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ABSTRACT

Christina L. Parker: Development and characterization of bispecific proteins for targeted drug
and gene delivery systems
(Under the direction of Samuel K. Lai)

Active targeting, based on antibodies and molecules that direct effector molecules and
carriers to specific cells and tissues, have been extensively investigated in various therapeutic
applications including cancer and gene therapy. Indeed, antibodies or antibody fragments are
often covalently coupled onto the surface of nanoparticles or viral vectors. However, their
conjugation frequently results in premature clearance of the drug and gene carriers as well as
reduced vector titers and stability, thereby greatly limiting efficacy. To address these challenges,
I explored the use of bispecific fusion proteins (BFP) and bispecific antibodies (bsAb) to
enhance cell-specific delivery of drug and gene carriers to tumor cells in vitro and in vivo. In this
dissertation, I first explored a two-step targeting approach termed pretargeting that decouples
targeting specificity from carrier circulation kinetics and stability. Specifically, pretargeting
relies on bsAb or BFP that can bind both selected epitopes on target cells and subsequently
administered effector molecules (ie. nanoparticles and lentiviruses). I utilized quantitative
approaches and systematic analyses to (1) evaluate interactions between pretargeting BFP and
nanoparticles on the cell surface that maximizes internalization of nanoparticles into target cells,
and (2) determine the bsAb format that enhances tumor accumulation of pretargeted PEGylated

nanoparticles. I also investigated (3) the use of bsAb coupled with engineered lentiviral vectors

il



for efficient targeted gene delivery capable of facilitating long-term gene integration of the
therapeutic genes of interest. My results indicated that density of BFP on the cell surface can
effectively limit internalization of pretargeted nanoparticles, underscoring the need to carefully
tune BFP dosing for intracellular delivery. I also found that multivalency and elimination of
FcRn recycling are both critical in maximizing pretargeting efficiency of PEGylated
nanoparticles. Finally, I showed that the specificity of targeted viral gene delivery was enhanced
by decreasing binding to off-target cells and coupling the lentiviral vectors with bsAb for
selective targeting. The methodologies and overall findings described here inform future studies
of antibody-cell receptor interactions and effective nanoparticle and viral vector targeting

strategies.
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CHAPTER 1: INTRODUCTION

1.1 Bispecific antibodies are useful therapeutic modalities

The development of monoclonal antibodies (mAb) has profoundly impacted medicine, in
particular cancer and gene therapy.'— Despite clinical success in several cancers and good
tolerability, the monospecificity of mAbs often limits their effectiveness in complex,
heterogeneous diseases like cancer.* Advances in protein engineering technologies spurred the
development of bispecific antibodies (bsAb) that combine the binding domains from two mAbs
into one dual-targeting molecule for enhanced potency and multiple functionalities. Three bsAb
have received regulatory approval (catumaxomab, blinatumomab, and emicizumab-kxwh), and
many more are in clinical development.>® In addition to their dual specificity, bsAb are also
engineered with various characteristics, including molecular weight, specificity, affinity,
valency, flexibility, stability, shape, and Fc modifications, for desired pharmacokinetics,
biodistribution, and tumor penetration and retention.” ! BsAb are broadly separated into two
major classes: IgG-like bsAb that include Fc region and therefore retain Fc-mediated effector
functions and FcRn-mediated recycling for longer serum half-life, and non-IgG like bsAb
fragments or fusion proteins that lack Fc domain. The Fc region is often removed from bsAb to
avoid nonspecific crosslinking and activation of immune effector functions for undesired
toxicity. However, Fc removal reduces size, eliminates FcRn recycling, and shortens half-life,
sometimes requiring continuous infusion or repeated administration of bsAb to achieve desired

exposure.



Bispecific antibodies are useful in therapeutic, imaging, and diagnostic applications.’ In
cancer therapy, bsAb function through three main mechanisms of actions: retargeting immune
effector cells to tumor cells for killing, crosslinking proteins, and simultaneously interfering with
two signaling cascades via receptor or ligand inactivation.>%!%!! For example, FDA approved
blinatumomab (Blincyto®) retargets cytotoxic T cells to tumor B lymphocytes via binding to
CD3 receptors on T cells and CD19 protein on B cells, resulting in effector cell activation and
cancer cell death. Emicizumab-kxwh (Hemlibra®) crosslinks factors IXa and X to activate the
natural coagulation cascade and restore the blood clotting process in patients with hemophilia A.
Bispecific fusion proteins (BFP) have also improved radiotherapy by changing treatment strategy
from one step to a two-step system, called pretargeted radiotherapy (PRIT). PRIT was initially
tested for the treatment of hematological malignancies, and demonstrated improved imaging
contrast tumor suppression, and reduced radioactivity in healthy organs.!? Given its dual
targeting capability, we were interested in coupling bsAb with delivery carriers for targeted drug

and gene delivery to tumors.

1.2 Challenges to targeted drug and gene delivery

Targeted drug delivery aims to maximize the therapeutic dose of anti-cancer or imaging
agents at target cells while minimizing exposure and toxicity to healthy, non-targeted tissues.
Anti-cancer agents are often encapsulated in nanoparticle formulations because these
formulations can significantly improve the drug’s bioavailability, biodistribution, and
pharmacokinetics and reduce toxicity compared to free drug.!3> A major biological barrier to
nanoparticles injected into the systemic circulation is rapid clearance by mononuclear phagocyte

system (MPS) cells, which results in a smaller fraction of administered nanocarriers that



extravasate and accumulate at target site.'* “Stealth” polymers often coat nanoparticles (ie.
passive targeting) to minimize opsonin absorption and avoid MPS, thereby extending
nanoparticle circulation half-life for increased particle accumulation in tumors. However, coating
polymers also limit binding and subsequent endocytosis into target cells, another barrier to
particle delivery.

To increase particle uptake, antibodies or antibody fragments that target overexpressed
cellular epitopes on malignant cells relative to healthy cells are covalently attached to the surface
of nanoparticles (ie. active targeting). However, this results in premature clearance of targeted
drug carriers, thereby greatly limiting efficacy.!>'® Exceeding antibody grafting thresholds
actually reduces targeting efficiency in vivo, likely because high antibody densities compromise
the “stealth” properties of coating polymers. As a result, a smaller fraction of administered
nanocarriers extravasate and accumulate at target site.

Specific, long-term gene expression is a major challenge of targeted gene delivery.
Unmodified lentiviral vectors possess broad tropism, which currently restricts their use to ex vivo
transduction and subsequent reinfusion of infected cells into patients. Similar to nanoparticles,
antibodies and antibody fragments are often covalently incorporated onto the surface of viral
vectors to provide cell and tissue specificity. However, this results in reduced vector titers and
stability, thereby limiting efficacy.!®?> Moreover, this targeting approach necessitates generating
new viral envelopes for each cellular target. To overcome these challenges, I decided to
investigate the use of third-party bispecific antibodies (bsAb) or fusion proteins (BFP) to
enhance specific targeting of drug and gene carriers to select cells/tissues while avoiding non-

targeted, healthy tissues.



1.3 Targeted delivery using pretargeting strategy

By decoupling targeting from delivery, I can readily tune carrier specificity to target cells
while maximizing carrier circulation kinetics and stability. Pretargeting is a two-step that relies
on the use of bispecific pretargeting molecules that can bind both cellular epitopes and
subsequently administered effector molecules, such as drug-loaded nanoparticles and gene
carriers. First, pretargeting molecules are administered with the expectation that they will
extravasate from circulation and accumulate on the surface of target cells, or be quickly
eliminated from the circulation. Drug-loaded carriers are then administered, and a fraction of the
extravasated carriers will bind to cell-bound pretargeting molecules and internalize into target
cells. This strategy aims to simultaneously preserve prolonged circulation of coated nanoparticles
and facilitate targeting to specific cells. I used the pretargeting strategy to target drug carriers to
tumor cells. For gene carriers, I coupled carriers and bsAb with a simple pre-incubation step to
generate targeted gene carriers without complex coupling chemistries or incorporating Ab

fragments onto the lentiviral surface.

1.4 Thesis overview

In this thesis, my goal is to provide a blueprint for the engineering of bispecific antibody
formats that can enhance nanoparticle and viral vector targeting and uptake into target tumor
cells for improved efficacy and safety. This goal is divided into three aims in the following
chapters:

Chapter 3: Elucidate interactions between bispecific antibodies and cell receptors for
efficient intracellular delivery of pretargeted nanoparticles. Using E. coli as protein factories, I

expressed and purified streptavidin-based BFP that recognize TAG-72 overexpressed on T-



leukemia cells and biotin on the surface of biotin-functionalized nanoparticles. I synthesized
densely PEGylated model polymeric nanoparticles with a range of surface biotin groups. Using
flow cytometry and confocal microscopy, I explored the efficiency of intracellular delivery by
pretargeting BFP that bind to slowly- or non-internalizing epitopes.

Chapter 4. Investigate bispecific antibody formats for improved accumulation of
pretargeted PEGYylated nanoparticles in tumors. Using mammalian cells, I engineered BFP of
varying size, valency, and inclusion or exclusion of F¢c domain; BFP bound both HER2
overexpressed on breast cancer cells and polyethylene glycol (PEG) on PEGylated polymeric
nanoparticles and PEGylated liposomal doxorubicin (PLD). I quantified BFP affinity to each
target using ELISAs, and evaluated the influence of Fab valency on pretargeted nanoparticle
uptake by target HER2" human breast cancer cells and off-target HER2™ human cells using flow
cytometry. I also evaluated how bsAb formats with and without Fc domain impacted pretargeting
efficiency of PLD in tumor-bearing mice by first dosing bsAb followed by PLD, and measured
doxorubicin concentration in target and off-target organs using HPLC.

Chapter 5: Evaluate the use of targeted lentiviral system using mutated lentiviral vectors
and bispecific antibodies for gene delivery to tumor cells. I mutated Sindbis pseudotyped
lentivirus to ablate native receptor binding and reduce binding to off-target cells without altering
endosomal fusion and escape. Using mammalian cells, I engineered bsAb that bound both HER2
on target cells and two separate Sindbis envelope glycoproteins. I tested the transduction
efficiency and selectivity of bsAb coupled with Sindbis lentivirus (wildtype or mutated) in target
HER2" human cells, off-target HER2" human cells, and co-culture of HER2" and HER2" cells

using flow cytometry.
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CHAPTER 2: BACKGROUND ON HETEROGENEOUS TUMOR TREATMENT AND
BISPECIFIC PROTEIN-MEDIATED PRETARGETED DRUG DELIVERY!

2.1 Introduction

Targeted drug delivery for cancer offers the potential to significantly improve the
therapeutic index of anticancer agents by increasing drug concentration at tumor sites while
reducing side effects and toxicity in non-targeted tissues. A long-standing approach in the field
has been to exploit the leaky tumor vasculature in tumor tissues by encapsulating therapeutic
cargo into nanoparticles that remain sufficiently stable when introduced to the systemic
circulation in order to reach and extravasate into cancer tissues. To further facilitate selective
delivery into cancer cells, many researchers have functionalized nanoparticles with ligands that
bind specific receptors on cancer cells, a strategy commonly referred to as “active” targeting.'
Unfortunately, the accumulation of both ligand-free and ligand-conjugated systems in tumors is
generally modest at best, limiting the efficacy of various therapies against cancer.>

Due to advances in the genetic and phenotypic analysis of tumors, tumor heterogeneity
has recently emerged as yet another biological barrier that could limit efficient distribution,
retention, and uptake of ligand-conjugated nanoparticles at tumor sites.>*> Tumor heterogeneity
also encompasses the highly variable expression of target receptors, both intertumorally between
patients or different tumors and intratumorally within a given tumor, and has been reported for a

wide range of human tumors.®’ Due to the absence or suboptimal expression of their target

IThis chapter previously appeared in the Journal of Controlled Release. The original citation is as follows: Yang Q,
Parker CL, McCallen JD, Lai SK. “Addressing challenges of heterogenous tumor treatment through bispecific
protein-mediated pretargeted drug delivery.” J Control Release. 2015, 220(Pt B): 715-726.



receptor on many tumor cell subpopulations, actively targeted drug carriers, which typically
consist of single-ligand nanoparticles, are unable to effectively bind and internalize into the full
spectrum of tumor cells present in any particular tumor. As noted by Bae et al., “aiming at cancer
cells with a single surface marker results in aiming at a single population among mixed
populations which are constantly changing and moving.”? Inadequate drug delivery to all cancer
cell subpopulations typically results in only partial suppression of the cancer and eventually
leads to tumor regrowth and/or the emergence of therapy-refractory tumor cell populations.®~'0
Thus, targeting strategies that can directly address the challenges associated with tumor
heterogeneity and enable effective delivery of nanoparticles are sorely needed.

One promising targeting strategy is to decouple molecular homing and delivery of
therapeutics into two separate steps. This approach involves first introducing bispecific proteins
(BsPs) that can specifically bind (i.e., “pretarget”) cancer cells, followed by the administration of
a drug-carrying effector such as a nanoparticle that can be captured by the BsPs accumulated on
the surface of tumor cells (Figure 1). By introducing multiple distinct BsPs, a single effector
nanoparticle could in theory bind with molecular specificity to the full diversity of cancer cells
present in any particular tumor. In this review, we will discuss the concept of, important

considerations for, and key challenges associated with exploiting the pretargeted strategy to

enhance the delivery of therapeutics to heterogeneous tumors.
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Figure 2.1. Strategies for the delivery of nanoparticle drug carriers and/or radioisotopes to
tumor cells. Strategies include a) non-targeted, b & ¢) directly targeted (1-step), and d & e)
pretargeted (multistep) approaches. a) Passively targeted nanoparticles coated solely with stealth
polymers typically do not exhibit specific interactions with tumor cells. b) Radioimmunotherapy
(RIT) uses radiolabeled tumor receptor-specific antibodies to deliver therapeutic doses of
radiation to target cells. ¢) Modification with receptor-specific ligands allows the active targeting
of nanoparticles (NPs) to tumor cells, which commonly induces receptor-dependent
internalization. d) Pretargeted radioimmunotherapy (PRIT) splits tumor targeting and
radioisotope delivery into sequential steps: 1) binding of bispecific proteins (BsPs) to target
receptors and 2) binding of radiolabeled effector molecules to the BsPs. e) For pretargeted drug
delivery systems, 1) bispecific proteins (BsPs) bind target receptors, and 2) a drug-loaded
effector nanoparticle binds to the BsPs, which should ideally result in internalization.

2.2 Conventional cancer targeting strategies: passive targeting

In 1986, Matsumura and Maeda discovered that macromolecules can preferentially
accumulate in tumors due to anatomical and pathophysiological differences between solid
tumors and healthy tissue.!'"!* Specifically, tumors initiate extensive angiogenesis to maintain
their rapid growth, but the newly formed blood vessels display abnormal architecture including

fenestrated endothelial lining of vessel walls.'>"'* The more permeable tumor vasculature then

allows macromolecules and nanoparticles to extravasate from the bloodstream and accumulate in
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the tumor.!>!% Presumably poor lymphatic drainage further permits enhanced retention of drug
delivery systems within tumors.!*!4 The combination of leaky tumor vasculature and impaired
lymphatic drainage constitute the phenomenon termed the enhanced permeability and retention
(EPR) effect.

Harnessing the EPR phenomenon simply requires nanoparticles to (i) fall within an
appropriate size range and (i1) evade rapid elimination by the mononuclear phagocytic system
(MPS). While smaller nanoparticles can naturally extravasate more efficiently than larger
nanoparticles, most studies suggest the tumor vasculature in mouse xenografts can permit
extravasation of nanoparticles ranging from 10 to 200 nm in diameter,'*!>"!7 with some studies
reporting EPR of particles up to 500 nm in diameter.'*!® In addition to size, prolonged
circulation kinetics also directly improve the extent of nanoparticle extravasation through leaky
tumor blood vessels by maximizing the number of times a nanoparticle will pass through the
tumor vasculature.'>!® Polyethylene glycol (PEG) was among the first “stealth” polymers used to
extend liposome and other nanoparticle circulation times by minimizing opsonin adsorption and
nanoparticle elimination by MPS cells, and PEGylation is the most widely adopted strategy to
enhance nanoparticle tumor uptake via EPR.'>"14!18 Other coating polymers used to improve
particle circulation profiles, and thereby exploit the EPR effect, include flexible, hydrophilic
polysaccharides such as dextran, hyaluronic acid, and chitosan'*2%; synthetic polymers such as
polyvinyl alcohol?! and polyvinylpyrrolidone??; zwitterionic polymers®*?4; and polyoxazolines.?
Indeed, dextran-, hyaluronic acid-, chitosan-, and N-(2-hydroxylpropyl) methylacrylamide
(HPMA)-coated particles all exhibited improved EPR-mediated tumor accumulation due to
prolonged circulation.?®?° Because nanoparticles of the appropriate size and with MPS-resistant

surface chemistry can naturally achieve a low to moderate level of tumor targeting without using
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specific ligands, these non-molecularly targeted systems are frequently classified as passively
targeted.

It is important to note that the EPR effect is highly variable and may not be readily
exploitable for all tumors.*® For example, hepatocellular and renal cell carcinomas are
characterized by high vascular density and exhibit increased EPR effects compared to low
vascular density pancreatic and prostate cancers that demonstrate diminished EPR effects.3%3!
Additionally, EPR of drug carriers is not observed homogenously throughout individual tumors,
as the central foci of tumors tend to be characterized by necrotic,*>? hypoxic,**>* and
hypovascular areas'? that do not display the EPR effect.!’3433 EPR heterogeneity may also vary
between primary tumor and metastases.! Therefore, harnessing EPR to enhance therapeutic
responses in the clinic requires an improved understanding of how tumor heterogeneity impacts

the EPR effect both within and between tumors.!-13:30:36.37

2.3 Conventional cancer targeting strategies: active targeting

To further improve nanoparticle-based delivery to cancer cells, numerous investigators
have developed nanoparticles decorated with ligands specific to receptors overexpressed on
cancer cells, an approach generally termed active targeting.' Ligands on actively targeted
systems are typically grafted to the distal end of polymer chains that are used to coat the particles
and provide prolong circulation kinetics.'® These systems are presumed to effectively extravasate
from the tumor vasculature based on the underlying stealth polymer coating, while the presence
of ligands can facilitate nanoparticle binding to and subsequent internalization into specific
tumor cells expressing the corresponding receptor,'®® thus directly addressing the shortcoming

of inefficient cellular uptake of passively targeted systems.!*!® Numerous targeting ligands have
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been utilized to actively target nanoparticles to cancer cells, including antibodies and antibody
fragments,**4° aptamers,*' peptides,*? proteins, sugars,* and low molecular weight ligands such
as folate.* For excellent reviews of the features and design of actively targeted systems, please
refer to!18:3845,

Unfortunately, active targeting systems face several challenges that may limit their
efficacy in practice. The target cell surface receptors must be highly overexpressed or selectively
expressed solely on malignant cells, as opposed to healthy cells, to maximize tumor-specific
delivery.*7 Additionally, the choice and density of ligand are critical to optimizing the effect of
the targeting moiety. Greater ligand density was previously assumed to enhance nanoparticle
targeting to tumors in vivo due to generally observed improvements in cancer cell uptake in
vitro.*® Nevertheless, an increasingly number of studies have shown that maximal accumulation
of nanoparticles in tumors in vivo is typically achieved with an intermediate ligand density. #4351
For example, increasing the surface aptamer density on polymeric nanoparticles actually resulted
in reduced tumor accumulation and increased particle distribution in the liver.*® The poor in vivo
performance of particles with high ligand densities was attributed to ligand shielding or
adulteration of the underlying stealth polymer coat, leading to rapid MPS clearance and a

reduction in the fraction of particles that can reach and extravasate into tumors.*%47

2.4 Tumor heterogeneity and implications for targeted drug delivery systems

Variations in accumulated genetic mutations, which can be further exacerbated by
alterations in the local tumor microenvironment, frequently lead to genomically distinct
subclonal populations within the same tumor or between tumor lesions. This in turn creates a

phenomenon termed tumor heterogeneity, which describes the functional and phenotypic profile
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differences between cancer cells such as cellular morphology, gene expression, metabolism,
motility, proliferation, level of drug resistance, and metastatic potential. Additionally, the highly
variable presence of stromal cell populations such as fibroblasts, immune cells, and endothelial
cells within tumors is critical in shaping the tumor microenvironment.>>> Interactions between
the non-tumor cell populations and tumor cells contribute to different tumor phenotypes, impact
tumor response to various therapies, and influence disease progression.>*>3

Tumor heterogeneity (Figure 2.1) encompasses both (i) intertumoral heterogeneity, which
describes differences between tumors in an individual patient as well as clinical response
differences between patients with the same tumor subtype, and (ii) intratumoral heterogeneity,
which refers to the genetic, epigenetic, and phenotypic features that vary within malignant cell
populations of the same tumor mass.*® Intratumoral heterogeneity is further classified into spatial
heterogeneity, which refers to differences between distinct anatomical regions or individual cells
within a tumor, and temporal heterogeneity, which refers to changes in a tumor’s molecular
profile and receptor expression over time. An example of intratumoral spatial heterogeneity is
the highly discordant HER2 expression observed in different areas within a single biopsy from
HER2-positive metastatic breast cancer patients (Figure 2.3a).°” Temporal heterogeneity can be
observed for relapsed lesions that exhibit a disparate molecular profile, compared to their
original tumor.

In addition to morphological and spatiotemporal variations within the same tumor or
between primary tumors, tumor heterogeneity can also directly result from metastasis. Metastatic
heterogeneity (Figure 2.2) has been observed to include (i) discordant biomarker or receptor
expression between metastases arising from distinct subclonal populations in the primary tumor

(“intermetastatic” heterogeneity) and (ii) heterogeneity within individual metastases
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(“intrametastatic” heterogeneity), which may have a substantial impact on therapeutic
outcome.’32638:39 For example, Gerlinger et al. reported a case of intrametastatic heterogeneity
in which significant changes in the mutational profiles of spatially separated biopsy samples
from primary renal-cell carcinomas and metastases were identified using next-generation
sequencing.®® Additionally, Albino et al. observed intermetastatic heterogeneity in a melanoma
patient whose multiple metastases displayed contrasting morphologies and surface antigen
expression.>® Other studies have also investigated variable estrogen, progesterone, and HER2
receptor expression between primary breast tumors and metastases, with discordance rates that
varied greatly from 18% to 54%.5>61:62 Additional types of heterogeneity include non-genetic
phenotypic and functional heterogeneity®? and tumor microenvironment heterogeneity.32>3
Because tumor cells interact with their environment, tumor microenvironment heterogeneity
exerts a crucial influence on disease progression. For example, the heterogeneous distribution of
stromal cells, extracellular matrix organization, and especially hypoxic regions within the tumor

microenvironment may promote metastasis and development of drug resistance.!
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Figure 2.2. Different types of tumor heterogeneity. Spatial heterogeneity refers to differences
between distinct anatomical regions or individual cells within a tumor, while temporal
heterogeneity illustrates changes in a tumor’s molecular profile over time. Intermetastatic
heterogeneity arises from distinct subclonal populations in the primary tumor, and intrametastatic
heterogeneity reflects the discordant molecular profiles of cells within individual metastases.
Tumor heterogeneity has been reported in a wide range of human tumors such as
breast,’>>7 non-small cell lung,%* ovarian,>>6>-%7 prostate,’>® and lymphoma®® and poses a
significant challenge for diagnosis, prognosis, and efficacy of molecularly-targeted therapies
(Figure 3b).%%7% The presence of heterogeneous cancer cell populations within tumors will likely
limit the efficacy of any therapeutics targeted against any single tumor-associated receptor,
leading to poor/varied outcomes, including cancer recurrence and therapeutic resistance.%>¢ For
example, the heterogeneous expression of programmed death 1 (PD-1) was reported in two
distinct T-cell subxpopulations and differentially impacted survival in patients with follicular
lymphoma.® Similarly, heterogeneous HER2 expression in breast cancer has prompted treatment
stratification in the clinic based on receptor expression.>? Indeed, intratumoral HER2

heterogeneity, both genetic and spatial, affected the trastuzumab treatment responses and

survival of patients with HER2-positive metastatic breast cancer.’’” Only a small fraction of
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trastuzumab-treated patients achieved complete disease eradication, and the majority of patients
developed relapsed tumors that were resistant to trastuzumab therapy due to the proliferation of
HER2-negative breast cancer cells.

In addition to therapy with monoclonal antibodies such as trastuzumab, variable target
receptor expression in heterogeneous tumors also presents a critical bottleneck for actively
targeted drug delivery systems. The common active targeting approach, in which drug-loaded
particles are surface modified with a single ligand group, cannot target and facilitate intracellular
delivery to the full diversity of malignant cells. One potential strategy is the administration of a
cocktail of single-ligand particles. Unfortunately, this would pose considerable challenges and
substantial cost burden in the context of particle formulation and complexity in clinical
evaluation,*’” which has generally limited particles to one or two distinct targeting ligand groups.
More importantly, a single universal targeted nanoparticle cocktail for all patients is unlikely to
succeed due to interpatient heterogeneity; inadequate levels or the complete lack of
corresponding target cells for a significant fraction of the ligand-modified particles could lead to
increased hepatic and splenic biodistribution and, correspondingly, reduced tumor accumulation.
Alternatively, multiple different targeting ligands could be theoretically conjugated onto the
surface of a single nanoparticle. However, as discussed above, increased density of ligands

beyond a particular threshold will likely trigger rapid MPS clearance of the particles.
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Figure 2.3. Tumor heterogeneity observed in the clinic. a) Spatial heterogeneity in HER2
expression between three different areas of an invasive ductal carcinoma biopsy sample. HER2
amplification was confirmed using immunohistochemistry (IHC) and silver in situ hybridization
(SISH). H&E, x200; IHC, x200; SISH, x400. Reprinted with permission from Lee ef al.>’ b)
Progression free survival (top) and overall survival (bottom) of high-grade serous ovarian cancer
patients treated with platinum-based chemotherapy and surgery, stratified by degree of clonal
expansion (CE). CE reflects the accumulation of mutations that promote cell expansion into
varying subclonal populations from the original cell. Higher CE is correlated with divergent
subclonal populations and thus greater tumor heterogeneity. Reprinted with permission from
Schwarz et al %

2.5 Pretargeted radioimmunotherapy (PRIT)

The discovery that human tumor-associated antigens could be used as targets for
antibodies to differentiate tumors from normal tissue helped spawn the field of monoclonal
antibody (MAb)-based immunotherapy of cancer. The multiple applications of cancer
immunotherapy include radioimmunotherapy (RIT) (Figure 2.1b), which uses radioisotope-
conjugated Mabs to treat radiosensitive tumors such as non-Hodgkin’s lymphoma (NHL).”!
Unfortunately, the therapeutic efficacy of RIT is limited by the long circulatory half-life of many
MADbs, as well as high non-specific deposition of the MAbs in normal organs, resulting in low

tumor-specific delivery of radiation and significant toxicity.”?
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To overcome the shortcomings of radioimmunotherapy (RIT), many researchers have
adopted a multistep approach (Figure 1d) to more specifically deliver radionuclides to tumor
cells by first injecting BsPs that contain a tumor cell binding domain and an effector binding
domain. Subsequently, radiolabeled effector molecules are introduced and interact with BsPs
bound on the surface of tumor cells. Such an approach has been termed pretargeted
radioimmunotherapy (PRIT).”*’* Because the BsPs are non-radioactive and the radiolabeled
effector molecules typically consist of modified small molecule metal chelators that can be
rapidly cleared, PRIT can significantly improve the therapeutic index of radioisotope treatment
compared to RIT,”>7576 as well as increase the maximum tolerated dose for radionuclides.’
Pagel et al. demonstrated that anti-CD45 PRIT improved the specificity of radiation delivery to
leukemia in a rodent model, delivering twice as much radiation to bone marrow and five times
more activity to the spleen than conventional RIT.””’8 In vivo PRIT was able to mediate broad
tumor growth suppression and prolonged survival with the use of BsPs against receptors
expressed at different levels on lymphoma cells, with CD20 and HLA-DR proving to be superior
targets compared to CD22.7980 CD38-specific PRIT achieved tumor-to-blood ratios as high as
638:1 after 24 hours for a multiple myeloma model, compared to a ratio of ~1:1 with
conventional RIT.8! Subbiah et al. reported that treating athymic mice bearing Ramos human
Burkitt's lymphoma xenografts with a pretargeted system consisting of anti-CD20 scFv-
conjugated streptavidin (SA) and *°Y-DOTA-biotin cured 100% of mice with allowable toxicity,
whereas conventional RIT with °°Y-1F5 at the same dose produced no cures, generated profound
pancytopenia, and was lethal to all mice.®? Zhang ef al. demonstrated that both *°Y-DOTA-biotin

and 2'3Bi-DOTA-biotin could both be used in combination with anti-CD25 scFv-conjugated SA

19



for PRIT of a murine T-cell lymphoma xenograft model, with the beta-emitter *°Y curing 10 of
10 mice and alpha-emitter >'*Bi curing 7 of 10 mice.®?

These encouraging results with PRIT studies in animal models led to clinical studies of
PRIT, which have yielded promising results with reasonable tumor response rates and limited
toxicity.®* Forero et al. evaluated the pharmacokinetics and immunogenicity of an anti-CD20
scFv-SA conjugate in 15 patients with NHL.3> Although the complete remission rate was low (2
of 15), the majority (12/15) patients exhibited no signs of hematologic toxicity, suggesting that
the dose of radionuclide could be further increased. Another phase I/II PRIT clinical trial was
performed using a chimeric anti-CD20 IgG-SA in combination with °°Y-DOTA-biotin. Six of
seven NHL patients demonstrated significant tumor regression, with an estimated tumor-to-
whole body dose ratio of 38:1. While six of the ten patients developed humoral responses to
streptavidin, the transient nature of the responses appeared to result in no significant long-term
effects.?647 Kraeber-Bodere ef al. evaluated the therapeutic efficacy of PRIT using a bispecific
monoclonal antibody that binds to carcinoembryonic antigen (CEA) and to a !3'I-labeled effector
molecule for PRIT of medullary thyroid cancer. Of the 17 patients treated, 4 reported pain relief,
5 demonstrated minor tumor responses, and 4 achieved biological responses (decrease in
thyrocalcitonin); however, 9 patients also generated human anti-mouse antibodies.3%%°

While PRIT has led the way in preclinical and clinical studies of pretargeting, it is
important to note that the applications for pretargeted strategies extend far beyond radiotherapy.
For example, solid cancers, which will account for more than 90% of all newly diagnosed cancer
cases and deaths in the United States in 2015,°! are significantly more resistant to
radioimmunotherapy compared to hematological malignancies such as NHL. To date, little is

known about whether the pretargeting approach can enhance the delivery of other therapeutic
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agents such as nanoparticle drug carriers that can encapsulate and slowly release chemodrugs to

solid tumors.

2.6 Pretargeted drug delivery to heterogeneous tumors

The growing interest in precision/personalized medicine, coupled with the incomplete
treatment of heterogeneous cancers using common passively or single-ligand targeted therapies
that can give rise to recurrent, more aggressive, and/or drug-resistant tumors,’-*¢ highlights the
need for alternative nanoparticle targeting strategies to improve treatment responses. The
modular nature of pretargeted systems is particularly useful in addressing the challenge of and
many barriers to effective drug delivery to heterogeneous tumors®? because it enables pretargeted
systems to be targeted to new or different tumor antigens by simply modifying the tumor binding
domain of BsPs, as opposed to direct, ligand-based targeting systems that would require the
formulation of a new nanoparticle system. This flexibility is expected to markedly reduce the
production costs and complexity, as well as the potential regulatory burden, for pretargeted
nanoparticles. Another equally appealing feature of pretargeting is the ability to pretarget
multiple receptors simultaneously. The administration of a cocktail of pretargeting BsPs that can
all bind to the same drug carrier could in theory enable the delivery of a drug carrier to the full
spectrum of a patient’s cancer cells (Figure 2.4). Drug cocktails containing mixtures of different
MADbs have already been applied to cancer therapy, with one combination of pertuzumab,
trastuzumab, and docetaxel significantly improving the overall survival of patients with HER2-
positive breast cancer.”> Antibody mixtures have also been used for in vitro and in vivo imaging
and diagnosis of tumors.”>** Additionally, pretargeting with individual or mixed BsPs was able

to differentially label a range of human tumor cell lines in vitro (Figure 2.52).°>¢ To our
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knowledge, no studies have been published on the simultaneous use of multiple pretargeting
BsPs to enhance nanoparticle delivery to date, although Khaw et al. did report the receptor-
dependent efficacy of doxorubicin nanoparticles pretargeted with anti-HER?2 affibody-based
BsPs in a dual tumor model.”” In that study, tumor growth inhibition was achieved for HER2-
positive BT-474 breast cancer tumors, while the HER2-negative BT-20 breast cancer tumors
were simultaneously unresponsive to the treatment, further emphasizing the opportunity for

improved cancer treatment through appropriate targeting of all tumor cell populations.

1) 2)

Extravasation and
binding of NPs

Extravasation and
binding of BsPs

Clearance of Clearance of
unbound BsPs unbound NPs

Figure 2.4. Pretargeted delivery of nanoparticles (NPs) to heterogeneous tumors. 1) A
cocktail of bispecific proteins (BsPs) is administered and allowed to fully clear from systemic
circulation prior to 2) dosing with nanoparticles that can be captured by BsPs on the tumor cell
surface. To enable effective targeting of multiple tumor cell subpopulations using a single
nanoparticle, the tumor antigen-binding domain (Figure 2.1¢e) of the BsPs can be modified to
reflect the full diversity of tumor cells, while the effector (NP)-binding domain remains the same
for all BsPs.
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Figure 2.5. Diagnostic magnetic resonance profiling of human tumor cell lines, fibroblasts,
and leukocytes using a pretargeted approach in vitro. The cells were labeled using various
trans-cyclooctene (TCO)-conjugated antibodies followed by tetrazine-modified magneto-
fluorescent nanoparticles (Tz-MFNPs) prior to the measurement of the transverse relaxation rate
(R2). Figure reprinted with permission from Haun et al.”

2.7 Biological and pharmaceutical aspects and considerations of pretargeted drug delivery
As multicomponent systems, the potential arsenal of pretargeted therapies is sizeable and
highly diverse. Thus, many features (e.g., choice of target receptor/antigen, binding pair
technology, and drug carrier) must be taken into account when developing a pretargeted drug
delivery system to maximize transport of drug cargo to target cells and overall therapeutic
efficacy. Because only a few publications have evaluated the use of pretargeting for nanoparticle
delivery, the majority of the current knowledge about optimal pretargeted conditions have been

gleaned from in vivo PRIT studies, but, due to the overlap of components for multistep targeting
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approaches (Figure 2.1d & e), many of the lessons learned from PRIT likely apply to pretargeted

nanocarriers.

2.7.1Binding pairs

A key consideration of any pretargeted delivery approach is the binding interaction
between the pretargeting BsP and nanoparticle effector, as the affinity of the binding pair directly
influences the capture and retention of the drug carrier at the tumor site. In addition, the
immunogenicity of the BsP and its interactions with endogenous ligands can also alter the
efficacy of pretargeted therapies.”!

The first binding pairs used in pretargeted systems were based on antibody-hapten
interactions. In 1985, Reardan et al. reported the development of antibodies against indium
chelates of EDTA, and suggested the possibility of bispecific antibodies that can simultaneously
recognize target antigens and metal chelates.”>?® Soon afterwards, Goodwin et al. developed an
early pretargeted imaging approach using a murine tumor model through the injection of anti-
chelate antibodies, followed by the administration of a radiolabel.”® Since then, a number of

antibodies against various haptens have been utilized for binding to effector molecules, including

102-104 105

anti-DTPA complex, %191 anti-peptide, anti-methotrexate,'* and anti-cotinine
antibodies.!? In addition to bispecific antibodies,'?"!%197 3 range of antibody fragments and
derivatives have been developed as pretargeting BsPs.”!:196:108 Most antibodies, including those
used to capture radioisotope-carrying effector molecules in PRIT, exhibit nanomolar to high
picomolar affinity (Kp ~107-10"1 M) for the antigen target on the surface of cancer cells.?®105-109

Because PRIT typically uses single radionuclide-loaded agents, the improvement of antibody-

hapten binding through multivalency can significantly enhance the specificity of radioisotope
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localization and retention in tumor sites.!?%19%:19 For example, the application of pretargeted
bivalent haptens, termed the affinity enhancement system (AES), was able to improve the tumor
biodistribution of bivalent !''In-diDTPA by more than 7-fold compared to monovalent '!'In-
DTPA (tumor biodistribution: 52.9% vs. 7.6% ID/g at 1 h and 92.5% vs. 0.9% ID/g at 72 h,
respectively).'1?

As a binding pair with one of the strongest noncovalent binding affinities (Kp ~10-'4-10°
M), the streptavidin (SA)-biotin system was quickly adopted by the pretargeting field.!!!!1?
Additionally, SA is a tetravalent protein and could enable the capture of multiple biotinylated
drug molecules. SA and biotin can be attached to tumor-specific pretargeting proteins and/or
effector molecules through a variety of methods, including direct conjugation,’?!13:!1% genetic

115-117 and enzymatic conjugation.!'® While SA-based PRIT

engineering of fusion proteins,
systems have demonstrated increased tumor specificity and higher therapeutic indices relative to
directly targeted systems®>!'!” and have even been evaluated in clinical trials,>!'411% the
immunogenic nature of SA, a bacterial protein, represents a major challenge to widespread
clinical use of SA-biotin binding pairs.®>%7 The immunogenicity of SA can be reduced through
site-specific mutations,'?%!22 although it remains unclear whether these SA mutants will be
sufficiently hypoimmunogenic to allow for repeated dosing in humans. The problem of

123 which necessitates the use of biotin-free feed for in vivo

interference from endogenous biotin,
studies, could also be potentially addressed by SA mutants that selectively bind bis-biotin instead
of biotin.!?:124 Other proteins that naturally bind to specific substrates (e.g., enzymes) can also

be modified to bind to exogenous molecules for use in pretargeting, although only a few such

systems have been reported in the literature. 23126

25



The majority of published pretargeted and multistep targeting systems utilize antibody-
hapten or protein-ligand interactions, but research in areas such as complementary synthetic
nucleic acids and peptides and bioorthogonal chemistry continues to generate novel classes of
binding pairs. Morpholinos (MORFs) are the most popular class of synthetic nucleic acid analogs
for pretargeting using complementary nucleic acids and have been evaluated preclinically in
combination with tumor-specific pretargeting antibodies and a variety of radionuclides.'?”13! In
addition to relatively low immunogenicity, optimized complementary morpholinos exhibit high
specificity and binding affinity,'3? and the use of bivalent MORFs may further enhance
affinity.'3* Bioorthogonal chemistry comprises reactions that can rapidly occur in a living system
with high selectivity and without any off-target reactions or toxicity. These properties enable
pretargeting using small molecule binding pairs with low immunogenicity, although the relative
merits of different bioorthogonal chemistries vary based on reaction kinetics, complexity of
synthesis, and stability of the resulting conjugate (see refs 71-134135) Rossin et al. demonstrated
the feasibility of using “click” chemistry for pretargeting of radioisotopes in vivo by treating
tumor-bearing mice with an anti-TAG72 antibody (CC49) modified with trans-cyclooctene
(TCO), which then reacted with '''In-tetrazine ('''In-Tz) administered 24 h later.'3® The CC49-
TCO predosed mice exhibited a tumor uptake of 4.2% ID/g and tumor-to-muscle (T/M) ratio of
13.1, compared to tumor uptake and T/M ratios of 0.3% ID/g and 0.5 and 1% ID/g and 2.1 for
unmodified CC49 and control Ab-TCO groups, respectively. Further preclinical studies have
confirmed the utility of TCO-tetrazine and other bioorthogonal chemistries for tumor imaging
and treatment,’!-137-13?

While all of the aforementioned classes of binding pairs have also been used in the

pretargeting of nanoparticles and other potential drug carriers,’>'40-142 the ability of pretargeted
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systems to actually deliver therapeutics to tumor cells has only been evaluated in a few

147 and carbon nanotubes!*® have

studies.”” 437145 Pretargeted poly-lysine polymers,'#® liposomes,
been used to deliver higher doses of encapsulated or conjugated radionuclides to both solid
tumor and hematologic cancer cells, suggesting that the application of nanocarriers could further
improve the efficacy of PRIT. In the context of cancer chemotherapy, pretargeted biotinylated
polymeric nanoparticles loaded with pactilaxel (PTX) increased the in vitro cell killing of glioma
and breast cancer cells, relative to free drug or Taxol and nontargeted nanoparticles.'#*'4* The
injection of an anti-HER2 affibody-anti-DTPA Fab complex (BAAC) 8 h prior to the
administration of *"Tc-DTPA-succinylated polylysine enabled the specific labeling of tumors
(5.3% ID/g vs. 0.5% ID/g for anti-DTPA Fab-pretargeted particles).”” BAAC pretargeting of
doxorubicin- and DTPA-conjugated polyglutamic acid produced tumor growth inhibition results
that were similar to those of free doxorubicin, but pretargeting through the combination of
BAAC and polymer-drug conjugate minimized weight loss in mice relative to the free drug
treatment,®’ underscoring the ability of pretargeting to improve the therapeutic index of
chemotherapeutics in vivo.

Although BsP considerations such as immunogenicity and competition with endogenous
ligands apply to both PRIT and pretargeted nanoparticles, other features and characteristics of
binding pairs required for pretargeted drug delivery systems may differ from those for
pretargeting based on small molecule effectors. Nanoparticles are inherently highly multivalent
due to their large surface area, which allows the grafting of tens to possibly thousands of a given
binding partner moiety. Thus, BsPs with lower affinity to a hapten may still be able to capture
hapten-coated nanoparticles with high avidity compared to individual radiolabeled haptens.

However, as is the case with actively targeted systems, the incorporation of peptides, nucleic
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acids, proteins and other macromolecular components onto drug carrier particles could
negatively impact their circulation kinetics and efficiency of extravasation into tumors. For
highly asymmetric binding pairs that consist of a large protein and a smaller moiety (e.g., SA-
biotin, antibody-hapten), the smaller, the more immunologically inert moiety should be assigned
to the effector nanoparticle, rather than the BsP, to minimize MPS clearance. Steric
considerations may further support the modification of drug carriers with smaller BsP-binding
components. For instance, Haun et al. reported that, in addition to providing a 10- to 15-fold
increase in cell binding relative to directly targeted iron oxide nanoparticles, a pretargeted
antibody-TCO/Tz-NP system demonstrated significantly higher fluorescent labeling of various
tumor cell lines, compared to an antibody-biotin/avidin-NP system.’> The authors attributed this
difference to the large footprint of avidin (~67 kDa) on the particles, which likely resulted in the
reduced accessibility and valency of biotin-binding sites. The use of a PEG spacer for TCO-
antibody modification also improved the pretargeting of quantum dots by reducing masking of

reactive groups.'#

2.7.2 Target antigen(s)

A diverse array of receptors and other antigens overexpressed on tumor cells have been
exploited for active targeting of nanoparticles and for RIT."!*? In contrast, the number of target
cancer antigens/receptors suitable for pretargeted approaches is certainly more limited. The
multistep nature of pretargeting requires that the tumor cell-binding BsP must remain on the
tumor cell surface to capture subsequently injected effector drug carriers. Indeed, the majority of
PRIT studies to date utilize BsPs that target epitopes generally considered to be non-

internalizing, including CD20, CD45, TAG72, and CEA.7>:85115.133,142,145,148 Hawever, Liu et al.
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observed the fairly rapid internalization of radiolabeled anti-TAG72 and anti-CEA antibodies,
with about 60% of the antibodies internalized by LS174T colon carcinoma cells after 5 h.!?
Similarly, although HER2 is thought to be an internalizing epitope, pretargeting using bispecific
antibodies against HER2 mediated enhanced tumor accumulation in vivo.’”-196151 Whether these
apparently counterintuitive results are due to differences in antibody internalization kinetics
between in vitro and in vivo conditions (e.g., differences in receptor density, receptor turnover
rates, and/or endocytosis and cell signaling pathways), dosing of the pretargeting molecules at
sufficiently high levels that compensate for loss due to antigen/BsP internalization, or other
factors remains unknown.

While the pretargeting molecule should initially remain non-internalized, many
therapeutics require intracellular delivery to be effective and/or exhibit maximal potency; thus,
the ideal pretargeted nanoparticle must be internalized only after binding of the drug carrier
(Figure 2.1). Although internalization mediated by a non-internalizing pretargeting molecule
may appear paradoxical, cellular entry could be achieved by relying on the eventual endocytosis
of bound receptors or, more preferably, through multivalent nanoparticle binding effects such as
crosslinking of receptors. Mulvey ef al. observed that anti-A33-MORF conjugates remained
stably on the surface of LS174T cells for up to 24 h, and that the addition of complementary
MORF-modified carbon nanotubes resulted intracellular punctate staining indicative of
internalization (Figure 2.6).'*® In contrast, free complementary MORFs failed to induce
internalization (Figure 2.6). Gunn et al. similarly reported that iron oxide nanoparticles
pretargeted to CD20-expressing cells were found in endosomes, as visualized by transmission
electron microscopy.!*’ These results suggest that BsPs that bind non-internalizing epitopes can

still facilitate pretargeted intracellular delivery of nanocarriers.
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Figure 2.6. Internalization of pretargeted single-walled carbon nanotubes (SWNTs).
LS174T (A33-positive) colon carcinoma cells were preincubated anti-A33 antibodies conjugated
to morpholino oligonucleotide (anti-A33-MORFs) for 4 h prior to washing and further
incubation with complementary MORF (cMORF)-SWNT-AlexaFluor 647 or free cMORF-
AlexaFluor 647. Figure reprinted with permission from Mulvey et al.!*®

2.7.3 Pharmacokinetics and biodistribution

The theoretical improvements in the therapeutic index of drug delivery systems that can
be achieved using pretargeting are based on the decoupling of the tumor targeting vs. drug-
carrying functions. This in turn implies that the efficacy of a given pretargeted system is
dependent on the pharmacokinetics and biodistribution of each component. One of the most
important requirements is that the pretargeting BsPs are maximally cleared from systemic
circulation prior to the administration of the drug carrier, particularly for pretargeted systems
based on high affinity binding pairs such as SA-biotin. Indeed, SA-coated liposomes were
detectable in circulation for at least 24 h after i.v. administration in mice, whereas SA-coated

liposomes premixed with biotinylated anti-Thy1.2 antibodies prior to dosing were rapidly cleared
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within 4 h,'® illustrating the potential problem of circulating BsP binding to effector
nanoparticles before the particles can extravasate into the tumor. Correspondingly, Karacay et al.
found that, while an anti-CEA IgG x anti-DTPA Fab’ conjugate demonstrated superior tumor
labeling relative to F(ab’), x Fab’ and Fab’ x Fab’ constructs, the F(ab’), x Fab’ conjugate
provided better pretargeting of a divalent DTPA peptide due to the high residual blood
concentration of IgG x Fab’ even 6 days after administration.'® In order to simultaneously
optimize tumor distribution and retention along with systemic clearance, a variety of techniques
have been used to modify the size, valency, and composition of pretargeting BsPs, including the
“dock-and-lock” method'3?!33 and fusion protein engineering.?3:113:123

An alternative approach to ensure elimination of residual pretargeting molecules from the
systemic circulation is the use of clearing agents (CAs) prior to the dosing of nanoparticles or
therapeutic effector molecules. These multivalent agents are generally designed to bind tightly to
the pretargeting molecules and are sufficiently large enough to be rapidly cleared from the
systemic circulation without extravasating into tumors. Previously reported CAs include

154 and avidin,'>® as well as biotinylated and galactosylated human serum

secondary antibodies
albumin!>® and dendrimers.”®!"> The use of a CA can effectively purge circulating BsP molecules
(reducing blood concentrations by up to 10-fold) without affecting the tumor accumulation of
pretargeting molecules.!!313%:157 The potential drawback of CA use is the addition of yet another
dose and wait step to the course of therapy. For example, the use of CAs with the sequential
combination of biotinylated antibodies, SA, and finally biotinylated radionuclide resulted in a 5-
step PRIT strategy (biotinylated MAb/avidin CA/streptavidin/biotinylated CA/biotinylated

radiolabeled chelate).' !5 Although the radioimmunotherapy was well-tolerated and effective in

glioma patients, with a median survival of 33.5 months (compared to 8 months for untreated
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control patients) in a nonrandomized phase I/II study, the need for several parenteral injections to
deliver a single dose of radiation or drug not only introduces a high degree of complexity but
also increases the cost of therapy. A simpler 2-step approach is likely far more preferable,
particularly when using antibody-hapten binding pairs. These pretargeted systems appear to
better tolerate the presence of minute amounts of uncleared pretargeting BsP, possibly due to the
lower affinity and the dissociation of BsP-effector complexes formed in the blood. !

The pharmacokinetics of the pretargeted drug carrier must also be taken into
consideration. Because the commonly utilized pretargeting molecules are generally much smaller
than nanoparticle drug carriers, the overall tumor distribution and accumulation of pretargeted
systems is therefore limited by the circulation and extravasation kinetics of the drug carrier. To
minimize premature elimination from the circulation and maximize tumor accumulation, drug
carriers should be effectively coated with stealth polymers, whereas the use of bulky, charged,
and/or hydrophobic moieties to facilitate particle binding to the pretargeting molecule should be
avoided if possible. As noted in the previous section, this latter requirement may affect the
choice of binding pair technology for pretargeted nanoparticle systems, as well as the assignment
of binding pair components to the BsP and effector particle. For example, if using a SA-biotin
binding system, the nanoparticle should be biotinylated, with the SA component in the

pretargeting molecule, rather than vice versa.

2.8 Challenges and unknowns
The combination of a bispecific pretargeting cocktail with nanoparticle drug carriers is a

promising but vastly underexplored approach to targeting nanoparticles to heterogeneous tumors.
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Thus, many aspects of this proposed strategy must be rigorously evaluated to confirm its
suitability for clinical applications.

One of the major challenges is that a greater dose of pretargeting BsP could potentially
reduce nanoparticle binding and accumulation to tumor cells. Because tumor receptor expression
varies both spatially and temporally, and receptor testing is typically performed on primary
tumor biopsies obtained close to the time of diagnosis, “personalized” pretargeting cocktails
based on those patient biopsy results is unlikely to capture the full heterogeneity of cancer cells
in a patient over time, particularly for relapsed and/or highly metastatic tumors.® Thus, truly
personalized pretargeted therapy would greatly benefit from improvements in noninvasive
molecular profiling of cancers.’®!®! As an alternative to the fine-tuning of individual pretargeting
cocktails, the properties of BsPs could be optimized to allow rapid elimination of non-binding
BsPs from the circulation. The mechanism, rate, and extent of pretargeting BsP clearance with
and without the use of clearing agents must be carefully investigated, particularly since Pagel
and colleagues observed that the administration of high doses of MAb-SA conjugates specific to
receptors poorly expressed on certain lymphoma tumors overloaded the capacity of mice to
hepatically clear MAb-SA/CA complexes, resulting in low tumor-to-normal organ
biodistribution ratios and toxicity.”®!®? The increased doses of total protein required for a
cocktail pretargeting approach may also affect the immunogenicity of the pretargeting BsPs
used.

Additionally, the limited number of appropriate target receptor/antibody combinations
that have been evaluated for pretargeting to date may hinder the development of useful
pretargeting cocktails. The main driving forces behind the discovery of novel tumor-specific

receptors and their corresponding ligands/antibodies are diagnostic biomarkers, imaging
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applications and targeted drug and MAD therapy. Unfortunately, few of these studies focus on
non-internalizing antibodies, a critical requirement of pretargeting. However, the use of
(pre)clinically validated ligands and therapeutic MAbs could lead to fortuitous combinations for
pretargeting. For example, anti-CD20 MAbs can induce apoptosis clinically,'®* and anti-CD20
Fab’ fragments linked to MORFs have been found to also induce apoptosis of B-cell lymphomas
in vitro and inhibit development of diffuse tumors in vivo upon crosslinking by cMORF-
modified polymers.'#! The use of antibodies with inherent therapeutic efficacy for pretargeting of
drug carriers could allow for synergistic treatment effects. Improvements in the generation of
diverse bispecific proteins and antibodies will also certainly expand the diversity of available
pretargeting molecules,!52%153:164

Other concerns regarding the application of pretargeted drug delivery systems include the
clinical feasibility of multistep parenteral injections and the poor tumor accumulation of many
drug carriers in patient tumors. Similar to passively and actively targeted nanoparticles, the
tumor accumulation of pretargeted drug carriers would still rely on the EPR effect,'*> which has

been found to be highly variable.*¢

2.9 Conclusion

Despite marked advances in biotechnology, nanotechnology and drug delivery, effective
therapy for cancer remains exceedingly challenging, with few treatment options that can provide
durable suppression or elimination of the tumor without resulting in eventual recurrence and/or
the development of drug-resistant tumors. Emerging insights into tumor physiology have
underscored tumor heterogeneity as one of the key bottlenecks to targeted therapy. The concept

of pretargeting using a cocktail of bispecific pretargeting proteins combines the strengths of
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precision medicine and personalized medicine by offering the potential to deliver nanoparticle
therapeutics to diverse cell populations while avoiding the pharmacokinetic pitfalls typically
associated with actively targeted nanoparticles. Although the radioimmunotherapy field has
offered substantial evidence supporting the pretargeting strategy, its application for enhancing
targeted delivery of nanoparticle therapeutics remains underexplored to date. We believe further
rigorous evaluation of pretargeted NP systems is both warranted and needed to confirm whether

pretargeting can indeed prove superior to current passive and active targeting approaches.
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CHAPTER 3: EFFECT OF MULTIVALENT INTERACTIONS BETWEEN FUSION
PROTEINS AND CELL RECEPTORS ON NANOPARTICLE INTERNALIZATION?

3.1 Introduction

The primary goal of targeted drug delivery is to maximize the dose of therapeutic
molecules in target tissues while minimizing exposure and toxicity in non-target tissues. A
commonly exploited strategy, often referred to as “active targeting,” involves conjugating
ligands onto the surface of nanoparticle drug carriers. The expectation is that these nanocarriers
can circulate in the bloodstream for sufficient duration such that they can extravasate, encounter,
and bind to specific receptors on the surface of target cells.!> Unfortunately, actively targeted
nanoparticles often possess relatively poor circulation kinetics as a result of rapid clearance by
the mononuclear phagocytic system (MPS), presumably because the presence of ligands on the
particle surface compromises the otherwise stealth characteristics of polymeric coatings on these
nanoparticles.!*= This in turn limits the fraction of nanoparticles that can reach and extravasate
at target cells/tissues.! Inadequate nanoparticle targeting is further exacerbated by the fact that
many diseases are comprised of heterogeneous populations of cells that cannot be effectively
targeted by a single ligand.* These potential shortcomings of active targeting have led many
investigators to explore alternative strategies to deliver nanoparticles to target cells/tissues,

including ultrasound,® magnetic or electric fields,”” and cell-based delivery systems.!'%!!

2This chapter previously appeared as an article in Acta Biomaterialia. The original citation is as follows: Parker CL,
Yang Q, Yang B, McCallen JD, Park SI, Lai SK. “Multivalent interactions between streptavidin-based pretargeting
fusion proteins and cell receptors impede efficient internalization of biotinylated nanoparticles.” Acta Biomaterialia
2017, 63, 181-189.
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A well-established strategy for enhancing delivery of effector molecules to target cells is
“pretargeting,” a multi-step approach that takes advantage of molecules that bind both cellular
epitopes and effector molecules. Specifically, bispecific antibody or fusion protein (BFP)
molecules (henceforth abbreviated BFP) are first administered, with the expectation that they can
circulate, extravasate, and accumulate on the surface of target cells, or otherwise be quickly
eliminated from systemic circulation. The effector molecules are subsequently administered and
captured by cell-bound BFP. This approach has been extensively studied for the treatment of
hematological malignancies in pretargeted radioimmunotherapy (PRIT).!'? Multiple preclinical
studies have shown that PRIT can lead to greater tumor-to-background ratios and reduced
radioactivity in healthy organs compared to radiolabeled monoclonal antibodies used in
conventional radioimmunotherapy, thereby improving imaging contrast and tumor
suppression.'?~'* Additionally, several studies have reported promising results for pretargeting in
diagnostic applications like PET!>"'® and optical imaging.'®** Despite substantial promise of
PRIT for treatment of different hematological malignancies, pretargeting remains largely
underexplored for use in improving targeting of nanoparticles.

An implicit requirement for effective pretargeting is that the BFP must remain on the cell
surface until nanoparticles can extravasate from the circulation and reach target cells. This
implies that the ideal BFP should bind cellular epitopes that are either non-internalizing, or at
minimum very slowly internalizing. A natural and obvious concern with pretargeting is whether
BFP bound to non-internalizing or slowly internalizing cellular epitopes can facilitate
intracellular delivery of nanoparticles. This is particularly important because the cellular fate of
nanoparticles can directly impact the type of therapeutics that can be effectively delivered via

pretargeting. To investigate this question, we sought to evaluate whether BFP based on anti-

50



tumor-associated glycoprotein (TAG)-72 single chain variable fragments (scFvs) conjugated to
streptavidin (SA) can facilitate intracellular delivery of biotin-functionalized polymeric
nanoparticles to a T-cell leukemia cell line. TAG-72, which is highly overexpressed in several
cancers including T-cell leukemia,?'?? exhibits limited internalization and shedding,>* making it

an ideal cellular target for the pretargeted approach.

3.2 Materials and Methods

3.2.1 Cell lines and bispecific fusion proteins

Jurkat T-acute lymphoblastic leukemia cell line was obtained from the University of
North Carolina at Chapel Hill Tissue Culture Facility, and cultured in RPMI 1640 medium
(Gibco by Thermo Fisher, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin streptomycin (Gibco) at 37°C and 5%
CO». BFP comprised of streptavidin (SA) linked to four scFvs against either CD20 (aCD20-SA)
or TAG-72 («TAG-72-SA) were kind gifts received from Oliver W. Press’ group at Fred

Hutchinson Cancer Research Cancer (Seattle, WA).?*

3.2.2 Nanoparticle synthesis and characterization

Carboxylate-modified green fluorescent polystyrene (PS) beads with mean diameter of
100 nm were purchased from Thermo Fisher Scientific (Grand Island, NY, USA). Methoxy
polyethylene glycol (PEG) amine (mPEG-NH2, MW 3000 g/mol) and biotin PEG amine (biotin-
PEG-NH»>, MW 3244 g/mol) were purchased from JenKem Technology (Beijing, China) and
Rapp Polymere (Tuebingen, Germany), respectively. mPEG-NH2 and biotin-PEG-NH2 were

conjugated to PS particles at varying molar ratios (0-100% biotin) using EDC coupling to
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produce PS-PEG-biotin beads, as previously described.? To indirectly quantify PEG density, the
number of residual COOH groups remaining after PEG conjugation was measured using
fluorogenic 1-pyrenyldiazomethane, as previously described.?> Hydrodynamic size and zeta
potential of synthesized particles were determined by dynamic light scattering and laser Doppler
anemometry, respectively, using a Zetasizer Nano (Malvern, U.K.). Nanoparticle size
distribution and concentration were also determined by Nanoparticle Tracking Analysis
technology using Malvern NanoSight NS500. For Nanosight characterization, each nanoparticle

sample was diluted 1:200,000 in filtered PBS and run in 5 replicates.

3.2.3 Nanoparticles uptake measured by flow cytometry

Jurkat (TAG-72") cells were seeded in 96-well plates at a density of 100,000 cells/well,
and treated with no FP, 500 nM control aCD20-SA BFP or 500 nM cell-specific aTAG-72-SA
BFP for 4 hr at 37°C. After washing the cells three times with cold PBS to eliminate unbound
BFP, cells were incubated with fluorescent PS-particles at a ratio of 10* beads/cell for 12 hr at
37°C or 4°C. Next, cells were washed twice with a cold acid buffer (0.2 M glycine, 0.15 M
NaCl, pH 3.0) to further remove surface bound nanoparticles followed by three cold PBS
washes. Samples were kept on ice until bead uptake was quantified by flow cytometry analysis
(BD FACS Canto). 10,000 cells were counted per sample and the mean fluorescence intensity

was measured for each sample.

3.2.4 Nanoparticle uptake measured by imaging flow cytometry
One million Jurkat cells per well were treated with 500 nM aTAG-72-SA BFP for 4 hr at

37°C. After removing unbound BFP by washing cells thrice with ice cold PBS, PS-PEG-biotin
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(PS-PEGb) 100% nanoparticles (10° beads/cell) incubated with cells for 12 hr at either 37°C or
4°C. Three cold acid washes followed by three cold PBS washes were performed to remove
unbound and surface associated nanoparticles (NP). We added 2 ug/ml Hoechst 33342 to live
cells for nuclear staining, and resuspended cells in a final volume of 50-70 pl PBS prior to
transferring to siliconized tubes. Samples were kept on ice until nanoparticle internalization was
evaluated by Amnis ImageStream Flow Cytometer where 10,000 cells per sample were imaged.
Amnis IDEAS software (v6.1) was used to quantify the average number of punctate fluorescent

spots, corresponding to green NP, per cell.

3.2.5 Labeled BFP internalization kinetics

We fluorescently labeled 500 nM aTAG-72-SA BFP with 10 ug of fluorescent biotin
(Atto488-biotin, Sigma-Aldrich) by mixing and rotating at room temperature in the dark for at
least 1 hr, followed by filtration through Amicon filters (MWCO 30 kDa) to remove
unconjugated Atto488-biotin from the final product. To assess the internalization kinetics of
BFP, cells were incubated with fluorescently labeled BFP at various time points and later washed
three times with cold PBS to eliminate unbound BFP. Cells were stained with 2 pg/ml of
Hoechst 33342 and 1X Cell Mask Deep Red plasma membrane dye at 37°C prior to confocal

imaging.

3.2.6 Confocal imaging of nanoparticles in cells
Live cell confocal microscopy was performed to measure the colocalization of
pretargeted PS-PEGb nanoparticles in Jurkat cells to different intracellular markers, including

early and late endosomes, lysosomes, and acidic vesicles. Early endosomes, late endosomes, and
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lysosomes were stained with CellLight Rab5a-RFP, Rab7a-RFP, and Lamp1-RFP, BacMam 2.0
(Life Technology), respectively. Briefly, we seeded 80,000 Jurkat cells per well in a 96-well
plate and treated cells with 24 ul CellLight-RFP reagents (40 particles per cell) overnight at 37°C
to label intracellular markers, and then incubated with 75 ul of 1X BacMam enhancer 2.0
working solution for 2 hr at 37°C to boost expression of markers in Jurkat cells. BacMam
enhancer working solution was removed and replaced with fresh media. After a 4-6 hr wait at
37°C, we incubated cells with 500 nM oTAG-72-SA BFP for 4 hr at 37°C. Then, unbound BFP
were removed by PBS washes and cells were incubated with green fluorescent PS-PEGb 100%
nanoparticles (10* beads/cell) for 12 hr at 37°C. Unbound NP were removed with cold PBS
washes, and nuclei were subsequently labeled with 2 ug/ml Hoechst 33342 for 30 min at 37°C.
We removed excess dye with two cold PBS washes and resuspended cells in OptiMEM. Cells
were transferred to 8-chambered coverglass dishes (Nunc Lab-Tek), which were previously
coated in poly-1-lysine and exposed to UV light overnight for sterilization, then imaged on
Olympus FluoView FV 1200 laser scanning confocal microscope. To label acidic vesicles, such
as lysosomes, we stained cells with 500 nM LysoTracker red (Life Technology) for 30 min at
37°C and removed excess dye prior to confocal imaging. After BFP and NP incubations, we
labeled cells with 1X CellMask Deep Red plasma membrane stain (Life Technology) at 37°C to
evaluate particle uptake relative to the plasma membrane. Cells treated with unmodified
carboxylate beads (PS-COOH) were included as a control for non-specific particle
internalization. Note, some cells may appear slightly oblong due to association of Jurkat cells (a

suspension cell) to coverglass coated with poly-1-lysine necessary for imaging purposes.
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3.2.7 Statistical methods

All data are presented as mean + SD. All graphs and statistical tests were performed
using Graph Pad 7 software. For flow cytometry data, group comparisons were analyzed using
two-way ANOVA and post hoc Tukey’s test. A student’s t-test was performed on ImageStream

spot count data. A p-value <0.05 was considered to indicate statistical significance.

3.3 Results

3.3.1 Pretargeted 100 nm nanoparticles associate tightly with cells but are poorly internalized
To investigate whether pretargeting can facilitate intracellular delivery of nanoparticles,

we first incubated Jurkat (T-leukemia) cells with BFP based on streptavidin linked to 4 scFvs

that bind TAG-72, followed by 100 nm polystyrene nanoparticles densely coated with biotin-

polyethylene glycol (PS-PEGb) (Table 1).

Average q
Sample Size (nm) Diameter ¢ (mV)b P]ig/:::zl)s: ty ‘:?E:;):HI;E:;‘:
(nm)?
PS-COOH 100 151 +4 -69 0 0
PS-PEG-biotin 100% 100 176 + 4 3 2.7 84,000
PS-PEG-biotin 50% 100 155+2 -2 1.4 31,000
PS-PEG-biotin 20% 100 155+ 6 -1 1.7 11,000

aMeasured by Nanosight NS500
b Measured by electrophoretic light scattering (ZetaSizer)
¢ Calculated from fluorogenic PEG quantification assay (PDAM assay) [25]

Table 3.1.Nanoparticle characterization.

By flow cytometry, we observed markedly greater association of PS-PEGDb fluorescence in
Jurkat cells pretargeted with a TAG-72-SA than a control BFP that binds CD20, a common
receptor on B-cells (aCD20-SA), confirming the specificity of the fusion protein to its cellular

target (Figures 3.1A, B). We next compared nanoparticle association to cells at 37°C versus 4°C,
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a temperature that generally blocks energy-dependent internalization mechanisms?%—2; surface-

bound nanoparticles were removed with pH 3.0 acid washes prior to flow cytometry.’® When
pretargeting cells with aTAG-72-SA BFP, we observed much greater level of mean fluorescence
intensity of PS-PEGD incubated at 37°C than at 4°C (Figure 3.1B; p<0.0001), which is consistent
with the notion that BFP can specifically facilitate nanoparticle internalization into Jurkat cells
(Figure 3.2). Acid washes did not substantially reduce cell-associated fluorescence of PS-PEGb
pretargeted with aTAG-72-SA at 37°C, seemingly implying that the fluorescent particles were
not readily exposed on the cell surface (Fig 3.1B).

We next sought to validate that 100 nm PS-PEGb were internalizing into cells by directly
visualizing the distribution of fluorescent particles in individual cells using Amnis ImageStream
Flow Cytometer. Similar to flow cytometry studies, we found far greater cell-associated
fluorescence when pretargeted nanoparticles were incubated with cells at 37°C than 4°C (Figure
3.1D). Surprisingly, rather than finding nanoparticle fluorescence localized within cells, images
from ImageStream showed that the vast majority of nanoparticles were preferentially
accumulated on the cell periphery (Figure 3.1C). The images suggest that pretargeted
nanoparticles either remained on the surface of the cells, or were retained at or near the cell

membrane, unable to be removed with repeated acid washes.
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Figure 3.1. Pretargeted delivery of biotinylated, fluorescent nanoparticles (PS-PEG-biotin)
to Jurkat cells. (A) Distribution of fluorescence in Jurkat cells upon incubation with different
streptavidin-based bispecific proteins followed by 100 nm biotinylated, fluorescent PEG-coated
polystyrene nanoparticles (PS-PEGb) measured by flow cytometry. (B) Mean fluorescence
intensity (MFI) of fluorescent PS-PEGb nanoparticles at 37°C vs. 4°C. Each uptake study
condition represents 2 experiments in triplicate wells, and 10,000 cells counted per each well.
Statistical significance difference (p<0.0001) between pretargeting NP with cell-specific (aTAG-
72-SA) and control (aCD20-SA) pretargeting protein both at 37°C with pH 3.0 acid wash is
indicated by asterisks. Statistical significance difference (p<0.0001) between the amount of cell-
associated fluorescence for PS-PEGb nanoparticles guided by aTAG-72-SA FP at 37°C with pH
3.0 acid wash and 4°C with pH 3.0 acid wash is indicated by asterisks. (C) Representative Amnis
ImageStream Flow Cytometer images of Jurkat cells pretreated with « TAG-72-SA FP for 4 hr at
37°C followed by incubation of PS-PEGb nanoparticles for 12 hr at either 37°C or 4°C. In each
panel, left column shows bright field images of the cells, second column shows images of
fluorescent PS-PEGDb nanoparticles, and the third column shows nuclei staining with Hoechst.
(D) Mean number of punctate nanoparticle fluorescent spots per cell measured by Amnis IDEAS
software. Each temperature conditions represents N = 5 independent samples with 10,000 cells
imaged per sample. Statistical significance difference (p<0.0001) between mean particle spots at
37°C and 4°C is indicated by asterisks.
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Figure 3.2. Fraction of nanoparticles associated with cells above background in the
presence of acid wash. This was calculated using the following equation:

Fraction of cell — associated nanoparticles (%)

37°C acid wash — 4°C acid wash37°C
= 37°C x 100

Each uptake study condition represents 2 experiments in triplicate wells, and 10,000 cells
counted per well. Statistical significance difference (p<0.0001) between pretargeting NP with
cell-specific (aTAG-72-SA) and control (aCD20-SA) pretargeting protein is indicated by
asterisks. Statistical significance difference (p<0.0001) between biotinylated nanoparticles and
pretargeted NP with cell-specific (aTAG-72-SA) pretargeting protein is also indicated by
asterisks. In general, the flow cytometry results agree well with the confocal images, with the
lone exception that this new analysis failed to reveal limited internalization of the pretargeted
100 nm biotinylated beads.

To more carefully investigate the distribution of nanoparticles within cells, we next
performed live-cell confocal microscopy. Consistent with the ImageStream data, confocal
images showed that pretargeted 100 nm nanoparticles were largely found in the periphery of the
cells, with only a very modest fraction found inside cells (Figure 3.3). Not surprisingly, most
pretargeted 100 nm nanoparticles exhibited little colocalization with the nuclear stain or

intracellular markers specific for the endo-lysosomal pathway, including Rab5a (early

endosomes), Rab7a (late endosomes), Lamp1 (lysosomes) and Lysotracker (acidic vesicles)
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(Figure 3.3), suggesting that the pretargeted particles did not enter into the endolysosomal
trafficking pathway. To investigate whether the nanoparticles were inside cells or retained within
the plasma membrane, we further performed colocalization studies using CellMask Deep Red
plasma membrane stain, and observed a high degree of colocalization. Altogether, these results
indicate that although a small fraction of pretargeted 100 nm nanoparticles were capable of
undergoing endocytosis, the vast majority of nanoparticles were retained at or near the cell
surface (Figure 3.4A); partitioned in the cell membrane in a manner that prevented the

nanoparticles from dissociating from the cells despite repeated acid washes.

3.3.2 Investigating why pretargeting of 100 nm nanoparticles results in poor internalization

We first sought to confirm that the nanoparticles were not too large to be internalized into
Jurkat cells by incubating the cells with comparably sized PS-COOH nanoparticles. Similar to
prior studies with other cell lines, we found 100 nm PS-COOH nanoparticles readily internalized
into Jurkat cells, suggesting that the nanoparticle size and its mechanical properties (rigidity)

were not directly responsible for the poor internalization of our pretargeted nanoparticles (Figure

3.4B).
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Figure 3.3. Confocal imaging of 100 nm PS-PEGb nanoparticles (green) in Jurkat cells
treated with different intracellular markers (red), including early endosomes (Rab5a-RFP),
late endosomes (Rab7a-RFP), lysosomes (Lamp1-RFP) and acidic vesicles (LysoTracker).
Jurkat cells were first treated with aTAG-72-SA FP for 4 hr at 37°C followed by incubation of
PS-PEGDb nanoparticles for 12 hr at 37°C. Colocalization between nanoparticles and intracellular
vesicle markers would appear as yellow and is denoted by a white arrow. Note, some cells may
appear slightly oblong due to association of Jurkat cells (a suspension cell) to coverglass coated
with poly-1-lysine necessary for imaging purposes. Scale bar, 20 um.
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Figure 3.4. Confocal imaging of green fluorescent nanoparticles. (A) PS-PEGDb nanoparticles
pretargeted with aTAG-72-SA FP for 4 hr at 37°C followed by incubation of PS-PEGb
nanoparticles for 12 hr at 37°C, (B) comparably sized carboxyl-modified latex nanoparticles
incubated under identical 12 hr 37°C conditions, and (C) aTAG-72-SA FP incubated for 4 hr at
37°C followed by washing and incubation at 37°C for 12 hr. (A-C) Scale bar, 10 um. (D)
Labeled FP internalization kinetics. Representative confocal images showing that aTAG-72-SA
FP prelabeled with Atto488-biotin was internalized by Jurkat cells at shorter incubation times of
1, 2, and 4 hr at 37°C. The plasma membrane was labelled red and cell nuclei in blue for all
conditions. Note, some cells may appear slightly oblong due to association of Jurkat cells (a
suspension cell) to coverglass coated with poly-1-lysine necessary for imaging purposes. Scale
bar, 20 um.

It is possible that the inefficient internalization observed with pretargeting is simply due
to BFP binding to a non-internalizing cellular epitope. To investigate this possibility, we
prelabeled aTAG-72-SA BFP with fluorescent biotin for at least 1 hour, removed unbound biotin
by filtration, and measured the internalization of the BFP-fluorescent biotin complexes in Jurkat
cells. The fluorescently labeled BFP were found inside cells after 12 hours ( Figure 3.4C) similar
to 100 nm PS-COOH (Figure 3.4B) nanoparticles, in stark contrast to pretargeted 100 nm

nanoparticles (Figure 3.4A). We also evaluated the internalization kinetics of fluorescent BFP at

shorter time intervals (1, 2, and 4 h), and observed BFP internalization at all 3 intervals (Figure
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3.4D). These results are consistent with in vitro kinetic studies showing that approximately 60%
of radiolabeled anti-mesothelin scFvs-SA BFP internalized into human epidermoid cancer A431
cells within 6 h,*' and indicate that d TAG-72-SA BFP could be internalized and thus capable of

facilitating intracellular delivery.
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Figure 3.5. Assessment of biotin density on the surface of 100 nm polystyrene beads.
Control PS-COOH and PS-PEG beads with various biotin densities were blotted onto
nitrocellulose membrane. Surface biotin was detected with streptavidin-HRP (dilution 1:8,000).
(A) From this dot blot image, an intensity plot was generated in ImagelJ to compare the
chemiluminescence signal of each nanoparticle sample. (B) Biotin density for each sample was
compared relative to 100 nm PEG-biotin 100%. Unmodified beads (100 nm COOH) showed the
lowest biotin density. As expected, relative biotin density decreased with the decreasing amount
of PEG-biotin conjugated onto polystyrene beads.

Multivalent binding between BFP and nanoparticles can lead to an aggregation of BFP
and nanoparticles on the cell surface such that the multimeric complexes cannot be readily
endocytosed.>?3* To investigate whether such multivalent binding is responsible for limited PS-
PEGDb internalization, we tested 100 nm PS-PEG particles with varying surface biotin densities
(Figure 3.5) in Jurkat cells pretargeted with aTAG-72-SA BFP. Confocal microscopy and flow
cytometry (flow data not shown) showed substantially reduced cell-associated fluorescence as
the biotin density on PS-PEG-biotin nanoparticles decreased, without appreciable increase in the
fraction of nanoparticle internalization (Figure 3.6A). In other words, we were not able to

adequately eliminate potential polyvalent binding simply by reducing biotin density on beads
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without compromising particle binding to BFP-bound cells altogether. Another approach to
potentially reduce the formation of multiple beads/multiple aTAG-72-SA BFP complex is to
reduce the concentration of nanoparticles, which should slow the rates of nanoparticle binding to
BFP on the cell surface and consequently reduce the formation of complexes with multiple beads
linked by the same BFP. However, similar to reducing the surface biotin density on PS-PEGb
beads, reducing the bead to cell ratio from 10*:1 to 10%:1 did not increase the fraction of beads
internalized, and instead again directly reduced particles associated to Jurkat cells (Figure 3.6B).
Next, we evaluated reducing the multivalency on the aTAG-72-SA BFP by first incubating with
slight molar excess of biotin to achieve 1-2 free biotin binding sites per SA-based FP, before
incubating with cells and then 100 nm PS-PEGb nanoparticles. Unfortunately, the partially
“blocked” BFP again greatly reduced PS-PEGD association to Jurkat cells without improving the
fraction of nanoparticles that are internalized (Figure 3.6C).

The observations up to this point are consistent with the hypothesis that any
nanoparticle-BFP complexes on the cell surface are more likely comprised of multiple BFP
linked to the same particle, rather than multiple particles linked to the same BFP. We thus
decided to attempt reducing the density of BFP on the cell surface by introducing a mixture of
aTAG-72-SA BFP and aTAG-72 IgG; at different ratios to cells (Figure 3.6D). Much to our
surprise, we observed a two-fold increase in the fraction of internalized nanoparticles into Jurkat
cells treated with BFP:1gG mixture than cells treated with aTAG-72-SA BFP alone (Figure 3.7,
p<0.0001). Our observations suggest there is likely an optimal surface density of TAG-72-
targeted BFP that will facilitate effective intracellular delivery of pretargeted nanoparticles.

Above this surface density, the same 100 nm PS-PEGD particle can likely bind to multiple BFP
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simultaneously, which may make it more difficult for invaginations on the cell surface to pinch

off and form vesicles for subsequent internalization into cells.

Biotin Density

aTAG-72-SAFP + aTAG-72-SAFP + oTAG-72-SAFP + oTAG-72-SAFP + aTAG-72-SAFP + oTAG-72-SAFP+ aTAG-72-SAFP +
100 nm COOH  PS-PEG-biotin 100% PS-PEG-biotin 50% PS-PEG-biotin 20% PS-PEG-biotin 15% PS-PEG-biotin 10% PS-PEG-biotin 5% PS-PEG-biotin 1%

B - Bead Concentration C Free Biotin to Block FP
oTAG-72-SAFP + oTAG-72-SAFP + aTAG-72-SAFP + aTAG-72-SAFP + Partially blocked FP + Partially blocked FP +
PS-PEG-biotin100% PS-PEG-biotin100% PS-PEG-biotin100% PS-PEG-biotin100% PS-PEG-biotin100% PS-PEG-biotin100%

(104 beads/cell) (10% beads/cell) (102 beads/cell) (104 beads/cell) (104 beads/cell) (103 beads/cell)

D aTAG-72 IgG, : aTAG-72-SAFP

GTAG-72-SAFP+  1:11gG,:FP + 4:119G,:FP + 10:119G,:FP +
100 nm COOH  PS-PEG-biotin100% PS-PEG-biotin100% PS-PEG-biotin100% PS-PEG-biotin100% PS-PEG-biotin100%

Figure 3.6. Various strategies to increase internalization of pretargeted 100 nm PS-PEGb
beads. (A) Representative images of Jurkat cells incubated with pretargeted 100 nm PS-PEGb
beads with decreasing biotin density. Scale bar, 20 um. (B) Representative images showing that
decreasing bead concentration of pretargeted 100 nm PS-PEGD beads did not improve
internalization. Scale bar, 20 um. (C) Internalization of pretargeted 100 nm PS-PEGb beads was
not improved by partially blocking biotin binding sites on a TAG-72-SA FP. Scale bar, 20 um.
(D) aTAG-72-SA BFP was premixed with aTAG-72 IgG; at different molar ratios before
incubating with cells then PS-PEGb NPs. For all images, nanoparticles are green, plasma
membrane label is red, and Hoechst-labeled nuclei are blue. Note, some cells may appear slightly
oblong due to association of Jurkat cells (a suspension cell) to coverglass coated with poly-1-
lysine necessary for imaging purposes. Scale bar, 20 pum.
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Figure 3.7. Reduction in multivalent interactions yields increased nanoparticle
internalization. (A) Schematic illustrating efficient internalization of pretargeted nanoparticles
as the density of available receptors is reduced, likely due to a reduction in the number of BFP
crosslinked by nanoparticles in the presence of a monoclonal antibody. (B) Quantitative analysis
of confocal images where aTAG-72-SA FP was premixed with aTAG-72 1gG at different molar
ratios before incubating with cells then PS-PEGb NPs (Figure 4D). A two-fold increase in the
fraction of internalized nanoparticles was observed as the density of cell-bound fusion proteins
was reduced. Statistical significance difference (p<0.0001) for treatment groups vs PS-PEGb
beads pretargeted with aTAG-72-SA FP alone as indicated by hash sign (#). * indicates p<0.05
vs aTAG-72-SA FP + PS-PEGDb. ** indicates p<0.01 for biotin beads pretargeted with 1:1
IgG1:FP vs 10:1 IgGi:FP. Data represents n=4 experiments with 20-50 cells analyzed per
condition by ImagelJ software.

3.4 Discussion

The efficiency of intracellular delivery plays a crucial role in the efficacy of specific
classes of therapeutics. For example, gene therapy, gene silencing, and gene editing all require
intracellular delivery of genetic materials. Since pretargeting requires the BFP molecule to be
present on the cell surface when the effector molecules are introduced, an obvious question with
pretargeted nanoparticle delivery is whether BFP that target non-internalizing or slowly
internalizing epitopes on cells can still facilitate intracellular delivery of subsequently dosed
nanoparticles. Here, by performing a series of careful confocal microscopy, we showed that
pretargeting indeed could result in poor nanoparticle internalization, likely due to the formation

of BFP-nanoparticle complexes with multiple BFP bound to the same nanoparticle on the cell
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surface. More importantly, we found that the limited internalization can be overcome by
carefully tuning the interactions between BFP and the nanoparticles. Specifically, by decreasing
the density of BFP on the cell surface by reducing the number of available TAG-72 epitopes that
BFP can bind to, we can markedly increase the fraction of nanoparticles internalized into target
cells. Our work not only underscores the importance of carefully tuning nanoparticle-BFP
interactions for pretargeted drug delivery, but also that intracellular delivery can be achieved
with pretargeting.

Several groups have reported varying degrees of intracellular delivery with pretargeted
nanoparticle systems. For example, Gunn et a/ observed the presence of pretargeted iron oxide
nanoparticles in endosomes of CD20" Ramos cells by transmission electron microscopy.??
However, that appears to be a relatively rare event, since confocal micrographs in the same paper
showed that the majority of pretargeted nanoparticles were preferentially accumulated in the cell
periphery. Mulvey et al reported that antibodies functionalized with morpholinos were stable on
the surface of LS174T cells for up to 24 h.>3 The addition of single-walled nanotubes (SWNT)
modified with complementary oligonucleotides (average length 250 nm by DLS and TEM,
diameter ~1.2 nm) resulted in clustering of antibody-SWNT complexes along the cell periphery
and limited internalization, in good agreement with our observations here. In contrast,
Hapuarachcige et al*° reported internalization of paclitaxel-loaded albumin carriers pretargeted
using Trastuzumab that bind particles via bioorthorgonal chemistry. An earlier study from the
same group also reported that crosslinking HER2-bound biotinylated trastuzumab via
streptavidin accelerated endocytosis of otherwise poorly internalized trastuzumab.?” These
results highlight important potential differences in the internalization of different slowly

internalizing or non-internalizing epitopes. Unlike with actively targeted nanoparticles where

66



greater receptor density of the surface of target cells is preferred, our work suggests there is
likely an optimal receptor density that maximizes cellular internalization of pretargeted
nanoparticles. Therefore, for applications that require intracellular or exclusively extracellular
delivery, the optimal nanoparticle/BFP combination most likely needs to be carefully optimized
for the specific overexpressed epitope of interest.

As a multistep process, pretargeting presents its own unique set of challenges in the
clinic. For instance, receptor density on cell surface will likely play a critical role in determining
whether a monoclonal antibody is needed to impede multivalent crosslinking between fusion
proteins and cell receptors. Furthermore, the use of a monoclonal antibody might induce toxicity
concerns because the Fc domain can mediate effector functions, such as antibody-dependent
cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), and antibody-
dependent cellular phagocytosis (ADCP).3-*° Antibody-bound cells can be eliminated via lysis,
complement cascade, or phagocytosis prior to the binding of therapeutic nanoparticles, thereby
limiting the efficacy of pretargeting. To avoid this potential toxicity, physicians may replace the
monoclonal antibody with a Fab molecule that recognizes the same receptor target. The absence
of the Fc will simultaneously avoid effector functions and reduce the number of available
receptors on the cell surface for BFP binding. Ultimately, successful pretargeting strategies will
require extensive optimization of the pharmacokinetics and biodistribution of both pretargeting
molecules and therapeutic nanoparticles. In addition, for therapies that require intracellular
delivery, the BFP-to-receptor ratio must be optimized. The optimum stoichiometric ratios for
pretargeting molecules to specific Fab molecules would naturally differ depending on the
receptor of interest and its density on the cell surface. Unfortunately, the actual optimum

concentrations of the pretargeting molecules must be determined empirically, likely by both in
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vitro and in vivo approaches. If there is no optimal concentration that could facilitate efficient

internalization, a different receptor target on the same cells should be considered.

3.5 Conclusions

Here, we demonstrate that pretargeted nanoparticles can efficiently internalize into cells
by tuning the number of available receptors on cell surface. Indeed, by mixing a monoclonal
antibody and bispecific fusion protein that both recognize the same cellular epitope, we were
able to achieve efficient internalization of pretargeted nanoparticles, presumably by reducing
multivalent interactions between nanoparticles and fusion proteins on the cell surface. Our
finding demonstrates that, despite binding to slowly internalizing epitopes on target cells,
pretargeting may be extended to applications that require intracellular delivery. The combination
of pretargeting with gene therapy, gene silencing or gene editing is likely to be particularly

promising in applications for genetic diseases with substantial cellular and tissue heterogeneity.
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CHAPTER 4: PRETARGETED DELIVERY OF PEG-COATED DRUG CARRIERS TO
BREAST TUMORS USING MULTIVALENT, BISPECIFIC ANTIBODY AGAINST PEG
AND HER?2

4.1 Introduction

In cancer therapy, targeted drug delivery aims to maximize the dose of anti-cancer or
imaging agents delivered to cancer cells/tissues while minimizing exposure and toxicity to
healthy, non-targeted tissues. One broadly studied approach is to encapsulate anti-cancer agents
into nanocarriers coated with “stealth” polymers, such as liposomes, micelles, and polymeric
nanoparticles, that can in turn accumulate in tumors due to tumors’ inherent leaky vasculature
(i.e. the Enhanced Permeability and Retention (EPR) effect).! Unfortunately, coating polymers
that minimize opsonin absorption also limit binding and internalization into target cells. To
increase particle uptake, antibodies and other moieties that target differential expression of select
surface receptors on cancer cells compared to healthy cells are often attached to the nanocarriers’
surface (i.e. active targeting), with the expectation that the actively targeted carriers would more
effectively deliver cargo therapeutics to target cells.*” Interestingly, numerous studies have
found that increasing antibody grafting beyond certain thresholds actually reduced overall

targeting efficiency in vivo®'3

, presumably because a high density of conjugated ligands
compromised the anti-fouling nature of “stealth” polyethylene glycol (PEG) coatings. This leads
to premature elimination of the carriers from circulation by the mononuclear phagocyte system

(MPS)*81415 "and results in a smaller fraction of the administered nanocarriers that could

extravasate and accumulate at target site. Indeed, a number of studies have reported that actively
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targeted nanoparticles did not improve particle delivery to tumors compared to passively targeted
nanoparticles.!®'3

To overcome the aforementioned limitations with both active- and passive targeting,
some researchers are exploring “pretargeting” as a strategy to preserve prolonged circulation of
coated nanoparticles while simultaneously enabling their targeting to specific cells.!®
Pretargeting is a two-step strategy that relies on the use of bispecific pretargeting molecules that
can bind both cellular epitopes and subsequently administered effector molecules. Ideal
pretargeting molecules would extravasate from systemic circulation and accumulate on the
surface of target cells, or be quickly eliminated from the circulation. Drug-loaded carriers are
then administered, and a fraction of the extravasated carriers would be captured by cell-bound
pretargeting molecules, followed by endocytosis into target cells. This approach was initially
tested for the treatment of hematological malignancies in the form of pretargeted
radioimmunotherapy (PRIT), which improved imaging contrast and tumor suppression as well as
reduced radioactivity in healthy organs.?’ Later studies have extended the use of bispecific
proteins to pretarget nanocarriers to specific cell populations.?'* While bsAb are commonly
designed in Ig-like format with a Fc domain,?>?® other pretargeting molecules are designed as
bsAb fragments lacking a Fc domain.?!?3?” To date, none of the studies evaluated how the
design of the bsAb format may impact pretargeting efficiency of nanocarriers.

A longstanding challenge in bsAb engineering has been the proper pairing of heavy and
light chains leading to high purity and yield of the final product. Here, we used a recently
developed bsAb platform called OrthoMab to investigate the optimal bsAb design for pretargeted
delivery of polymeric nanoparticles to tumors. By introducing orthogonal mutations pairs into

heavy and light chains, the OrthoMab platform yields high fidelity pairing of the correct heavy
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and light chains for functional bsAb.?® We designed two bsAb (tandem Fab and Fab-IgG) that
recognize both HER2 receptors overexpressed on breast cancer cells, and PEG present on
PEGylated liposomal doxorubicin (PLD) and PEGylated polystyrene beads. While the bivalent
tandem Fab (two Fab domains connected by a flexible linker) has one binding domain per
antigen, the tetravalent Fab-IgG; (additional Fab covalently linked to the Fab domains of a
traditional IgG molecule) has two binding domains per antigen. This allows us to evaluate the
effect of Fab valency (number of binding domains per antigen) and impact of FcR-binding on
targeting and distribution of pretargeted PEG nanocarriers to HER2" breast cancer cells in vitro

and in an orthotopic xenograft breast tumor model in mouse.

4.2 Materials and methods

4.2.1 Cell lines and animals

Human SKBR3, A2780, and BT474 were purchased from the UNC-CH Tissue Culture
Facility. SKBR3 cells were cultured in McCoy’s medium containing 15% fetal bovine serum,
and A2780 cells were cultured in RPMI 1640 containing 10% fetal bovine serum and 1% L-
glutamine. BT474 cells were maintained in RPMI 1640 media with 2 g/L sodium bicarbonate
and 2 mM L-glutamine, and supplemented with 10% fetal bovine serum, 4.5 g/L glucose, 10 mM
HEPES, 1.0 mM sodium pyruvate, and 0.01 mg/ml human insulin. All cells were maintained at
37°C and 5% COa.

Female athymic nude (6-8 week old) mice were obtained from Charles River
Laboratories (Wilmington, MA, USA) or bred in-house by UNC Animal Services Core (Chapel
Hill, NC), and maintained in a sterile housing suite. All animal experiments were carried out in

accordance with an animal use protocol approved by the University of North Carolina Animal
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Care and Use Committee. Mice were randomly assigned to treatment groups and investigators

were blinded to the treatments.

4.2.2 Chimeric antibody construction and characterization

Sequences for chimeric anti-PEG and anti-HER2 antibodies (Ab) were generated by
combining the Vu/V1 regions of commercially available murine anti-PEG (6.3 IgG; IBMS
Academia Sinica)®® and humanized anti-HER2 (Trastuzumab; Genentech)*® with the Cy1/Cr and
Fc regions of human IgG; Ab. To generate bsAb (Fab-IgGi and tandem Fab) that recognized
both PEG and HER2, separate orthogonal mutation sets were introduced into anti-HER2 Fab and
anti-PEG Fab.?® Orthogonal mutation sets provided high fidelity pairing of heavy and light
chains; this technology was licensed through a partnership between Dualogics and the University
of North Carolina at Chapel Hill (UNC-CH). Although orthogonal mutations were introduced
into the anti-HER2 and anti-PEG Fab domains to ensure high fidelity pairing of the heavy and
light chains in the bsAb designs, these mutations were not incorporated into the chimeric
monoclonal antibodies (mAbs).

Plasmids encoding heavy and light chains were cotransfected into Expi293F cells
(Thermo Fisher Scientific) and grown for 96 h. Chimeric I1gGFY, IgG,HER?, and bispecific Fab-
IgG1 were purified from expression supernatant using protein A agarose (Thermo Fisher
Scientific, Grand Island, NY). The tandem Fab was designed to include a polyhistidine tag on its
C-terminus and was purified from expression supernatant using Ni-NTA agarose (Qiagen Inc,
Germantown, MD). All purified antibodies were dialyzed into PBS, concentration determined
using A280 (Nanodrop One/One), and assessed for size and purity by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE).
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4.2.3 Antibody binding affinity characterization

HER2-specific ELISAs were performed to confirm binding of purified antibodies to
HER?2 as well as compare dissociation constants of bispecific antibodies relative to parental
monoclonal control, IgGHER?, Briefly, recombinant human ErbB2/HER2 Fc¢ chimera protein
(R&D Systems, cat no. 1129-ER, Minneapolis, MN) was coated onto high-binding half-area 96-
well Costar plates (Corning) at 1 pg/ml in bicarbonate buffer overnight at 4°C. After blocking
plate with 5% nonfat milk in PBS with 0.05% Tween (PBST), purified antibody samples were
diluted in 1% nonfat milk in PBST at various concentrations and incubated for 1 h, followed by
washes with PBST. Bound antibodies were detected using goat anti-human kappa light chain
HRP (Sigma-Aldrich, cat no. A7164, 1:10,0000 dilution) for 1 h followed by 1-step Ultra TMB
(Thermo Fisher Scientific). After stopping the HRP reaction with 2N sulfuric acid, the
absorbance at 450 nm and 570 nm was measured using a Spectramax M2 plate reader (Molecular
Devices).

To quantify PEG specific binding, PEG ELISAs were performed as previously
described.?' Bound antibodies were detected using goat anti-human kappa light chain HRP
(Sigma-Aldrich, cat no. A7164, 1:10,0000 dilution,) followed by 1-step Ultra TMB and sulfuric
acid. For both HER2- and PEG-specific ELISAs, total and nonspecific binding was measured
and dissociation constants (Kp) were determined using nonlinear regression analysis for

saturation binding with GraphPad Prism software.
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4.2.4 Polystyrene nanoparticle synthesis and characterization

Carboxylate-modified green fluorescent polystyrene (PS) beads with mean diameter of
100 nm (Thermo Fisher Scientific) were PEGylated using methoxy polyethylene amine (MW
5000 g/mol, JenKem Technology) and EDC coupling. The PEG density on PS beads was
indirectly quantified using fluorogenic 1-pyrenyldiazomethane, as previously described.??
Hydrodynamic size and zeta potential of synthesized nanoparticles was determined by using
dynamic light scattering and laser Doppler anemometry, respectively, using a Zetasizer Nano

(Malvern, U.K.)

4.2.5 Cell uptake assay

Cells were seeded at 5x10* cells/well into 96-well plates. Next day, the cells were
incubated with 10 nM monoclonal antibody controls or bsAb for 4 h at 37°C. After washing to
remove unbound Ab, the cells were then incubated with fluorescent, PEGylated polystyrene
beads (1:10* cell:bead ratio) for 12 h at 37°C. Cells were washed to remove unbound beads and
flow cytometry was performed using iQue Screener PLUS (Intellicyt, Albuquerque, NM). Data
were analyzed using ForeCyt and BD FACSDiva software.

To determine if bsAb remained on the surface of cells 24 h after bsAb incubation, cells
were treated using extended uptake conditions. After cells were treated with 10 nM mAb or bsAb
for 4 h at 37°C, cells were washed and incubated in fresh media for 24 h at 37°C. Then, cells
were washed and incubated with fluorescent, PEGylated polystyrene beads (1:10* cell:bead ratio)
for 4 h at 37°C. Unbound beads were removed through washing, and cell-associated fluorescence

was analyzed via flow cytometry.
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4.2.6 Pharmacokinetics of bispecific antibody in the presence and absence of high dose IVIg
Female athymic nude mice either received a single intravenous injection of 30 pg bispecific Fab-
IgG1 or two intravenous injections separated by 15 minutes of 30 pg bispecific Fab-IgG; and 30
mg human intravenous immune globulin (IVIg, Provigen) via tail vein. Blood was collected from
mice at different time points (5 min, 1 h, 3 h, 5h, 7h, 24 h, 48 h, 72 h; n = 8 mice per treatment
group, n =4 mice per time point). Whole blood was stored undisturbed at room temperature for
20 min to allow clotting. Samples were then centrifuged at 2,000 xg in a refrigerated centrifuge
for 15 min to isolate serum. PEG-specific ELISAs?! were used to quantify the serum

concentration of bispecific Fab-IgGHER¥PEG

at various time points by detecting antibody with
goat anti-human IgG F(ab)’> (Rockland Immunochemicals, cat no. 209-1304, 1:10,000 dilution).

PK analysis of the blood concentration of bispecific antibodies was conducted using PKSolver

with a two-compartment model. >

4.2.7 Biodistribution of pretargeted PLD in tumor-bearing mice

Female athymic nude (nu/nu) mice received a subcutaneous implantation of a single 60-
day, 0.36 mg 17B-estradiol pellet six days prior to left mammary pad injection of BT474 cells
(4x10° cells in total volume of 100 pl 1:1 Matrigel/PBS). Once tumors were > 100 mm?, mice
were randomized into antibody treatment groups. PBS, bsAb (30 ug Fab-IgG1), and bsAb + IVIg
(30 pg Fab-IgG with 30 mg IVIg) were administered i.v., followed by generic PEGylated
liposomal doxorubicin (PLD, 3 mg/kg i.v.) 24 h after Ab dose (n =4 mice per group). Due to
limitations in concentrating bsAb, the bsAb + IVIg dose was separated into two injections

separated by 4 h (1% injection: 30 pg Fab-IgG; + 10 mg IVIg; 2" injection: 20 mg IVIg).
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Forty-eight hours after PLD dose, mice were sacrificed, and tissues (heart, liver, kidneys,
spleen, lungs, tumor) and blood via cardiac puncture were collected. Total doxorubicin
concentration in serum and tissue homogenate was quantified using HPLC. Generic PLD (Sun
Pharmaceutical Industries Ltd.), comparable to Doxil® liposome, was gifted by the Zamboni lab

at UNC-CH and purchased through UNC Shared Services Center Pharmacy.

4.2.8 Statistical analysis

All data are presented as mean £ SD. All graphs and statistical tests were performed
using GraphPad Prism 8 software. Group comparisons were analyzed using two-way ANOVA
and post hoc multiple comparisons Tukey’s test unless specified as one-way ANOVA with post-

hoc Tukey’s. A p-value <0.05 was considered to indicate statistical significance.

4.3 Results
4.3.1 OrthoMab platform preserves antigen binding affinity

We engineered monoclonal 1gG*%9, 1gG,HFR?| and bsAb in Fab-IgG; and tandem Fab
formats by merging human IgG; backbones with HER2- and PEG-binding Vu and Vi domains
previously isolated from mouse 1gG.2%*° Purified Ab from the culture supernatant displayed the
expected molecular weights as visualized on non-reduced and reduced 4-12% bis-tris protein
gels (Thermo Fisher Scientific) (Figure 4.1A, 1B). We next evaluated specific binding to both
HER2 and PEG using antigen-specific ELISA assays. Both bsAb possessed similar binding
affinities to the monoclonal IgG against HER2: the Kp for IgG;HER? tandem Fab"ER>XPEG  and
Fab-IgGHER>*PEG a0qinst HER2 proteins were 0.76 + 0.11 nM, 2.76 £ 0.18 nM, and 1.20 + 0.13

nM, respectively (Figure 4.1C). In contrast, Ab with bivalent Fabs possessed comparable binding
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affinity for PEG (Kp for IgG;"FY and Fab-1gG) against PEG were 4.24 + 0.48 nM and 4.16 + 0.60
nM respectively), while tandem Fab"FR>*PEG with one PEG-binding Fab, had markedly weaker
affinity with Kp ~ 1166 + 182.4 nM. All three mAb constructs bound PEG specifically, as

incubation with excess free PEGgk completely eliminated their binding signal (Figure 4.1D).
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Figure 4.1. Characterization of monospecific and bispecific antibodies (Ab). A) Schematic
illustrating differences in size and number of antigen-binding domains for each Ab. The
theoretical molecular weight of bispecific Fab-IgG; and tandem Fab are ~250 kDa and ~100
kDa, respectively. B) Nonreducing (left) and reducing (right) protein gel showing Coomassie
blue staining of IgGFY, IgGiHER?, tandem FabHERZXPEG Fab-1gGHER>XPEG and non-specific
IVIg. C) Binding affinity of IgG,"FR?, tandem Fab"ER>*PEG and Fab-IgG,HER?*PEG {0 HER2-Fc
chimera analyzed by ELISA (n=2). D) Binding affinity of IgG;"tY (left), tandem FabHER2XPEG
(middle), and Fab-IgG,"ER?*PEG (right) to DSPE-PEGsk in the presence and absence of free
PEGsk competition analyzed by ELISA (n=2).
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Altogether, these results confirmed that we were able to produce functional bsAb, and that the
orthogonal mutations introduced at the heavy and light chain interface did not impair the binding

to either HER2 or PEG compared to their respective parent monospecific 1gGs.

4.3.2 Pretargeted delivery of PEGylated nanocarriers in vitro

We next assessed the pretargeting efficiencies of the different bsAb by measuring the
cellular association of fluorescent PEG beads in both SKBR3 (HER2") and A2780 (HER2") cells
pretargeted with Fab-IgG1, tandem Fab, or combination of the parent mAbs (IgG;HFR? and
IgG"ES. We observed minimal fluorescence in A2780 cells across all conditions, irrespective of
the specific bsAb or mAb used (Figure 4.2). The mean fluorescence intensity (MFI) of PEG
beads pretargeted with Fab-IgG; was 25-fold higher in HER2" SKBR3 cells compared to both
monoclonal IgG controls and tandem Fab (p<0.0001), and also to A2780 cells pretargeted with
the Fab-IgG (Figure 4.2C). Similarly, the percentage of GFP positive cells for PEG beads
pretargeted with Fab-IgG; was 20-fold higher in HER2" SKBR3 cells compared to all other
conditions (p<0.0001; Figure 4.2B). These results not only validated the specificity of Fab-IgG
to both HER2 and PEG, but also underscored that pretargeting effectiveness can be influenced
by the Fab valency on the bsAb. The results also confirmed that pretargeting molecules must be
bispecific, as defined by a covalent linkage between anti-HER2 and anti-PEG binding domains,

in order to enhance nanoparticle delivery to target cells.
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Figure 4.2. Pretargeted delivery of PEGylated nanoparticles to HER2" vs HER2" cells. A)
Distribution of fluorescence in HER2™ and HER2" cells upon incubation with monospecific and
bispecific Ab followed by 100 nm fluorescent PEGylated polystyrene beads measured by flow
cytometry. B) Percentage of GFP positive cells and (C) mean fluorescence intensity (MFI) and
of cell-associated fluorescent PEG beads. The data represents n > 2 independent experiments
performed with ten replicates. **** indicates p<0.0001 vs bispecific Fab-IgG; + PEG beads
incubated on SKBR3 cells.

To minimize the fraction of free pretargeting molecules in the circulation at the time of
nanoparticle dosing, we must afford sufficient time for them to be eliminated by natural renal
clearance. We thus tested next the pretargeting effectiveness following an extended lag time (ie.
24 h) between Ab and PEG bead incubations compared to the 4 h duration in the above study to

determine if Fab-IgG; could remain on target cell surface over the entire duration. We observed a

~2-fold reduction in MFI of cells pretargeted with Fab-IgG; under the extended uptake (4 h
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incubation, wash, wait) condition compared to the standard uptake condition (4 h incubation
only; p<0.0001; Figure 4.3B). However, the fraction of cells taking up nanoparticles remained
unchanged largely (>80%), and was markedly higher than all other tested conditions (p<<0.0001;
Figure 4.3A). These results suggest that Fab-IgG; can facilitate effective pretargeting even when
introduced up to 24 h in advance. Due to its superior pretargeting efficiency in vitro, we

advanced the Fab-IgG; for mouse studies.
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Figure 4.3. Fab-IgG"*R>*PEG remained on the surface of cells 24h after Ab incubation for
enhanced cellular association of PEG beads. SKBR3 cells were either immediately incubated
with fluorescent PEG beads following bsAb incubation (standard uptake) or incubated with cell
media for 24h prior to PEG beads (extended uptake). A) Percentage of GFP positive cells and B)
mean fluorescence intensity (MFI) of cell-associated fluorescent PEG beads. The data represents
n = 2 independent experiments performed with six replicates (**** p<0.0001).

4.3.3 Multivalent Fab-IgG circulation kinetics was reduced in the presence of high dose 1VIg
We evaluated the pharmacokinetics (PK) of Fab-IgG; following intravenous
administration, and found that the half-life of Fab-IgG; was ~22 hours (Figure 4.4A), likely due
to the Fc domain of the Fab-IgG; engaging neonatal Fc receptors (FcRn) resulting in their
recycling. To validate the role of FcRn recycling on Fab-IgGi PK, we administered a high dose

of human intravenous immune globulin (i.e. 30 mg [VIg) prior to dosing with Fab-IgGi, given
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the effectiveness of IVIg replacement therapy in accelerating catabolism of autoantibodies in
patients with autoimmune diseases.>**> We observed a 3-fold reduction in serum half-life of Fab-

IgG1 when administered with high dose IVIg (ti2 ~ 7.2 h, Figure 4.4B), implicating FcRn for the

prolonged circulation of Fab-1gG.
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Figure 4.4. High dose IVIg reduces the circulation kinetics of bispecific Ab by 3-fold. A)
The serum circulation profile of bispecific Fab-IgG (30 pg) in athymic nude mice (n = 8 total
mice, 4 mice per time point). B) The serum circulation profile of bispecific Fab-IgG; (30 pg) in
the presence of high dose IVIg (30 mg) in athymic nude mice (n = 8 total mice, 4 mice per time
point). The solid line for both figures represents the predicted fit for a two-compartment model
used to calculate the elimination half-life (ti2), volume of distribution (Vp), and clearance (Cr).

4.3.4 Biodistribution and tumor accumulation of pretargeted PLD in tumor-bearing mouse

model

Next, we evaluated the pretargeting effectiveness of Fab-IgG; in an orthotopic breast

cancer mouse model with estradiol supplementation to better represent the tumor physiology and
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stromal microenvironment of human breast cancer. Compared to mice receiving PEGylated
liposomal doxorubicin (PLD) (i.e. passive targeting only), pretargeting with Fab-IgG; lacking
FcRn recycling increased the concentration of doxorubicin in tumors by 3-fold (p = 0.0124,

Figure 4.5B).
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Figure 4.5. Biodistribution of passively targeted and pretargeted PEGylated liposomal
doxorubicin (PLD) at 48 h post-PLD dose. Tumor-bearing mice received PBS or pretargeting
antibody treatment 24 h prior to PLD (n = 6-8 mice per treatment group). A) Concentration of
doxorubicin in mouse serum. B) Concentration of doxorubicin in homogenized tumors (one-way
ANOVA and post-hoc Tukey test; * p=0.0124, ** p=0.0035). C) Concentration of doxorubicin
in homogenized non-targeted tissues: liver, spleen, heart, and lungs. D) Percent injected dose per
gram of tumor (one-way ANOVA and post-hoc Tukey’s test; * p = 0.0125, ** p =0.0045). E)
Percent injected dose per gram of tissue. F) Ratio of doxorubicin concentration in tumor to liver
(one-way ANOVA and post-hoc Tukey’s test; ** p = 0.0083, ** p = 0.0046). Means £ SD are
shown, and all biodistribution data is representative of n = 2 independent experiments.
Doxorubicin concentration in serum and homogenized tissues was quantified by HPLC, and was
used to quantify tissue injected dose/g (%I1D/g).

Pretargeting efficiency appears to be critically dependent on minimizing the serum levels of the

Fab-IgG; at the time of PLD dosing: there was ~5-fold greater doxorubicin in tumors of mice
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where Fc-FcRn binding was blocked with excess [VIg compared to tumors with normal Fc-FcRn
binding (p = 0.0035, Figure 4.5B, D). At the time of PLD dose, we detected a higher
concentration of Fab-IgG; molecules in the serum of mice treated with Fab-IgG with normal Fc-
FcRn binding (without IVIg) than mice treated with PLD alone or Fab-IgG; with blocked Fc-
FcRn binding (with IVIg) (Figure 4.6). Having residual pretargeting molecules present in the
circulation at the time of nanoparticle dosing actually led to less effective nanoparticle delivery

to tumors compared to passive targeting alone.

I
1
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Figure 4.6. Minimal circulating bispecific Fab-IgG antibodies were detected at the time of
PLD dose using PEG-specific ELISA. Serum was collected from mice (n = 3-4 per group)
prior to administering PLD for biodistribution study. U.D., undetected. LOQ = 0.026 ng/ml,
LOD = 0.005 ng/ml. Data represents n = 1 experiment performed in duplicates.

Across treatment groups, there were no statistical differences in the serum doxorubicin
concentration 48 h post-PLD dose (Figure 4.5A). There were also no statistical differences in the
concentration of doxorubicin in non-targeted organs (liver, spleen, heart, and lungs) across

treatment groups (Figure 4.5C, 4.5E). This is particularly important for the accumulation of

doxorubicin in the heart because it is a major site of doxorubicin toxicity. The lack of increase in
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liver accumulation means that the ratio of doxorubicin concentration in the tumor to liver was
~3-fold higher in mice treated with a pretargeting dose of bsAb + IVIg compared to mice treated
with either PLD alone or pretargeting dose of bsAb (Figure 4.5F). Altogether, our data suggest
that eliminating FcRn recycling of bispecific molecules maximizes pretargeted delivery of

nanocarriers to tumors.

4.4 Discussion

Pretargeting is a promising strategy that can combine the benefits of both passive targeting
(longer particle circulation increases the fraction of particles that can extravasate at target tissue)
and active targeting (cell-specific binding and uptake of particles to target cells/tissues). By
eliminating the need to conjugate ligands onto the particles, particles can maximize prolonged
circulation afforded by “stealth” polymer coating. Extravasated particles can be more efficiently
internalized and retained at target sites by cell-bound pretargeting molecules. Here, we
systemically evaluated how the format of bsAb-based pretargeting molecule may influence the
pretargeting efficiency of PEGylated nanoparticles to tumors. We found that increasing Fab
valency and eliminating FcRn-mediated prolonged circulation are both important to maximize
pretargeting efficiency. Our findings lay down the blueprint for how to engineer bsAb-based
pretargeting molecules that maximizes pretargeting efficiencies.

Pretargeting molecules present in the circulation can accumulate on injected nanoparticles
before the particles have the opportunity to extravasate at target tissues; this would effectively be
no different that injecting actively-targeted nanoparticles. Thus, we postulate that the ideal
pretargeting molecules should have a relatively short serum half-life such that any unbound

pretargeting molecules are quickly cleared from systemic circulation prior to nanocarrier dosing.

87



BsAb molecules possessing Fc domain engage with neonatal Fc receptors (FcRn) for extended
serum half-life. To evaluate the impact of prolong circulation due to FcRn-mediated recycling,
we administered a high dose [VIg together with the Fab-1gG; to reduce FcRn-mediated recycling
of the Fab-IgGi. In good agreement with our expectation, the consequent shorter serum half-life
of Fab-IgG led to a 5-fold more PLD accumulated in the tumor compared to pretargeting with
Fab-IgGi alone. To translate these insights forward, it is possible to eliminate Fc-Fcy and Fc-
FcRn interactions for bsAb-based pretargeting molecules by incorporating mutations to Fc that
attenuate native binding to Fcy receptors or FcRn. For instance, LALA-PG mutations in the Cu2
domain of pretargeting molecules very likely eliminate complement and Fcy receptor binding
while maintaining antibody stability and antigen specificity.*® There are a number of approaches
to abrogate FcRn recycling. This includes point mutations in the Fc amino acids directly
involved in binding to FcRn (1253A/ H310A/H435A; IHH) ,37 or point mutations in Cy3 domain
(H433K/N434F; HN).?7-# Similarly, MST-HN Fc mutations in human IgG;
(M252Y/S254T/T256E/H433K/N434F) can inhibit FcRn function. 3°

The valency of pretargeting molecules also plays an important role in pretargeting efficiency.
Specifically, multivalency - increasing the number of antigen-binding domains per pretargeting
molecule - enhances the affinity to the particle, decreases dissociation rates when bound to cell-
surface antigens, and maximizes tumor uptake and retention.*® Harwood et al engineered a
tetravalent T-cell recruiting bsAb composed of three EGFR-binding domains and a single CD3-
binding domain, and a tandem bispecific with one EGFR-binding domain and a single CD3-
binding domain.*! The multivalent bsAb was 15- to 20-fold more potent at redirecting human T

cells to lyse EGFR-expressing cells in vitro compared to bivalent bsAb. This result is consistent
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with our findings that tetravalent bsAb are more potent at enabling pretargeted delivery of
nanoparticles to tumors than bivalent bsAb.

Biodistribution studies comparing drug/particle accumulation in tumors of mice treated with
nontargeted particles (ie. passive targeting) versus targeted particles (ie. active targeting) have
produced variable results. Several studies reported active targeting improved tumor drug
accumulation 3-4-fold compared to passive targeting.!%*>~** However, other studies reported that
actively targeted nanoparticles did not improve particle delivery to tumors compared to passively
targeted nanoparticles.!*!34 Variations in therapeutic efficiency and drug accumulation in
tumor for actively targeted versus nontargeted nanoparticles may be attributed in part to
differences in the functionalization of particles. A narrow window of targeting ligand density
exists that maximizes both tumor targeting and stealth properties,'® which likely varies based on
the specific ligand used. Further, the local biodistribution of actively targeted nanoparticles may
differ from passively targeted particles, leading to differences in therapeutic benefit.'¢ For
instance, both Kirpotin et a/'® and Zahmatkeshan et a/*® found that nontargeted drug-loaded
nanoparticles predominantly accumulated in tumor extracellular space while targeted
nanoparticles were efficiently internalized by tumor cells, which correlated with superior
antitumor activity. These results underscore the importance of cell-specific delivery, a feature
preserved with pretargeted nanoparticle delivery.

Across tumor models (ie. target cell receptor, tumor type) and particle formulation (ie.
chemotherapeutic drug-loaded nanoparticles, radiolabeled effector molecules and particles)
pretargeting demonstrated therapeutic benefit to tumor-bearing mice as indicated by suppressed
tumor growth and extended survival.?!?>474% Consistent with this body of literature, we showed

that bsAb-based pretargeting markedly improved tumor accumulation and tumor-to-non-target
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organ ratio. Our results are similar to the work by Rauscher et a/, which reported a 2-fold
increase in specific tumor uptake of radiolabeled PEGylated liposomes with bsAb pre-injection
and without bsAb pre-injection in two separate studies.*”*® Both studies displayed ~8% ID/g in
tumor for pretargeting formulations compared to nontargeted formulations (~4% ID/g). Other
studies report much greater tumor uptake with pretargeting compared to passively targeted
effector molecules, in large part due to very low baseline tumor uptake for passively targeted
effector molecules: 30-fold increase (0.8+ 0.02% ID/g vs 0.03+ 0.01% ID/g)* and 100-fold
improvement (7.58+0.78% ID/g vs 0.07+0.01% ID/g).?> Although we saw less total
accumulation and lower improvement than some of the studies, it is important to note that nearly
all prior studies utilized subcutaneous xenograft models. Compared to subcutaneous xenograft
models, the stromal microenvironment and tumor physiology of orthotopic breast tumor models
likely limit EPR effects for reduced particle extravasation and tumor retention. Several other
factors may contribute to differences in fold change of effector accumulation in tumors across
studies, including choice of radiolabel and effector formulation, antigen density on target cells,
dosing concentration of pretargeting and effector molecules, anatomical location of tumor
xenograft, blood vessel density, and stromal content.

With at least 15 PEGylated therapeutics currently in clinical trials, we anticipate that more
patients will be prescribed PEGylated therapeutics. The modular nature of our bsAb-based
pretargeting enables facile targeting of the same nanocarrier to diverse tissues/cells simply by
modifying the cell-binding Fab. Combining multiple pretargeting molecules as a cocktail may
enhance delivery of PLD to diverse cell types within the tumor for greater drug exposure and
better distribution throughout tumor. By maintaining the anti-PEG Fab binding domain on the

pretargeting molecule, we can instantly enable cell-specific delivery of FDA approved
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PEGylated therapeutics, providing an opportunity to further improve the efficacies of these

therapeutics.

4.5 Conclusions

A major challenge in targeted drug delivery for cancer therapy is the balance between
prolonged circulation afforded by “stealth” polymers versus cell-specificity provided by
antibodies and targeting moieties. Using bivalent (tandem Fab) and tetravalent (Fab-IgGi) bsAb
against HER2 and PEG, we showed that multivalency and presence of Fc domain can influence
the pretargeted delivery of PEGylated nanocarriers to orthotopic tumors. Our findings support
pretargeting as a strategy to enhance PEGylated nanoparticle delivery to target cells/tissues, and
further investigations into the use of Fc-attenuated multivalent pretargeting molecules for

maximizing pretargeting efficiency.
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CHAPTER 5: EFFICIENT AND HIGHLY SPECIFIC GENE TRANSFER USING
MUTATED LENTIVIRAL VECTORS REDIRECTED WITH BISPECIFIC
ANTIBODIES

5.1 Introduction

Selective transduction of only target cells and tissues represents a major goal of
therapeutic gene delivery. To do so, gene vectors must avoid binding to off-target cells while
quickly binding target cells with high specificity, and efficiently deliver DNA to the nucleus
following cell entry. Among common viral vectors, lentivirus (LV) is the among the most
efficient gene transduction system for stable, long-term transgene expression. Importantly, the
safety of LV has greatly improved since adverse effects were first observed in patients with X-
clinical severe combined immunodeficiency (SCID) who underwent retrovirus-mediated gene
therapy. That landmark gene therapy trial saw four cases of T-cell leukemia caused by
insertional mutagenesis of the retroviral vectors leading to activation of proto-oncogenes and
uncontrolled proliferation of mature T cells.'” To reduce the risk of oncogenesis, lentiviral
vector design has significantly improved by creating self-inactivating (SIN) vectors with
transcriptionally inactive LTRs that reduce the transactivation potential of the vector; an internal
promoter is included to drive transgene expression in the absence of LTR promoter activity. As a
result, LV vectors are now routinely used in CAR T-cell therapies for B-cell malignancies where
cells are selected, transduced with LV vectors, expanded, and reinfused into patients; two such
therapies have received regulatory approval.

Despite the routine in vivo delivery of cells transduced with LV vectors ex vivo, LV

vectors are rarely used directly for in vivo gene therapy. This is because common LV vectors
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lack cell specificity: wildtype LV envelope proteins generally bind proteins present on the
surface of most cells, leading to significant off-target effects. Strategies to alter or restrict the
natural tropism of LV vectors include either pseudotyping LV with different viral envelope
proteins for altered tropism and biodistribution,®” or genetically inserting ligands, peptides, and
single-chain antibodies into viral envelope glycoprotein domains to confer new cellular
specificity.®'* A major drawback of the latter strategy is the need to generate new viral
envelopes for each cellular target. Additionally, introducing large proteins can be deleterious to
the structure of viral proteins, impede proper folding of incorporated peptide for diminished cell
binding, and may hinder viral infectivity by altering normal functions of viral attachment
proteins or preventing conformational changes necessary for fusion.® The success of this strategy
critically depends on the size, structure, and binding activity of ligand. Frequently, such modified
vectors generally suffers from inconsistent specificity, reduced fusion activity, and low viral
titers.!>13

To enable highly specific transduction, we believe we must confer cell-specific receptor
binding while simultaneously minimizing off-target binding. With wildtype viral vectors that are
either pseudotyped with Ab or mixed with adaptor molecules, the resulting vectors can still bind
and transduce off-target cells/tissues via the native viral Env. We thus hypothesized we can
further improve viral vector specificity by first minimizing non-specific binding of LV to oft-
target cells. Previous work has shown that mutations in the receptor-binding domain (E2) of the
Sindbis glycoprotein structure (mSindbis) eliminated its natural tropism for the liver and spleen,
without affecting virus assembly or its high titer production.® These mutations specifically
targeted regions within the E2 domain known to alter binding to target cells, block epitopes for

neutralizing antibodies, and function in WT Sindbis tropism.® mSindbis-pseudotyped LV,
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combined with bispecific antibodies (bsAb) that bind both mSindbis and specific cell receptors,
thus provide a platform to evaluate our hypothesis. Here, we report the development of a potent
and versatile gene carrier system, based on combining bsAb with LV, for highly specific gene

delivery to select cells and tissues both in vitro and in vivo.

5.2 Materials and methods

5.2.1 Cell lines

293T cells were cultured in DMEM containing 10% FBS. Human SKBR3 cells were
purchased from the University of North Carolina at Chapel Hill (UNC-CH) Tissue Culture
Facility, and A2780 cells were provided by Michael Jay (UNC-CH). SKBR3 cells were cultured
in McCoy’s medium containing 15% fetal bovine serum (FBS), and A2780 cells were cultured in
RPMI 1640 containing 10% FBS and 1% L-glutamine. For co-culture studies, SKBR3 and
A2780 cells were both cultured in McCoy’s medium with 15% FBS. All cells were maintained at

37°C and 5% COsx.

5.2.2 Preparation and characterization of fluorescent Sindbis pseudotyped lentivirus

WT Sindbis and mSindbis pseudotyped lentiviruses (LV) were internally labeled with a
GFP reporter gene. Particles were prepared by transfecting 293T cells with packaging plasmids
pMDLg/pRRE and pRSV-Rev, transfer plasmid eGFP, and WT Sindbis or mSindbis envelope
plasmid at a 1:1:1:1 ratio in media without serum. The cell supernatant was collected 48 h later,
and fluorescently tagged lentiviruses from cell supernatant were purified by ultracentrifugation
through 25% (w/v) sucrose in HEPES-NaCl buffer. Lentiviruses were resuspended in 10%

sucrose in HEPES-NaCl buffer, divided into aliquots, and stored at -80°C. Viral titer was
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quantified by qPCR-based lentivirus titration kit according to manufacturer’s protocol (Applied
Biological Materials, Inc., Richmond, British Columbia, Canada). Packaging plasmids
pMDLg/pRRE (Addgene plasmid # 12251) and pRSV-Rev (Addgene plasmid # 12253) were

provided by Didier Trono.'

5.2.3 Bispecific antibody construction and characterization

Sequences for chimeric anti-Sindbis E1 or E2 and anti-HER2 antibodies (Ab) were
generated by combining the Vu/V1 regions of commercially available humanized anti-HER2
(Trastuzumab)!” and murine anti-Sindbis with the Ci1/Cr and Fc regions of human IgG; Ab.
Mouse anti-Sindbis E1 and E2 Vu/VL sequences were provided by Diane Griffin (Johns Hopkins
University). To generate bispecific IgG antibodies (bslgG1) that recognized both Sindbis E1 or
E2 and anti-HER?2, separate orthogonal mutation sets were incorporated into anti-HER2 and anti-
Sindbis Fab domains.'® Orthogonal mutation sets provided high fidelity pairing of heavy and
light chains; this technology was licensed through a partnership between Dualogics and UNC-
CH. These mutations were also incorporated into the chimeric monoclonal antibody, IgG"ER?,

Plasmids encoding chimeric heavy and light chains were cotransfected into Expi293F
cells (Thermo Fisher Scientific, Grand Island, NY) and grown for 72h. IgG"ER? bsIgG F>¥HER?,
and bsIgG*'*HER? were purified from expression supernatant using protein A agarose (Thermo
Fisher Scientific). BslgG; antibodies were separated via size exclusion chromatography
(ENnrich SEC 650 10 x 300 column, Bio-Rad Laboratories, Inc., Hercules, CA). The tandem
Fab was designed to include a polyhistidine tag on its C-terminus and was purified from
expression supernatant using Ni-NTA agarose (Qiagen Inc, Germantown, MD). All purified

antibodies were concentrated (MWCO 10K, Amicon Ultra), buffer exchanged into PBS,
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concentration determined using A280 (NanoDrop One/One), and assessed for size and purity by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

5.2.4 Antibody binding affinity characterization

HER2-specific ELISAs were performed to confirm binding of purified antibodies to
HER?2 as well as compare dissociation constants of bispecific antibodies relative to parental
monoclonal control, IgGHER?, Briefly, recombinant human ErbB2/HER2 Fc chimera protein
(R&D Systems, cat no. 1129-ER, Minneapolis, MN) was coated onto high-binding half-area 96-
well Costar plates (Corning) at 1 pg/ml in bicarbonate buffer overnight at 4°C. After blocking
plate with 5% nonfat milk in PBS with 0.05% Tween (PBST), purified antibody samples were
diluted in 1% nonfat milk in PBST at various concentrations and incubated for 1 h, followed by
washes with PBST. Bound antibodies were detected using goat anti-human kappa light chain
HRP (Sigma-Aldrich, cat no. A7164, 1:10,0000 dilution) for 1 h followed by 1-step Ultra TMB
(Thermo Fisher Scientific). After stopping the HRP reaction with 2N sulfuric acid, the
absorbance at 450 nm and 570 nm was measured using a Spectramax M2 plate reader (Molecular
Devices).

To evaluate Sindbis specific binding, whole lentivirus (WT Sindbis, mSindbis, and no
envelope control) was blotted onto nitrocellulose membrane. Bound bispecific antibodies were
detected using goat anti-human kappa light chain HRP (Sigma-Aldrich, cat no. A7164, 1:10,000
dilution), followed by chemiluminescent detection using ECL reagents (Bio-Rad Laboratories,

Inc).
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5.2.5 Viral infectivity assay

SKBR3 (HER2") and A2780 (HER2") cells were seeded at 3x10* cells per well in 96-well
tissue culture treated plate. Sindbis pseudotyped lentiviruses (multiplicity of infection, MOI = 3)
were premixed with antibodies at 1 nM concentration for 1 h at room temperature, and then
incubated with cells at 37°C in 5% CO». Twenty-four hours later, the transduction mixture was
removed from cells and cells were washed three times with PBS. Cells were allowed to grow for
72 h in fresh cell culture media at 37°C in 5% CO2. Cells were washed and the percentage of
transduced cells (GFP") in each well was quantified using iQue Screener PLUS flow cytometer
(Intellicyt, Albuquerque, NM). Additionally, to confirm that viral infectivity was dependent upon
HER?2 specificity of the bsAb, the viral infectivity assay was repeated with increasing

E2xHER2 in the presence and absence of excess IgGiHER? (0.1 uM).

concentrations of bslgGi
To test the selectivity of targeted viral systems for HER2" cells, we established a co-
culture model of SKBR3 and A2780 cells that were maintained in McCoy’s 5A medium
supplemented with 15% FBS. Cells in the co-culture were infected with nontargeted and targeted
LV vectors as described above. Seventy-two hours post-infection, treated cells were washed and
labeled with 1gG"ER? followed by goat anti-human IgG-Alexa Fluor 594 (Thermo Fisher
Scientific) to generate two key cell populations: cells double positive for GFP and HER2
expression and cells double negative for GFP and HER2 expression. The percentages of GFP*
cells of all HER2" cells and GFP* cells of all HER2" cells in each well were quantified using

1Que Screener PLUS flow cytometer. Data were analyzed using ForeCyt software and BD

FACSDiva software.
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5.2.6 Viral infectivity assay in the presence of exogenous mouse serum

The infectivity assay was also performed in the presence of exogenous mouse serum to
determine whether mouse serum proteins could inhibit bsAb-mediated viral infectivity.
Compared to the standard infectivity assay, SKBR3 cells were pre-incubated with undiluted
BALB/c mouse serum (50 pl/well; BioVT, Westbury, NY) for 1 h. Then, serum was replaced
with transduction mixture for 24 h, and the percentage of GFP* cells was quantified and
compared to SKBR3 treated in the absence of mouse serum. To further investigate the effect of
mouse serum on viral infectivity of targeted LV, transduction mixtures were also co-incubated
with increasing amounts of mouse serum for 1 h prior to incubating with cells. The total volume

of transduction mixture remained constant as the percentage of mouse serum increased.

5.2.7 Statistical analysis
All data are presented as mean £+ SD. All graphs and statistical tests were performed
using GraphPad Prism 7 software. Group comparisons were analyzed using two-way ANOVA

and post hoc Tukey’s test. A p-value <0.05 was considered to indicate statistical significance.

5.3 Results

5.3.1 OrthoMab-based bsAb preserves specificity and affinity to antigens

We engineered chimeric bsAb against both HER2 overexpressed on breast cancer cells
and Sindbis Env glycoproteins displayed on LV, based on merging human IgG; backbones with
HER2- and Sindbis envelope-binding Vi and Vi domains previously isolated from mouse 1gG.
We prepared bsAb that bound either Sindbis Env glycoprotein E1 (responsible for pH-dependent

endo-lysosomal membrane fusion and escape) or E2 domain (responsible for binding high-
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affinity laminin receptors'® and heparin sulfate’® and mediates entry) (Figure 5.1A). Purified Ab
were separated via size exclusion chromatography, and exhibited the expected molecular sizes as

visualized on non-reduced and reduced protein gels (Figure 5.1B-C).
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Figure 5.1. Characterization of control and bispecific antibodies (bsAb). A) Schematic
representation of Sindbis glycoprotein domains E1 and E2. Mutated Sindbis envelope
glycoprotein (mSindbis) contains mutations in the E2 domain (indicated by arrows) that ablate
native receptor binding. E1 remains unchanged in both WT and mSindbis lentiviruses, and forms
a heterodimer with E2. E3 is a signal sequence peptide for E2 protein. B) Schematic of control
and bispecific Ab illustrating size and key design features. C) Nonreducing (left) and reducing
(right) protein gel showing Coomassie blue staining of control and bispecific Ab. D) Binding
affinity of control and bispecific Ab to HER2-Fc chimera analyzed by ELISA (n = 2). E)
Selective binding of aE2 and aE1 bispecific Ab to Sindbis pseudotyped lentiviruses and no
binding to negative control (no envelope lentivirus) as visualized by dot blot.

We next confirmed specificity and affinity of the monoclonal and bsAb using antigen-

specific ELISAs against HER2, and found that bispecific bslgG*>*HER? and bsIgGF*HER? both
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possessed similar binding affinities to HER2 as the monoclonal anti-HER2 IgG; (Trastuzumab;
IgGHER? control). The Kp for bsIgGF¥HER? bs[gGEXHER? " and [gGHER? were 0.32 + 0.05 nM,
0.26 £0.02 nM, and 0.72 £ 0.08 nM, respectively (Figure 5.1D). We also confirmed the binding
of our bsAb to WT- and mSindbis pseudotyped LV using dot blot. Both bsAb bound WT and
mSindbis Env pseudotyped LV, and did not bind to LV without an envelope (i.e. negative
control) (Figure 1E). IgG"ER? also did not bind to WT Sindbis, mSindbis, or the non-enveloped
LV control. Altogether, these results confirmed that we prepared functional bsAb, and that the
orthogonal mutations introduced at the heavy and light chain interface did not impair binding to

either HER2 or Sindbis envelope.

5.3.2 bslgGF*MER? enhanced viral infectivity compared to virus alone

Using flow cytometry, we first measured the transduction efficiency of nontargeted WT-
and mSindbis lentiviruses expressing GFP in HER2" SKBR3 cells using a low vector-to-cell
ratio (MOI) of three. As expected, mSindbis had markedly lower transduction efficiency
compared to WT Sindbis, transducing only 1% of target HER2" cells vs 4% for WT Sindbis,
with two-fold lower mean fluorescence intensity (MFI) than WT Sindbis (Figure 5.2A, B). The
infectivity of both WT and mSindbis LV were substantially enhanced when pre-mixed with 1
nM of E2-bindig bsIgG***HER?  transducing ~18% and 12% of HER2" cells at the same MOI,
respectively (Figure 5.2A, B). Compared to non-targeted WT Sindbis, targeted WT Sindbis
transduced 5-fold more target cells, with 5-fold greater MFI, whereas targeted mSindbis
transduced 10-fold more target cells than mSindbis alone, with 8-fold greater MFI. These results

indicate that bsAb can indeed confer greater cell binding of LV, with more pronounced
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improvement of mSindbis versus WT Sindbis, most likely due to the exceedingly limited

potency of mSindbis LV alone.
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Figure 5.2. BslgG,"**HER2 ephanced transduction by WT Sindbis and mSindbis
pseudotyped lentiviral vectors against HER2" SKBR3 cells compared to either virus alone.
bsAb-mediated viral infectivity was measured by flow cytometry as A) percentage of GFP
positive cells and B) mean fluorescence intensity, MFI. Data represents n = 5 independent
experiments performed in duplicates, MOI = 3, and antibody concentration = 1 nM (two-way
ANOVA post-hoc Tukey’s test, **** indicates p<0.0001 vs all conditions). (C, D) Targeted
lentiviral infectivity is dependent upon HER2 specificity of bsAb. At all tested concentrations of
bsAb, excess Trastuzumab (IgG;HER?) effectively blocked viral infectivity of both targeted
lentiviruses, suggesting that the infectivity was mediated specifically via binding to HER2
receptor and not due to differences between lentiviruses. Data represents n = 3 independent
experiments performed in duplicates and MOI = 3.

We next assessed whether increasing the concentration of bslgGF*HER? ¢could further

enhance the transduction efficiency of both targeted LV. At the highest bsIgG,F>¥HER2
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concentration tested, targeted WT Sindbis and mSindbis LV increased the fraction of GFP*
SKBR3 cells by ~10-fold and ~22-fold, respectively, compared to their corresponding
nontargeted LVs (Figure 5.2C, D). BslgG;F*HER? redirection were highly specific to HER2, as
incubation with excess IgGiHER? control effectively blocked infectivity, reducing the percentage
of GFP™ at each tested bsAb concentration to the same level as non-targeted LVs (Figure 5.3C,

D).

5.3.3 Effectiveness of bsAb retargeting depends on binding epitope on Sindbis Env

To assess whether bslgG simply need to engage the LV or if efficient transduction is
dependent on bslgG binding to specific epitopes, we in parallel evaluated the transduction
potencies of LVs pre-mixed with bsIgGF*HERZ [nterestingly, bslgG*'*HER? did not improve the
transduction efficiency of either LV, with comparable percentages of GFP* cells and MFI of
transduced cells to that of nontargeted LV alone (Figure 5.2A, 2B). Nontargeted WT Sindbis,
WT Sindbis mixed with bsIgG;F*HER2 " and WT Sindbis mixed with IgG"ER? control all
transduced ~4% of HER2" cells. Similarly, nontargeted mSindbis, targeted mSindbis mixed with
bsIgG E*HER? "and targeted mSindbis mixed with IgG1HER? control all transduced ~1% of HER2"
cells. These results indicate bsAb-mediated gene transfer is critically dependent on binding

specific epitopes on the Sindbis Env-binding domain.
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Figure 5.3. Specific infection of HER2" cells in a mixed cell population. (A-B) Targeted WT
and mSindbis substantially enhanced viral infectivity in HER2" cells compared to control HER2
cells. Viral infectivity was measured by flow cytometry as A) percentage of GFP positive cells
and B) mean fluorescence intensity, MFI. C) A2780 (HER2") cells were mixed with SKBR3
(HER2") to create a mixed cell population. Both targeted lentiviruses demonstrated selectivity
for D) HER2" cells compared to E) HER2- cells as indicated by the substantial increase in
percentage of GFP positive cells. Data represents 2 independent experiment performed in
duplicates, MOI 3, [Ab] = 1 nM (two-way ANOVA with post-hoc Tukey’s test, **** p<0.0001

vs all conditions).
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5.3.4 Targeted LV vectors preferentially transduced target HER2™ cells

To evaluate the specificity of bsAb-mediated LV for target cells relative to off-target
cells, we compared viral potencies on HER2" (SKBR3) and HER2" (A2780) cells, where A2780
represented a nonspecific cell control with little to no HER2 expression. We observed minimal
transduction of HER2- A2780 cells with WT and mSindbis LV alone (5% and 0.2% of A2780
cells, respectively; Figure 5.3A). In contrast, nontargeted WT Sindbis infected 7% of HER2"
cells while nontargeted mSindbis infected 1.7% of HER2" cells (Figure 5.3A). Pre-mixing LV
with bsIgGF**HER? did not appreciably increase transduction of HER2" cells, with 6% and 0.3%
of A2780 cells transduced with WT and mSindbis LV (Figure 5.3A). Both targeted LVs
demonstrated greater selectivity for HER2" cells over HER2- cells, with targeted mSindbis LV
substantially exceeding the specificity of targeted WT Sindbis LV. WT Sindbis LV mixed with
bslgGF>*HER? enhanced the percentage of GFP* cells 5-fold (Figure 5.3A) and MFI 48-fold
(Figure 3B) in HER2* SKBR3 cells compared to HER2- A2780 cells, whereas targeted mSindbis
LV transduced 48 times more SKBR3 cells than A2780 cells, with 54-fold higher MFI.

To further assess the specificity of gene transfer, we evaluated bslgG*>*HER2_targeted LV
to selectively transduce HER2" cells in co-cultures of both HER2" and HER2" cells. In good
agreement with its broad transduction nature, nontargeted WT Sindbis had very poor selectivity,
transducing ~8% of HER2" cells (Figure 5.3D) and ~5% of HER2"cells (Figure 5.3E).
Nontargeted mSindbis LV also had relatively limited selectivity, transducing ~2% of HER2*
cells (Figure 3D) and ~0.4% of HER2" cells (Figure 5.3E).

Pre-mixing WT Sindbis LV with bsIgG*>HER2 modestly increased both the potencies
and specificity: targeted WT Sindbis LV exhibited a ~5x selectivity towards HER2" cells,

transducing ~33% of SKBR3 cells vs ~7% of A2780 cells (Figure 5.3D, E). Surprisingly,
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combining bsAb-based redirecting with ablation of native receptor binding synergistically
enhanced targeting efficiencies, with a 20x selectivity towards HER2* than HER2" cells (~13%
of SKBR3 cells vs ~0.6% of A2780 cells). Overall, compared to WT Sindbis LV, targeted
mSindbis LV were ~2-fold more efficient in transducing SKBR3 cells, while reducing non-
specific gene transfer by ~22-fold (~13% of HER2" cells vs ~0.6% of HER2 cells). These
results underscore the enhanced selectivity and potent gene transfer using mSindbis LV +

bSIgG1E2XHER2.
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Figure 5.4. Characterization of bispecific tandem Fab. A) Schematic representation of
Sindbis glycoprotein domains E1 and E2. Mutated Sindbis envelope glycoprotein (mSindbis)
contains mutations in the E2 domain (indicated by arrows) that ablate native receptor binding. E1
remains unchanged in both WT and mSindbis lentiviruses, and forms a heterodimer with E2. E3
is a signal sequence peptide for E2 protein. B) Schematic of control and bispecific Ab illustrating
size and key design features between bslgG; and tandem Fab. C) Nonreducing (left) and
reducing (right) protein gel showing Coomassie blue staining of control and bispecific Ab. D)
Binding affinity of control and bispecific Ab to HER2-Fc¢ chimera analyzed by ELISA. E)
Selective binding of bispecific Ab (bslgG: and tandem Fab) to Sindbis pseudotyped lentiviruses
and no binding to negative control (no envelope lentivirus) as visualized by dot blot.

109



Because bsIgGF*HER? gutperformed bsIgGF¥HER? bsIgGE*HER? became our lead bsAb.
However, FcRn recycling and non-specific uptake by Fc receptors on immune cells present a
challenge for in vivo efficiency of targeted viral vectors via systemic administration. We thus
proceeded with a Fc-free tandem Fab that similarly binds Sindbis E2 and HER2 (Figure 5.4) for

in vivo studies; this tandem Fab facilitated similar transduction effectiveness as bslgG (Figure

5.5).
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Figure 5.5. Comparable transduction efficiency of targeted viruses coated with
bsIgGF>*HER2 and tandem Fab®**HER? jp target HER2" cells. Viral infectivity was measured

by flow cytometry as A) percentage of GFP positive cells and B) mean fluorescence intensity,
MFI. C) Targeted lentiviral infectivity is dependent upon HER2 specificity of bispecific
antibody. Excess Trastuzumab (IgG;"FR?) substantially reduced viral infectivity of both targeted
lentiviruses. All data represents n = 2 independent experiments, MOI = 3, [bsIgG,F*HER?] = |
nM, [tandem FabP>HER?] = 5nM, and [IgG,HFR?] = 1nM.
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5.3.5 Exogenous mouse serum reduced targeted viral infectivity at the viral level

To be effective in vivo, targeted viral systems must mediate efficient gene transfer in the
presence of serum opsonizing proteins. We thus evaluated the transduction efficiency of targeted
LV vectors in the presence of increasing mouse serum content (Figure 5.6A). Transduction
efficiencies decreased substantially when observed serum content was increased beyond the 15%
baseline, with a greater decrease observed with mSindbis than WT Sindbis LV, suggesting that
mouse serum does not affect infectivity at the cellular level. Instead, it is likely that the stability
of the bsAb/LV complexes is reduced by increasing serum content in the media. We found no
drop in transduction efficiencies when SKBR3 cells were first incubated with undiluted mouse

serum (Figure 5.6B).
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Figure 5.6. Serum affects targeted viral infectivity at the viral level not the cellular level. A)
Viral infectivity was substantially reduced when cells were co-incubated with transduction
mixture and increasing percentages of mouse serum. B) BsAb-mediated viral infectivity was
maintained when cells were pre-incubated with undiluted mouse serum. Serum was removed
from cells prior to incubation with transduction mixture. All data represents n = 2 independent
experiments, MOI = 3, and [Ab] = InM.

5.4 Discussion

Efficient and highly specific gene delivery in vivo continues to be a major challenge in
human gene therapy. Despite their exceptional potencies, the use of LV vectors in vivo remains
very limited due to their poor cell and tissue specificity. WT Sindbis virus binds to high-affinity
laminin receptors!® and heparin sulfate?’ for wide distribution throughout the body, therefore

making it an ineffective viral vector for targeted gene delivery in vivo via systemic
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administration. In turn, this broad native tropism of LV vectors has restricted the use of LV to ex
vivo transduction, selection, and reinfusion into patients. Introducing attenuating mutations into
the receptor binding domain (E2) of Sindbis envelope glycoprotein structure drastically reduced
its background level of infectivity in both target HER2* and off-target HER2" cells. Here, by
combining bsAb that bind cell-specific receptors with abrogating the native tropism of the LV
vectors, we substantially improved the specificity of LV vectors, culminating in a system that is
48-times more selective for HER2" cells over HER2" cells.

Reducing native binding for greater selectivity has been observed in other fields. For
example, Slaga et al developed bsAb based on the avidity of two low-affinity anti-HER2 Fab
domains to improve the selectively of T cell-recruiting bispecific antibodies for HER2-
overexpressing cancer cells and tumors and not to cells with low HER2 expression.?! The
engineered bsAb were highly potent in vitro and their in vivo selectivity to HER2-overexpressing
tumors was improved more than 100-fold for greater therapeutic index and mitigated adverse
effects. Simnick et al engineered a highly specific, targeted delivery system that possessed low
affinity for its target on off-target cells, but transformed into a high affinity, multivalent
nanoparticle at target cells upon increased temperature.?? Elastin-like polymers with RGD
peptide in its low affinity, monovalent state demonstrated poor binding and uptake by both o 3*
and a.B3 cells. In contrast, the multivalent presentation of RGD peptide by self-assembled
elastin-like polymer nanoparticles facilitated enhanced binding and uptake only to cells that
overexpressed o33 integrin.

The envelope of alphavirus Sindbis, capable of pseudotyping lentiviruses, contains two
integral membrane glycoproteins, E1 and E2. While the E1 domain mediates endo-lysosomal

membrane fusion and escape at low pH, the E2 domain is responsible for binding to host cell
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receptor. Because receptor binding (attachment) and fusion (endosomal escape) are independent
functions for Sindbis virus, it is possible to manipulate binding specificity without hindering
fusion. We found that bsAb against Sindbis Env E2 domain were much more effective at
transducing target cells than bispecific antibodies against Sindbis Env E1 domain. Since E1-
binding bsAb was able to bind WT and mSindbis LV, we hypothesize that bsIgGF'*HER? failed to
mediate efficient transduction possibly due to interference with the efficiencies of E1-mediated
membrane fusion.

Multiple strategies have been implemented to confer new targeting specificity of mutated
Sindbis pseudotyped lentiviruses using adaptors and antibodies.®!%13-2327 The ZZ domain of
protein A was genetically incorporated into the Sindbis Env protein, such that any targeting
monoclonal antibody (mAb) with Fc region could redirect the virus to target cells.®?324
Morizono et al demonstrated ~15-fold selectivity towards CD4" cells over CD4- cells using ZZ
Sindbis pseudotyped lentivirus mixed with anti-CD4 mAb, 2* which is three times less selective
than our bsAb-mSindbis LV system. Moreover, the ZZ Sindbis-mAb system is vulnerable to
circulating serum immunoglobulins due to the reversible interaction between ZZ domain and Fc
domain of mAb (Kp of streptavidin-biotin = 10> M is 107® less than Kp of ZZ-Fc),? thereby
making ZZ Sindbis pseudotype a poor choice for in vivo gene delivery. More recently, Chen and
colleagues transitioned to a covalent interaction between Sindbis pseudotyped lentiviruses and
cell-specific DARPin adaptors. Relying on the high affinity, covalent pairing of
SpyTag/SpyCatcher, Kasaraneni et al engineered Sindbis pseudotyped lentivirus with Spy Tag
and aHER2 DARPin-SpyCatcherA for significantly reduced nonspecific cell-binding and 7-fold
selectivity towards HER2" cells over HER2 cells; notably, the transduction efficiency of this

system was not altered in the presence of human serum.?® This group also pursued a similar

114



approach by exploiting a disulfide bond-forming protein-peptide pair PDZ1 and its pentapeptide
ligand (TEFCA) to engineer a covalent pairing between PSZI-Sindbis pseudotyped lentivirus and
oHER2 DARPin-TEFCA. This stable targeting system was ~10-fold selective towards HER2*
cells over HER2 cells, and maintained its transduction efficiency in the presence of human
serum.?” While our bsAb-mSindbis LV system exhibited greater targeting selectivity compared
to the previous studies, we observed reduced transduction efficiency as the serum content was
increased beyond the 15% baseline. Using phage display technology, we can engineer bsAb with
higher affinity for mSindbis Env for more stability and resistance to serum sensitivity.

Adeno-associated virus (AAV) vectors are also used in targeted gene delivery methods,
including in human patients, due to their simple binding and entry mechanisms, medium- to
long-term gene expression depending on transduced cell type, and no risk of insertional
mutagenesis. Gigout et a/ incorporated the immunoglobulin-binding Z34C fragment of protein A
into AAV2 capsid to engineer a modified AAV2 that transduced target cells when mixed with
targeting mAb.?® Using exceedingly high MOIs of 10,000 and 40,000, modified AAV2 exhibited
high level of background infectivity, so the inclusion of targeting mAb showed only a modest
improvement of 2-4 fold increase. To effectively reduce WT tropism of modified AAV?2, the
group incorporated additional amino acid changes into the capsid. When mixed with bsAb, the
engineered AAV2 with ablated WT tropism transduced 5-20% of target cells whereas the vector
alone had very low background infectivity. Similar to our approach, Bartlett et a/ used a bsAb to
redirect AAV to target ounPs* cells and found a 70-fold improvement vs. WT AAV alone.?
However, targeted bsAb-AAYV system transduced off-target aumP3™ cells to levels comparable to
amPs” cells, indicating a lack of targeting specificity and a poor choice for targeted gene

delivery in vivo.
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Challenges associated with targeted AAV gene delivery include lack of efficient
transduction, natural tropism to liver for off-target effects, and need to use very high MOI for
infectivity. These challenges are further exacerbated by the vector’s high immunogenicity, such
that pre-existing and neutralizing antibodies can prevent initial or repeated administration of
gene therapy treatment respectively. In contrast, the general population is less likely to have pre-
existing Ab against lentiviral vectors, thereby making it advantageous over AAV.3? An added
benefit of our approach is the use of human-based Fabs to redirect mSindbis LV to target cells;
the “shield” of human Fab molecules around the mSindbis LV will likely block any induced Ab
and prevent premature clearance from the circulation.

Lentiviral based gene therapy has long suffered from the misconception of poor safety
arising from insertional mutagenesis that triggers carcinogenesis. This stemmed from the seminal
French gene therapy clinical trials that restored the immune system in patients with X-linked
SCID by transducing autologous hematopoietic stem cells ex vivo using y-retroviral vectors.3!3?
Despite curing the disease, investigators observed serious adverse effects: leukemia caused by
vector insertional mutagenesis.'= Extensive work has been done since then to improve the safety
of gene therapy vectors, in particular by removing unnecessary viral genome accessory genes,
separating viral packaging genes into different plasmids to reduce replication competent viruses,
and modifying viral envelopes for selective tropism.3* Lentiviral safety has been further
improved by the use of self-inactivating (SIN) lentiviral vectors and internal promoters for
transgene expression.* Finally, extensive monitoring procedures have been implemented to
evaluate patients who receive gene therapy treatments over time. Current lentiviral vectors
display a more favorable integration pattern than y-retroviral vectors used in the French clinical

trials*%3? with ~3-fold fewer “hot spots” for viral insertions, which are not enriched in loci
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affecting proto-oncogenes and growth controlling genes unlike y-retroviral vectors.** Clinical
data of newer generations of LV vectors strongly suggests reduced risks of insertional
mutagenesis because no vector-associated safety concerns have been observed in the thousands
of patients treated with CAR T-cells,*® and two CAR T-cell therapies engineered using
lentiviruses are FDA approved. These advances highlight the improved safety and efficacy of
lentiviral vectors, and underscore the potential use in vivo. LV-mediated gene delivery appears to
be particularly suitable for treatment of chronic diseases, such as congenital genetic deficiencies,
chronic acquired infections, and malignant diseases where sustained transgene expression is

desired.?’

5.5 Conclusions

A key challenge in gene therapy continues to be a potent yet highly selective gene vector
system for select transduction of only targeted cells and tissues. By exploiting specificity and
ease of bsAb production with a mutated Sindbis pseudotyped LV vector that abrogates its native
tropism, we have developed a system that is both efficient and specific. We showed that coupling
bsAb with reduction of native tropism synergistically enhanced the selectivity of our targeted
system. Our findings support bsAb-mSindbis LV vectors as a promising platform to enhance

gene delivery to target cells/tissues in vivo.
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CHAPTER 6: CONCLUSIONS & PERSPECTIVES

In this dissertation, I systemically investigated the use of bispecific antibodies (bsAb) and
bispecific fusion proteins (BFP) to enhance cell-specific delivery of drug and gene carriers to
tumor cells in vitro and in vivo. To overcome challenges associated with passive and active
targeting, I explored a two-step targeting approach called pretargeting that relies on bsAb to
home nanoparticles to tumor cells. By carefully tuning BFP dose at cell surface, I showed that
pretargeting can facilitate intracellular delivery. I also increased cell-specific targeting of
nanoparticles to tumors using multivalent, pretargeting bsAb without FcRn recycling. Finally, I
showed efficient targeted gene delivery by coupling bsAb with engineered lentiviral vectors that
exhibited minimal off-target binding.

Pretargeting is a well-established strategy for enhancing delivery of effector molecules to
target cells yet remains underexplored for use in improving targeting of nanoparticles. The
success of the pretargeting approach relies on BFP binding to target cell receptors and remaining
on cell surface until nanoparticles can extravasate from the circulation and reach target cells. I
found that multivalent interactions between streptavidin-based pretargeting BFP and biotin-
functionalized polymeric nanoparticles hindered nanoparticle internalization, but carefully tuning
interactions between BFP and nanoparticles on the cell surface can indeed facilitate intracellular
delivery.

Despite the high affinity between streptavidin and biotin (Kp ~ 10-'> M), this binding pair
is not an ideal choice for in vivo or clinical use because streptavidin-based BFP are

immunogenic.'= High levels of endogenous biotin can bind to cell-bound or circulating BFP,
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ultimately reducing the fraction of extravasated biotinylated nanoparticles at the target site.
Moreover, biotin-functionalization of polymeric nanoparticles actually compromised its stealth
properties, resulting in an exceedingly short half-life of 40 minutes.* These disadvantages as well
as my thesis laboratory’s interest in polymer- and virus-binding antibodies afforded me the
opportunity to explore other binding pairs, including anti-PEG/PEG and anti-viral envelope/viral
envelope glycoprotein.

I found that multivalency and elimination of FcRn recycling of bsAb-based pretargeting
molecules are both critical in maximizing pretargeted efficiency. My bsAb-based pretargeting
system increased tumor accumulation of PEGylated liposomal doxorubicin (PLD) 3-fold versus
passively targeted PLD alone, and 5-fold compared to bsAb with FcRn recycling. However, I
observed less total accumulation (<1% ID/g tumor) and a smaller improvement than previous
studies comparing pretargeting and passive targeting.>™ I evaluated pretargeting in an orthotopic
xenograft tumor model while nearly all prior studies utilized subcutaneous xenograft models.
Compared to subcutaneous xenograft models, it is possible that the stromal microenvironment
and tumor physiology of orthoptic breast tumor models likely limit EPR effects for reduced
particle extravasation and retention.

Given the challenges associated with pretargeted delivery to orthotopic tumors, it is
critically important to identify strategies that increase extravasation and retention of
nanoparticles in tumors. External stimuli can be applied to alter tumor physiological condition
for increased permeability of nanoparticles into tumors, leading to improved EPR effect.!®!!
Nagamitsu et al used angiotensin II to transiently induce systemic hypertension in patients with
solid tumors, resulting in increased nanoparticle tumor accumulation and improved therapeutic

response with reduced toxicity.'> However, systemic hypertension can affect the entire body,
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which is likely not feasible for the majority of patients who are currently taking antihypertensive
medication. Coupling mild hyperthermia with nanoparticle delivery enhances nanoparticle
extravasation by increasing tumor blood flow and tumor microvascular pore size.'>!4
Microbubbles are an alternative strategy that bypasses the EPR effect to effectively deliver drug
to tumors. Huynh et al applied ultrasound to convert porphyrin microbubbles into porphyrin
nanoparticles that effectively accumulated in the tumor for multimodality imaging.'>'¢ For any
combination approach, it is imperative to evaluate the pharmacokinetics and pharmacodynamics
of each therapeutic component for optimal drug delivery to target site and minimal adverse
effects.

A major goal of therapeutic gene delivery is efficient and selective gene transfer in target
cells/tissues. To reduce off-target binding, I introduced known mutations into the Sindbis viral
envelope receptor binding (E2) domain to produce a mutated Sindbis (mSindbis) pseudotyped
LV vector.!” By coupling mSindbis LV with bsAb that binds both LV and cell-specific receptors,
I found that bsAb and reduction of native tropism synergistically enhanced the selectivity of the
targeting system. This viral targeting platform is applicable for gene therapy of malignant
diseases and hereditary and chronic disorders, including lysosomal storage disorders. The
platform may also be applicable for adoptive T-cell therapies where targeted LV specifically
deliver tumor-specific T cell receptor (TCR) or chimeric antigen receptor (CAR) to T cells via a
single intravenous injection of pre-mixed bsAb and mSindbis LV. In vivo delivery of CARs and
TCRs is an alternative to ex vivo CAR T cell engineering, ex vivo tumor-specific TCR T cell
engineering, and in situ secretion of T cell-redirecting bsAbs (STAb) from genetically modified
immune cells.'%2°

Despite its potency, off-target gene transfer was not completely abrogated because
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bsIgG*>*HERZ. mSindbis LV infected ~0.6% of HER2- cells. Multiple strategies are available to
further improve upon the bsAb-mSindbis LV targeting system, including transcriptional
targeting, bsAb engineering, and inclusion of additional safety elements. To reduce off-target
binding and enhance the specificity of the viral targeting system, the constitutive promoter used
here to drive GFP gene expression could be replaced with a tissue-specific promoter that is only
active in target mammary cells. A better understanding of the functions of the amino acids
present in Sindbis Env E2 domain may identify more potent amino acid mutations that would
effectively ablate native receptor binding. Also, phage display technologies can be used to
engineer anti-Sindbis E2 Fab with higher affinity for Sindbis E2 domain, potentially making the
binding pair less sensitive to serum. Although bsIgG;¥*HER? and tandem FabF*HER? exhibit
monovalent binding for HER2 and E2, mixing the bsAb with mSindbis LV actually yields
multivalent binding to HER2 receptors on cell surface. Previous work has shown that multivalent
bsAb engineered with low affinity towards HER2 dramatically enhanced selectivity towards
HER2-overexpressing cells and not to cells with low HER2 expression in vitro and in vivo for
greater therapeutic benefit and reduced off-target effects.?! Additional studies can compare the
transduction efficiency of mSindbis LV pre-mixed with current bsAb with high-affinity for
HER?2 versus bsAb with low-affinity towards HER2. Finally, to effectively minimize off-target
binding, an alternative viral envelope with no human tropism may be utilized for in vivo gene
delivery. The Eilat virus, an alphavirus like Sindbis virus, cannot infect mammalian or avian
cells.?? Similar to Sindbis Env, optimization will be needed to produce stable, functional, high
titer Eilat pseudotyped LV, and to identify antibodies against Eilat Env glycoproteins for bsAb
development.

In general, LV-based gene delivery has suffered from the risk of insertional mutagenesis

124



despite no current reports of vector-associated safety concerns in recent clinical data. LV vectors
can be further engineered to selectively eradicate transduced tumor cells causing adverse side
effects and to lower risk of insertional mutagenesis. Suicide gene safety elements can be
included in transgene cassette to mitigate potential adverse effects.?*> Upon administering
prodrug, transduced cells will be selectively killed, thereby haltering undesired side effects of
gene therapy. Additionally, non-integrating LV vectors (NILV) are integrase-deficient and the
transgene plasmid remains in nucleus episomally like AAV. Yet, NILV have a much larger
transgene capacity than AAV, enabling the inclusion of genetic machinery such as zinc finger
nucleases and CRISPR/Cas system.?* NILV with genetic machinery enable targeted gene
correction with no risk of insertional mutagenesis and reduced off-target gene editing because
the editing machinery is only temporarily expressed.

Tumors are frequently characterized by genetically and phenotypically distinct cell
populations within the same tumor lesions, a phenomenon termed tumor heterogeneity. ***
Tumor heterogeneity can result in variable EPR effects within different regions of the same
tumor.'! More importantly, variable target receptor expression in heterogeneous tumors presents
a critical challenge in the efficacy of targeted delivery of anti-cancer agents. The modular nature
of our bsAb-based pretargeting enables facile targeting of the same nanoparticle to diverse
cell/tissues simply by changing the cell-binding Fab. Combining multiple pretargeting bsAb as a
cocktail may enhance nanoparticle delivery to multiple tumor subpopulations for greater drug
exposure and better distribution throughout the tumor. We have focused on understanding the
fundamentals of pretargeting and have not explored pretargeting to heterogeneous tumors in
detail yet. However, we have shown in a dual-tumor mouse model that a cocktail of pretargeting

bsAb against two distinct surface antigens, CD20 and TAG-72, markedly increased nanoparticle
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accumulation to both tumor types compared to animals dosed with nanoparticles alone.* An
obvious next step is to validate the pretargeting efficiency of bsAb cocktail in a heterogenous
tumor model.

Overall, the specificity and modular nature of bsAb enables facile targeting of
nanoparticles and gene carriers to diverse cell types within the target site (ie. tumor). Careful
consideration must be given to the choice of target receptors, affinity, avidity, format, and
inclusion or exclusion of Fc domain on bsAb for effective nanoparticle and viral targeting

strategies.
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