes,

representative members from each group were expressed as soluble proteins and analyzed for their ability

to inhibit the hemolytic activity of PFO. The Fn3 clones were pre-incubated with PFO at saturating

concentrations, and maintained at such after red blood cells were added. Among the binders tested, clone

1.1 (Figure 2.1C) had an equilibrium dissociation constant (KD) of 13.5 2.9 nM as measured by yeast-

surface titrations (Figure 2.1B), and displayed the greatest degree of functional inhibition by reducing the

EC50 of hemolysis by approximately 3-fold (from 0.24 0.02nM in the absence of 1.1, to 0.74 0.23nM

in the presence of 1.1) (Figure 2.1D).

We further matured the affinity of clone 1.1 via additional rounds of mutagenesis and FACS to

obtain clone 1.2 (Figure 2.1C) with a KD of 0.53 0.26 nM (Figure 2.1B). 1.2 inhibited the hemolytic

activity of PFO by approximately 11-fold to an EC50 of 2.7 0.2 lnM (Figure 2.1D). Interestingly,

increasing the affinity of the PFO binder increased the degree of inhibition even at saturating

concentrations. This observation suggests that the binding interaction between the Fn3 and PFO, the

duration of which is prolonged by a reduced off-rate in the higher-affinity binder, prevents hemolysis.

Furthermore, it suggests that the reversible binding interaction between the Fn3 and PFO can allow pores

to form over time as PFO dissociates from the binder and becomes sequestered on the cell membrane

before rebinding to 1.2. Both 1.1 and 1.2 were engineered to bind tighter to PFO at pH 7.4 compared to

pH 5.5 (Figure 2.1B), reducing the degree of inhibition at endosomal pH (Figure 2.1D).

To better understand the molecular basis of how clone 1.2 is inhibiting the activity of PFO, we

measured how well this Fn3 bound to known PFO mutants. Previously, it has been proposed that residues

T490 and L491 of PFO are involved in binding to cholesterol 23, the natural cell-surface receptor of PFO,

whereas residues Y 181 and F3 18 provide stacking interactions between neighboring monomers to

stabilize the oligomeric complex 24. Thus 1.2 was displayed on the surface of yeast and incubated with

fluorescently labeled PFO clones harboring point mutations in the aforementioned residues.

1.2 bound significantly weaker to PFOY18IA compared to PFO (Figure 2.1E), suggesting it may

prevent the formation or subsequent stabilization of the oligomeric complex by sterically occluding the

PFO stacking surface. PFO "8^ was previously shown to retain the ability to bind and oligomerize on

liposomal membranes , indicating that it was unlikely the observed loss of binding was due to gross

misfolding of the mutant. Mutants of F318 were not tested because this residue is not surface-exposed in

the soluble monomer. There was no difference in 1.2 binding to PFO and PFO4G 49 , suggesting that
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the epitope of 1.2 is physically distinct and separated in distance from the membrane-binding region of

PFO.

Engineering of a bi-specific neutralizing antibody for specific targeting of PFO. Next, to target the

reversibly attenuated PFOs to endosomal compartments, we genetically fused 1.2 to Cetuximab (C225), a

monoclonal antibody against EGFR (Figure 2.2A). C225 was chosen as the antibody backbone because

EGFR has been reported to be constitutively internalized with a half-time of approximately 30 minutes,

followed by multiple rounds of recycling and internalization26 , and thus compatible with our engineering

strategy to promote pore formation in endocytic vesicles. Furthennore, EGFR is therapeutically relevant

due to its overexpression in various cancer types. The N terminus of C225's heavy chain was chosen as

the site of fusion because the resulting bi-specific antibody had superior yields compared to other fusion

topologies (data not shown). 1.2 was linked to C225 by a flexible (Gly 4Ser) 2 linker to allow modular

binding to PFO without interfering with C225's interaction with EGFR.

To reduce the presence of uncomplexed proteins that can obscure downstream analysis, we

developed a hydrophobic interaction chromatography (HIC)-based purification strategy to obtain

C225.2/PFO complexes with high monodispersity. In the purified complex, the molar ratio of PFO and

C225.2 was consistently close to 2 (PFO : C225.2 = 2.2 0.2 : 1, from 20 separate preparations), as

analyzed by fluorescence densitometry following SDS-PAGE (Figure 2.2B). In addition, 89% of the

complex fit to a single peak as analyzed by sedimentation velocity (SV) analytical ultracentrifugation

(AUC) (Figure 2.2C), illustrating that the complex was highly monodisperse.

Next, we confinned that the 1.2 portion of C225.2 maintained its ability to bind to and inhibit the

hemolytic activity of PFO. Indeed, PFO was 31-fold less active when complexed to C225.2, with an EC50

of hemolysis of 7.57 0.37nM (Figure 2.2D). To confirm that C225.2 maintained its ability to engage

EGFR and improve the targeting specificity of PFO, fluorescently labeled PFO was complexed with

C225.2 or a control bi-specific antibody (sm3e.2) where 1.2 was fused to an antibody against the

carcinoembryonic antigen (CEA) (sm3e) in the same topology as in C225.2. A431 cells express

undetectable levels of surface CEA, making sm3e.2 a suitable negative control. Binding was measured on

the A431 cell line, which expresses high levels of EGFR and is thus widely used as a model system to

study EGFR-based therapeutics2 7 . The CHO-KI cell line, which does not express human EGFR (C225 is

not cross-reactive with murine EGFR) served as an antigen-negative control. All binding measurements

were performed at 4'C to prevent cell lysis, as the activity of PFO is significantly attenuated at the lower

temperature (data not shown)

Free PFO bound with moderate affinity to both cell lines as expected, due to its interaction with

membrane cholesterol, which is ubiquitous (Figure 2.3B). Interestingly, binding was detectable only at
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concentrations much higher than those required for cell lysis (Figure 2.1D), highlighting that only a few

pores can potently influence membrane barrier properties. sm3e.2 prevented PFO from binding to both

cell lines, likely due to steric hindrance provided by the bulky antibody framework. In contrast,

C225.2/PFO bound only to A43 Is in a specific manner, as the signal was abrogated with excess C225.

Next, based on our previous observations which suggested that (a) PFO, after dissociating from

C225.2, may associate with either C225.2 or the cell membrane with competing kinetics, and that (b) free

PFO is capable of binding to membrane cholesterol and lysing cells with high efficiency, we reasoned

that decreasing the affinity of PFO towards the membrane will favor its rebinding to C225.2 and

endocytosis. Based on previous reports which demonstrated that this affinity can be fine-tuned via

mutagenesis of residues T490 and L49 123, we employed the mutant PFOT49 0A,L491V, which showed no

detectable binding to either cell lines by itself in the concentration range tested (Figure 2.3C).

PFO 490A,L491V was less hemolytically active than PFO as expected (Figure 2.3A), based on its attenuated

ability to anchor onto the cell membrane. However, we anticipated that this attenuation would not

significantly affect the perfonnance of C225.2/PFO as a delivery system as even a few pores may

potently permeablize the membrane barrier, and the complex may reach high local concentrations in

endocytic compartments following clathrin-mediated concentration and endocytosis of the receptors. As

1.2 does not interact with the residues T490 and L491 (Figure 2.1E), PFOc490A,L49oV could be complexed

with C225.2 and purified to monodispersity in a manner identical to PFO. As expected, the resulting

C225.2/PFT49oA,L491V complex bound specifically to A43 I s, but not CHO-K Is (Figure 2.3C).

Specific and efficient intracellular delivery enabled by the C225.2/PFO system. To determine

whether the neutralized and endosomally targeted C225.2/PFO system retained PFO's ability to deliver

exogenous payloads, we analyzed its dose-dependent cytotoxicity and efficacy in vitro. The efficacy of

delivery was assessed with the payload E6rGel, an EGFR-targeted gelonin construct developed

previously 28 . As a type I ribosome-inactivating protein (RIP) that lacks its own membrane translocation

domain, gelonin is modestly cytotoxic as a single agent but can potently kill cells when artificially

introduced into the cytoplasm, as demonstrated by prior studies2', . In addition, the targeting moiety, E6,

a binder against EGFR engineered on the Fn3 scaffold, does not to compete with C225 for binding,

allowing C225.2/PFO and E6rGel to engage the same receptor molecule. This setup enabled maximal

overlap of C225.2/PFO and E6rGel in endosomal compartments, the intended site of release, following

EGFR-mediated internalization.

The concentration of E6rGel was fixed at a value (IOnM) above the KD of E6 (0.26nM31) to

saturate the available receptors. E6rGel by itself caused no cell death under these conditions (Figure

2.4A). Consequently, any synergistic cell killing between PFO and E6rGel could be attributed to PFO
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enhancing gelonin's access to the cytoplasm (in the absence of cell killing caused by PFO itself). Minimal

synergy was observed when PFO was combined with E6rGel in either cell line, highlighting how the

intrinsic cytotoxicity of PFO can cause cell death before sufficient quantities of E6rGel can be delivered

(Figure 2.4C). Similarly, the targeted PFO construct reported previously, where PFO is fused to an Fn3

that binds to EGFR, increased E6rGel-mediated cell killing in A431 cells but remained severely cytotoxic

to both cell lines (Figure 2.4B). In contrast, C225.2/PFO and C 2 2 5. 2 /PFOT4 90A,L 4 9 1V markedly synergized

with E6rGel only in A43 Is, but not CHO-Kis, consistent with our model where PFO mediates the release

of gelonin from endocytic compartments following EGFR-mediated internalization (Figure 2.4C).

Notably, in A43 Is, C 2 2 5. 2 /PFOT 4
90AL

49'v efficiently delivered E6rGel at low (pM) concentrations while

being completely inert by itself in the concentration range tested (up to 3pM), creating a therapeutic

window spanning greater than five orders of magnitude. Furthermore, equivalent delivery was observed

in CHO-KI cells only at very high (pM) concentrations. Overall, the C225. 2 /PFOT 4 9 0A,L4 9
1V system was a

significant improvement over the starting PFO clone, in terms of the safety, efficacy and specificity of

delivery.

To confirm that the observed cell killing was indeed caused by E6rGel in the cytoplasm, we

measured protein synthesis levels in A431s following treatment with C2 2 5. 2 /PFOT 49 A,L49'v and E6rGel

(Figure 2.5A). A significant reduction was observed only when wild-type gelonin (E6rGelw'), but not its

enzymatically inactive counterpart (E6rGel"2) was used, demonstrating that gelonin in the cytoplasm

cleaved the corresponding ribosomes via its catalytic residues. Cell viability judged by gross cell

morphology was not significantly affected during the incubation period (data not shown), and thus the

observed reduction in protein synthesis was not a result of fewer cells being analyzed. Protein synthesis

was unaffected when cells were treated with C2 2 5. 2 /PFOT 490A,L 49IV or E6rGel alone (Figure 2.5A).

To gain a deeper understanding of the delivery mechanism, we further probed the role of EGFR-

mediated endocytosis in the C 2 2 5 .2 /PFOT 490A,L 49 ]V system. First, we repeated the translation inhibition

assay in the presence of excess C225 to block the specific binding interaction between C225.2 and EGFR.

C225 completely abolished the reduction in protein synthesis (Figure 2.5B), illustrating that this binding

interaction is necessary to enable intracellular delivery. Furthermore, decreasing the rate of EGFR-

mediated internalization using the clathrin inhibitor Pitstop 2 significantly increased protein synthesis,

indicating that clathrin-mediated endocytosis is required for efficient delivery (Figure 2.5C). Protein

synthesis did not return to basal levels, however, which may be due to incomplete inhibition of

endocytosis by Pitstop 2, or residual delivery of gelonin across the cell membrane in addition to its

endosomal release. Pitstop 2 did not affect the translational inhibition produced by the analogous but

endocytosis-independent system composed of untargeted PFOT4 90A,L 49 1V and untargeted gelonin (Figure

2.5C), confirming that it does not influence the gelonin-mediated inactivation of ribosomes. Eliminating
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the EGFR-targeting Fn3 moiety (E6) of E6rGel also caused a significant increase in protein synthesis

(Figure 2.5C). Collectively, these results support the model in which C2 2 5 .2 /PFOT 490A,L49 'v and E6rGel

bind to and internalize with EGFR via clathrin-mediated endocytosis, followed by PFO490A,1491V

mediating gelonin's release from endocytic compartments.

Discussion

In this study, we have described the development of a novel PFO-based intracellular delivery

system, which successfully increased the therapeutic window of PFO from being negligible to spanning

greater than five orders of magnitude in vitro. Specifically, we engineered a bi-specific, neutralizing

antibody composed of an inhibitory binder against PFO and a monoclonal antibody against an

internalizing antigen, to deliver reversibly inhibited PFO to endosomal compartments. This system allows

pore formation in endocytic vesicles and blocks such on the cell membrane, greatly reducing the

cytotoxicity associated with PFO while allowing the efficient release of co-targeted macromolecular

payloads into the cytoplasm.

The delivery system described herein is highly modular, and can be expanded to alternative

antigens, pore-forming proteins and payloads. First, as the PFO binder can be fused with other antibody

frameworks using standard molecular biology techniques, bi-specific antibodies analogous to C225.2 can

be created for other antibody-antigen pairs. Of note, while we have investigated a system in which PFO

and the payload were targeted to the same internalizing receptor, previous work has demonstrated that the
15

two agents can also be targeted to distinct receptors that colocalize in endosomal compartments

Second, the antibody-based neutralization strategy is compatible with other pore-forming proteins,

particularly with those for which neutralizing antibodies have already been obtained 13-35. The

neutralizing antibody, converted to a single-chain variable fragment (scFv), is functionally analogous to

the inhibitory PFO binder reported in our study. Perforin, which has been shown to possess remarkable

structural similarities to CDCs 36, is of particular interest as it can potentially circumvent immunogenicity

concerns that rise when considering bacterial proteins for therapeutic applications. Lastly, we anticipate

this delivery system to be seamlessly compatible with non-proteinaceous payloads in addition to proteins,

as demonstrated with unmodified CDCs.

The exact mechanism of how PFO was preferentially activated in endosomal compartments in

this system remains to be elucidated, although several explanations can be proposed. First, 1.2 bound

weaker to PFO at pH 5.5 compared to pH 7.4 (Supplementary Figure 2), producing a modest but

consistent increase in PFO's hemolytic activity (by 4-fold) at the lower pH (Supplementary Figure 3).
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Given the potent membrane-permeablizing ability of PFO pores, moderate differences in hemolytic

activity may result in amplified differences in biological activity. Second, the superior stability of PFO

over C225.2 may have led to preferential unfolding and degradation of C225.2 in maturing endosomes

and lysosomes, releasing PFO from inhibition. Third, following the internalization of C225.2/PFO into

endocytic compartments, the reversible binding interaction between the two components may have been

simply competed off over time by the irreversible process of pore formation. Finally, any combination of

the aforementioned possibilities could have collectively activated PFO in endocytic vesicles.

Incorporating additional responsive elements for finer control of pore-forming activity before and after

endocytosis is a subject of futuire ctudis.

The C225.2/PFO system described in this study involves multiple kinetic processes, including the

internalization and recycling of EGFR, the association and dissociation between multiple components

(C225.2 and EGFR, C225.2 and PFO, and PFO and the lipid membrane), the gradual maturation of

endosomes into lysosomes and subsequent degradation of proteins, and the uptake and release of payloads

into and out of such intracellular vesicles. Thus, quantitative modeling of the system can be beneficial for

better understanding the relative importance of each kinetic process and refining the system for in vivo

delivery. For example, in an in vivo setting, prolonged circulation of C225.2/PFO in the blood

compartment prior to reaching the target site is expected to greatly reduce the probability of dissociated

PFO rebinding to C225.2, particularly in the presence of active clearance mechanisms such as renal

filtration and reticuloendothelial uptake.

In addition, as a two-component system where the payload (E6rGel) is physically separate from

the agent mediating endosomal release (C225.2/PFO), the present system is expected to have unique

advantages and disadvantages as a delivery strategy in vivo. Notably, as the two agents are expected to

have differing clearance and tumor accumulation kinetics, their dosing scheme will require empirical

optimization to achieve maximal co-localization in target cells. Prior work demonstrating proof-of-

concept that non-neutralized PFO, in trans, can potentiate the cytotoxicity of gelonin in a xenograft tumor

model 15, supports the feasibility of co-localizing two agents in vivo. In addition, the minimal toxicity of

C225.2/PFO and E6rGel towards bystander cells is expected to allow high dosages to be administered,

driving the accumulation of both agents to working concentrations in the tumor interstitium. Of note,

separating the payload from PFO may provide additional benefits: First, such a trans administration

strategy preserves the modularity of the system, as it allows E6rGel to be substituted with other payloads

without further adjusting the C225.2/PFO component. Second, physically separating the two agents may

further improve the specificity of targeting by decreasing the likelihood of bystander cells receiving both

agents simultaneously. Individually, C225.2/PFO and E6rGel are inert within the concentration ranges we

have tested.

44



Overall, the current study provides strong evidence that the activity of pore-forming proteins can

be successfully controlled via neutralizing binders, antibody-mediated targeting and mutagenesis

approaches to allow the safe and specific delivery of macromolecular payloads to the cytosolic space. As

EGFR is already a validated cancer antigen and C225 a validated therapeutic antibody, considerable

therapeutic opportunities exist in combining C225-mediated antibody therapy with C225.2/PFO-mediated

delivery of various macromolecular drugs for synergistic treatment.

Materials and Methods

Cell lines. The A431 and CHO-Ki cell lines (ATCC, Manassas, VA) were cultured in DMEM and F-12K

medium (ATCC, Manassas, VA), respectively, supplemented with 10% heat-inactivated FBS (Life

Technologies, Grand Island, NY). HEK 293F cells were cultured in suspension in FreeStyle 293

expression medium (Life Technologies, Grand Island, NY). All cell lines were maintained at 370 C and

5% CO 2 in a humidified incubator.

Protein expression and purification. Fn3, E6rGel and PFO variants were expressed from the pE-SUMO

vector (LifeSensors, Malvern, PA) in Rosetta 2 (DE3) E. coli (Novagen, San Diego, CA). Point mutations

in PFO and E6rGel (C459A/T490A/L491V and Y74A/Y133A/E166K/R169Q, respectively) were

introduced by QuikChange site-directed mutagenesis (Agilent, Santa Clara, CA). Briefly, bacterial

cultures were grown to OD600 = 2 in terrific broth (TB) and induced with 1mM IPTG at 20'C overnight.

The proteins of interest were purified from sonicated pellets using Talon metal affinity chromatography

(Clontech, Mountain View, CA) per manufacturer's protocol. Following an overnight digestion with

SUMO protease at 4'C overnight, cleaved SUMO and SUMO protease were removed by Talon metal

affinity chromatography. C225.2 was expressed and purified from HEK 293F cells as previously

described 37. All proteins were subjected to endotoxin removal as described below and stored in PBS.

Endotoxin removal. The protein of interest was exchanged into a 20mM buffer suitable for anion-

exchange chromatography at a pH 1 unit below its isoelectric point, with 150mM NaCl in addition. The

isoelectric points were calculated using Geneious software (Biomatters, Auckland, New Zealand). The

flow-through was collected after repeated passages through a 5mL HiTrap Q HP anion exchange column

(GE Healthcare, Pittsburgh, PA) and endotoxin levels were measured using the QCL- 1000 LAL assay

following manufacturer's instructions (Lonza, Basel, Switzerland).
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Purification of C225.2/PFO complexes. PFO mutants were pre-complexed with C225.2 at a molar ratio

of 1:1.25 (PFO:C225.2) with C225.2 (and corresponding PFO binding sites) in excess to ensure complete

capture of PFO. The mixture was incubated at 4'C for 30min, diluted 5-fold into running buffer (50mM

sodium phosphate, 100mM ammonium sulfate, pH 7.4), and purified using a ImL HiTrap Butyl HP

column (GE Healthcare, Pittsburgh, PA) to separate unbound C225.2 captured on the column from the

C225.2/PFO complexes present in the flow-through. Purified complexes were analyzed by SDS-PAGE

stained with Sypro Orange (Life Technologies, Grand Island, NY) and imaged on the Typhoon Trio

imager (GE Healthcare, Pittsburgh, PA). The concentration of C225.2 and PFO were determined by

densitometry using a standard curve generated with known amounts of PFO.

Sedimentation Velocity Analytical Ultracentrifugation. Velocity AUC of the

C225.2/PFOc 2 15A complex was perfonned in a Beckman XL-I Analytical Ultracentrifuge (Beckman

Coulter, Fullerton, CA) using an An-60 Ti rotor at 42,000 rpm and 4"C. The proteins were at AU = 0.2 in

PBS. Data were collected at radial steps of 0.003cm and analyzed with Sedfit using the c(s) method ".

Isolation of inhibitory binders against PFO. Binders to PFO based on the fibronectin scaffold (Fn3)
39

were engineered using standard yeast surface display techniques as previously described - , with modified

selection schemes to identify inhibitory clones. A pooled combination of the YS, G2 and G4 Fn3 libraries

previously developed 20 were first screened with biotinylated PFO captured on magnetic beads 40,

followed by fluorescence activated cell sorting (FACS). Random mutagenesis was perfonrined after every

2-3 selections to maintain high library diversity. For FACS, one round of positive selection at pH 7.4 was

followed by one round of negative selection at pH 5.5, to enrich for binders with favorable pH-sensitivity.

Individual clones from the resulting library were expressed solubly and screened for their ability to inhibit

the hemolytic activity of PFO at pH 7.4 as described under "Hemolysis assays." The most effective clone

was subjected to additional rounds of mutagenesis and FACS-based selections.

The binding affinities of all individual clones were analyzed by yeast surface titration using biotinylated

PFO as previously described 20. Sorting was perforned on MoFlo (Beckman Coulter, Brea, CA) or Aria

(BD Biosciences, San Jose, CA) instruments.

Binding assays. To compare the binding affinity of the Fn3 clone 1.2 towards different PFO mutants,

EBY100 yeast were transformed with 1.2 using the EZ Yeast transformation kit (Zymo Research, Irvine,

CA) and induced to display the Fn3 as previously described . Soluble PFO clones were labeled with

Alexa 647 per manufacturer's instructions (Life Technologies, Grand Island, NY). 0.3 million yeast

displaying 1.2 were incubated with 500nM PFO for 30 minutes at 4'C, and analyzed on an Accuri C6
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cytometer (BD Accuri Cytometers, Ann Arbor, MI). The measured fluorescence intensities were

normalized to that of PFO.

To analyze the binding specificity of the C225.2/PFO complex to model cell lines, fluorescently-labeled

PFO clones were pre-incubated with C225.2 or the control sm3e.2 at an equimolar ratio of PFO to its

binding site, for 30 minutes at 4'C. The PFO mixtures were then diluted in PBSA to the desired

concentrations, incubated with A431 or CHO-K 1 cells for 1.5 hours at 4'C in suspension, and analyzed

on the Accuri C6 cytometer (BD Accuri Cytometers, Ann Arbor, MI). Fluorescence intensities were

normalized to the maximum value obtained for each PFO clone, respectively.

Hemolysis assays. CPDA-I stabilized human red blood cells (Research Blood Components, Boston, MA)

were washed with and resuspended to a 50% suspension in PBSA (to approximately 1010 cells/mL). 50ptL

of red blood cells were incubated with 50pL of PFO or C225.2/PFO at varying concentrations for 30 min

at 37'C. Following centrifugation at 2500g for 10 minutes, the absorbance of the supernatant was

measured at 541 nm using the Infinite 200 Pro plate reader (Tecan, Mannedorf, Switzerland). The

background absorbance from the negative control (PBSA) was subtracted from all measurements, after

which all values were nonnalized to that of the positive control (1% Triton-X 100).

To identify PFO binders that inhibit the pore-forming activity of PFO, hemolysis assays were performed

as described, but varying concentrations of PFO were pre-complexed with 3pgM (1.1) or 300nM (1.2)

Fn3s in PBSA for 20 minutes at 4'C before incubation with red blood cells. The Fn3s were present at

these concentrations also during the incubation to drive binding to PFO.

Viability assays. Cells were plated at a density of 12,000 (A431) or 10,000 (CHO-K1) cells/well in 96

well plates 16-20 hours prior to the experiment. PFO or C225.2/PFO complexes were diluted to the

desired concentrations in complete medium with or without I OnM E6rGel, and incubated with cells for 16

hours overnight. To measure viability, cells were incubated with 100ptL of WST-I cell proliferation

reagent (Roche, Indianapolis, IN) diluted 1:10 in complete medium, for 30 minutes at 37'C. The

absorbance of the supernatant was measured at 450nm using the Infinite 200 Pro plate reader (Tecan,

Mannedorf, Switzerland). The background absorbance of the reagent in medium was subtracted from all

measurements, after which all values were normalized to that of untreated cells.

Translation inhibition assays. A431 cells were plated at a density of 20,000 cells/well in 96 well plates

16-20 hours prior to the experiment. The appropriate protein samples were prepared in complete medium

and incubated with cells for 2 hours. Cells were then incubated with DMEM containing 1p Ci/mL of 1-"C

leucine for 30 minutes at 37'C. The media used was free of unlabeled leucine and supplemented with
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10% dialyzed serum. 1-C was used to track protein synthesis exclusively. Following washes with PBS,

cells were lysed with RIPA buffer and transferred to a LumaPlate-96 (PerkinElmer, Waltham, MA) for

counting on a TopCount NXT Microplate Scintillation and Luminescence Counter (PerkinElmer,

Waltham, MA). The background counts from untreated cells incubated with media lacking l- 4 C leucine

was subtracted from all measurements, after which all values were normalized to that of untreated cells.

To determine the importance of PFO binding to and internalizing with EGFR, translation

inhibition assays were performed as above with the following modifications. First, to block C225.2/PFO

from associating with EGFR, the assay was performed in the presence of C225 maintained at a 10-fold

molar excess relative to C225.2. To reduce the rate of clathrin-mediated endocytosis, cells were pre-

treated with 2.5tM Pitstop 2 (Abcam, Cambridge, MA) or an equivalent concentration of DMSO in

serum-free media for 15 minutes, incubated with protein samples at 37'C for 45 minutes and labeled with

I- C leucine (I pCi/mL) at 37'C for 45 minutes. Pitstop 2 or DMSO was present throughout the

incubation and radiolabeling steps. Following background subtraction as previous, all measurements were

normalized to that of cells treated with Pitstop 2 or DMSO only.
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Figure 2.1. Engineered PFO binder reversibly inhibits the hemolytic activity of PFO.

(a) Schematic of PFO neutralization. Binders to PFO were engineered on the Fn3 scaffold
using yeast surface display techniques, and selected for those that inhibit PFO function.
The binder prevents pore formation when associated with PFO but allows normal activity
following dissociation, enabling reversible inhibition. (b) Equilibrium dissociation

constants of the isolated PFO binders measured by yeast-surface titrations at pH 7.4 and

5.5. Errors denote the 95% confidence interval of the global fit to a monovalent binding

isotherm. (c) Amino acid sequences of the wild-type Fn3 and the engineered PFO binders

1.1 and 1.2. (d) Hemolytic activity of PFO in the presence of PFO binders. The Fn3s 1.1
and 1.2 were pre-complexed with PFO at saturating concentrations (3pM and 300nM,
respectively), and maintained at such after red blood cells were added. (e) Clone 1.2

interacts with residue Y 181 involved in oligomerization. 1.2 was displayed on the surface

of yeast and tested for its ability to bind fluorescently labeled, soluble PFO mutants at

1 OnM. The relative fluorescence units were normalized to that measured with PFO.
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Figure 2.2. C225.2 forms monodisperse complexes with PFO and potently inhibits
its activity. (a) Schematic of the bi-specific, neutralizing antibody C225.2 against PFO
and EGFR. The PFO binder 1.2 was genetically fused to the heavy chain N terminus of
C225 via a flexible (Gly 4Ser) 2 linker. (b) Left: Non-reducing SDS-PAGE of C225.2/
PFO and PFO stained with SYPRO orange and scanned on the Typhoon Trio imager.
The lower bands are PFO, the upper band C225.2. Right: Corresponding quantification
of the protein gel using Image J. The interpolated values for C225.2 (pink triangle) and
PFO (purple circle) are plotted on the standard curve (black) generated from fitting the
median intensities of the bands containing known amounts of PFO (black circles). (c)
The distribution of sedimentation coefficients in the purified C225.2/PFO complex
obtained from sedimentation velocity AUC. (d) PFO or C225.2/PFO complexes were
incubated with human red blood cells at varying concentrations. The molar
concentrations denote that of PFO, either in free form or complexed to C225.2. The
corresponding concentrations of C225.2 in the mixture can be estimated as half of that
of PFO based on the molar ratios shown in (a).
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Figure 2.3. C225.2 improves the targeting specificity of PFO. (a) Comparison of the

hemolytic activities of PFO and PFOT490A,L491V. Values were normalized to that of the

positive control (1% Triton X-100). (b) Fluorescently labeled PFO was incubated with

the indicated cell lines at 4"C for 1.5 hours, either in free form or as a complex with the

neutralizing antibodies C225.2 or sm3e.2. To determine the specificity of the binding

interaction, C225 was included at a ten-fold molar excess over C225.2 to compete for

EGFR. All fluorescence intensities were normalized to the maximum value obtained on

A431 cells. (c) Equivalent analysis with fluorescently labeled PFO'490A,L491V.
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Figure 2.4. The C225.2/PFO system efficiently mediates the cytosolic delivery of

targeted gelonin with low toxicity and high specificity. Viability of the indicated cell

lines treated overnight at 37"C with (a) E6rGel alone or (b) in combination with DPFO.

DPFO is a fusion protein consisting of the Fn3 clone D2, which targets EGFR, and

PFO 3. Viability was measured using the WST-1 reagent and measured values were

normalized to that of untreated cells. (c) PFO or PFOT490A,L491V, in free form or in

complex with C225.2, were incubated with cells at 37'C overnight in the presence or

absence of 1 OnM E6rGel in complete media. Viability was measured using the WST- 1

reagent and measured values were normalized to that of untreated cells.
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Figure 2.5. EGFR-mediated binding and internalization is critical for efficient delivery.

Protein synthesis levels in all panels were measured after the indicated treatment by incubating cells

with 1 ptCi/mL of I-1 4C leucine for 20 minutes, then measuring the incorporated radioactivity by

solid scintillation. All measurements were normalized to that of untreated cells. (a) Left: C225.2/

PFOT490A,L49IV complexes were incubated with A431 cells for 2 hours at 37"C, in combination with

1 OnM E6rGel (E6rGel" t) or an inactive mutant (E6rGelmu"; contains Y74A, Y 1 33A, El 66K,
R169Q). Middle and Right: A431 cells were treated with E6rGel or C225.2/PFOT490A,L491V alone

for 2 hours at 37*C. (b) C225.2/PFOT490A,L491v and E6rGel (IOnM) were incubated with A43 Is at

37*C for 2 hours, with C225 in ten-fold molar excess over C225.2 at all points. The concentrations

denote that of PFOT490A,L491v in the C225.2/PFOT490A,L491V complex. (c) Top: A43 1 cells were

pretreated with 2.5pM Pitstop 2 or DMSO, followed by C225.2/PFOT490A,L491V in combination with

targeted or untargeted gelonin. Pitstop 2 or DMSO was present throughout the incubation and

radiolabeling steps. The asterisks denote P < 0.05 between E6rGel,Vehicle and E6rGel,Pitstop 2, as

well as E6rGel,Vehicle and rGelVehicle, as analyzed by two-way ANOVA. The concentrations

denote that of PFOT490A,L49Iv in the C225.2/PFOT490A,L 491V complex. Bottom: A431 cells were

treated with PFOT490AL491v alone or in combination with IOOnM rGel for 45 minutes at 37"C.
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Chapter 3. Enhanced siRNA Delivery using High-Affinity dsRNA-Binding Proteins

Introduction

Most siRNA delivery systems are internalized into cells via endocytosis, often via a targeting

moiety that binds to specific cell surface receptors for receptor-mediated uptake'. Thus, it is expected that

the siRNA must first escape the endosome to reach the RNAi machinery in the cytoplasm. Although the

exact mechanisms of this process are not fully known for most delivery systems, it is understood to be an

inefficient step even for some of the most clinically advanced delivery vehicles 2,3. Thus, large gains in

silencing efficacy are expected to be made by improving the efficiency of endosomal escape.

However, at a given escape efficiency, additional factors may also impact the potency of

silencing. In cases where a targeting moiety triggers receptor-mediated endocytosis, such factors can

include the expression level of the receptor4, its rate of internalization and recycling5 , and its

internalization route and trafficking pathways. In cases where the siRNA is complexed non-covalently to

a delivery vehicle, such factors can include the stability of the complex in the extracellular space, or its

rate or timing of disassembly in the intracellular space 6 . Examples of systems that utilize such non-

covalent complexation strategies include non-specific assemblies of siRNA with positively charged

peptides', proteins , or ionizable lipid-like materials9, or specific assemblies with dsRNA-binding

proteins'' 1".

Although many proposed delivery systems rely on non-covalent binding to siRNA, systematic

studies have been lacking of how the strength of that interaction can affect delivery. Partly, this absence is

due to binding affinity not being appreciated as an impactful variable, and partly due to the difficulties of

independently modulating it without affecting others (such as the escape efficiency). Indeed, in the

examples mentioned above, a single molecule may function both as the carrier and putative releaser, such

as with positively charged proteins and peptides; or the carrier and releaser may be packaged into the

same vehicle that undergoes global disassembly, such as with certain nanoparticulate formulations; or the

agent mediating endosomal release may be unobvious or unknown in the first place, complicating efforts

to investigate one variable at a time.

The question of how tightly siRNA should be bound to its delivery vehicle, intuitively, seems to

have a simple answer. If the association is too weak, siRNA will dissociate prematurely from its vehicle

and suffer from inefficient internalization or prompt degradation in the extracellular space. If the

association is too strong, siRNA will not be released from its vehicle for loading onto RISC (assuming
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that binding to the vehicle prevents this process). Thus, it is expected that an affinity optimum exists

between these two extremes, which maximizes intracellular uptake, protection from degradation and

RISC loading. However, the quantitative range of this affinity optimum and how it may depend on other

parameters governing the system is not obvious.

Previously, we have reported a multi-agent siRNA delivery system12 involving a targeted double-

stranded RNA binding domain (dsRBD) to complex and deliver siRNA into cells, and an in trans targeted

pore-forming protein Perfringolysin 0 (PFO) for endosomal release. The unique modularity of this

system, where the siRNA binding moiety is physically separate from the endosomal release moiety,

combined with established directed evolution techniques that experimental tuning of affinity, makes it

well suited for investigating the affinity dependence of silencing.

Here, we report the affinity maturation of the dsRNA binding protein p19 expressed by the

Carnation Italian Ringspot Virus (CIRV)'. (For background and rationale, see "P19 as a siRNA

Carrier.") Using directed evolution and yeast surface display techniques, we obtained three mutants that

demonstrated a 10-fold, 70-fold and 760-fold increase in affinity compared to the wild-type protein. The

tightest binding mutant had a KD of approximately 5pM, the highest affinity reported to date against

siRNA for a protein. The affinity-matured p19 mutants were then developed into siRNA carriers targeting

the epidermal growth factor receptor (EGFR). Combined with an endosomal release strategy based on a

neutralized-PFO system described in Chapter 24, we observed that tighter binding consistently correlated

with more efficient silencing. With the tightest binding mutant, we achieved 50% silencing of a GFP

reporter with pM concentrations of siRNA, rivaling the in vitro potency of lipid-based delivery systems.

Although we were unable to determine the optimum affinity experimentally, our results suggest that it

may lie below 5pM, an unexpectedly low value. The increase in silencing potency was partially due to

increased uptake. However, we also observed that the tighter-binding mutant enabled stronger silencing

even under experimental conditions where similar numbers of siRNAs were taken up into cells by the

high- and low-affinity clones. This observation suggested that providing prolonged protection of siRNA

throughout the endosomal pathway may be a strategy for further improving the efficiency of delivery,

even when the endosomal escape efficiency is fixed.

Results

Engineering and characterization of affinity-matured CIRV p19 mutants. To develop CIRV p19 into

a siRNA carrier, we first mutated its solvent-exposed cysteines to non-reactive residues. Wild-type p 19

contains three free cysteines, two out of which are exposed to solvent (C 133, C 159) and one is embedded
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within the core of the protein (C 106) without forming any polar contacts with other residues. The reactive

cysteines on the surface caused multimers of various sizes to form (data not shown). Introducing the

C 133S and C 159A substitutions15 effectively eliminated crosslinking and yielded a monomeric peak

when analyzed by size-exclusion chromatography (SEC). The clone p 19 C33S,C159A is herein referred to as

"p19."

p19 displayed well on the surface of yeast, either by itself or as a C-terminal fusion to human Fc

(IgGI) linked by a (G 4 S)5 linker. There were no significant differences in display levels or binding

between the two formats. We decided to proceed with the latter configuration in anticipation of

potentially fusing p19 to antibodies for targeting. A hFc-p 19 library was created by random mutagenesis

using error-prone PCR with a low or high error rate, and transformed into yeast to yield libraries with

lx107 or 2x10 7 different clones, respectively. The two libraries were combined and subjected to six

rounds of FACS, where three different siRNA sequences were used for sequential selections to maintain

sequence-independent binding. Two out of the three siRNAs contained 2'OMe modifications scattered

between different positions. We performed kinetic selections at 37'C in PBSA containing 55% mouse

serum to mimic in vivo conditions. Libraries were induced at 37'C and clones were selected based on

high levels of display in addition to strong binding, to isolate high affinity clones that are also stable.

Sequence analysis of the enriched library revealed strong convergence to a single clone,

p 1 9 G16RD47N (19 out of the 20 clones analyzed). The remaining clone outside of this family contained the

mutations N15K and 1123V. Interestingly, N15 and G16 were positioned in close proximity to the siRNA

backbone, suggesting that the positively charged side chains of Lys and Arg may form electrostatic

interactions with negatively charged phosphates (Figure 3.1A). D47N was positioned in an unstructured

loop that was not resolved in the crystal structure and likely uninvolved in binding. However, this

substitution also introduced a N-glycosylation site that could potentially improve the solubility or stability

of the protein. 1123V was positioned at the dimerization interface. Eight different clones of p19

containing different combinations of the aforementioned mutations were expressed solubly. The D47N

mutation was found to affect neither soluble expression levels nor binding affinities, and 1123V had a

destabilizing effect (data not shown). Thus, these mutations were not pursued further.

The three mutants selected for further analysis contained the substitutions N 15K and G 16R,

singly or both (Figure 3.1D). All three clones expressed well with comparable yields to p19. The

A 260/A 280 ratios of the clones following his-tag chromatography were between 0.8 and 1.3, indicating that

likely, contaminating nucleic acids were bound non-specifically. Anion exchange chromatography (AEX)

reduced the A2 60/A2 80 ratios down to between 0.59 and 0.64, effectively stripping away fugitive nucleic

acids. All p19 clones eluted as monomeric peaks without evidence for larger aggregates immediately

following purification (Figure 3.1B). However, after a single freeze-thaw cycle, we did observe a right-
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shifted peak for the p1 9 N15K,G16R mutant, indicating lesser stability. In contrast, p 19, pl9N15K and I9 G16R

remained monomeric following freeze-thaw (Figure 3.1B) and also after one month of storage at 4'C

(data not shown).

The binding kinetics of the p19 clones were analyzed using BioLayer Interferometry (BLI),

where strepdavidin-coated tips were loaded with biotinylated siRNA. The siRNA used for this analysis

contained scattered 2'OMe modifications, and the conjugated biotin was separated from the 3' end of the

sense strand by a (PEG) 6 linker. The KD of p19 was measured to be 3.8 nM, higher than the initial report

(170 pM measured by gel-shift assays 13). This discrepancy may be due to the different assay format or the

2'OMe modifications present in our siRNA. The mutants displayed substantially improved affinity

compared to p19, with p 1 9 N15KG16R displaying the lowest KD as expected (Figure 3.1C). However, it must

be noted that with p19G16R and especially pI9N15K,GI6R, mass-transport limitations were observed which

could not be resolved by either lowering the loading concentration of siRNA or increasing the shake

speed (to minimize protein depletion near the tip). As the affinity of these clones are likely reaching the

detection limit of BLI, their KDs remain to be measured with higher accuracy using other methods.

Solution-based techniques such as KinExA may be more appropriate.

Development and characterization of p19-based targeted siRNA carriers. In anticipation of using the

EGFR-targeted, neutralized PFO system1 4 for endosomal escape, we created p19 constructs targeted to the

same receptor using two different EGFR binders (Figure 3.2A). The first binder was engineered on the

fibronectin (Fn3) scaffold, termed "E6" herein (originally E6.2.6; reported KD is 0.26 nM at pH 7.416),

and the second binder was engineered on a modified sso7d scaffold (originally E18.6; reported KD is 73

nM at pH 7.417), termed "E18" herein. Both binders were previously shown to be non-competitive with

C225 16'17 and thus were not expected to compete with C225.2/PFO. Fusing the EGFR binders to the C

terminus allowed slightly better silencing compared to the N-terminal fusions (data not shown), and thus

all further analyses were performed with the C-terminal fusions only. All EGFR binders were separated

from p19 by a flexible (G 4 S) 3 linker.

The p1 9-E6 constructs demonstrated significantly lower yields compared to both untargeted pl9s

and the p19-E18 constructs. The p19-E18 constructs were expressed at comparable yields to the

untargeted p19 clones, which may reflect the higher starting stability of the hyperthermophilic sso7d

scaffold'8 compared to the Fn3 scaffold. All constructs were stripped of fugitive nucleic acids and were

confirmed to elute as monomeric peaks from SEC (data not shown).

Next, the affinities of p19-E6 and p19-E18 against EGFR were analyzed by BLI (Figure 3.2B).

We performed the analysis at pH 7.4, mimicking extracellular pH, and pH 5.5, mimicking endsomal pH.

We also compared the affinities of the targeted constructs when they were complexed with siRNA or not
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to determine whether the presence of siRNA affected receptor binding. The collected data were fitted to a

1:1 binding model to obtain apparent affinities. We observed no significant differences in binding to

EGFR at the two different pHs, consistent with the absence of histidines in the paratopes of both E6 and

E18. We also did not observe any statistically significant differences in binding to EGFR depending on

the presence of siRNA, consistent with the modular assembly of these targeted constructs (Figure 3.2A).

Finally, we analyzed the size distribution of the targeted p19 constructs by Dynamic Light

Scattering (DLS). Measurements were performed in the presence or absence of siRNA to discern whether

larger molecular-weight aggregates formed when the constructs were mixed with siRNA. The measured

diameters fell between 6.7nm and 8.8nm, roughly the length of 21 base pair siRNA, regardless of whether

siRNA was present (Figure 3.2C). This result was consistent with the "caliper-like" mode of binding

observed in the crystal structure of a p1 9/siRNA complex (Figure 3.1A). The degree of polydispersity

varied between constructs with no particular pattern. Overall, a high polydispersity was expected as the

flexible linker connecting p19 and the EGFR binders can adopt multiple conformations.

Although DLS does not have the resolution to resolve monomeric p1 9/siRNA complexes from

potential oligomers, there were no evidence to support the formation of larger aggregates in the presence

of siRNA. Indeed, for most samples, greater than 90% of the mass was measured to fall within the

aforementioned range of diameters (Figure 3.2C). In theory, the p19/siRNA complexes are expected to

be monomeric, as the p19 homodimer is capable of binding to only one molecule of siRNA at a time. It

should be noted that, as with the untargeted p19 clones, we did observe higher A2 0o/A28 o ratios for these

constructs immediately following his-tag chromatography. This observation suggested that the constructs

were capable of binding non-specifically to nucleic acids in the bacterial cytoplasm (likely DNA or RNA,

as dsRNA is unlikely to be present). It was thus plausible to speculate that a lengthy piece of nucleic acid

may bind multiple copies of pl9 non-specifically to form a larger aggregate. However, this is unlikely to

happen with siRNA, as there are no additional patches of positive charge on the protein that can

potentially interact with another siRNA molecule, once the positively-charged interaction surface is

shielded by the bound siRNA".

Efficacy of silencing using targeted p19-based siRNA carriers and neutralized PFO. Next, the

intracellular delivery system based on neutralized PFO14 was combined with the targeted p19-based

siRNA carriers to enable silencing. C225.2/PFOT490A,L491V was expressed, purified and prepared as

previously described' 4. To load siRNA onto the p19-based carriers, both were incubated at a 1:1 molar

ratio (p19 dimer: siRNA) at pM concentrations for 30 minutes at 4'C. The siRNA used for silencing

experiments did not contain any chemical modifications. Silencing was measured in A431 cells stably

transfected with destabilized EGFP that has a 2-hour half-life (A43 1 -d2EGFP cells' 2 ). Two different
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assay formats were tested, where either the siRNA concentration was fixed and PFO concentration varied,

or vice versa. The constructs were diluted in complete media containing 10% FBS and incubated with

cells. After 6 hours, media containing siRNA and protein were replaced with fresh media, and GFP

expression was analyzed after 24 hours.

For final analysis, GFP expression was normalized to that measured from cells which received

the single agent only at the fixed concentration. For example, in an experiment where the concentration of

C225.2/PFOT490A,L49IV was fixed at 5nM and the concentration of p19-E6,E18/siRNA was varied, GFP

expression was normalized to that of cells treated with 5nM C2 2 5 .2 /PFOT49 0AL 49 1V only. This method of

normalization was used to correct for the non-siRNA mediated depression of GFP caused by C225.2

(Figure 3.3A). While p1 9-E6,E 1 8/siRNA alone did not affect GFP expression (Figure 3.3B),

C 2 2 5. 2 /PFOT 49 A,L 49 1v alone caused a dose-dependent reduction in GFP expression. C225.2 alone (without

PFOT490A,L49 V) recapitulated this phenomena, suggesting that Cetuximab-mediated effects were

responsible for the observed depression rather than effects related to pore formation. We speculate that

C225.2-mediated blockage of EGF growth signaling is affecting the expression of GFP from the CMV

promoter, which has been reported to be activated by the MEKK I-JNK pathway' 9 downstream of EGF20

Both p19-E6 and p19-E18 clones demonstrated dose-dependent silencing of GFP (Figures 3.3C

and 3.3D). We observed that among the mutants tested, tighter binding consistently lead to greater

silencing. Overall, silencing potencies were nearly identical between the p1 9-E6 and p19-E18 clones,

which were expected given that the EGFR binders were functionally equivalent with similar affinities.

Reducing the fixed concentration of C225.2/PFOT 49 A.L491V from 5 nM to 0.5 nM affected both the EC50 of

silencing and the maximum degree of silencing achievable (the plateau observed at high siRNA

concentrations), consistent with a reduced efficiency of escape. The affinity-dependent increase in

silencing was observed also when the assay orientation was reversed to fix the concentration of p 19-

E6/siRNA and vary the concentration of C225.2 /PFO4 9 0A,L 4 9lv (Figure 3.3E). Differences in potencies

between mutants were more pronounced at lower siRNA concentrations where their affinities start to

diverge. Regardless of the concentration of siRNA used, C225.2/PFOT4 90
A ,L491V demonstrated an EC50 of

silencing in the pM range. We did observe minor discrepancies in the exact degrees of silencing

depending on the orientation of the assay, although overall trends were consistent.

Removing the targeting moiety from the p19 mutants significantly reduced silencing (Figure

3.3F). This result was expected, as we have previously demonstrated that C 2 2 5 .2 /PFOT490AL491V

predominantly permeablizes endosomal membranes following receptor-mediated internalization 4.

Untargeted p19 clones are likely to be internalized less efficiently through non-specific pinocytic uptake,

compared to the targeted p19 clones that are internalized through EGFR-mediated endocytosis.

Furthermore, the p19 clones targeted to EGFR, the same receptor as C225.2/PFOT490A,L49 v are more
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likely to co-localize into the same endosomes as the pore-forming protein responsible for enabling

release. Interestingly, the silencing potencies of the untargeted p19 mutants observed at high

concentrations of siRNA were independent of their affinity. This is likely because at siRNA

concentrations significantly higher than their KDs, all p19 clones are expected to be fully associated with

siRNA.

Improved efficacy is due to increased uptake and likely prolonged protection. We hypothesized that

the p19 mutants with tighter affinity were enabling greater silencing because they could internalize

siRNA more efficiency, especially at low concentrations. Thus, we measured the number of siRNA

molecules taken up into A43 1 -d2EGFP cells by each p1 9-E 18 clone over a 6 hour period. The p19-E 18

constructs were complexed with siRNA labeled with Alexa Fluor 647, and incubated with cells for

different periods of time in complete media. Background-subtracted fluorescence was converted to

number of fluorophores (which theoretically equals the number of siRNAs) through a standard curve

generated with AF647 calibration beads. As expected, the tighter-binding p19 mutants generally

demonstrated faster uptake (Figure 3.4A), which correlated with greater silencing. However, the rate and

degree of uptake mediated by p1 9 G1
6 R-E18 and pl 9 N15KG16R -E1 8 were nearly identical, whereas

p19N15K,G1 6
R -E18 was consistently better at silencing (Figure 3.3D). This result suggested that the stronger

affinity of p1 9 N5K,G1
6

R was affecting a step in the delivery process downstream of internalization.

To further probe this observation, we titrated down the number of siRNAs internalized into cells

by fixing the p19-El 8/siRNA complex at a high, saturating concentration (for binding to both siRNA and

EGFR) while gradually increasing the concentration of a competitor for receptor binding. E18 (not fused

to p19) with the sumo tag was used for this purpose. We deemed it unnecessary to remove the sumo tag

from E18 as it was unlikely to affect binding to EGFR. With this setup, both p19-E18 and p 1 9 N15KG16R_

E18 internalized decreasing numbers of siRNA with increasing concentrations of sumo-E 18 (Figure

3.4B). First, this result confirmed that siRNA was being internalized specifically via EGFR for both p19

clones, as uptake could be competed off by E18. In addition, we also observed differing patterns of

silencing between the two clones. Whereas p19-E18 displayed a gradual decrease in silencing with

decreased uptake, pI 9 N15K,G16R -E 18 maintained close to maximum levels of silencing even when the

number of siRNAs internalized was decreased by more than 10-fold. Indeed, p 1 9 N15K,G16R-E18

demonstrated better silencing compared to p19-E18 even when the number of internalized siRNAs were

equal. This observation suggested that tighter binding to siRNA may improve silencing not only by

increasing the net uptake of siRNA, but also by better maintaining association with siRNA inside the cell.

We hypothesize that p19 binding to siRNA protects the siRNA from nucleases in the intracellular space,

as further discussed below.
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Discussion

In this study, we have extended the neutralized PFO-based delivery system to applications in

siRNA delivery. Specifically, the endosomal release functionality of C 2 25. 2 /PFOT4 0A,L 4 91v was combined

with a targeted siRNA carrier based on the dsRNA-binding protein p19. Affinity-matured mutants of p19

were isolated where Lys or Arg residues were substituted into positions that allowed their positively

charged side chain to interact with the negatively charged siRNA backbone. Combining these two

mutations further increased the affinity to a KD of approximately 5pM, the tightest against siRNA

reported to date for a protein.

The mutants were well expressed as fusions to Fn3- or sso7d-based binders against EGFR. The

binding affinity of the p19 clones generally correlated with the rate of siRNA uptake and silencing

potency. This trend was not obvious to predict, as it was expected that too tight of an affinity would

prevent siRNA from being released from the carrier and hinder loading onto RISC. (It is interesting to

note that this is in fact the natural function of p19 expressed by viruses.) Thus, theoretically, the optimal

KD for maximizing delivery is likely below 5pM-an unexpectedly low value-for systems targeting a

rapidly internalizing receptor such as EGFR. This KD optimum may depend on the internalization rate of

the target receptor, potentially even lower for slowly internalizing receptors.

Interestingly, we observed that increased siRNA uptake could not completely explain why the

tighter binding p19 mutants enabled greater silencing. Under experimental conditions where similar

numbers of siRNA were internalized by p19-E 18 or pl 9N15K,G16R -E 18, the latter still demonstrated

substantially higher potency. The most obvious difference between these two clones is their siRNA

release kinetics. Indeed, the off-rates of p19 and p 19 N15KG16R were measured to be 8.6 x 10-4 s and 3.8 x

10~5 s1, respectively, which correspond to dissociation half-times of 13 minutes and 5 hours. Given the

rapid internalization rate of EGFR (half-time of approximately 25 minutes 21), it is expected that much of

the siRNA bound to pI9N15K,G6R-E18 (but not p19-E18) will remain associated to its carrier during its

residence inside the cell.

Such a prolonged association could potentially improve silencing by better protecting the siRNA

from nuclease-mediated degradation in endosomal or lysosomal compartments. Indeed, the degradation

rate of siRNA in the endosome has been estimated to be 1.4 x 104 s 1 (half-time of 1.4 hours)22 . Then, it is

plausible for a siRNA binder that can protect its cargo for multiple hours to improve siRNA persistence in

endosomes. Subsequently, maintaining a higher concentration of intact siRNAs for a longer period of

time in endosomal compartments could increase the probability of successful escape. Furthermore, the

siRNA may not need to be released from p19 in order to escape to the cytoplasm, as the size of the

p19/siRNA complex is theoretically small enough to pass through pores formed by PFO. If so, the pool of
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endosomal siRNA available for release would be even bigger, including both that are bound or unbound

to p19.

Alternatively, p1 9 NI5K,G16R may also protect siRNA from nucleases in the cytoplasm. However, it

has been suggested that siRNA has a relatively longer persistence in the cytoplasm with a degradation rate

of 8.1 x 10-6 S-1 (half-time of 24 hours)22 . Indeed, in rapidly dividing cells, it has been proposed that the

dilution of siRNA via cell division is the limiting factor for gene silencing rather than siRNA

degradation 2. Accordingly, we have measured the doubling time of A43 I -d2EGFP cells to be 20.4 hours

(data not shown). With cell division and intracellular degradation occurring on such slower timescales,

prolonging the association between siRNA and its carrier from minutes to a couple of hours may not

significantly impact siRNA persistence in the cytoplasm.

It is interesting to note that we have used siRNA without chemical modifications in our silencing

assays, which is expected to degrade more rapidly than those with modifications that impart stability

against nucleases, such as 2'-F or 2'-OMe. If pI9 N15K,G16R is indeed providing better protection from

intracellular nucleases compared to p19, the relative differences in their silencing potencies may decrease

when nuclease-stabilized siRNAs are used. Indeed, the relative timescales of degradation (by nucleases)

and dissociation (from p1 9) may determine whether a significant improvement in siRNA persistence can

be achieved in each intracellular compartment by tuning affinity.

The observations made in this study nevertheless suggest that increasing the affinity between

siRNA and its carrier may be an opportunity to further improve the potencies of delivery vehicles that

rely on non-covalent siRNA complexation. However, depending on the system, increasing affinity

without sacrificing other key parameters such as escape efficiency may be challenging, as discussed in the

introduction. From a practical standpoint, it may be possible to incorporate p 1 9 N5K,G16R into other delivery

systems as a modular and additive unit, as p19 interacts with one surface of the siRNA only (as opposed

to wrapping around the entire molecule) and may still allow charge-based interactions with other material.

Finally, ongoing and future work for this study includes mathematical modeling of the delivery

system to determine whether indeed the hypothesized optimum affinity exists for maximizing delivery,

and if so what KD range it is in and how it may be affected by other parameters governing the system.

Materials and Methods

Cell lines. A431 cells (ATCC) and A431 cells stably transfected with destabilized EGFP (A431-d2EGFP)

(Liu et al. 2014) were cultured in DMEM (ATCC) supplemented with 10% heat-inactivated FBS (Life
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Technologies). The A43 I -d2EGFP cells were additionally supplemented with 0.1 mg/mL G418 (Corning).

All cell lines were maintained at 370 C and 5% CO2 in a humidified incubator.

Affinity maturation of p19. Affinity maturation of p19 was performed using standard yeast surface

display techniques as previously described24 with select modifications noted below. For library

construction, p19 (containing the CI33S and C159A substitutions) was amplified by error-prone PCR as

described2 5 using either 2ptM or 4pM nucleotide analogues. The 5' end of the genes contained a 39 base

pair overlap with the 3' end of human Fe, followed by a (G 4 S) 5 linker. hFc (wild-type IgGI) was

amplified using Q5 hot start high-fidelity polymerase (NEB) following manufacturer's protocol. The hFc-

(G4 S) 5-pl 9 gene fragments were assembled into the vector pCTCON2 by homologous recombination in

yeast. The resulting libraries were screened by FACS using kinetic sorting methods described in Boder et

al. Three siRNA sequences were used for selection: AllStars Negative Control siRNA labeled with Cy5,

which did not have any chemical modifications (Qiagen); Factor VII siRNA labeled with Alexa Fluor

647, containing 2'OMe modifications (provided by Alnylam Pharmaceutics); and luciferase siRNA

labeled with Cy5.5, containing 2'OMe modifications (provided by Alnylam Phannaceutics). Dissociation

was performed in PBSA containing 55% mouse serum (EMD Millipore) at 370 C. Unmodified and

unlabeled luciferase siRNA was added at a 100-fold molar excess over the estimated concentration of

labeled siRNA (final concentration was 1.7-2.5gM). A set of sequential selections using the three

different siRNAs was performed twice. A dissociation time of 15 minutes was used in the first cycle, and

60 minutes in the second.

Protein expression and purification. C225.2 and PFOT
4 90AL49IV were expressed, purified and complexed

as previously described (Yang et al. 2015). p19, p19-E6, p19-E18 clones and E18 were expressed from

the pE-SUMO vector (LifeSensors) in Rosetta 2 (DE3) E. coli (Novagen) and purified by Talon metal

affinity chromatography (Clontech) as previously described (Yang et al. 2015). The sumo tag from E 18

was left uncleaved, as it was expected to improve solubility without affecting binding to EGFR. All p19

constructs were purified by anion exchange chromatography (AEX) using a HiTrap Q HP anion exchange

column (GE Healthcare) with an increasing salt gradient (10mM to 500mM NaCl) in 20mM bis-tris, pH

6.5. Size-exclusion chromatography (SEC) was performed using a Superdex 75 10/300 GL column (GE

Healthcare) in PBS. All protein were flash frozen and stored at -80'C.

Dynamic Light Scattering. Targeted p19 constructs were analyzed at 5pM (dimer concentration;

0.3 lmg/mL) in PBS either alone or complexed with luciferase siRNA at a molar ratio of 1:1 (pl9 dimer:

siRNA) for 30 minutes at 4'C. 50gL of each sample was equilibrated to 25'C and analyzed with the
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DynaPro NanoStar Light Scatterer (Wyatt Technology, Santa Barbara, CA) using the Dynamics software

(Wyatt Technology, Santa Barbara, CA). Each run consisted of 20 acquisitions (10 seconds per

acquisition), and two runs were performed per sample.

Biolayer Interferometry. All measurements were performed in citrate-phosphate buffer containing

100mM NaCl, 0.1% BSA and 0.002% tween-20 (at pH 7.4 or 5.5) at 37'C using an Octet RED96

instrument (Pall ForteBio LLC). Biotinylated hFc-EGFR (Traxylmayr et al) or biotinylated siRNA

(provided by Alnylam Pharmaceutics) was captured on streptavidin-coated BLI tips (Pall ForteBio). The

siRNA contained scattered 2'OMe modifications and biotin was conjugated to the 3' end of the sense

strand, separated by a hexaethyleneglycolphosphate linker. Binding to EGFR was measured for both

empty p19-E6,E18 constructs and p19-E6,E18/siRNA complexes. The complexes were prepared by

incubating p1 9-E6,E 18 and siRNA at a 1:1 molar ratio (p19 dimer : siRNA) for 30 minutes at 4'C. The

siRNA used for complexation was against luciferase and did not contain any chemical modifications.

Association to EGFR was analyzed at various concentrations of targeted p19 constructs (2-fold dilutions

from lOnM to 0.16nM for p19-E6,E18 and p19-E6,E18/siRNA binding to EGFR; 2-fold dilutions from

25nM to 0.78nM for untargeted p19 binding to siRNA; 2-fold dilutions from lOnM to 0.3 InM for

untargeted p19 mutants binding to siRNA), followed by dissociation in buffer. The buffer baseline from

loaded tips was subtracted from the data, which were then globally fitted to a 1:1 binding model to obtain

apparent affinities.

Silencing assays. A431 or A43 1-d2EGFP cells were seeded at a density of 15,000 cells/well in 96 well

plates 16-20 hours prior to the experiment, in media containing 0.1 mg/mL G418. p19 constructs were

mixed with either Negative Control AllStars siRNA (Qiagen) or GFP Duplex I siRNA (Dharmacon) at a

1:1 molar ratio (p19 dimer : siRNA) for 30 minutes at 4'C. The p19/siRNA complexes were then serially

diluted in DMEM, 10% FBS containing either 5nM C225.2/1OnM PFOT
49

0A,L
49 1

V or 0.5nM C225.2/lnM

PFoT490A,L491V, and added to cells. In the alternative assay orientation, C225.2/ PFO490A,L49]V was serially

diluted in DMEM, 10% FBS containing 50 nM, 5 nM or 0.5 nM of pI9/siRNA. Cells were transfected for

6 hours, followed by incubation in fresh, complete media for an additional 18 hours. Cells were then

trypsinized, neutralized by PBSA + 2% FBS, and analyzed on the BD LSR II HTS cytometer (BD

Biosciences). Background from A431 cells (no EGFP) was subtracted from all measurements. The

background-subtracted measurements were then normalized to that of untreated cells (when p19/siRNA

or C225.2/PFOT490A,L491V was used alone) or of cells treated only with the single agent whose

concentration was fixed (when both p19/siRNA and C225.2/PFO T490A,L491V were used in combination).
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Viability assays. Cell viability was measured using the WST-l reagent (Roche) with a 40 minute

incubation at 370 C, following previously described methods (Liu et al. MTNA 2014). Background-

subtracted measurements were normalized following the scheme described in Silencing assays.

Uptake assays. A43 I -d2EGFP cells were seeded at a density of 15,000 cells/well in 96 well plates 16-20

hours prior to the experiment, in media containing 0.lmg/mL G418. Targeted p]9 constructs were mixed

with Factor VII siRNA labeled with AF647 (provided by Alnylam Pharmaceutics) for 30 minutes at 4'C.

The p19/siRNA complexes were then diluted in DMEM, 10% FBS and incubated with cells for varying

periods of time up to 6 hours. Cells were washed twice with PBS, trypsinized, washed twice with cold

PBSA + 2% FBS and analyzed on an iQue Screener (IntelliCyt). All liquid handling was performed using

an EL406 plate washer (BioTek) and a Freedom EVO 150 liquid handling system (Tecan) to minimize

variability during processing. Background from untreated cells were subtracted from all measurements,

which were then converted to number of fluorophores using Quantum Alexa Fluor 647 MESF beads

following manufacturer's protocol (Bangs Laboratories).
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Figure 3.1. Characterization of affinity-matured p19 clones. (a) Crystal structure
of CIRV p19 (PDB 1 RPU). Native residues involved in electrostatic or stacking
interactions with the dsRNA are highlighted in pink. The N 15K and G I 6R
substitutions identified from directed evolution screens are highlighted in green. (b)
Sequences of the p19 clones used in this study. All clones used for functional analysis
contained the Cl 33S and C 159A substitutions to prevent crosslinking. (c) SEC
analysis of the p19 clones. 30pg of protein at 1.0 mg/mL was analyzed on a Superdex
75 column. Left: Analysis of proteins immediately following purification. Right:
Analysis after a single freeze-thaw cycle. (e) Binding kinetics of the p19 clones
(containing the Cl 33S, C 159A substitutions) analyzed by Biolayer Interferometry
(BLI). Shown are the averages of two measurements.
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p19-E18

E6
(Fn3)E18

(sso7d)

C. (G4 S) 3

p19
p1 9 1

PH 7.4 PH 5.5
Clone k., (M 1s-1) k., (s-1) K, (nM) k- (M- 1s-1) k., (s 1) K, (nM)

p19-E6 1.4 x 10 5 1.6 x 104 1.2 1.5 x 105 1.6 x 104 1.1

p19-E6/siRNA 1.6 x 10 5 1.0 x 10 4  0.6 2.9 x 105 1.3 x 104 0.4
p19-E18 1.8 x 105 4.0 x 104 2.2 2.0 x 105 4.0 x 104 2.8
p19-E18/siRNA 1.6 x 105 1.5 x 104 0.9 4.1 x 105 2.4 x 104 0.6

C w/o siRNA w/siRNA
Clone Diameter (nm) % Polydispersity % Mass Diameter (nm) % Polvdispersity % Mass

p19-E6 7.1 13 98 7.9 20 97
p19N15K-E6 7.5 10 90 7.3 12 82
p19G16R-E6 8.1 10 95 8.3 22 99
p19N15KG16R-E6 7.6 8 92 8.3 11 99
p19-E18 6.7 13 97 6.8 23 100

p19N15K-E18 8.2 15 100 8.2 28 100

p19G16R-E18 7.6 37 100 8.8 35 100
p19N15K,G16R-E18 8.2 24 100 8.7 29 100

Figure 3.2. Characterization of EGFR-targeted p19 clones. (a) Schematic of the two
fusion formats used in the study (modified from PDB ID 1 RPU, 1 TTG and 1S SO).
Left: E18 (orange), an EGFR binder engineered on a modified sso7d scaffold, was fused
to the C terminus of p19 (each monomer in pink and purple) separated by a (G4 S) 3
linker. Right: Analogous fusion construct with E6 (orange), an EGFR binder engineered

on the Fn3 scaffold. (b) Binding kinetics of empty or siRNA-loaded p19 constructs
measured by Biolayer Interferometry (BLI). All analyses were performed in citrate-
phosphate buffer at 370C. Shown are the averages of two independent measurements. (c)

Size distribution of empty or siRNA-loaded p19 constructs measured by Dynamic Light
Scattering (DLS). All samples were analyzed at 5pgM (p19 dimer concentration; 0.31mg/
mL) in PBS at 25'C. Shown are the averages of two independent measurements.
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Figure 3.3. Silencing potencies of the targeted
p19-based siRNA carriers mediated by
neutralized PFO. All experiments were performed
with A43 1 -d2EGFP cells in complete media. The
denoted constructs were incubated with cells for 6
hours, then replaced with fresh media. GFP

1000 expression was analyzed after 24 hours.
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Figure 3.4. Comparing siRNA uptake and silencing between p19 mutants. (a)
Time- and concentration-dependent uptake of siRNA mediated by each p19-E 18
clone. p19-E 18 constructs were complexed with AF647-conjugated siRNA, diluted in
complete media to the indicated concentrations, and incubated with A43 1 -d2EGFP
cells for varying periods of time. (b) siRNA uptake and silencing in the presence of a
competitor for receptor binding. The concentration of p19-E 1 8/siRNA and
p19N15KG16R-EI8/siRNA complexes were fixed at 20nM, a saturating concentration for
binding to both siRNA and EGFR. Increasing concentrations of sumo-tagged E 18
(without p 19) were included to titrate down the number of internalized siRNAs.
Fluorescently labeled siRNA were used for quantitating uptake, and unlabeled GFP
siRNA were used to measure silencing under matching conditions.
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Ch4. Perspectives on In Vivo Delivery using Antibody-Neutralized Perfringolysin 0

Introduction

Given the widened therapeutic window of PFO achieved with the neutralizing antibody system in

vitro (Chapter 2), we next sought to determine whether this improvement could be extended to an in vivo

setting. Thus, we investigated whether the C225.2/PFO system was capable of delivering E6rGel

intracellularly in an A431 tumor model, a setup that was analogous to our in vitro experiments. The

degree of delivery was measured by the degree of synergistic cell killing occurring between C225.2/PFO

and E6rGel, evidenced at a gross level by a regression in tumor growth. The toxicity of the system was

measured by monitoring the body weight of treated animals.

Precedent using PFO or other cholesterol-dependent cytolysins (CDCs) as a delivery tool in vivo

is limited, likely mirroring the same challenges of having a narrow therapeutic window. Despite so, three

different approaches have been proposed with utilizing CDCs for in vivo delivery.

First, live, attenuated Listeria monocvtogenes that secrete tumor-associated antigens (TAAs) has

been used to deliver antigens to antigen-presenting cells (APC) as a cancer vaccine'. Listeria

monocytogenes expresses the CDC Listerolysin 0 (LLO), which along with two phospholipases, allows

the bacteria to escape from phagosomes to colonize the host cell 2 . Interestingly, the TAAs were also fused

to a truncated form of LLO3 that lacks the domain responsible for membrane binding. While this

truncated LLO construct had severely reduced hemolytic function, it acted as an effective adjuvant that

stimulated the secretion of proinflammatory cytokines and induced APC maturation. Overall, this live

bacteria-based cancer vaccine demonstrated efficacy in preclinical models 5 and is currently undergoing

clinical evaluation. However, while this approach is suitable for targeting APCs such as macrophages,

which actively phagocytose pathogens, it is unclear how readily malignant tissue and cell types can be

targeted using this strategy. Furthermore, systemic administration of bacteria may elicit immune

responses that compromise safety or preclude multiple dosing.

Second, LLO has been incorporated into liposomes, along with payloads such as protein antigens

or DNA vaccines, for delivery to APCs. This system was reported to generate specific cytolytic T cell

(CTL) responses to the model antigen OVA and the nucleoprotein (NP) of the lymphocytic

choriomeningitis virus (LCMV), leading to protection in an OVA-expressing cancer model or against

viral challenge6-. However, given that LLO is an adjuvant that has been incorporated as part of a vaccine,

it is difficult to differentiate its effect in mediating cytosolic delivery versus stimulating the immune

85



response. Alternatively, a design variation where LLO was fused to protamine for gene delivery was also

proposed, with preliminary results reporting luciferase expression in the spleen and lung following

intravenous admistration9 . Further characterization of this system remains to demonstrate its efficacy.

Third, from our own group, Pirie et al. showed that an EGFR-targeted PFO construct (E6-PFO)

can potentiate the cell-killing activity of a carcinoembryonic antigen (CEA)-targeted gelonin construct

(C7-rGel) in vivo, using a xenograft model of a cell line that expresses both receptors 0 . The synergistic

cell killings that were observed was likely due to PFO mediating the intracellular delivery of gelonin,

demonstrating proof-of-concept that a payload and a membrane-permeablizing agent can be administered

in trans to allow cytosolic delivery in vivo. However, the toxicity accompanying this combination

treatment (necessitating the euthanasia of one out of the three treated mice) underscored that the central

problem of having a narrow therapeutic window remained unresolved.

Thus, we investigated whether the antibody-neutralized PFO system could provide an extended

therapeutic window necessary for it to be a viable therapeutic strategy. Two PFO mutants were

considered for this application, both of which had shown effective delivery with low toxicity in vitro:

PFoT490G,L491G, which is strongly attenuated, and PFOT490AJ'491v, which is attenuated to a lesser degree. We

found that C225.2/PFOT4 90G,L49IG was well-tolerated in vivo in combination with E6rGel, but was unable

to deliver the payload to a significant degree enough to affect tumor growth. C225. 2 /PFOT4 90 AL4 9 1V

demonstrated poor biodistribution properties, accumulating mainly in the liver. The resulting

hepatotoxicity, caused in combination with E6rGel, was dose limiting. Overall,

the antibody-neutralized PFO system successfully improved the in vivo tolerance of PFO but will require

further improvements to effectively target the tumor compartment for specific delivery. Considerations

and ideas for such are discussed.

Results

C225.2 improves the in vivo tolerance of PFO. To determine whether the reduction in PFO's toxicity

by C225.2 observed in vitro also extended to an in vivo setting, we performed dose-escalation studies in

healthy NOD scid gamma (NSG) mice comparing the tolerance of PFO in free or C225.2-loaded form.

The NSG model was chosen to isolate effects of toxicity from immunogenicity, and in anticipation of

using an A431 xenograft tumor model for assessing delivery-The complexes C225.2/PFO,

C225.2/PFOT490A,L41V and C225.2/PFOT490G,L49IG were prepared as previously described". Mice were

administered with each complex at varying doses every three days, for a total of five treatments. Body

weight was monitored daily and normalized to that at Day 0.
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For all PFO clones, we observed an oscillating pattern where body weight decreased sharply in a

dose-dependent manner immediately following administration, followed by gradual recovery over the

course of days (Figure 4.1A). This result suggested that while C225.2-loaded PFO can possess residual

toxicity at higher doses, the conflicted damage is reversible, at least within the two-week period of

continual dosing. In addition, we did not observe any accumulative toxicity from repeated dosing.

Generally, a dose that was well tolerated after a single administration was also well tolerated after

repeated dosing. Conversely, signs of dose-limiting toxicity were evident immediately following

administration for ill tolerated doses. Overall, the toxicities caused by the C225.2/PFO complexes were

acute and reversible, consistent with its pore-forming mode of action.

The highest dose at which no loss in body weight was observed at the end of the two-week

monitoring period was defined as the maximum tolerated dose (MTD) (Figure 4.1B). As expected, the

attenuated mutants PFOT'490AL491V and PFO' 49 0G,L491G were significantly better tolerated than wild-type

PFO. Loading the PFO clones onto C225.2 consistently increased their respective MTDs, indicating that

C225.2 and PFO were maintaining association in vivo and the neutralizing antibody C225.2 was

functioning as intended.

C22 5 .2/PFOT 4 G,L49IG demonstrates favorable targeting but weak delivery. To further confirm that

C225.2 and PFO were maintaining association in vivo, leading to better tumor targeting properties, we

first characterized the pharmacokinetics and biodistribution of PFOT490G,L49'G in free or C225.2-loaded

form. Healthy NSG mice were used for pharmacokinetics measurements, and mice bearing subcutaneous

xenografts of the A431 cell line were used for biodistribution measurements. We hypothesized that

association with C225.2 would extend the circulation time of PFOT490G,L491G through the long half-life of

the antibody. Subsequently, the high concentration gradient maintained between the plasma compartment

and the tumor, combined with active targeting of EGFR via C225.2, were expected to increase the

fraction of injected PFOT490G,L49'G accumulating at the target tumor site.

Indeed, whereas PFOT4 9 0G,L49 I G was rapidly cleared from plasma, as expected for a molecule its

size (53kDa) without an active retention mechanism, C225.2/PFO 490G,L49IG displayed significantly slower

clearance, with a half-time of 4 hours and 59 hours for the a- and P-phase, respectively (Figure 4.2A). In

addition, PFOT4 9 0G,L4 9 1
G loaded onto C225.2, but not C225, showed significantly higher levels of

accumulation in the tumor compared to free PFOT490G,L491G (C225.2/PFOT490Gs91G vs PFOT490G,L49PG _

0.0263; C225.2/PFO T490G,L491G vs C225/PFOT49 G,L491G P = 0.0266) (Figure 4.2B). Overall, these results

demonstrated that C225.2 was simultaneously neutralizing PFOT490G,L491G and targeting it to the tumor

compartment as designed.
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Next, to determine whether C225.2/PFO4 9 GL4 9lG is capable of mediating intracellular delivery in

vivo, we employed an experimental setup analogous to that used in vitro (Chapter 2). In short, mice

bearing subcutaneous xenografts of A431 cells were treated with either C225.2/PFO149 0 'J,491(I alone,

E6rGel alone, or both in combination. We reasoned that C225.2/PFOT49 G,l,491G-mediated release of

E6rGel in the tumor would enable synergistic cell killing, resulting in a retardation or regression in tumor

growth at the gross level. Constructs were administered either intratumorally, bypassing transport to the

tumor, or intravenously (retro-orbitally), a more physiologically relevant route. The combination

treatment with both C225.2/PFOT 49 0G,L4 9IG and E6rGel was well tolerated following intravenous

administration, with no loss in body weight (Figure 4.2D). However, with neither routes of

administration was there a significant growth delay observed in groups treated with both agents in

combination, compared to those that received each agent individually (Figure 4.2C and 4.2D). Although

we could estimate that the amount of C225.2/PFO T491G,49G and E6rGel accumulating in the tumor was

sufficient to enable release, based on biodistribution data and the in vitro potency curve, the lack of

synergistic cell killing suggested that achieving similar potencies in vivo may require higher

concentrations of C225.2/PFOT491GL491G or the payload due to properties unique to the tumor

microenvironment.

C2 2 5 . 2 /PFOT4 9 A,L 4 9 1V is limited by potent delivery occurring off-target. As the more attenuated

PFOT490G,L491G clone failed to enable delivery in vivo, we next investigated the pharmacokinetics,

biodistribution and delivery potency of the lesser attenuated PFOT490AI,491V clone. In contrast to previous

experiments where only the PFOT490G,L 491G portion of the C225. 2 /PFOT490G,L491G complex was tracked, we

labeled both C225.2 and PFOT49oA.L491V with separate dyes to gain a more complete understanding of their

individual behaviors. The dual-labeled C225. 2 /PFOT490A,L491V complex was prepared in an identical

manner as with the unlabeled complex.

In contrast to previous observations with PFOT49 GL4 9 1 , where loading onto C225.2 extended its

serum persistence and tumor accumulation, PFOT 49 A1T 4 91v demonstrated rapid clearance and dominant

liver accumulation despite being loaded onto C225.2 (Figure 4.3A and 4.3B). In addition, the C225.2

portion of the complex showed extremely rapid clearance in the a-phase, followed by slower clearance in

the P-phase (Figure 4.3A). Tumor accumulation was poor also for C225.2 (4.3B). The molar ratio of

PFOT490A,L491V to C225.2 accumulated in the tumor following intravenous (retro-orbital) administration

was 0.26, indicating that most of PFO T490A,L491 had dissociated from C225.2 prior to entering the tumor

compartment (Figure 4.3C). In contrast, C2 2 5. 2 /PFOT 4 9
AL

49
]V administered intratumorally had an

average molar ratio of 2.9 (PFOT490A,L491V : C225.2), closer to the theoretical value of 2. Overall, these

results suggested that PFOTm490A,L49IV may be causing the C2 2 5. 2 /PFOT490A,L 49lV complex to have faster
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plasma clearance and increased liver capture, and that PFOT
49 0A,L 49 1V is dissociating prematurely from

C225.2 without benefiting from the targeting functionality of C225.2.

PFO T490A,L491Vs premature dissociation from C225.2 was particularly puzzling in comparison

with PFOT490G,L491Gs extended association with C225.2. As both PFO clones were loaded onto C225.2 via

the same PFO binder, it had been expected that their dissociation kinetics from C225.2 would also be

identical. A potential explanation for this discrepancy is that PFOT
4 90G,L 4 9

IG also dissociates rapidly from

C225.2, but at high concentrations in the plasma, is able to rebind to the bi-specific antibody. In contrast,

PFOT490A,L49 V, whose affinity for membrane cholesterol is less attenuated than PFOT490G,491G, may be

captured onto "membrane sinks" in the vicinity instead of rebinding to C225.2. This explanation was

plausible given that we measured dissociation rate of (avi-tagged) PFO from C225.2 to be 9.5 x 10-5 s-1

(in 2mL of 50% serum at 37'C; data not shown), which translates to a half-life of 2 hours. In addition, the

C225.2/PFOT490AL491V complex may also suffer from non-specific binding mediated by PFOT490A,L49 IV

leading to faster clearance. Although previous in vitro experiments demonstrated that loading

PFOF490A,L491V onto C225.2 blocks the former protein from associating with mammalian membranes

(Figure 2.3B), likely via steric hindrance from C225.2, we speculate that this steric hindrance may be

reduced in a sheer flow environment.

To investigate whether C225.2/PFOT490A,L491V could mediate intracellular delivery should its

transport problem is solved, we treated xenografted A431 tumors intratumorally with

C225.2/PFO T490A,491V alone, E6rGel alone, or both in combination. The combination treatment showed

strong regression of tumor growth under conditions where the individual agents had no effect (Figure

4.3D). The synergistic cell killing observed only when both agents were present strongly indicated that

C225.2/PFOT49 A,L491V was enabling E6rGel to access the cytoplasm. In contrast, intravenous (retro-

orbital) administration of the C225.2/PFO T490A,L491V and E6rGel combination caused no significant

regression of tumor growth, while causing substantial weight loss even when the dose was reduced

(Figure 4.4E). It should be noted that the dose of C2 2 5 .2 /PFOT 490A,L 491v and E6rGel had to be

significantly reduced for the treatment to be tolerable. Despite so, a significant loss in body weight was

observed, which was reversible once treatment ceased. We observed histological signs of severe

hepatotoxicity in mice that received the combination treatment intravenously (in consultation with

veterinary pathologist Dr. Roderick Bronson, Harvard Medical School; data not shown). In combination

with earlier results which showed that the majority of injected C225.2/PFOTr 490A,L491v accumulates in the

liver, the dose-limiting hepatotoxicity suggests that C225.2/PFOT490A,L49 1v is effectively mediating the

delivery of E6rGel in the liver.

89



Discussion

In this study, we demonstrated that the C225.2-loaded PFOT 49 0
G,,491G and PFO490A,L491V clones

have differing in vivo properties. While their net tolerances were both improved by complexation onto

C225.2, C225.2/PFOT 49 0G,L
49 1G preferentially accumulated in the tumor, whereas C225. 2 /PFOT490A,L491V

preferentially accumulated in the liver. Despite localizing to the tumor, C 2 2 5 .2 /PFOT 4 90G,L 4 91
G failed to

deliver E6rGel intracellularly to an appreciative degree to affect tumor growth. In contrast, when

combined with E6rGel, C225.2/PFO 490^''49 caused dose-limiting hepatotoxicity, which suggested that

efficient delivery of gelonin was occurring in the liver. Reducing the dose of C225.2/PFOT490AL491V to a

tolerable level did not cause a significant regression in tumor growth, indicating that the delivery

efficiency was sub-optimal in the tumor compartment.

Comparing the pharmacokinetics of C2 2 5 .2 /PFOT49 0G,L4 9
G and C225. 2 /PFOT 49 0A,L 49 1V suggested

that PFO may be dissociating and rebinding to C225.2 during circulation. This was certainly plausible

given that the dissociation half-time of PFO from C225.2 was measured to be 2 hours. Then, following

dissociation, PFOT4 90A,L 4 9 1V was more likely to become captured on other cell membranes in the vicinity

compared to PFOT490G,L491G, due to its higher affinity for membrane cholesterol. The rapid clearance of

C225.2 (in the C2 2 5 . 2 /PFT 4 9
AL

4
91V complex) in the a-phase suggested that the non-specific interaction

between PFOT490A,L49 and cell membranes may also cause the entire C225.2/PFOc490A,L49oV complex to

become sequestered on irrelevant membranes as well.

Based on this reasoning, two potential directions may be taken to improve the tumor-targeting

properties of PFOT490A,L491 V. First, to prevent PFO T490A,L49V from prematurely dissociating from C225.2 in

the first place, the affinity of the PFO binder 1.2 may be further matured. While this approach is relatively

straightforward to pursue using established directed evolution techniques, care must be given to ensure

that PFO can be readily dissociated in endosomal compartments even if it is more tightly bound in the

extracellular space. One way to assure prompt dissociation in endosomes is to maintain a low affinity at

pH 5.5, although we have previously found the affinities at the different pHs tend to go hand-in-hand

(Figure 2.1.B). Alternatively, different stimuli-responsive elements may be incorporated to impart

specificity for the endosomal environment, such as protease cleavage sites.

Second, in the event that C2 2 5 .2 /PFOT 4 9 AL491 V is Still capable of associating with off-target cell

membranes, an alternative binder to 1.2 that can directly interact with the membrane-binding loops of

PFO may be engineered. As shown in Chapter 2, 1.2 interacts with the oligomerization interface of PFO,

which is distinct and separated in distance from the membrane-binding domain of PFO (Figure 2.1E).

Thus, 1.2 by itself is likely unable to prevent PFOT 4 90A,L4 9
]V from binding to cell membranes. Having a

binder that physically shields the membrane-binding loops of PFO would unequivocally prevent
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C2 2 5 .2 /PFOI4 9 A,L 4 9 1V from associating non-specifically with cell membranes. However, as before, with

any binder, it must be ensured that PFO can dissociate promptly in endosomes.

If the tumor-targeting properties of C225.2/PFOT 490A,491v can be improved even slightly,

alternative approaches may be explored to increase the specificity of the treatment, such as using a

payload with higher specificity. If the payload is capable of producing a biological response only in the

tumor compartment, off-target responses (potentially causing dose-limiting toxicity) may be dramatically

reduced. Indeed, the dose-limiting toxicity observed in this current study was partly a consequence of

employing gelonin as the payload. While gelonin is a potent toxin that can provide a very sensitive

readout for delivery, its mechanism of action cleaving ribosomal RNA and arresting translation is

completely non-specific and harmful to overall health when carried out in other organs. If the payload can

be chosen judiciously such that it exerts an effect only in the cytoplasm of cancerous cells, having some

degree of off-target delivery in vital organs may not be as detrimental. Examples of such payloads include

siRNA designed against oncogenes or genes that are synthetic-lethal with such.

Finally, although we have employed an immune-compromised mouse model for the current study

to use the model cell line A431 (a human epithelial cancer cell line), it is anticipated that in a more

realistic setting involving an intact immune system, the immunogenicity of PFO may be a problem.

Humoral responses raised against PFO may limit efficacy by promoting clearance and preventing

repeated dosing. Thus, for the reported pore-forming protein-based delivery system to be a viable

therapeutic strategy in the long term, it may be necessary to substitute PFO with a pore-forming protein of

human origin. Indeed, the pore-forming protein perforin secreted by CTLs has a structure very similar to

that of PFO, indicating that its mechanism of action may also be similar. Consequently, successful

design principles and strategies identified in the process of developing PFO as an intracellular system

may be potentially transferable to perforin, to yield a delivery system with higher translatability.

Materials and Methods

Mice. Male NOD.Cg-Prkdcsd Im2rghiwji/SzJ (NSG) mice (Jackson Laboratory) were aged between 6 to

10 weeks for all studies. All animal work was conducted under the approval of the Massachusetts Institute

of Technology (MIT) Division of Comparative Medicine (DCM) in accordance with federal, state, and

local guidelines.

Dose escalation studies. PFO, PFO .T49.L491V and PFOT49 0G,L4 9
IG, in free or C225.2-loaded form, were

administered retro-orbitally to NSG mice at the indicated doses every three days for five treatments total.
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Body weight was monitored daily and normalized to the value at day 0 prior to the first injection. Mice

were monitored daily for signs of morbidity, and euthanized when such were significant or when loss of

body weight exceeded 15%.

Pharmacokinetic studies. C225.2, PFO T490AtA91V and PFO T490G,491G were labeled with Alexa Fluor 488

NHS-Ester (Life Technologies), Alexa Fluor 647-NHS Ester (Life Technologies) and DyLight 800 NHS

Ester (Thermo Fisher Scientific), respectively, following manufacturers' instructions, and unlabeled dye

was removed using the HiPrep 26/10 Desalting column (GE Healthcare). The degree of labeling was

determined by absorbance and the absence of free dye was confirmed by thin layer chromatography in

70% EtOH. C225.2/PFOT490AL491V and C225.2/PFOT490G''9' complexes with the labeled constructs were

prepared as previously described". I00ptg of PFOT491G, 159ptg C225.2/100[tg PFOT490G,L491G and

129pg C225.2/ 80 pg PFO490AL491v were administered retro-orbitally to NSG mice. Tail bleeds were

performed at the indicated time intervals and collected in heparin-coated tubes (VWR). Blood samples

were centrifuged at 600xg for 5 min, after which the serum was transferred to a fresh tube. All tubes were

protected from light and kept at 4'C until analysis. Fluorescence was measured using the Typhoon FLA

7000 scanner (GE Healthcare) or Odyssey Infrared Imaging System (Li-Cor) and analyzed using ImageJ

(NIH). Background from PBS-treated mice was subtracted from all measurements, followed by

normalization to values at the first time point (30s). Data was fit to a two-phase decay (Ae" + Be-t) to

obtain clearance fractions and rates.

Biodistribution studies. Labeled C225.2, PFOT490A,L1V, PFOT490G,L491G and corresponding complexes

were prepared as described in "Pharmacokinetic studies." A431 xenografts were established as described

in "Tumor inoculation and treatment." Tumors were 10 to 20 days post-inoculation with an area between

60 and 100 mm 2 . PBS, PFOT490G,L491G (100pg), C225.2/PFOT490G,L491G (159ig/100pg), C225 +

PFOT490G,L49IG (140Rpg + I00 pg) and C225.2/PF OT49 A-,491V (216pg/190[pg) were administered retro-

orbitally 24 hours prior to analysis. C225.2/PFOT490^''491 (4.8ptg/3ptg) were administered intratumorally 2

hours prior to analysis. The indicated organs and tumors were harvested, weighed and homogenized using

1.0 mm zirconium beads in 2 mL tubes (KSE Scientific) using a Mini-Beadbeater-16 (Biospec Products)

in 5 volumes of PBS. Samples were centrifuged for 20,000xg for 15 min at 4'C, and fluorescence in the

supernatant was measured with an Infinite 200 Pro plate reader (Tecan). Background from PBS-treated

mice was subtracted from all organ-matched measurements. A standard curve for each organ was

generated by spiking in known amounts of labeled protein into organ samples collected from untreated

mice and used to calculate respective concentrations.
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Tumor inoculation and treatment. For induction of A431 tumors, 106 cells in 50ptL of PBS were

injected subcutaneously into the flanks of NSG mice. Intratumoral injections of PBS,

C225.2/PFOT490G,491G (26ptg/16ig), E6rGel (1.5ptg) and C225.2/PFOT490G,49 1G(26gg/6g) + E6rGel

(1.5pg) were performed on days 7, 10 and 13 after tumor inoculation. Retro-orbital injections of PBS,

C225.2/PFO 490G,L49G g/8g), E6rGel (60pg) and C225.2/PFOT490G,L491G (289 pg/180jg) + E6rGel

(60pLg) were performed on days 6, 11, 16 and 21 after tumor inoculation. Intratumoral injections of PBS,

C225.2/PFOT490AL491V (19gg/12ig), E6rGel (1.Opg) and C225.2/PFO 49 ^91 (19pig/12p1g) + E6rGel

(1.0ptg) were performed on days 5, 8 and 11 after tumor inoculation. Retro-orbital injections of PBS and

C225.2/PFOT490AL49IV (41 pg/26pig) + E6rGel (3.4pig) were performed on days 5, 8 and 1 after tumor

inoculation. Tumor area was calculated by multiplying length and width.
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Figure 4.1. C225.2 improves the in vivo tolerance of PFO clones. (a) Changes
in body weight following repeated dosing of C225.2/PFO. C225.2/PFO complexes
at the indicated doses and timing were administered retro-orbitally to healthy
NOD scid gamma (NSG) mice. Body weight was monitored daily and normalized
to that measured at day 0 prior to the first injection. (b) The maximum tolerated

dose (MTD) was defined as the highest dose of PFO that did not cause any loss of
body weight at the end of the two-week monitoring period in (a). The indicated
doses for the C225.2/PFO complexes are those of the PFO portion only.
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Figure 4.2. Characterization of C225.2/PFOT490G,L491G in vivo properties. (a) Pharmacokinetic

analysis comparing free PFOT490G,L491G and C225.2/PFOT490G,L491G. PFOT490G,L491G was labeled with

Alexa Fluor 647 and loaded onto unlabeled C225.2. Tail bleeds were performed at the indicated

intervals following retro-orbital administration in healthy NSG mice (n = 2). The background-

subtracted fluorescence in serum was normalized to that of the first time point and fitted globally to

a two-phase exponential decay (Ae- t + Be-Pt). (b) Biodistribution of free PFOT490G,L491G, C225.2/

PFOT490GL491G and a C225 + PFOT490G,L491G mixture. PFOT490G,L491G was labeled with Alexa Fluor

647. Indicated constructs were administered retro-orbitally to NSG mice bearing A431 tumors (n =

3). After 24 hours, the fluorescence in each homogenized organ was quantified and converted to

concentrations. (c) PBS, C225.2/PFOT490,L491G (26 g/16g), E6rGel (1.5ig) or C225.2/

PFOT490G,L491G (26 jg/16pg) + E6rGel (1.5pg) were administered intratumorally to NSG mice

bearing A431 tumors (n = 3). Arrows indicate dosing. (d) PBS, C225.2/PFOT490G,L491G (289 j/

180pg), E6rGel (60ig) and C225.2/PFOT490G,L491G (289pg/ I80 jg) + E6rGel (60pg) were

administered retro-orbitally to NSG mice bearing A431 tumors (n = 3). Arrows indicate dosing.

Left: Change in tumor area. Right: Change in body weight of corresponding mice.
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A PFOT490A,L491V Pharmacokinetics
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Figure 4.3. Characterization of C225.2/PFOT490A,L491v in vivo properties. (a) Pharmacokinetic analysis of
C225.2/PFOT490A,L491V. C225.2 was labeled with Alexa Fluor 488, PFOT490A,L491V with DyLight 800. Tail

bleeds were performed at the indicated intervals following retro-orbital administration in healthy NSG mice (n

= 3). The background-subtracted fluorescence in serum was normalized to that of the first time point and fitted

globally to a two-phase exponential decay (Ae- t + Be-0t). (b) Biodistribution of C225.2/PFOT49A.L491V

measured in NSG mice bearing A431 tumors (n = 3). C225.2 was labeled with Alexa Fluor 488,
PFOT490A,L491V with DyLight 800. C225.2/PFOT490A,L491V was administered retro-orbitally. After 24 hours, the

fluorescence in each organ was quantified and converted to concentrations. (c) The molar ratio of

PFOT490A,L491V to C225.2 in the tumor following retro-orbital (IV) or intratumoral (IT) administration (n = 3).

C225.2/PFOT490A,L491V was administered 24 hours (IV) or 2 hours (IT) prior to analysis. (d) PBS, C225.2/

PFOT490A,L491V (19gg/12gg), E6rGel (I.0pg) or C225.2/PFOT490A,L 491V(19g/12g) + E6rGel (l.Opg) were
administered intratumorally to NSG mice bearing A431 tumors (n = 4). Arrows indicate dosing. (e) PBS or

C225.2/PFOT490A,L491V (41 gg/26gg) + E6rGel (3.4ptg) were administered retro-orbitally to NSG mice bearing

A431 tumors (n = 4). Left: Change in tumor area. Right: Change in body weight of corresponding mice.
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