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Department of Bioengineering

Recent advances in immunotherapy have transformed cancer treatment, while highlighting the
complex interactions between the immune system and tumors. For delivery of unstable molecules
or immunogenic agents, these therapies often employ nanoformulations to deliver therapeutics to
diseased tissue while minimizing off-target toxicity. However, delivery of these carriers is severely
limited by numerous biological barriers, preventing therapies from reaching sufficient therapeutic
concentrations. Carrier accumulation can be enhanced by incorporation of passive and active
targeting, and/or stimuli-responsive elements to help steer the carrier to the appropriate diseased
tissues, cells, and intracellular compartments. In this work, we seek to engineer new therapies to
enhance targeting and delivery of cancer therapeutics by combining both active and passive
targeting strategies. Part I motivates tumor-associated macrophages as immunotherapy targets
(Chapter 1), leading into our first approach in which we identified a novel targeting ligand that
binds to human tumor-associated macrophages and monocytes (Chapter 2). Part II discusses the
challenges of peptide delivery in oncology applications (Chapter 3), prefacing our designed
peptide-polymer conjugates that passively accumulate in tumors and respond to external pH to
facilitate intracellular peptide delivery upon cellular internalization. Using this strategy, we
designed a polymeric delivery system to safely deliver (Chapter 4) a variety of immunogenic
peptides (Chapters S, 6, and 7). Part I1I outlines the challenges in delivering therapeutics past the
blood-brain barrier (Chapter 8), and reports the progress on the development of targeted

nanoparticles for brain cancer treatment (Chapter 9).
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Chapter 1

Progress on Modulating Tumor-Associated Macrophages with
Biomaterials'

Meilyn Sylvestre, Courtney Crane, and Suzie H. Pun

1.1 Abstract

Tumor-associated macrophages are a complex and heterogeneous population of cells within the
tumor microenvironment. In many tumor types, tumor-associated macrophage contribute toward
tumor malignancy and are therefore a therapeutic target of interest. This progress report highlights
three major strategies for regulating tumor-associated macrophage, emphasizing the role of
biomaterials in these approaches. First, systemic methods for targeting tumor-associated
macrophage are summarized and limitations to both passive and active targeting approaches
considered. Second, lessons learned from the significant literature on wound healing and
macrophage response to implanted biomaterials are discussed with the vision of applying these
principles to localized, biomaterials-based modulation of tumor-associated macrophage. Finally,
the developing field of engineered macrophages, including genetic engineering and integration
with biomaterials or drug delivery systems, is examined. The report includes analysis of major
challenges in the field along with exciting opportunities for the future of macrophage-based

therapies in oncology.

1.2 Introduction

Macrophages are fundamental cells of the mononuclear phagocytic system and hold diverse roles
in homeostasis, inflammation, and wound healing. In cancer, tumor-associated macrophages
(TAMs) drive disease progression and have been correlated with worse patient prognoses.!'-?]
Compared to other inflammatory cell types in cancer, TAMs have emerged as therapeutic targets
of interest. In many solid tumors, TAMs comprise a significant portion of infiltrating leukocytes

and are a major source of secreted growth factors, cytokines, and chemoattractants.!>*l

' Reprinted with permission from Sylvestre, M., Crane, C.A., et al. Progress on modulating tumor-associated
macrophages with biomaterials. Adv. Mat. 32, 1902007 (2019). Copyright 2019 WILEY-VCH Verlag GmbH & Co.
KGaA Weinheim.



Furthermore, they are fundamentally involved in every stage of cancer progression, promoting

tumor cell survival and preparing distant sites for metastatic seeding.!!

In addition to their significant impact in cancer, macrophages are also crucial players in wound
healing, orchestrating the transition from inflammation to tissue remodeling.!! In this review, we
discuss systemic and localized approaches to target and modulate macrophage activity in disease,
and cell-based therapies that engineer macrophages for cancer. Nanoparticle and polymer
biomaterials have been used extensively as systemic drug delivery vehicles to TAMs, employing
both passive and active targeting strategies. Here, we define passive targeting as particle
accumulation due to physical properties (e.g. charge, size, and shape), and active targeting as
particle accumulation mediated by molecular recognition. However, particle-based strategies for
TAM-targeting are challenged by the macrophages’ high intrinsic phagocytosis and non-specific
clearance of circulating particles, resulting in high off-target uptake and toxicity. To overcome
some of the challenges associated with systemic strategies, localized tumor treatments have also
been used to modulate TAM activity. While localized treatments have been used primarily in
wound healing application, we will derive key principles across macrophage-based therapies.
Finally, we discuss the burgeoning field of engineered macrophage and the application of
biomaterials in enhancing macrophage cell therapies. Understanding how biomaterial properties

influence local immune populations can profoundly improve therapeutic outcomes.

1.2.1 Mononuclear phagocytic system (MPS)

At the front-line of immune defense are mononuclear phagocytes, comprising monocyetes,
macrophages, and dendritic cells in the spleen, liver, and lymph nodes. These cells colonize every
organ in the body and can perform specialized functions dependent on location (Figure 1.1A).
Monocytes are derived from hematological precursors in the bone marrow and enter blood
circulation for 1-3 days where they can be recruited into tissues throughout the body in response
to appropriate signals, such as injury or inflammation, and mature into macrophages. There is some
controversy about whether blood circulating monocytes replenish tissue-resident macrophages, or

if tissue-resident macrophages are self-replenishing populations.[”#]



Tissue-resident macrophages are derived from precursors in the yolk sac during embryogenesis,
are seeded throughout the body, and mature into specialized resident macrophages with broad roles
in waste clearance, metabolism, and immune surveillance. These heterogeneous cells, which go
by tissue-specific names, perform distinct functions and are critical for maintaining tissue
homeostasis.’ For example, red pulp macrophages in the spleen recycle iron and clear old
erythrocytes, and Kupffer cells in the liver clear pathogens and waste from the blood. Osteoclasts
(bone macrophages) resorb bone and alveolar macrophages in the lungs clear surfactant. Most
notably, macrophages perform immune surveillance and recognize a wide array of pathogen-
associated molecular patterns and danger-associated molecular patterns. Upon recognition,
macrophages mount an immune response, driving the influx of inflammatory leukocytes.

Furthermore, macrophages exhibit critical roles in resolution, tissue repair, and regeneration.!'’]

While macrophage play key roles in maintaining homeostasis, their dysregulation and dysfunction
have been implicated in disease pathologies throughout the body.['!'? For example, macrophage
accumulation in white adipose tissue has been associated inflammation, insulin resistance, and
obesity.['*] In atherosclerosis, macrophages promote a pro-inflammatory environment that can
result in the formation of foam cells and unstable plaques.!'*l Accumulation of pro-inflammatory
macrophages is linked with inflammatory bowel disease severity and progression.['>] Clearly,
macrophages are a complex, heterogeneous population of leukocytes that hold diverse yet

fundamental roles in homeostasis and disease.

1.2.2 Macrophage polarization: the M1/M2 paradigm

Macrophages exhibit different functional programs in response to environmental cues and, when
triggered, are classified into two main subsets: (/) classically activated, M 1-macrophages, or (2)
alternatively activated, M2-macrophages (Figure 1.1B). Classically-activated macrophage
perform pro-inflammatory functions and are polarized by lipopolysaccharide (LPS) and cytokines
such as IFN-y or GM-CSF to exhibit strong effector functions against pathogens and cancer cells.
In addition to high phagocytic ability, M1-macrophages produce increased levels of pro-
inflammatory cytokines, including IL-12, IL-23, and TNF-a, which facilitate leukocyte
recruitment and activation during injury. In contrast, polarization by IL-4 and IL-13 can result in

alternatively activated M2-macrophages that perform anti-inflammatory functions. M2-



macrophages contribute to wound healing and repair through debris clearance and release of TGF-
B, PDGF, and VEGF. Furthermore, they participate in the resolution of inflammation by producing
immunosuppressive cytokines such as IL-10.%171 While the M1/M2 macrophage model is broadly
used, macrophages are complex and do not form clear-cut activation subsets. The simplified
M1/M2 paradigm ignores the source and context of stimulation — M1/M2 stimuli do not exist alone
in tissues. In reality, macrophage polarization is multi-dimensional with overlapping functions and

markers between subsets, and may therefore be better considered as a continuum of functional

states.[10:18]
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Figure 1.1: Macrophage distribution and polarization.A) Macrophages are present in all organs
throughout the body, such as the brain, skin, and liver, and hold key roles in immune defense and
in regulating homeostasis. Their dysfunction and dysregulation is linked with many diseases, such
as cancer, obesity, and cardiovascular disease. B) Activated macrophages are broadly classified
into two subsets: M1I-like and M2-like macrophages. These different phenotypes are activated via
different stimuli, express different cellular markers, and perform different functions. However, this
simplified paradigm does not fully cover the complexity of macrophage polarization, which is

multi-dimensional with overlapping functions and markers.

1.2.3 Tumor-associated macrophages in cancer

Clinically, high tumor-associated macrophage infiltration is linked with worse patient prognoses
in various tumors, including breast cancer, lung cancer, and lymphomas.['”l TAMs have
accordingly emerged as a promising therapeutic target in cancer treatment. Despite the phenotypic
plasticity and diversity in the tumor microenvironment, TAMs often exhibit an “M2-like”
phenotype, displaying characteristic markers such as the hemoglobin scavenger receptor (CD163)
and mannose receptor (CD206). Furthermore, these cells play an anti-inflammatory role, inducing
immune suppression and promoting tumor progression through a range of mechanisms including
producing immunosuppressive cytokines, suppressing cytotoxic T cell activity while promoting
regulatory T cells, and inhibiting B cell signaling (Figure 1.2).1%1920] TAMs further potentiate
tumor progression by promoting tumor cell proliferation, angiogenesis, and invasion by releasing
growth factors and enzymes that digest the extracellular matrix and basement membrane.
Furthermore, TAMs induce cancer cells to migrate through paracrine signaling (CCL18), as well

as prepare distant metastatic sites for seeding.*!]



Tumor-associated macrophages potentiate tumor growth and invasion
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Figure 1.2: Tumor-associated macrophages as drivers of tumor growth. Tumor-associated
macrophages drive tumor growth through several mechanisms, such as immunosuppression,
monocyte recruitment, and preparation of distant metastatic niches. TAMs further support tumor
invasion by releasing enzymes that break down the basement membrane and secreting angiogenic
growth factors. They comprise a large proportion of infiltrating immune cells and are involved
with every stage of cancer progression. Because of their role in potentiating tumor growth and

invasion, TAMs have emerged as an interesting therapeutic target for cancer treatment.

1.3. Synthetic biomaterials to target TAMs in cancer by systemic delivery

1.3.1 TAM-targeted therapeutic strategies

As drivers of tumor progression, TAMs are promising therapeutic targets. Current macrophage-
targeted therapies under development aim to (/) inhibit monocyte/macrophage recruitment, (2)
deplete macrophages, or (3) activate macrophage anti-tumor functions (Figure 1.3).12224] There

exists some controversy about whether TAMs are derived from blood-circulating monocytes or



from infiltrating peripheral tissue macrophages.!?*! However, inhibiting monocyte recruitment and
their subsequent maturation into TAMs by blocking the CCL2-CCR2 axis has indeed improved
survival in tumor-bearing mice.l?>?61 A drawback of this strategy is that cessation of CCL2
inhibition in these model systems can accelerate death via a rebound in monocyte populations and

enhanced tumor angiogenesis and metastasis.*”]

Strategies in modulating tumor-associated macrophages
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Figure 1.3: TAM-targeted clinical and pre-clinical strategies. Current clinical and pre-clinical
macrophage-based strategies aim to (1) inhibit monocyte and macrophage recruitment, (2) deplete
TAMs, or (3) reprogram TAMs to an anti-tumor phenotype. Many small molecule or monoclonal
antibodies treatments target the CSF-1/CSF-IR or CCL2/CCR2 axis to inhibit monocyte
recruitment and macrophage maturation. However, treatment cessation results in a rebound in
monocyte population. Second, while TAM depletion has demonstrated efficacy in many animal
models, indiscriminate TAM depletion may actually exacerbate tumor progression, emphasizing
the complexity of macrophage populations and activity. Lastly, macrophage re-education toward
an M1l-like anti-tumor phenotype has been shown to reduce tumor progression, but can result in
off-target side effects. Overall, all of these strategies can benefit from improved targeting to

specific macrophage populations.



Drug Pathway Type Ref.

852A TLR7 Small molecule [143]

AMG820 CSF-1R Monoclonal antibody NCT02713529, ref. [144]

AZD9150 STAT3 Small molecule NCT03421353, ref. [145]

BLZ945 CSF-1R Small molecule NCT02829723, ref. [66]

Cabiralizumab (FPA008) CSF-1R Monoclonal antibody NCT03336216

Carlumab CCL2/CCR2 Monoclonal antibody  NCT00992186 (completed), ref. [146]

Clodronate Apoptosis Small molecule [28]

GW2580 CSF-1R Small molecule [147]

Hu5F9-G4 CD47/SIRPa  Monoclonal antibody NCT02953509, NCT02953782

IMC-CS4 CSF-1R Monoclonal antibody NCT01346358 (completed),
NCT02265536 (completed)

Imiquimod TLR7 Small molecule [148,149]

MLN1202 CCR2 Monoclonal antibody NCTO01015560 (completed),
NCT01413022 (completed)

PF04136309 CCR2 Small molecule NCT02732938 (terminated),

PLX3397 CSF-1R Small molecule NCT01349049 (completed), ref. [150]

PLX7486 CSF-1R Small molecule NCT01804530 (terminated)

RG7155 CSF-1R Monoclonal antibody NCT01494688 (completed), ref. [151]

RS102895 CCR2 Small molecule [152,153]

Silibinin Apoptosis Small molecule [154,155]

Trabectedin Apoptosis Small molecule NCT03884972,
NCT03397186, ref. [156,157]

Tremelimumab CTLA-4 Monoclonal antibody NCT03298451, NCT02536794

WP1066 STAT3 Small molecule NCT01904123, ref. [158]

Table 1.1: Summary of current clinical and pre-clinical therapies

Macrophage depletion has been used clinically for the treatment of metastatic breast cancer and
other solid tumors (Table 1.1).128! In animal models, systemic delivery of bisphosphonate-loaded
liposomes induces apoptosis in macrophages, inhibiting tumor progression and angiogenesis.
However, recent evidence suggests that this indiscriminate, systemic depletion of macrophages
may exacerbate tumor progression. For example, accumulation of CD169" macrophage has been

associated with improved prognosis in hepatocellular and colorectal carcinomas.?>*°1 Another



macrophage depletion strategy targets the colony stimulating factor (CSF)-1—CSF-1R axis. CSF-
1 is the major growth and differentiation factor produced by many types of cancer cells that induces
macrophage maturation, and its cognate receptor CSF-1R is abundantly expressed by monocytes
and macrophages. Blocking CSF-1R activation and signaling reduces TAM densities by depleting
TAMs and monocytes, and increases CD87/CD4" T cell ratios.’!! However, as with CCL2
blockade, cessation of treatment results in enhanced CSF-1 signaling and rebound monocyte and

macrophage populations. 3!

Lastly, TAM re-education activates macrophage anti-tumor functions. Intraperitoneal injection of
IFN-y, a macrophage-activating cytokine that induces a M 1-like phenotype, was demonstrated to
activate anti-tumor cytotoxicity in mononuclear phagocytes and reduce tumor progression.[*3
Similarly, treatment with a CD40 agonist rapidly activates macrophages and facilitated depletion
of the tumor stroma and restored tumor immune-surveillance.**! Kaneda, et. al. reported that
macrophage PI 3-kinase y (PI3ky) controls the switch between macrophage immune suppression
and activation; PI3ky inhibition activates NFkB-dependent immune-stimulatory polarization and
significantly increases CD8" T cell recruitment and cytotoxicity.[*>] Yet, because macrophages are
present throughout the entire body, indiscriminate macrophage modulation can result in off-target
side effects.”?l Here, we will discuss several strategies to target TAMs using synthetic
biomaterials, with the goal of improving drug delivery and reducing on-target off-tumor toxicity.
Further discussion on liposome, polymer, and organic TAM-targeted immuno-nanomedicines can

be found in this review.[3¢]

1.3.2 Passive targeting

The mononuclear phagocytic system (MPS) is responsible for clearance of foreign particles in the
body and is thus a major hurdle to nanomedicine drug delivery systems. However, for macrophage-
targeted therapies, their high phagocytic capability can be utilized for targeting and drug delivery.
In particular, macrophages in the liver and spleen, the primary clearance organs, rapidly sequester

37-39] Passive

and degrade 30-99% of injected nanoparticles (NPs) immediately after injection.!
targeting, preferential accumulation due to physical properties like size and charge, and the rate
and extent of macrophage uptake, are significantly affected by NP modifications.!**! Worth noting

is the passive targeting strategy that relies on the “enhanced permeation and retention” (EPR) effect
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which is believed to enhance NP accumulation in tumors due to leaky vasculature. This targeting
strategy dominated cancer nanomedicine principles for years, yet the benefits of the EPR effect
varies considerably between patients and tumor types.[*34!] As the importance of TAM-tumor
interactions gained appreciation, TAMs have been explored as drug targets of interest that can be

reached through the passive targeting methods described in this section.

1.3.2.1 Effect of particle properties on macrophage uptake

Because nanoparticles are tunable and readily internalized by phagocytes, they are excellent drug
carriers to macrophages. Particle size, charge, and shape affect macrophage uptake (Figure 1.4).
Particle uptake is optimal between 30 nm-3 um; outside of this range, phagocytosis
decreases.'7#4243] While highly cationic or anionic particles are internalized by macrophages at a
higher rate compared to particles with neutral or slightly negative zeta potentials, size is a stronger
determinant of internalization instead of charge.[*3] Particle shape influences macrophage uptake
as well, with spherical particles being preferentially phagocytosed over ellipsoidal, rod-like, or
cylindrical particles. Microparticles with curvature greater than 45 degrees are unable to be
completely internalized.[**#3] Shape also affects how stiffness influences internalization: for rod-
shaped particles, decreasing stiffness significantly increases internalization, but decreases
spherical particle uptake.[**] Controlling these physical parameters can improve drug delivery to
target populations. However, when designing an injectable particulate system, it is also important
to consider how particle parameters affect other aspects of pharmacokinetics. For example,
particles around 100 nm demonstrate the longest circulation time, while nanoparticles less < 5 nm
are rapidly excreted through the kidney. Particles 200-500 nm are filtered by the spleen and
particles 2-5 um accumulate in the lung capillaries. Depending on tumor vasculature, particles
around 50-100 nm accumulate in the tumor due to the EPR effect.3”) A review of nanoparticulate
carrier systems and their interactions with macrophage is well covered by other published work

(biological carriers, viral particles, carbon nanotubes, etc.).[*8]
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Nanoparticle properties influence macrophage uptake

SIZE SHAPE
1nm 10 pm Spheroid Rod-like Disc-like
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The dark bar indicates preferential uptake by macrophages

Figure 1.4: Nanoparticle properties influence macrophage internalization. Property parameters
that increase macrophage uptake are indicated with the darker bar. Particles between 30 nm and
3 um in size induce optimal particle uptake. Spheroid particles demonstrate higher uptake
compared to rod-like or disc-like shaped particles. Both highly anionic or highly cationic particles
undergo high uptake. Nanoparticles are primarily cleared by the lungs, liver, kidney, and spleen.
Understanding the effect of these parameters on macrophage uptake can improve particle design

to target desired cell populations and reduce clearance.

1.3.2.2. Liposomes

Liposomes are considered to be among the most successful drug delivery systems developed, with
several formulations in clinical trials or on the market.[*”] Liposomes without surface shielding are
inherently recognized by MPS cells, and alterations to their physicochemical properties can further
improve uptake by monocytes and macrophages. Overall, small (85 nm), negatively charged
liposomes facilitate MPS internalization, whereas large, positively charged particles induce

activation and toxicity.[0]

Liposomal formulations of bisphosphonates (e.g. clodronate & alendronate), compounds that

induce apoptosis upon internalization, are used as agents for macrophage depletion in animal
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models.[*”*® In a murine teratocarcinoma and human rhabdomyosarcoma model, liposomal
clodronate effectively depleted monocytes and macrophages, suppressing tumor growth and
angiogenesis by up to 92%.2%8) A modified clodronate liposome formulation using cationic lipid
DOTAP and PEG phospholipid improved clodronate encapsulation. Intravenous (IV) injection
resulted in significant tumor and pulmonary nodule reduction in a metastatic melanoma model.!*’!
The route of injection affects which macrophage populations are depleted. IV injection depletes
Kupffer, spleen, and bone marrow macrophages; intraperitoneal (IP) injection depletes peritoneal
macrophages; and subcutaneous administration depletes macrophages in the draining lymph

nodes.[#7]

1.3.2.3. Inorganic Nanoparticles

Gold nanoparticles have been applied in vivo as drug carriers, contrast agents, and phototherapy
agents. Lin, et. al. relied on macrophage uptake to facilitate delivery of cytosine-phosphate-
guanine (CpG) to intracellular toll-like receptor 9 (TLR-9).15% CpG is a potent stimulant of TLR-
9, triggering cell activation, production of pro-inflammatory cytokines, and inducing CD8" T-cell
responses. Small gold NPs (15 nm) functionalized with CpG induced higher TLR-9 stimulation,
as measured by TNF-a, IL-6, and G-CSF secretion, than 30 or 80 nm gold particles. Intratumoral
injection of NPs improved survival and immune cell infiltration (macrophages, dendritic cells,
CD8" T cells) in B16-OVA tumors. In another example, gold NPs modified with polyethylene
glycol (PEG) were engineered with a high-aspect ratio to increase cell exocytosis by macrophages
compared with low-aspect ratio or spherical counterparts.>!) Over a 7-day period, NPs that were
initially captured by Kupffer cells in the liver and TAMs in the tumor were then exocytosed and
transferred to tumor cells. Irradiation of 4T1 tumor-bearing mice 7 days after NP injection
significantly inhibited tumor volume and induced greater tumor cell apoptosis compared to
irradiation 1 day after injection. The authors hypothesize that the 7 day window was necessary to
enable NP transfer from macrophage to tumor cells. Together, this study shows how NP properties
can be modified to direct macrophage activity in the tumor environment and enhance therapeutic

benefit.

In addition to NP properties influencing uptake, macrophage phenotype plays a significant role in

internalization as well. In primary human monocyte-derived macrophages and liver Kupffer cells,
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M2-like macrophages preferentially internalized hard nanoparticles, with a hierarchy among the
subtypes: M2¢ > M2 > M2a > M2b > M1.552! In Kupffer cells, nanoparticle uptake correlated with
increasing M2-marker expression (CD163, CD209). Furthermore, nanoparticle internalization
decreased inflammatory cytokine secretion. These trends were corroborated by Binnemars-Postma
et. al., who investigated the effect of protein coronas on silica nanoparticle uptake by M1 or M2

macrophages.>!

1.3.2.4. Polymer, polymeric nanoparticles, and polymer depots

Polymer-based drug delivery systems benefit from tunable and controllable architecture, providing
control over release kinetics and delivery profiles, and conferring responsiveness to environmental
stimuli. In some cases, polymer alone is sufficient to target TAMs or to direct changes in the tumor
environment. Zhang, et. al. demonstrated that hydroxyl-functionalized, generation-4
poly(amidoamine) PAMAM dendrimers passively target TAMs in a 9L gliosarcoma model.[**! In
another strategy, Huang, et. al. used cationic polymers polyethyleneimine (PEI) and cationic
dextran to stimulate TAM anti-tumor activity, likely through TLR-4 signaling.5%! Intratumoral
injection of these polycations increased macrophage pro-inflammatory gene expression (NOS2,
MHCII) and cytokine secretion (IL-12), and promoted T and nature killer cell infiltration,

decreasing tumor size and improving survival in an S180 sarcoma model.

Polymeric nanoparticles have also been used for drug delivery to macrophages. For cancer
therapies, these “smart polymers” can be designed to respond to the tumor microenvironment, such
as acidic pH or proteases, increasing specific drug delivery to TAMs or cancer cells. In one recent
example, Wang, et. al. developed microenvironment-responsive nanoparticles with an IL-12
payload, a cytokine that can induce anti-tumor effects, to re-educate TAMs toward a pro-
inflammatory phenotype.* Poly(B-amino ester) nanoparticles, capable of dissociating in weakly
acidic conditions (pH 6-7), preferentially accumulated in B16-F10 tumors with prolonged IL-12
release over 48 hours. In NP-treated mice, tumor growth was significantly inhibited and
macrophage infiltration was higher. Isolated TAMs from treated tumors had substantially higher
iINOS, CCR7, and M1-marker expression, compared to controls. Similarly, “ultra-pH-sensitive
cluster nanobombs” (SCNs), composed of poly(ethylene glycol)-b-poly(2-azepane ethyl
methacrylate)-modified PAMAM dendrimers (PEG-b-PAEMA-PAMAM), released cargo
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specifically in the low tumor pH environment.l’’! At the low tumor pH, the SCNs disintegrated
and rapidly released their cargo: (/) platinum (Pt) prodrug small particles (~10 nm) and (2) BLZ-
945, a CSF-1R small molecule inhibitor. Compared to larger particles, the Pt prodrugs particles
demonstrated improved tumor penetration and distribution, and upon internalization, released
cisplatin. The synergistic effects of this therapy reduced TAM infiltration, increased CD8" T
cell/Treg cell ratio, and improved median survival in a metastatic B16 melanoma model. However,
this therapy was not sufficient to completely ablate tumors, and mice still presented with lung
metastases. In a strategy utilizing responsive polymers, Wang et. al. designed a two-layer
nanoparticle for tumor-triggered drug release and TAM depletion, ultimately altering the tumor
immune environment.’® The PEG-PLGA polymer complexes (P2AB) had an outer “shell” that
enabled matrix metalloprotease (MMP) triggered drug release, and an inner “core” for TAM-
depletion. In the tumor environment, elevated MMP concentrations released the inner core
conjugate, an alendronate-glucomannan (BSP) polymer. BSP targeted macrophages, increasing
TAM uptake of alendronate and efficiently inducing apoptosis. In a liver tumor model, P’AB
elevated IFN-y and reduced IL-10 levels, indicative of a more pro-inflammatory immune

environment, and prolonged survival.

Due to their intrinsic phagocytic capability, macrophages can be used as “cellular drug reservoirs.”
Miller et. al. delivered poly(D,L-lactic-co-glycolic acid)-b-poly(ethylene glycol) (PLGA-b-PEG)
NPs loaded with a platinum (Pt) pro-drug to HT1080 tumors.’®! Although TAMs comprised only
4% of the total tumor mass, 30% of total injected NPs accumulated in TAMs. Yet, although TAMs
initially had the highest accumulation, surrounding tumor cells exhibited more than twice the
amount of Pt-payload compared with TAMs. Analysis of supernatant revealed that TAMs served
as drug depots for NPs and released their cytotoxic Pt-payload to surrounding tumor cells. The
benefit of TAMs was further confirmed following macrophage depletion via clodronate liposomes,

which substantially reduced the efficacy of NPs to inhibit tumor growth.

1.3.2.5. Limitations in passive targeting
Increased tumor and TAM accumulation can be achieved by modulating particle properties such
as size, shape, charge, and surface modifications. However, the extent of passive targeting to

tumors is highly dependent on tumor vascularization and interstitial fluid pressure. In humans, the
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EPR effect is poorly reproduced and highly variable between tumors and patients. Furthermore,
passive targeting is limited by an inability to differentiate between diseased and healthy tissues
with fenestrated endothelium.[®*6!] This distinction is critical for effective TAM-targeted therapies
due to high MPS uptake in the liver and spleen, which can lead to therapeutic toxicity. Overall, the
contribution of enhanced accumulation by passive targeting is limited to organs at the MPS

level.[62]

1.3.3 Active targeting

Active targeting, accumulation due to molecular recognition or interaction, relies on ligand-
receptor affinity that is usually combined with the ability to trigger endocytosis.[®] In targeted
therapies, the main goal is to direct the payload to the appropriate tissue and cell, with decreased
accumulation in healthy tissues. TAM-targeted therapies introduce an additional challenge, aiming
to target a specific subset of macrophages. In particular, because macrophage surface receptor
expression varies across phenotypes, anti-cancer TAM targeting requires preferential drug delivery
to M2-like TAMs over tissue resident macrophages or M1-like TAMs. However, this is challenged
by the significant overlap in receptor expression among macrophages, which are distributed
throughout the body, as well as the unclear distinction between macrophage phenotypes and
functions. This section summarizes active targeting strategies for TAM delivery or modulation

(Figure 1.5).
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Active targeting ligands facilitate cellular recognition and internalization

Qee

Property Antibody Peptide Carbohydrate Aptamer
Affinit High (pM-nM)  Moderate (uM) 1dh (increases —uou a1 )
y gntp with valency) gnip

- . . High (but .
Specificity High High promiscuous) High
Modification Difficult Easy Difficult Easy
Cost High Medium Low Medium

- Requires Requires
Serum stability Very stable modification Stable modification
Tissue penetration Low Moderate Moderate High

Figure 1.5. Active targeting ligands recognize cellular markers and facilitate internalization. The
ability to differentiate between macrophage phenotypes can improve therapy specificity and
reduce off-target effects. However, specific macrophage targeting is still limited by variable
surface expression, significant overlap of expression between macrophage phenotypes, and a lack
of understanding of macrophage phenotype and function. Currently, antibodies, peptides,
carbohydrates, and aptamers are used to increase accumulation in specific macrophage
populations. The decision of which ligand to use is a balance between biological considerations
(target affinity, specificity, stability, and penetration) and chemical considerations (ease of

modification and cost).

1.3.3.1. Monoclonal Antibodies

Therapeutic antibodies are the fastest growing class of biologic drugs, with a 115% increase in
new clinical trials between 2007-2016.[4) In TAM-targeted therapies, antibodies are used to (1)
block macrophage signaling, (2) activate macrophage signaling, or (3) as a targeting ligand to

increase specific drug delivery.
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As discussed, the CSF-1/CSF-1R axis is critical for macrophage maturation and survival;
disruption of this axis can modulate macrophage populations and improve outcomes in preclinical
cancer models. Ries et. al. generated a humanized anti-CSF-1R antibody, RG7155, that blocks
both ligand-dependent and ligand-independent receptor activation.!! Treatment depleted CSF-
IR" TAMs, which was accompanied by increased CD8" T cell infiltration. Small-molecule CSF-
IR inhibitors (PLX3397, BLZ945) can also prolong survival and induce tumor regression, likely
through removal of the TAM-mediated immune suppression.[%>9] However, this CSF-1-targeted
strategy impacts all macrophages throughout the body, as well as other CSF-1R expressing
leukocytes, resulting in systemic toxicities such as elevated liver enzymes, hepatotoxicity, or
peripheral edema.l%”! Interestingly, observed toxicity differs between small molecule versus
antibody inhibitors. Another macrophage-targeting monoclonal antibody treatment against pattern
recognition receptor ‘macrophage receptor with collagenous structure’ (MARCO) also induced
anti-tumor activity in mammary and colon carcinoma and melanoma by re-polarizing TAMs to a

pro-inflammatory phenotype. 8!

The CD47/signal regulatory protein alpha (SIRPa) axis is another therapeutic target.l”) This
immune checkpoint is composed of (/) CD47, a molecular “don’t eat me signal” that identifies
cells as “self,” and is often overexpressed in transformed cells, and (2) SIRPa, an inhibitory
immune receptor on phagocytes. Anti-CD47 antibody blockade increases macrophage
phagocytosis of cancer cells. Although anti-CD47 approaches have modest effects as a
monotherapy, synergistic effects with tumor-opsonizing antibodies (rituximab, trastuzumab,
cetuximab) or SIRPa antagonists improve anti-tumor response, resulting in cancer elimination in
a non-Hodgkin or Raji cell lymphoma models.[”%7!1 At the time of this review, anti-CD47 antibody
Hu5F9-G4 is undergoing Phase 1/2 clinical trials as a monotherapy and in combination with other
anti-cancer drugs.[”?) Interestingly, a recent study reported that macrophages can circumvent CD47
“don’t-eat-me” signaling and phagocytose tumor cells after activation with CpG, a TLR-9
agonist.[”>] Kulkarni et. al. designed a supramolecular assembly in an example of antibody-based
targeting of lipid nanoparticles, comprising (/) a lipid nanoparticle functionalized with an anti-
SIRPa antibody to block the SIRPa/CD47 axis, and (2) a lipid-modified CSF-1R inhibitor for
high drug loading into the nanoparticle.’”*! Treatment robustly ablated tumor growth due to

increased phagocytosis of cancer cells by macrophages, and increased percentage of M1-like

18



macrophages (CD11b*CD86"). The bifunctional supramolecule induced a strong anti-tumor
response compared to sequential treatments of anti-SIRPa and anti-CSF-1R (BLZ-945) alone due
to improved intratumoral accumulation and circulation, highlighting the critical role a drug
delivery system can play in tissue accumulation, pharmacokinetics, and ultimately, therapeutic

efficacy.

Antibodies against macrophages surface proteins such as CD169, CD36, CD86, or CD206, have
also been used to facilitate targeted delivery of NPs to macrophages.”>~77] Antibodies are the most
commonly used active targeting ligand because of their broad range of uses, such as direct anti-
tumor effects, facilitation of cellular targeting, or neutralization of soluble ligands or
receptors.[’®7°) Antibodies can provide the quickest route for clinical proof-of-concept and benefit
from a history of safety and tolerability in humans as well as the necessary infrastructure for
commercialization. However, while these targeting ligands can offer some cellular and M1/M2
specificity, their efficacy is reduced by overlap with other cells that express the same receptors
and by high non-specific macrophage uptake via Fc recognition. For example, CD206 is a pattern
recognition receptor that is upregulated on M2-like macrophages, but is also expressed by tissue
resident macrophages and dendritic cells. While therapeutic antibodies have achieved impressive
results in cancer treatments, their use as targeting ligands to TAMs is limited by several drawbacks.
Macrophages express an Fc receptor which can result in non-specific antibody interactions
depending on conjugation chemistry. Also, due to their large size (~150 kDa), antibodies suffer
from conjugation challenges and poor tissue penetration. Antibodies are currently the most costly
form of targeting ligands, compared to small molecules or peptides.®”) The development of
nanobodies addresses some of these limitations. Nanobodies are the smallest antigen binding
fragment (~15 kDa) and lack the Fc region of conventional antibodies, eliminating non-specific
Fc-binding and improving tumor penetration. Targeted delivery using mannose nanobodies was
able to induce efficient internalization by CD45"MHCIIY TAMs. I8!l However, nanobodies still
require extensive optimization as they are challenged by poor solubility and stability, and rapid

(82

clearance.®”) As such, significant effort has been exerted to discover other ligand alternatives to

antibodies for macrophage targeting.

1.3.3.2. Peptides
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Peptide ligands can offer specific recognition of their cognate receptors, and are generally smaller,
less immunogenic, and cheaper to manufacture than antibodies. Our group has identified M2pep,
a unique peptide sequence that binds preferentially to M2 macrophages over M1/M0 macrophages
and other leukocytes.[**] Delivery of a pro-apoptotic peptide depleted macrophage populations and
prolonged survival in CT26 tumor-bearing mice. Further optimization improved serum stability
and affinity, and conferred intrinsic fluorescence and pH-sensitivity to enable improved specific
binding in the acidic tumor environment.®*®71 Conde et. al. conjugated M2pep onto gold
nanoparticles to deliver small interfering RNA (siRNA) for VEGF knockdown, demonstrating
high selectivity for TAMs in the lung tissue and lavage fluid, and Qian et. al. applied M2pep for
TAM-targeted siRNA delivery of anti-CSF-1R resulting in anti-tumor activity in mouse tumor

models.[88:89]

Another peptide, UNO, binds CD206 (mannose) receptor on TAMs with high specificity (> 95%)
across five tumor models of breast carcinoma, melanoma, glioma, and gastric carcinoma.l*’]
Significantly, UNO did not home to non-malignant tissues, even those with CD206" macrophages,
or accumulate non-specifically in regions with vascular leakiness. This system is advantageous
over other CD206 peptides (i.e. RP-182) or mannose analogues (e.g. Manocept™), which binds
to a variety of other receptors, such as SIRPa or CD209. Similarly, the macrophage-binding
peptide CRV rapidly extravasated to tumors and bound extracellular retinoid X receptor beta
(RXRB) on CDI11b*F4/80" macrophages.”l CRV distinguished between macrophages in
pathological and healthy tissues, facilitating TAM-specific accumulation of porous silicon NPs in
solid tumors. However, peptide delivery systems are limited by reduced binding affinity and

increased susceptibility to proteolytic degradation compared to their antibody counterparts.®?!

1.3.3.3. Carbohydrates

Carbohydrate targeting ligands offer high specificity, binding affinity that increases with
increasing ligand valency, high water solubility, and low cost. As discussed above, the macrophage
mannose receptor (MMR/CD206) is of particular interest in TAM-targeted therapies. MMR is
abundantly expressed on M2-like macrophages and efficiently mediates internalization. Zhu et. al.
developed a mannose-modified nanoparticle platform to target TAMs in a pH-sensitive manner.[*3]

PLGA nanoparticles were decorated with an acid-sensitive PEG-coating that was shed in the acidic
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tumor microenvironment (~pH 6.8), exposing mannose for binding to the mannose receptor on
TAMs. The PEG coating was sufficient to reduce mannose-mediated uptake in the liver and spleen,
likely by reducing opsonization of particles. PEGylated nanoparticles showed higher tumor

accumulation and circulation, as well as clear TAM-colocalization.

Glucomannan Bletilla striata (BSP) is another carbohydrate used to target the mannose receptor
on macrophages.®¥ A BSP-alendronate conjugate demonstrated induced an 84.5% reduction in
F4/807 cells and in a S180 sarcoma tumor, treatment decreased VEGF, MMP-9, and the number
of blood vessels by 83.9%, 65.3%, and 86.3%, respectively. IFN-y expression, necessary for a Thl
immune response, was markedly increased by 3-fold. Together, these results suggest that TAM-
depletion reduced angiogenesis and overcame immune suppression in the tumor
microenvironment. Similar results were demonstrated using mannose-decorated manganese
dioxide (MnO>) nanoparticles to relieve hypoxia in tumors.[®>) Combined delivery of hyaluronic
acid re-programmed M2-like TAMs into an MIl-like phenotype. Similarly, B-cyclodextrin
nanoparticle-mediated delivery of TLR-7/TLR-8 agonist R848 and anti-PD-1 checkpoint inhibitor
improved immunotherapy response.l’s! Treatment induced macrophage re-education toward an
M1-like phenotype and triggered T cell infiltration, reducing tumor growth and improving survival
in MC38 colorectal and B16F10 melanoma models. Muraoka et. al. highlighted the critical role
that macrophages play in antigen presentation, the capacity to stimulate cytotoxic T cells, and
tumor eradication.®”) Mice were treated with (/) cholesteryl pullulan nanogels to deliver long
peptide antigen 9m epitope to stimulate a CD8" T cell response, and (2) CpG, a TLR-9 agonist to
restore antigen presentation capacity and other pro-inflammatory functions in TAMs. Combined
with adoptive T cell transfer of CD8" T cells, treatment eradicated tumors. Macrophage depletion
with clodronate liposomes limited therapeutic efficacy, highlighting the role of macrophage

antigen presentation in tumor ablation.

However, carbohydrates can be recognized by multiple lectins, whereas their antibody
counterparts offer high specificity to their cognate receptors. For example, mannose moieties can
be recognized by other mannose binding receptors, such as DC-SIGN, L-SIGN, Endo180, or
mannose binding lectins.[®! In a direct comparison of antibody and carbohydrate targeting ligands

for dendritic cell-specific C-type lectin receptor (DC-SIGN), antibodies were more efficient in
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driving binding and uptake of NPs. Although carbohydrate-decorated NPs benefitted from higher
ligand valency, this advantage did not outcompete the higher affinity binding of the anti-DC-SIGN

antibody.[*°]

1.3.3.4. Oligonucleotides

Aptamers are short RNA or DNA oligonucleotides that form unique secondary structures, offering
high affinity binding and high selectivity between targets. As synthetic ligands, aptamers benefit
from relatively low production costs and a broad range of conjugation chemistries. Compared to
antibodies, aptamers can offer comparative binding affinities with a much smaller size, improving

tissue penetration and allowing them to bind harder-to-reach targets.!'%%-101]

Aptamers have been used to re-educate TAMs and create a pro-inflammatory tumor immune
environment. Roth et. al. generated an RNA aptamer blocking IL-4Ra (CD124) signaling, which
has been implicated in pro-tumor TAM polarization.!'?) The IL-4Ro aptamer preferentially
targeted myeloid-derived suppressor cells (MDSC) and TAMs, reducing downstream STAT6
signaling and inducing apoptosis. In 4T1 tumor-bearing mice, IL-4Ra aptamer treatment
significantly inhibited tumor progression and altered the tumor immune environment: MDSC,
TAM, and regulatory T cell populations were reduced, while activated, effector T cell populations
(CD8"and CD69") were increased. However, aptamer treatment alone was insufficient to eradicate

the tumor and only temporarily arrested tumor growth.

While the aptamer field is still being explored, it is important to recognize the following in vivo
limitations for aptamers: susceptibility to nuclease degradation and rapid renal excretion.
Aptamers used in vivo therefore require chemical modifications to improve serum stability and

circulation time.l'%!

1.3.3.5. Limitations in active targeting

Although active targeting can improve macrophage uptake, therapeutic efficacy is challenged by
limited retention, broad macrophage distribution, and macrophage plasticity. First, carrier
biodistribution is controlled by the properties of the carrier itself, such as size, shape, and charge,

and is ultimately determined by circulation and extravasation, resulting in passive accumulation.

22



As carriers accumulate in the tissue, targeting ligands facilitate cellular localization and
internalization. Of note, the conjugation of targeting ligands can create a ‘binding site barrier’
because high affinity antibody interactions occur at the tumor periphery, impeding efficient tumor
penetration and creating non-uniform spatial distributions.'® Overall, an extremely low
percentage of nanoparticles end up in target cells.'®) For example, in the tumor, only 0.07% of
injected NPs are delivered to the solid tumor, of which only 2% are delivered to cancer cells. The
majority of intratumoral NPs are internalized by perivascular macrophages, which dominate
uptake even in the presence of targeting ligands: TAMs took in up to 90% of cancer-targeted
nanoparticles. This is in part due to higher macrophage concentration near tumor blood vessels:
70% of tumor blood vessels had 1-3 macrophages in the periphery, over half of which were within
10 um from the vessel. Together, macrophages’ high intrinsic phagocytic behavior and spatial
location by vasculature favor increased macrophage uptake.['®! While increased macrophage
uptake can be advantageous for TAM-therapies, this illustrates the challenge of designing targeted
drug delivery systems.

Second, macrophages are distributed throughout the body, posing a challenge for TAM-targeted
carriers. Spleen and liver macrophages readily uptake nanoparticles, which can prevent sufficient
drug accumulation in target tissues and lead to high toxicity. Even lung macrophages play a role
in clearance of I'V-injected NPs: Wilbroe et. al. showed that adverse cardiopulmonary reactions
were due to robust clearance by resident pulmonary intravascular macrophages, resulting in
massive release of thromboxane and prostaglandins.['%7! Lastly, TAMs are extremely
heterogeneous and can adapt their phenotype and function in response to environmental stimuli.
Macrophage extracellular surface expression can fluctuate, and it also overlaps between tissues,
macrophage subpopulations, and other immune cells. For example, CD206 is highly expressed on
M2a and M2c TAMs, but is also expressed on immature dendritic cells. Monocyte-derived
dendritic cells in particular share significant marker overlap with TAMs and express MHCII,
F4/80, CD14, and IL-10. To add to the challenge of targeting macrophages within specific tissues,
it is also necessary to target specific macrophage subpopulations. For example, Ohnishi et. al.
demonstrated that CD169" TAMs are linked with favorable prognosis.[*%7! Currently, there is an
inadequate understanding of the relationship between macrophage phenotype and function,

resulting in an inability to preferentially deliver therapeutics to tumor-supporting TAMs in vivo.
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As such, it is critical that we improve our understanding of macrophage function, diversity, and

interactions with tumors in order to develop better therapies.

1.4. Localized TAM modulation by biomaterials: lessons from wound healing

Activated macrophages are essential cells in the natural wound healing process, and have therefore
been extensively studied in the context of host response to implanted biomaterials. The principles
governing the impact of biomaterials on macrophages in a wound environment might therefore
be applied in the future toward TAM modulation in the chronic wound-like environment of solid
tumors.['% Drug-loaded implants are both clinically approved (Gliadel wafer) and in development
for localized tumor therapy. Future designs of localized anti-cancer delivery platforms might offer
dual chemotherapy and immunotherapy activity by considering the effects of biomaterial
properties on macrophage polarization. In this section, we briefly summarize the role of
macrophages in wound healing, the effect of biomaterial properties on macrophage activation, and

finally biomaterials used for local TAM modulation.

1.4.1 Macrophages in wound healing

Macrophages are essential for complete wound healing, orchestrating cellular responses during the
overlapping stages of healing: inflammation, proliferation, and remodeling (Figure 1.6).
Macrophages mature with the wound, adapting their functions as the wound environment changes
and heals.'®!1%! In the early stages of hemostasis, infiltrating macrophages adopt an M1-like
phenotype, driving inflammation to recruit and activate leukocytes, and clearing debris and
apoptotic cells. At this stage, the wound has high levels of IL-1, IL-6, IL-12, TNF-a, and CCL-2.
Once the wound is stabilized, macrophages transition toward an M2-like phenotype to promote
tissue healing, proliferation, and remodeling. Macrophages encourage angiogenesis and ECM
remodeling by secreting growth factors (PDGF, VEGF, FGF) and proteases (serine proteases,
MMP-2, MMP-9) and also exert immunosuppressive activities by secreting IL-10 and TGF-3 and
up-regulating PD-L1 and PD-L2. This M2-like activity mirrors that of TAMs.
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Macrophages orchestrate inflammation and
resolution in wound healing
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Figure 1.6: Macrophages in wound healing. Macrophages hold an essential role in wound
healing, orchestrating the cellular transitions from inflammation, proliferation, and remodeling.
Macrophages release cytokines to recruit and activate leukocytes to the wound site, and promote
ECM remodeling and new vessel growth. After the initial inflammatory phase, macrophages exert

immunosuppressive activities to restore homeostasis and suppress T cell proliferation and activity.

These behaviors mirror that of M2-like TAMSs in cancer.

1.4.2 Macrophage response to engineered biomaterials

Biomaterials afford tunable systems to modulate macrophage activity. Modifications of
architecture (size, geometry, porosity), surface conjugations, or mechanical factors in biomaterials
can significantly impact macrophage activation. The macrophage response to implanted
biomaterials can be the difference between a successful or failed device. As discussed above,

macrophages are master phagocytes, quickly recognizing and internalizing foreign substances.
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Small particles are readily ingested, whereas larger particles (> 10 um) can frustrate macrophages,
inducing inflammatory MI-like phenotype and secretion of pro-inflammatory cytokines,
proteases, and reactive oxygen species. Larger implants (> 100 um) induce the foreign body
reaction (FBR) and the formation of foreign body giant cell (FBGC), a fusion of multiple
macrophages around the implant. FBGCs and fibroblasts deposit a thick, collagen capsule around
the implant, which jeopardizes the function of the biomaterial and can necessitate its

removal.[110-111]

Geometry and aspect ratio also affect macrophage activation and phagocytosis. Implants with
smoother curvature and longer aspect ratios are viewed as “deactivating” because macrophages
are unable to phagocytose them.[''%l Implant stiffness also influences macrophage activation: PEG-
RGD hydrogels with reduced stiffness decreased macrophage activation, as evaluated by cytokine
secretion and gene profiling, and resulted in a less severe FBR reaction.[!'?l Even implant surface
architecture and internal porosity elicits different macrophage responses. Rougher surfaces with
deeper grooves increase inflammatory macrophage activation compared to smoother surfaces, and
higher porosity increases macrophage infiltration.[''%) In addition to the physical characteristics of
implants, biochemical modifications can be added to influence macrophages and the FBR. Surface
modifications with methyl promoted the highest inflammatory macrophage infiltration compared
to surfaces modified with hydroxyl groups. Interestingly, hydroxyl modifications induced a
significantly lower FBR response. Comprehensive discussions about implant interactions with

macrophage are reviewed elsewhere.[!1%:113]

1.4.2.1. Implantable scaffolds

The chemistry, mechanics, and physical properties of implanted scaffolds all affect the local
macrophage response to the foreign material (Table 1.2). In the future, implanted biomaterials
might also provide another tactic for TAM modulation. This section summarizes what has been
reported regarding the effect of scaffold properties of local macrophages, and may provide

guidance on properties to either target or avoid in cancer applications.
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Parameter M1-like M2-like
Pore size Larger Smaller
90-160 um 30-40 um
Fiber diameter Thinner Wider
150 nm 500 nm
Stiffness Less stiff More stiff
0.3 kPa 40 kPa

Table 1.2: Properties of implantable scaffolds modulate local macrophage response. Larger pore
size, thinner fibers, and less stiff materials promote M1I-like macrophage polarization. Smaller
pore size, wider fibers, and stiffer materials promote M2-like macrophage polarization.
Understanding how implant architecture affects macrophage polarization and activity can guide

the design of new cancer therapeutics.

1.4.2.2. Pore size

Implant architecture impacts macrophage activation and the FBR. For implantable scaffolds,
appropriate pore size is essential for cellular infiltration, ECM deposition, and angiogenesis
necessary for tissue integration. The Ratner group synthesized poly(2-hydroxyethyl methacrylate-
co-methacrylic acid) (pHEMA-co-MAA) hydrogel scaffolds to promote cellular integration with
myocardial tissues while decreasing fibrotic encapsulation and demonstrated that a pore size of 40
pm decreased the FBR, induced M2-like macrophage polarization, and improved blood vessel
density.[''*l In comparison, larger pores (90-160 pum) induced a stronger fibrotic response and
decreased vascularization. While both M 1-like (NOS2*) and M2-like (CD206") macrophages were
present, porous scaffolds increased the number of CD206" macrophages, suggesting a transition
toward a wound healing phenotype. Further investigation into macrophage phenotype in the
scaffolds revealed that macrophages immediately within the 34 um pores exhibited a 63% increase
in M1-like (NOS2, IL-1R1) markers.!I''>] However, macrophages immediately outside the scaffold
in foreign body capsule were enriched for M2-like (CD206, SR-BI/II) markers. In contrast,
Sugiura et. al., who compared 5 and 30 um pores in Poly(1-lactic-co-g-caprolactone) copolymer

(PLCP) scaffolds reinforced with poly(1-lactic acid) (PLA) nanofibers, found that large pore (30
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um) scaffolds did not improve vascular regeneration, neotissue formation, or cellular infiltration,
and found no significant difference between infiltration of M1-like (F4/80"iINOS") or M2-like
macrophages (F4/807CD206").[''81 While the authors admit that the scaffold pore size was
heterogeneous in the large graft, this study illustrates how sensitive macrophages are to their

external environment.

1.4.2.3 Fiber diameter and modifications

Similarly, studies have demonstrated that fiber diameter and alignment in electrospun scaffolds
affect macrophage activation. Poly-L-lactic acid (PLLA) scaffolds were synthesized with varied
fiber alignment (aligned or random) or diameter (~1.5 pm or ~0.5 pum).[''7] Aligned fibers
increased macrophage adherence compared to random fibers, regardless of fiber diameter; yet, the
authors suggested that adherence did not always correlate with macrophage activation.
Furthermore, nanofibrous scaffolds reduced inflammatory cytokine (TNF-a, IFN-y) levels and
increased pro-wound healing cytokine (VEGF) levels, regardless of fiber alignment. Overall, fiber
diameter had a more significant impact on the inflammatory response: smaller fibers induced M1-
like phenotype, while larger fibers induced an M2-like phenotype. Abebayehu et. al. incorporated
galectin-1, an immunosuppressive protein, into small and large fiber polydioxanone scaffolds.['!8]
This modification was sufficient to shift macrophage commitment to an M2-like phenotype on the
small diameter fibers. Likewise, functionalization with chondroitin sulfate (CS), a
glycosaminoglycan, decreased macrophage inflammation by impeding CD44 binding, preventing
the LPS/CD44/NF-kB inflammatory cascade.[!'®] CS conjugation to a collagen scaffold decreased
pro-inflammatory gene (TNF-ca, iNOS) expression, while increasing anti-inflammatory gene
(TGF-p, Arg, MRC1, IL-10) markers. Following LPS challenge and in vivo implantation, the CS

scaffold significantly reduced macrophage expression of pro-inflammatory genes (iNOS, TNF-¢,

IL-1p IL-12 MMP-1), and downregulated CD44 expression.

1.4.3 Injectable hydrogels

Hydrogels have garnered interest for their capacity to deliver cellular, drug, or protein therapeutics.
Similar to scaffolds, their architecture and physicochemical properties are highly tunable.!'?") For
wound healing applications, hydrogels have emerged as interesting delivery systems to stimulate

macrophage pro-healing activity. Feng et. al. fabricated a carbohydrate-based hydrogel composed
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of Konjac glucomannan (KGM) and heparin, which stimulated macrophage secretion of pro-
angiogenic growth factors and sequestered them locally, promoting new blood vessel
formation.['>!l KGM is a carbohydrate in the mannose family and has high affinity for CD206,
allowing for rapid macrophage recognition. The crosslinked hydrogels formed pores with an
average size of 50 um, which coincides with reported literature about optimal pore size to induce
pro-healing macrophages. THP-1 cells cultured on KGM/heparin gels highly expressed CD206
and secreted high levels of bFGF, EGF, angiogenin, and VEGF-A, growth factors that support
blood vessel formation. Furthermore, cells on the gel surface expressed lower levels of pro-
inflammatory cytokines IL-1 and TNF-a. Subcutaneous injection into mice revealed increased
blood vessel density (184 per mm?), hemoglobin, and CD31 and a.-smooth muscle actin positive

cells, indicative of new blood vessel formation, compared to KGM controls.

Hydrogels have also been used in a different type of wound healing. Cystic cavities are devastating
to spinal cord injury recovery, inhibiting axonal regeneration and leading to cell death. Hong et.
al. developed an imidazole-poly(organophosphazenes) (I-5) hydrogel that successfully eliminated
these cavities, as well as potentiated ECM remodeling by stimulating local macrophages to
produce MMP-9 enzymes, recruit perivascular fibroblasts, and promote fibronectin matrix
assembly.!'??] Specifically, the imidazole group on the hydrogel interacted with the histamine
receptor on macrophages, enhancing macrophage-hydrogel interactions and maintaining
prolonged macrophage presence. I-5 also increased ECM density of CD11b"CD206" macrophages
with significantly increased MMP-9 expression, which the authors hypothesized contributed to
fibrotic ECM remodeling. Overall, I-5 hydrogel enhanced coordination between the fore- and hind
paws, improved myelin basic protein immunoreactive signal intensity, and contributed to

improved locomotor function.

1.4.4 Application of wound healing principles to cancer

Although wound healing and cancer seem to be on opposite ends of the spectrum in respect to
desired macrophage phenotype, we can derive key biomaterials principles from macrophages in
wound healing and apply them to improve cancer therapies. For example, scaffolds in wound
healing established 30-40 um as the optimal pore size to stimulate M2-like macrophage phenotype,

while larger pores 90-160 pm promote an M1-like macrophage phenotype.[''*!15] In electrospun
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scaffolds, smaller diameter fibers promote inflammatory activity. Therefore, scaffold-based cancer
therapeutics could incorporate larger pores or smaller fiber diameters to activate inflammatory
macrophage phenotype in the tumor environment. Substrate rigidity also alters cell transcriptome,
phenotype, and behavior: increased rigidity increases macrophage phagocytosis and decreases the

[123] In cancer, this effect is illustrated as macrophages leave the soft,

inflammatory response.
matrix-deficient bone marrow and enter the matrix-rich tumor environment. Alvey et. al. correlated
substrate micro-stiffness (kPa) with an increased Sirpa:cd47 ratio.'?!! Understanding this
relationship between substrate stiffness and macrophage expression can help design future
therapies: softer implantable scaffolds could perhaps downregulate the inhibitory effects of the

CD47:SIRPa axis.

Engineered implantable scaffolds could be used to modulate local immune cells and improve
cancer treatments. Guerra et. al. used hydrogels to deliver M 1-like macrophages directly to the
tumor to utilize their anti-tumor activity and overcome acute inflammation associated with
systemic injection of M1-like macrophages.['*’! Poly(ethylene glycol) diacrylate (PEGdA) was
crosslinked with thiolated gelatin poly(ethylene glycol) (Gel-PEG-Cys) and subsequently loaded
with THP-1 monocytes, polarized to M 1-like macrophages with LPS and IFN- y. The macrophage-
loaded hydrogel was injected adjacent to solid MHCC97L HCC tumors and reduced tumor volume
by 6.9-fold. The authors hypothesized that the M 1-macrophages created a pro-inflammatory tumor
microenvironment with elevated TNF-a and nitrite levels, inducing caspase-3 dependent apoptosis
in cancer cells. However, the authors did not characterize macrophage phenotype within the tumor,

or whether macrophages within the tumor were derived from the hydrogel.

Another biomaterials-based strategy utilized scaffolds to influence immune cell distribution,
reducing TAM populations in the primary tumors and attenuating their tumor supporting activities.
Rao et. al. implanted microporous poly(e-caprolactone) (PCL) scaffolds, which recruited immune
cells and reduced tumor burden at metastatic sites.l'>6! At the site of the scaffolds, increases in
inflammatory (Ly6C*F4/807) and non-inflammatory monocytes (CD11b"Gr-1MLy6C") were
detected; both cell populations have been implicated in preparing pre-metastatic niches.
Macrophage (CD11b*F4/80"), DCs (CD11c¢"F4/80°), and CD8" cytotoxic T cell populations were

lower at the implant site. Furthermore, mice with PCL implants had reduced tumor burden in the
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liver (64%) and brain (75%). The authors hypothesized that the scaffold redistributed monocyte
(CD11b*Gr-1"MLy6C") populations from the tumor and spleen, key niches for metastatic seeding,
to the scaffold. This hypothesis was supported by Gr-1 antibody depletion of CD11b*Gr-1"Ly6C-
cells, which also improved survival for mock surgery (control) mice. This study demonstrates how
biomaterials can be used to influence immune cell distribution. Accumulation of monocytes in the
scaffolds reduced the percent of tumor-associated macrophages at the tumor site, which
contributed to improved survival in a MDA-MB-231 tumor model. In another example, Aguado
et. al. implanted microporous poly(lactide-co-glycolide) (PLG) scaffolds and confirmed an
increase in CD11b"Gr-1MLy6C- cells in the scaffolds of tumor bearing mice.['>”] Macrophage
(CD11b"F4/80"Ly6C"), monocyte (F4/80-Ly6C"), and CD11c* DC distribution, as well as relative
leukocyte recruitment, was consistent across scaffold implanted and mock treated mice. However,
recruited macrophages in scaffold treated mice expressed a distinct functional phenotype
compared to mock treated mice, suggesting that the scaffold influenced macrophage phenotype.
Recruited macrophages (F4/80"Vcaml1™) in the scaffold treated mice displayed an increase in
CCR2, CCR7, and arginase (Arg), and decrease in Vcam|1 expression relative to mock treated mice.
The decreased Vcaml expression suggested that TAMs were less adhesive, leading to reduced
retention in the tumor environment. Furthermore, when conditioned media from CD45" cells from
scaffold-bearing mice was applied to tumor cell cultures, the authors observed decreased tumor
cell mobility, CCL2, and increased decorin, a proteoglycan linked to reduction of metastatic
spreading. These studies have influenced the development of a hydrogel-scaffold pre-metastatic
niche model to investigate activation of disseminated tumor cells, as well as recruitment and

[128] Overall, the immunomodulatory potential of

modulation of local immune populations.
scaffolds can help us understand the cancer environment, development, and dissemination, and

ultimately improve cancer therapeutics.

1.5. Engineered macrophages and biomaterials

Because the tumor microenvironment recruits circulatory monocytes and MDSCs via secreted
cytokines, researchers have engineered therapeutic macrophages for tumor homing and
immunotherapy (Figure 1.7). These exogenously-delivered macrophages have been engineered as
a cancer therapy, either as a genetically engineered macrophage (GEM) to overcome immune

suppression, or to express a chimeric antigen receptor (CAR) for phagocytosis of tumor cells.
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Furthermore, they have been used as drug delivery vehicles. Macrophages are clever drug carriers
because they are preferentially recruited to the tumor niche and have demonstrated improved tumor
penetration, challenges faced by many drug delivery systems. Additionally, these cells are
privileged to cross the nearly-impermeable blood brain barrier. Overall, this critical cell can be

engineered and equipped with biomaterials to improve therapeutic efficacy.

Ex vivo cellular engineering for cancer therapies: CAR T cells and macrophages

Patient apheresis Cell sorting Cell engineering Clinical status
( ) Z
DA T cells & CARTcells P Spproved
- CD8T cells Kymriah
. Yescarta
Apheresis
product
Z
®/ CARMAS Pre-clinical
\. J
e A &
CAR Monocytes CAR-Ps Pre-clinical
Antigen
recognition
domain
Intracellular GEMs Pre-clinical
signaling
domain I
.

J/

Figure 1.7: Adoptive cellular transfer therapies for cancer treatment. Adoptive cellular therapies
are an effective anti-cancer therapy that genetically modifies a patient’s own cells as an anti-
cancer immunotherapy. Chimeric antigen receptor (CAR) T therapies collect a patient’s
leukocytes by apheresis and separate CD4" and CD8" T cells, which are engineered to express
CARs. Kymriah and Yescarta are FDA approved therapies currently available to patients. Parallel
to CAR T cells, several groups have demonstrated that monocytes derived from the same apheresis
product can be differentiated and modified to express CARs (CAR-macrophages (CARMA) and
CAR for phagocytosis (CAR-P)). Genetically engineered macrophages (GEMs) are modified to

express proteins that overcome immune evasion and support anti-tumor immune cell activity.
1.5.1 Genetically engineered macrophages
In 1974, Fidler published a pioneering study showing that ex vivo-stimulated macrophages reduced

pulmonary metastasis in a B16 melanoma model.['*°! Disappointingly, in clinical trials, ex vivo-
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stimulated macrophages failed to show a survival benefit in solid tumor treatment. It was
hypothesized that this was due to macrophage diversion to a pro-tumoral phenotype and lack of
persistent pro-inflammatory cytokine secretion.['3% To address this, we have recently developed
genetically engineered macrophages (GEMs), endowed with resistance to tumor
immunosuppressive signals, with the goal of transforming the tumor microenvironment by

(131 In the same vein as adoptive

promoting persistence and activation of natural killer and T cells.
cellular therapies, GEMs would be generated from blood monocytes. Using a novel, highly
effective lentivirus for macrophage transduction, the GEMs can be influenced to express proteins
that overcome immune evasion, including disruption of IL-10 and PD-L1 gene expression through
genome editing, and support of anti-tumor immune cell activity through sTBRII and IL-21
expression. Soluble TPRII secretion interferes with and disrupts TGF-f signaling, and IL-21
activates cytotoxic lymphocytes, and shifts macrophage polarization to an inflammatory
phenotype. GEMs were injected into intracranial U87 tumors and no detrimental effects on
survival were observed, despite GEM persistence for the duration of the study (30-45 days).
Although no added therapeutic benefit was observed following GEM injection, these studies were
performed using GEMs expressing bioluminescent proteins as opposed to an immunomodulatory
protein, as NOD-SCID gamma mice lack functional B and T cells, and a therapeutic benefit almost
certainly depends on an intact endogenous immune system. Future studies in immune-competent
mice are needed to understand the safety and potential clinical benefit of GEMs. Overall, GEMs
benefits from several key advantages over adoptive T cell transfer. Direct intratumoral injection
increases safety compared to systemic intravenous injection and maximizes engineered cell-tumor
interactions. Also, GEMs do not divide, so insertional mutagenesis will not affect future immune
cell generations in vivo. Lastly, GEMs are generated from the currently-discarded monocyte
population that is isolated during T cell preparations, reducing the burden on necessary
infrastructure for developing a clinical product. Importantly, a manufacturing process for
monocyte-derived macrophages has been developed and tested in patients, suggesting feasibility

of scale up and clinical administration of engineered macrophages to patients.
In a direct parallel to CAR T cells, several attempts at engineering CAR macrophages have been

made. Most notably, chimeric antigen receptor macrophages (CARMA) have been demonstrated

as an efficient immunotherapy for solid tumors.l'32) CARMA contains (/) an extracellular single-
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chain antibody variable fragment (scFv) against CD19 or HER-2, (2) a CDS8 hinge and
transmembrane domain, and (3) an intracellular cytoplasmic domain (CD3C, FcsRly, Dectin-1).
The CAR was successfully expressed in both THP-1 monocytes and primary macrophages.
CARMAs showed high specificity for their cognate targets and successfully engulfed and
degraded tumor cells. Furthermore, phagosome repair was observed, indicating macrophage
survival of this process, and potential serial tumor cell killing. Combination therapy with
CDA47/SIRPa. blockade enhanced CARMA phagocytosis. Furthermore, transduction stimulated
MIl-like phenotype (HLA-DR, CD86, CD80, PDL1) and suggested at least temporary and
moderate resistance to M2 subversion, indicated by the failure of IL-4 stimulation to induce CD206
expression in CARMAs. In both metastatic breast and ovarian cancer models, a single dose of
CARMASs induced a 2,400-fold reduction in tumor burden compared to untreated mice. The

CARMA platform is marketed by Carisma Therapeutics.

Similarly, Morrissey et. al. introduced chimeric antigen receptors for phagocytosis (CAR-P) into
macrophages.['*3] As with CARMAs, the CAR-P contained (/) an scFv against CD19 or CD22,
(2) a CD8 transmembrane domain, and (3) an intracellular cytoplasmic domain (CD3C, Megf10,
or FcRy) to trigger phagocytosis. Macrophages expressing CAR-Ps were specific for their antigen
of interest and able to engulf variably sized targets, ranging from 2.5 to 20 um in diameter.
Incubation with CD19* Raji B cells revealed that CAR-P macrophages internalized “bites” of the
target cells, similar to trogocytosis, a “nibbling of live cells.” Interestingly, CAR-P expression in
non-professional phagocytes, such as human 3T3 fibroblasts, also promoted antigen-dependent
trogocytosis. However, CAR-P macrophages were unable to engulf whole-cells, even after
additional CD19 antibody opsonization. Introduction of tandem PI3K signaling, which enables
engulfment of large targets, onto the CD19 cytoplasmic domain induced minimal whole cell
engulfment (6 cancer cells per 100 macrophages). In a macrophage-Raji co-culture, both CAR-P
macrophages with the FcRy or tandem PI3K-FcRy significantly reduced Raji cell numbers, through

either trogocytosis or whole cell engulfment.

1.5.2 Macrophages as drug delivery vehicles
Monocytes and macrophages have been utilized as targeting and drug delivery vehicles due to their

ability to penetrate tissues and cross biological barriers, such as the blood brain barrier (BBB) or
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tumor core. Furthermore, monocytes are preferentially recruited to sites of inflammation and
cancer, increasing the concentration of therapeutic payload. As such, several groups have equipped
these immune cells with external or internal payload ex vivo, and demonstrated targeting, tissue

penetration, and drug delivery in vivo.

1.5.2.1 Polymeric backpacks

Drug-loaded polymeric backpacks (BPs) have been attached to the surface of monocytes or
macrophages to take advantage of their preferential recruitment and accumulation to diseased
areas. Because monocytes and macrophages are highly phagocytic, it is critical that attached
backpacks circumvent cellular internalization, which could result in endosomal degradation or
failure to deliver drugs to the target tissue. Attached BPs also should not affect monocyte function
(i.e. extravasation) or differentiation into macrophages. Anselmo et. al. designed polymeric BPs,
attached them to the surface of monocytes, and investigated cellular migration and differentiation

in inflammation models.[!3%]

The backpacks were fabricated layer-by-layer, consisting of
poly(methacrylic acid), poly(vinylpyrrolidone), poly(allylamine hydrochloride) (PAH), anionic
iron oxide magnetic nanoparticles, and poly(acrylic acid) (PAA). The top layer was decorated with
biotinylated mouse-IgG, enabling cellular surface attachment via abundant Fc receptors expressed
by monocytes. The final BPs were ~7 pum in diameter and less than 500 nm thick. Following BP
attachment, monocytes maintained their ability to transmigrate through an endothelial cell
monolayer and to differentiate into macrophages, as characterized by adherence and spreading.
However, the authors did not further investigate the effect of BPs on monocyte and macrophage
immune modulatory gene or protein expression. In both skin and lung inflammation in vivo
models, monocytes honed to and carried BPs to inflamed tissues: compared to freely injected BPs,
‘hitchhiked’ BPs showed a 2- to 6-fold increased accumulation in inflamed tissues and a 2-fold
reduction in clearance. The authors hypothesized that inflammation increased ICAM and VCAM

expression, enhancing monocyte recruitment. Future work includes drug-loading and tuning an

extended release profile.
In a similar approach, Klyachko et. al. fabricated BPs to deliver an anti-oxidant payload across the

BBB via macrophage carriers to deactivate released free radicals in brain inflammation.['33! Using

layer-by-layer assembly, BPs were fabricated with PAA, PAH, and magnetic nanoparticles (as
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above), as well as bovine submaxillary mucin and lectin jacalin. BPs were loaded with the anti-
oxidant catalase and attached to macrophages via CD11b antibody. The disc-shaped BPs were 7
pm in diameter and ~600 nm thick. In an LPS-induced brain inflammation model, BP-loaded
macrophages were detected in the brain, while freely injected BPs were not, indicating that
macrophages facilitated BP delivery across the BBB. Although the BP did effect macrophage
mobility, as BP-laden macrophages migrated slower than free macrophages, the BPs enabled high
drug loading and a controlled release profile (<50% drug release over 18 hours). About 43% of
the BP contained catalase, which was sufficient drug loading to neutralize free radicals released
by activated microglia, the brain resident mononuclear phagocytes. Additionally, the multi-layer
assembly approach protected catalase from protease degradation. Future work is needed to
characterize if sufficient BP-laden macrophages cross the BBB to achieve therapeutic efficacy in

Vivo.

1.5.2.2 Macrophage ‘Trojan horses’

In another strategy, monocytes and macrophages have been used to deliver internalized payloads,
serving as ‘Trojan horses’ for nanoparticle transport to solid tumors, including those in the brain.
Monocytes loaded with gold (Au) NPs penetrated tumors into the necrotic core, where they
succumbed to Au NP photo-induced death upon near infrared irradiation.['*¢] Similarly,
macrophages loaded with chemotherapeutic nanoparticles successfully delivered their payloads to
tumors.[137:138] However, in both studies, therapeutic efficacy was limited with only modest

reduction in tumor growth.

While there has been an increase in published literature using macrophages as Trojan horse drug
delivery vehicles, this strategy is limited by several key challenges.!'3*] First, there is a significant
risk that the payload is toxic to the carrier. Secondly, drug release is relatively slow; while this
may be desired to allow for cellular extravasation and targeting, it can also reduce therapeutic
efficacy. Lastly, intracellular cargos are highly susceptible to lysosomal degradation. While the
use of extracellular BPs addresses the latter issue, these systems have yet to demonstrate sufficient
drug loading for in vivo efficacy. Similarly, limited therapeutic efficacy has been demonstrated
using cellular Trojan horses. Overall, the use of macrophages as drug delivery vehicles is limited

until internal cargo trafficking and drug release is better controlled.
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1.5.3 Macrophage shells

In addition to being used as active delivery vehicles, macrophage cell membranes (MCM) have
been used as shells to camouflage nanoparticles. This coating extended blood circulation by
denoting these nanoparticles as “self,” and improved tumor cell targeting and uptake. This
biostealth strategy offers several advantages over PEGylation, which still results in significant
clearance and is limited due to increasing prevalence of anti-PEG antibodies. For example, MCM
coated gold nanoparticles were used as a photothermal cancer therapy and significantly enhanced
therapeutic efficacy. Importantly, the MCM did not interfere with near infrared (NIR) optical
properties, enabling photothermal conversion. Compared to bare NPs, MCM-coated NPs were
endocytosed by cancer cells 2-fold higher in vitro, circulated nearly twice as long, and exhibited
nearly 5-fold higher tumor accumulation in vivo. Combined with NIR irradiation, MCM-NP
treatment efficiently inhibited tumor growth.l'*) In a drug delivery strategy, Cao et. al. coated
emtansine liposomes with MCM and showed improved cancer cell engulfment via the oufi-
VCAM-1 axis. Coated liposomes improved specific targeting to metastatic foci, inhibiting lung
metastasis formation by 87.1%, compared to free drug and uncoated liposomes.['4! Beyond cancer
applications, MCM-NPs have also been used in sepsis management, efficiently sequestering

endotoxins and inflammatory cytokines, demonstrating the versatility of MCM coating.!'4?]

1.6 Future Directions

Tumor-associated macrophages play a critical role in cancer progression, facilitating tumor
growth, progression, and immunosuppression. High TAM infiltration correlates with poor patient
prognosis clinically, highlighting the therapeutic potential of targeting these immune cells. Indeed,
strategies to inhibit TAM recruitment or deplete TAM populations have shown some clinical
success. Significant progress in elucidating the mechanisms by which TAMs support tumor growth
has enabled the development of new therapies to modulate macrophage activity and tumor growth.
However, additional work is needed to improve specific targeting of TAMs and to reduce non-
specific macrophage interactions. Interactions with healthy macrophages results in high off target
effects, which is a major hurdle for TAM therapies. This is in part due to poor understanding of
macrophage phenotype; additional investigation of macrophage subsets and activities will

hopefully clarify macrophage-tumor interactions and aid in developing more specific targeting
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strategies. Furthermore, we expect to see an emergence of combinatorial therapies with dual-
modulation of other immune cells, such as T and natural killer cells, to induce robust tumor
regression. The importance and complexity of macrophages is further illustrated by their roles in
promoting progression of other diseases, such as chronic wounds, diabetes, and ulcerative colitis.
Emerging therapies seek to modulate macrophage activity or correct macrophage dysfunction. We
are only now beginning to understand the diverse roles that macrophages play throughout the body
and in different diseases. As we elucidate the activities of this complex immune cell, we can better

understand macrophage activities in disease and develop better therapeutics.
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Chapter 2

Identification of a DNA aptamer that binds to human monocytes
and macrophages?

Meilyn Sylvestre, Chris Saxby, Nataly Kacherovsky, Heather Gustafson, Stephen
J. Salipante, and Suzie Pun

2.1 Abstract

As cancer strategies shift toward immunotherapy, the need for new binding ligands to target and
isolate specific immune cell populations has soared. Based on prior work identifying a peptide
specific for murine M2-like macrophages, we sought to identify an aptamer that could bind human
M2-like macrophages. Tumor-associated macrophages (TAMs) adopt an M2-like phenotype and
support tumor progression and dissemination. Here, we employed cell-SELEX to identify an
aptamer ligand that targets this cell population over tissue resident (MO0-like) or tumoricidal (M1-
like) macrophages. Instead, we identified an aptamer that binds both human MO0- and M2-like
macrophages and monocytes, with highest binding affinity to M2-like macrophage (K4 ~ 20 nM)
and monocytes (K4 ~ 45 nM) and minimal binding to M1-like macrophages or other leukocytes.
The aptamer binds to CD14" but not CD16* monocytes, and is rapidly internalized by these cells.
We also demonstrate that this aptamer is able to bind human monocytes when both are
administered in vivo to mice. Thus, binding to these cell populations (monocytes, M0-like and M2-
like macrophages), this aptamer lends itself toward monocyte-specific applications, such as

monocyte-targeted drug delivery or column selection.

2.2 Introduction

Manipulation of immune cell populations, either ex vivo or in situ, has emerged as a powerful
technique in cancer therapy. With the ascent of immunotherapies, technologies that facilitate
targeting of immune cells that populate the tumor environment has risen in importance.

Immunotherapies related to lymphoid cells, such as chimeric antigen receptor (CAR) T-cells

2 Reprinted with permission from Sylvestre, M., Saxby, C., et al. Identification of a DNA aptamer that binds to
human monocytes and macrophages. Bioconj. Chem. 31, 1899-1907 (2020). Copyright 2020 American Chemical
Society.
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(Yescarta and Kymriah) and checkpoint inhibitors (e.g. antibodies against PD-1 or CTLA-4) have
shown striking clinical success.'* There is now significant interest in developing immunotherapies
related to myeloid cells. Myeloid progenitor cells are derived from the bone marrow and can
commit to the monocyte lineage, cells that circulate in the blood and extravasate into tissues where
they terminally differentiate into macrophages.® Parallel to lymphoid immunotherapies,
macrophages have been equipped with cancer-fighting CARs (Charisma) or blocked with immune-
checkpoint inhibitors (e.g. antibodies against CD47 or SIRPa).5® Other therapies focus on
targeting macrophages within the tumor, but there remains a need to expand the repertoire of
targeting ligands for myeloid-derived cells with potential applications in engineered cell

manufacturing and targeted drug delivery to these cells.

We started this work with the goal to identify novel tumor-associated macrophage (TAM) ligands.
TAMs are associated with poor patient prognosis and have been demonstrated to facilitate disease
progression by promoting tumor proliferation, metastasis, and immunosuppression.®!® Accounting
for up to 50-70% of a solid tumor mass in many cancers (e.g. breast cancer, melanoma, and
glioblastoma), TAMs have been linked with worse clinical outcome and resistance to conventional
therapies, and there are several TAM-targeted strategies under development for cancer
treatment.®!'"'* However, an important consideration is to limit effects to tissue resident
macrophages, which are critical for immune defense and anti-tumor activities.!> In a simplified
binary polarization paradigm, inflammatory macrophages exhibit an M1-like phenotype and have
cytotoxic functions, whereas TAMs more closely resemble an M2-like phenotype, which is
associated with tissue healing and remodeling.! In the context of cancer, this M2-like phenotype

supports tumor angiogenesis, growth, and dissemination.’

In previous work, we demonstrated that targeted depletion of this M2-like population can prolong
survival in tumor bearing mice.!” Using a subtractive phage panning strategy against murine bone
marrow derived macrophages (BMDMs) polarized to M1- and M2-like phenotypes, we identified
a peptide sequence, M2pep, that preferentially binds murine M2-like macrophages with low
affinity for other leukocytes. Utilizing M2pep for targeted delivery of a pro-apoptotic peptide to
M2-like TAMs reduced tumor growth rate and prolonged survival. However, M2pep does not bind

human macrophages, limiting clinical applicability. Extensive efforts to identify a human
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equivalent of M2pep were unsuccessful, prompting our search for an aptamer ligand against
human M2-like TAMs. Aptamers are single-stranded DNA or RNA oligonucleotides that form
unique secondary structures capable of specific molecular recognition of cognate targets.'® These
synthetic ligands offer high binding affinity (K4 in pM-nM range), long shelf-life, and fast

production.

Here, we sought to identify a DNA aptamer ligand that specifically binds human M2-like
macrophages because of their resemblance to TAMs, and demonstrates minimal binding to tissue
resident MO-like macrophages or circulating monocytes. Despite receptor overlap between
phenotypes, we hypothesized that aptamers would be able to provide enough specificity due to
their ability to differentiate proteins with single amino acid mutations.'® We employed cell-based
systematic enrichment of ligands using exponential enrichment (SELEX), an emerging method to
identify aptamer ligands against whole-cell targets.? We characterized binding by flow cytometry,
droplet digital (dd) PCR, and fluorescent microscopy. Ultimately, we identified a novel aptamer
that exhibits high binding to monocytes, M0O- and M2-like macrophages, yet shows minimal
binding to M1-like macrophages. Despite binding to these varied populations, this aptamer could
be used for in situ binding to monocytes in disease models with monocyte dysregulation (e.g.
cancer and infectious disease) or for in vitro applications, such as column selection of monocytes

from white blood cells for production of engineered monocyte or macrophage cell therapies.?!??

2.3. Results

2.3.1 Identification of aptamer A2 by cell-SELEX

To identify an aptamer that binds human M2-like macrophages, we employed cell-SELEX as
previously described, using a 52 base-pair (bp) random region DNA aptamer library (10'¢ unique
sequences) and human macrophages derived from monocytes, isolated from human
leukoreduction system (LRS) chambers.?’ Macrophages were polarized toward M0-, M1-, and
M2-like phenotypes by M-CSF, LPS + IFN-y, and IL-4 respectively; polarization was confirmed
by upregulated CD64 and HLA/DR expression (M1-like macrophages) and CD36 and CD180
expression (M2-like macrophages) by flow cytometry (Figure S2.1). SELEX was performed
against M2-like macrophages for positive selection, and monocytes and M0-like macrophages for

negative selection (Figure 2.1A-B). These cells were selected by a desire to target TAMs, which
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resemble an M2-like phenotype, and to avoid binding to (i) tissue resident macrophages,
resembling an MO-like phenotype, and (ii) circulating monocytes, which would be critical to
bypass for intravenous delivery. Although macrophage polarization exists along a spectrum of
phenotypes, we used cultured macrophages to produce more homogenous populations for
selection. After 9 rounds of iterative selection with increasing stringency, next generation sequence
(NGS) was used to catalog resultant aptamer sequences. These were subsequently analyzed using
FASTAptamer, phylogenetic trees, and motif analysis (Figure S2.2).232* Top aptamers were
identified based on (i) abundance (reads per million), (i7) motif (conserved patterns between
sequences), (iii) enrichment between starting library, final aptamer pools, and consecutive rounds,
and (iv) family representation in phylogenetic trees. Binding of resulting pools and selected top
aptamers was validated by droplet digital (dd) PCR (Figure S2.3). Droplet digital PCR was used
to assess efficiency of retained aptamers from each round of selection because it has higher
sensitivity than other methods, such as flow cytometry or quantitative PCR.?* Selected aptamers
from the top 10 ranking sequences (ranked per abundance in the final pool) were ordered based on
rank, family representation, and motif, and tested for binding against M0O-, M1-, and M2-like
macrophages. Aptamer A2, named based on rank in the final aptamer pool, demonstrated the
highest binding to M2-like macrophages (Figure S2.4). To our surprise, A2 also demonstrated
high binding to M0-like macrophages as well. Despite binding to this negative cell selection
population, we further characterized its binding to macrophages and peripheral blood mononuclear

cells (PBMCs).
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Round | # cells Ag:)ar:r:ar Duration BD?_QI # washes | Cell type # cells
1 ~6M 500 nM 1hr 0.1% BSA 3 Plastic
2 ~3M 500 nM 1hr 0.1% BSA 3 Monocytes 10M
3 ~3M 500 nM 45 min 0.5% BSA 4 Monocytes 10M
4 ~3M 350 nM 45 min 1% BSA 4 MO ~3M
5 ~3M 268 nM 30 min 2.5% BSA 4 MO ~6M
6 ~3M 333 nM 30 min 2.5% BSA 4 MO ~6M
7 ~2M 250 nM 30 min 5% BSA 4 MO ~8M
8 ~1.6M | 250 nM 30 min 5% DHS 4 MO ~7M
9 ~1.6M | 200 nM 30 min 10% DHS 4 MO ~7M

Figure 2.1: Cell-SELEX schematic that led to the identification of aptamer A2. A) Cell-SELEX
was employed using a 52N-random region DNA aptamer library. Aptamer pools were incubated
with positive selection cells and non-binding sequences were removed,; aptamer sequences that
bound positive selection cells (M2-like macrophages) were recovered and incubated with negative
selection cells (M0-like macrophages and monocytes). These sequences that did not bind negative
selection cells were recovered, amplified, and used in the next round of selection. B) Stringency
was increased in each subsequent round by (i) decreasing the number of positive selection cells,
(ii) increasing the number of negative selection cells, (iii) decreasing incubation time with positive
selection cells, (iv) increasing serum content, and/or (v) increasing the number of washes

following incubation with aptamer pools.
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2.3.2 Characterization of aptamer A2 binding to macrophages.

Our initial screening revealed that aptamer A2 bound both M0- and M2-like macrophages, likely
due to overlapping receptor expression and closely related phenotypes of those cells. Based on this
binding behavior, we hypothesized that A2 would bind less to M1-like macrophages, which are
more phenotypically disparate with different receptor expression compared to M0O- and M2-like
macrophages.?® Binding studies via flow cytometry confirmed that A2 preferentially binds MO-
and M2-like macrophages, with apparent dissociation constants (Kgq) of 44.12 + 8.0 and 22.81 +
5.6 nM to MO- and M2-like macrophages, respectively (Figure 2.2A, C). The maximum binding
intensity of A2 to M0O- and M2-like macrophages was higher than for M1 macrophages, which
suggests higher density of A2-binding receptor expression on M0O- and M2-like macrophages
versus M1-like macrophages. Binding was compared to a scrambled sequence aptamer control
(SCRM), which exhibited no specific binding behavior to M0-, M1-, or M2-like macrophages
(Figure 2.2B, C). To confirm that binding is specific and not donor-dependent, we assessed
binding across unique donors (Figure 2.2D). Across donors, aptamer binding to MO-like
macrophages was significantly higher than binding to M1-like macrophages (*p = 0.03). There
was no significant difference in binding of aptamer A2 over SCRM to M1-like macrophages. In
contrast, aptamer A2 binding was significantly higher than SCRM binding to MO- (***p = 0.0002)
and M2-like (**p = 0.006) macrophages. Based on aptamer A2’s binding behavior against cultured
macrophages, we next tested aptamer binding to human triple-negative breast cancer (TNBC)
tumor sections, which were selected as a target because of their high macrophage infiltration
(Figure 2.2E). Tumors were sectioned and stained for human CD206, an M2-like macrophage
marker (green), DAPI for nuclei (blue), and aptamer (red). Areas with abundant macrophages were
imaged, and aptamer A2 showed higher signal in those cells in comparison with SCRM.
Furthermore, A2 samples had a staining pattern consistent with that of CD206 staining, while
SCRM did not show a consistent pattern (Spearman’s rank correlationa> = 0.69 vs. Spearman’s

rank correlationscrm = 0.51).
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Figure 2.2: Aptamer binding to human M0-, M1-, and M2-like macrophages. A-B) Aptamers A2
(A) and SCRM (B) was bound to human MO-, MI1-, and M2-like macrophages, and apparent
dissociation constants (Kq) were calculated. C) Calculated dissociation constants for aptamer A2
binding to M0-, M1-, and M2-like human macrophages. D) Aptamer binding to macrophages was
confirmed across unique donors. Aptamer A2 binding to M0-like macrophages was significantly
higher than binding to M 1-like macrophages (*p = 0.03). A2 binding was significantly higher than
SCRM binding to MO- (***p = 0.0002) and M2-like (**p = 0.006) macrophages. There was no
significant difference between A2 and SCRM binding to M1-like macrophages. E) Representative
images of aptamer binding to human TNBC sections with DAPI nuclear stain (blue), CD206
macrophage stain (green), and aptamer (red). Analyzed region-of-interest (ROI) is outlined in
yellow and is equivalent between images. Aptamer A2 correlation with CD206 was significantly
higher than SCRM correlation with CD206 (**p = 0.005). Images on the left column show single

cell magnification.

2.3.3 Characterization of aptamer A2 binding to PBMCs
We next sought to characterize the binding profile of aptamer A2 with PBMCs. For TAM targeting

applications, A2 would ideally have low non-specific binding to circulating leukocytes to prevent
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off-target binding and toxicity. While macrophages are derived from monocytes and thus have
some overlapping surface marker expression, we hypothesized that aptamer A2 would not bind
monocytes due to their use as negative selection cells. Nevertheless, aptamer A2 bound CD14*
cells (monocytes) with high specificity (Ka ~ 45 £ 9.1 nM), with negligible binding to remaining
PBMC cell populations (CD3* T cells, CD19"* B cells, and CD56" natural killer cells) (Figure 2.3A,
C). While aptamer A2 binding to CD14" monocytes did depend on donor to some extent, binding
was consistently above that of SCRM (****p < 0.0001) (Figure 2.3B). It is likely that variability
in donor-to-donor binding can be attributed to varied protein and receptor expression across

donors.?’

To evaluate the potential of using aptamer A2 to deliver cargo intracellularly, we next investigated
aptamer internalization. Monocytes were incubated with aptamer for 10 and 20 minutes and then
treated with trypsin to remove aptamer bound to external receptors (Figure 2.3D). Remaining
aptamer fluorescence was analyzed via flow cytometry. While trypsin treatment did significantly
reduce overall fluorescent signal (****p < (0.0001), the majority of fluorescent signal remained,
indicating that the aptamer is rapidly internalized into cells. Aptamer internalization was further
validated by confocal microscopy at 20 minutes after incubation, which revealed aptamer presence
in punctate staining patterns within monocytes, consistent with vesicular internalization (Figure
2.3F). Last, we investigated the monocyte subset to which the aptamer bound. Monocytes are
classified as classical (CD14MCD16°) or non-classical (CD14°CD16") monocytes, which
comprise 70-95% and 2-11% of monocytes, respectively. We stained PBMCs with anti-human
CD14 and anti-human CD16 antibodies, and observed that aptamer A2 only bound to CD14"

classical monocytes, with no binding to CD16" monocytes (Figure 2.3E).
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Figure 2.3: Aptamer binding to CD14" cells in complete PBMCs. A) Aptamer A2 binding (right)

was compared to a scrambled aptamer control (left) in PBMCs, staining with antibodies against
CD14 (monocytes), CD19 (B-cells), CD3 (T-cells), or CD56 (natural killer cells). B) Aptamer
binding (A2 vs. SCRM) was assessed across unique human blood donors (****p < 0.0001). C)

Aptamer A2 bound to CD14" population of PBMCs with an apparent dissociation constant ~ 45

# 9.1 nM. D) Aptamer internalization was assessed by incubation with monocytes, followed by

removal of external receptors by trypsin 0.25%. Aptamer fluorescence was determined by flow

cytometry (¥****p < 0.0001). E) Aptamer A2 binding to monocyte CD14" and CD16" populations

was assessed. F) Aptamer internalization was assessed by confocal microscopy. Cells were stained

with DAPI (blue, nucleus), phalloidin (green, actin), and aptamer (magenta).

3.4 Aptamer A2 retains binding to monocytes in vivo.
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Given the accessibility of monocytes in the blood, we next investigated aptamer binding to
monocytes in vivo. We focused on monocyte, rather than macrophage, targeting due to challenges
in developing humanized mouse models, which still suffer from impaired engrafted macrophage
function.”® To determine whether aptamer A2 retained binding to monocytes in vivo, human
monocytes cells and aptamer (either A2 or SCRM) were injected intraperitoneally (i.p.) into NOD-
scid gamma (NSG) mice, as previously described (Figure 2.4A).2° NSG mice were used because
they are immunodeficient, allowing for engraftment of human cells. Cells were recovered by
peritoneal lavage and stained with human anti-CD14 antibody. Aptamer A2 retained binding to
CD14" cells over a SCRM control (****p < 0.0001) (Figure 2.4B-D). However, it was noted that
there was some binding to an unidentified CD14" cell population; we hypothesize that this could
be due to nonspecific charge interactions of DNA oligonucleotides with cells. /n vitro, we did not

observe significant binding to murine macrophages or PBMCs (Figure S2.5).
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Figure 2.4: Aptamer A2 retains binding to CD14" cells in vivo. A) Monocytes were injected i.p. (t
= () minutes), followed by aptamer injection i.p. (t = 10 minutes). After 30 minutes (t = 40 minutes),
cells were recovered from the peritoneal cavity and assessed by flow cytometry for anti-CD14
antibody and aptamer staining. B-C) Recovered cells were gated on anti-CD 14 antibody staining

and assessed for aptamer fluorescence. Results are shown as a histogram (B) or bar graph (C),
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normalized to fluorescence of SCRM aptamer (¥***p < 0.0001). D) Percent of CD14" cells that
stained for aptamer (****p < 0.0001).

2.4 Discussion

In this work, we have identified and characterized the binding behavior of aptamer A2 to human
monocytes and macrophages. Previously, we demonstrated improved therapeutic efficacy with a
murine TAM-targeted peptide, M2pep, to deliver a pro-apoptotic peptide to M2-like TAMs,
reducing TAM populations and extending survival in tumor bearing mice.!” However, M2pep did
not bind human M2 macrophages, prompting our search for an aptamer that can bind human M2-
like TAMs. We had originally set out to identify an aptamer that could preferentially target M2-
like macrophages because of their resemblance to TAMs, and to bypass tissue resident
macrophages (MO-like macrophages). We ordered individual aptamer sequences and assessed
binding against human macrophages. Although aptamer A1 represented 20% of total sequences, it
did not bind to human macrophages (Figure S2.4). Propagation of parasitic sequences is not
uncommon for the SELEX process and could perhaps be explained by PCR amplification bias.*°
Aptamer A2 had an abundance of 3% in the final pool, but did not have sequence similarities to

other identified motifs.

Aptamer A2 did bind M2-like macrophages with high affinity, but also bound monocytes and MO-
like macrophages, albeit with lower affinity. While the K4 of aptamer binding to MI-like
macrophages was similar to the Kq to M0- and M2-like macrophages, the maximum binding was
lower, suggesting lower receptor density on the cell surface. Aptamer binding to monocytes and
MO-like macrophages was initially surprising because these cell populations were used as negative
selection screens, and aptamers that bound these cells should consequently have been removed
during the selection process. However, consideration about receptor overlap between macrophage
phenotypes and precursors could explain this binding.'® M0- and M2-like macrophages are more
similar to each other than to M1-like macrophages and have a high degree of receptor overlap. We
next characterized aptamer binding to human monocytes. Despite use as negative selection
screens, aptamer A2 bound with comparable affinity to monocytes and MO- and M2-like
macrophages. This could perhaps be due to high receptor overlap, such as CCR2, CX3CR1, and

CSF-1R. This finding further demonstrates the complexity of macrophage polarization, and how
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it is best viewed as a continuum rather than as a binary outcome.'>3! Overall, in vitro polarization
provides an incomplete picture of macrophage functional states, which are complicated and
requires precise environmental cues that are unable to be replicated in vitro. Another likely reason
that our aptamer bound to negative selection cells is because of the use of several donors for
selection. Originally, this strategy was chosen to enable universal application despite variabilities
across donor receptor expression. However, donor characteristics (age and gender) can
significantly impact cytokine response, ultimately impacting macrophage polarization, receptor
expression, and phenotype of the cells.’” Because different donors have different degrees of
receptor expression, the use of multiple, random donors ultimately impacted receptor expression

and thus aptamer selection.

We also sought to identify the receptor to which our aptamer bound, but initial pull down attempts
were unsuccessful. One barrier for us in pulldown assays is that this method requires extremely
high cell numbers.?? Due to the high cost of isolating human monocytes, we attempted to identify
an immortalized cell line to which our aptamer bound. However, aptamer A2 did not bind
significantly to murine macrophages or PBMCs, or the immortalized monocyte THP-1 or U937
cell lines (Figure S2.6). Based on A2 binding behavior to monocytes, we hypothesized that our
aptamer bound to the CD14 receptor, which is expressed by both monocytes and macrophages.
We investigated aptamer binding to purified CD14 protein by biolayer interferometry (BLI) and
by transfecting Jurkats, a T-cell line, to express CD14. However, no significant binding over

SCRM was observed (Figure S2.7).

Lastly, we investigated in vivo binding to monocytes, given the accessibility of monocytes and the
challenges in establishing humanized mouse models to support human macrophage populations.
Monocytes are circulating blood cells, whereas macrophage engraftment would require tumor re-
population, sufficient aptamer pharmacokinetics and stability to remain intact following injection,
and adequate aptamer-tumor localization and targeting. While humanized mouse models have
made impressive advancements in replicating human lymphoid cells, the engraftment of human
myeloid cells in commercially available immunodeficient mice is technically challenging, costly,
and time consuming.’* Furthermore, engrafted cells have impaired macrophage function and do

not exactly replicate their behavior in tumors.?® Aptamer targeting in the intraperitoneal (i.p.)
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cavity of mice, while not exactly replicating an intravenous model, demonstrated binding at

relevant physiologic conditions.?’

Because aptamer A2 binds to both M0- and M2-like macrophages, it holds potential for in vivo or
in vitro applications aimed at monocytes, such as column selection from PBMCs or drug delivery
to monocytes in disease states. Indeed, we found that the majority of A2 is rapidly internalized
within 10 minutes (Figure 2.3D), which could enable efficient intracellular drug delivery. Because
monocytes are macrophage precursors, the ability to specifically target these cells could have large
implications for future cancer therapies. Researchers have investigated blocking monocyte
recruitment to tumors, which temporarily inhibited tumor growth, and have employed monocytes
for drug delivery to immune privileged sites (e.g. central nervous system).**3¢ Monocyte are also
implicated in viral infection, such as Zika and influenza A, and new therapies could utilize in situ
targeting for drug delivery or depletion.3”-3® Additionally, aptamer A2 could be applied to magnetic
columns for monocyte capture and subsequent release, isolating CD14" monocytes from PBMCs;
this application has been reported by our group for CD8" T cell isolation.?! Use of this aptamer for
column selection could decrease cost, which could have significant impact as the field moves
toward engineered macrophages for adoptive therapies.”3%#" Furthermore, A2 could be used to
isolate a highly pure population of classical CD14" monocytes, which offer distinct functional
properties (e.g. differentiation, receptor expression, migration) compared to CDI16*
monocytes.*'*? This pure starting populations can provide more homogenous results compared to

isolations with mixed CD14* and CD16" monocytes.

For use in vivo, further modifications would be necessary to extend aptamer circulation time and
stability.**** Future work includes investigation into the CD14 cell population that aptamer A2

bound in vivo, and adaptation for column selection.

2.5 Experimental Procedures

Oligonucleotides and cell-SELEX. All oligonucleotides were synthesized by Integrated DNA
Technologies (IDT). The ssDNA library (~10'® individual sequences) used in the cell-SELEX
process was purchased from IDT and consisted of a 52 base-pair (bp) random sequence flanked

by two 18 bp constant regions. The primers used for library amplification are as follows: forward
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5’-FAM-ATCCAGAGTGACGCAGCA-3’ and reverse 5’-biotin-ACTAAGCCACCGTGTCCA-
3’. The SELEX protocol was adapted from a previously reported method 2°. A schematic of the
SELEX procedure is shown in Figure 1, including cell number, washes, incubation time, and
aptamer concentration. Broadly, positive selection was performed against plated human
macrophages polarized to an M2-like phenotype. Bound aptamers were extracted by lifting cells
with a cell scraper and heating the suspension to 95°C to denature DNA and separate aptamers
from cells. The supernatant containing aptamer sequences was collected, and protein (BSA or
DHS) and tRNA (100 png/ml) was added. For negative selection, these sequences were then bound
against monocytes or plated human macrophages polarized to an MO-like phenotype. The
supernatant containing unbound aptamer sequences was collected and amplified by PCR using
Phusion High Fidelity DNA Polymerase (NEB) with forward and reverse primers. Strand
separation was performed with High Capacity Neutravidin Agarose Resin (Thermo), and the

FAM-labeled ssDNA aptamer pool was used in the next round.

NGS and data analysis. The resulting ssDNA pools from each round of SELEX were PCR
amplified using the MiSeq Reagent Kit v2 (300 cycles) and MiSeq System (Illumina) according
to manufacturer’s instructions. Exported FASTA files were analyzed with FASTAptamer v1.0.3,
as described previously ?'. Specifically, FASTAptamer-Count was used to rank sequences by reads
per million. FASTAptamer-Compare was used to calculate enrichment of sequences between
inputted rounds. Neighbor joining phylogenetic trees were constructed for the top 100 sequences
from rounds 6-9 using Ninja v1.2.2 and visualized by FigTree v1.4.3. Consensus sequence and
conserved motifs across the top 50-100 sequences from each round were predicted using MEME

Suite v4.12.0. The NUPACK web application was used to predict secondary structures.

Cell culture and PBMC isolation. Human PBMCs were isolated from Leukocyte Reduction
System cones (Bloodworks Northwest) using Ficoll-Paque (GE) density gradient centrifugation.
Monocytes isolated using the Monocyte Isolation Kit IT (Miltenyi) or Pan Monocyte Isolation Kit
(Miltenyi). Human macrophages were cultured by plating monocytes in RPMI 1640 (Gibco)
supplemented with 20% DHS (R&D), 1% PenStrep (ThermoFisher), and 25 ng/ml M-CSF (R&D).
On day 4, additional plating media was added. On day 7, macrophages were polarized to an M0
(25 ng/ml M-CSF), M1 (50 ng/ml IFN-y (R&D) + 10 ng/ml LPS (InvivoGen)), or M2 (20 ng/ml
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IL-4 (R&D)) phenotype for 24-48 hours prior to use. Phenotype was validated via flow cytometry
with human anti-CD64 and anti-HLA-DR antibodies (M1 markers) and human anti-CD36 and
anti-CD180 antibodies (M2 markers). U937 and THP-1 monocytes were obtained from ATCC.
THP-1 macrophages were plated using PMA (Sigma), and polarized to M0, M1, and M2

phenotype as above.

Generation of murine BMDM and PBMC. All animal experiments were approved by the
Institutional Animal Care and Use Committee at the University of Washington and were conducted
in accordance with use and regulations. Murine bone marrow derived macrophages (BMDM) were
generated as previously described !”. Briefly, the femur and tibia from 6-8 week Balb/c mice were
flushed of bone marrow and cells were cultured in the same media as human macrophages
(described above) supplemented with 25 ng/ml murine M-CSF (Miltenyi). On day 4, additional
media supplemented with 25 ng/ml murine M-CSF was added. On day 7, macrophage were
polarized to an MO (25 ng/ml murine M-CSF), M1 (50 ng/ml IFN-y (R&D) + 10 ng/ml LPS
(InvivoGen)) or M2 (20 ng/ml IL-4 (R&D)) phenotype 24-48 hours prior to use. PBMCs were
isolated via terminal blood draw from the vena cava using Ficoll-Paque (GE) density gradient

centrifugation.

Antibodies and flow cytometry. For binding studies involving antibodies, cells were blocked
with FcBlock (human (Miltenyi) or murine (BioLegend)) according to manufacturer’s
instructions. The following dyes and antibodies were used to stain cells: Zombie Violet (1:500 in
100 ul 1076 cells, BioLegend), Zombie Yellow (1:500 in 100 ul 107 cells, BioLegend), SuperBright
702 anti-human CD56 (1:100, ThermoFisher), SuperBright 600 anti-human CDI19 (1:20,
ThermoFisher), PE anti-human CD3 (1:100, BioLegend), FITC anti-human CD14 (1:200
BioLegend), PE-Cy7 anti-human CD14 (1:40, Fisher), APC/Cy7 anti-mouse CD45 (1:100,
Miltenyi), eFluor450 anti-mouse CD3 (1:100, BioLegend), Alexa Fluor 594 anti-mouse CD4
(1:20, BioLegend), FITC anti-mouse CD8 (1:1000, BioLegend), PE anti-mouse CD11b (1:40,
BioLegend), FITC anti-mouse Ly6G (1:40, BioLegend), PE anti-human CD64 (1:20, BioLegend),
FITC anti-human HLA/DR (1:20, BioLegend), FITC anti-human CD36 (1:20, BioLegend), APC
anti-human CD206 (1:100, BioLegend), DAPI (300 nM, XX), Phalloidin-FITC (1:100,

Invitrogen). OneComp eBeads (Invitrogen) were used to prepare single-color controls for
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compensation if needed. Stained samples were analyzed with a MACSQuant Analyzer 10

(Miltenyi) or Attune NxT (Invitrogen) flow cytometer.

Aptamer binding assays. For individual aptamer binding, cells (0.5 x 10°) were incubated with
50 nM folded aptamer (in Wash Buffer (WB) supplemented with 10% FBS and 100 pg/ml tRNA)
and antibody cocktail for 20-30 min at 4°C (unless otherwise indicated). Aptamers were ordered
with a Cy5-label as it is a brighter fluorophore than FAM/FITC; however, fluorophore labeling
has no effect on binding. All aptamer binding was compared to a nonspecific aptamer sequence
control. After binding, cells were washed twice in 200 ul of WB supplemented with 1% BSA.
Stained cells were fixed in 200 ul of WB with 1% BSA and 0.5% PFA before analysis via flow
cytometry. For aptamer internalization assay, monocytes were incubated with the aptamer at 50
nM at 37°C for 10, 20 and 30 minutes, washed with 500 ul WB, and external receptors were
cleaved with 0.25% trypsin at 37°C for 3 minutes. For macrophage binding assays, plated cells (1-
2 x 10%) were incubated with 50 nM aptamer, washed with PBS without ions, and lifted with
Versene (Gibco) for 20 min at 4°C or TrypLE (Fisher) for 30 min at 37°C. Cells were processed
for analysis via flow cytometry as above. GraphPad Prism 7.0 was used to calculate the total
binding dissociation constant. BLI studies were conducted on a FortéBio Octet Red96 instrument,

as previously described 2'.

Droplet digital PCR. Plated cells (1-2 x 10°) in a 6-well TC plate (Corning) were washed twice
with WB, incubated with 50 nM (individual) or 200 nM (round binding) folded aptamer (in WB
supplemented with 10% FBS and 100 pg/ml tRNA) for 30 min at 4°C, and washed five times
with WB supplemented with BSA. Cells were lysed and DNA was recovered via DNeasy kit
(Qiagen) according to manufacturer’s instructions. DNA was quantified using a Qubit (Thermo)
and serially diluted in molecular water. DNA and primers (extended aptamer and reference 12S
ribosomal RNA gene) were added to Eva Green Master Mix (Biotium) and analyzed via ddPCR

according to manufacturer’s instructions.
Imaging. For monocyte confocal assays, coverslips were coated with 10 pg/ml poly-D-lysine at
37°C for 2 hours. Cells were bound with 50 nM aptamer and plated onto coverslips by centrifuging

at 2,000 rpm for 10 minutes. Cells were fixed in 4% PFA, stained with Phalloidin-FITC (1:100)
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and DAPI (300 nM), and mounted onto glass slides. For macrophage confocal assays, coverslips
were coated with 45 ug /ml collagen for 1 hour at room temperature. Monocytes were plated onto
coverslips and cultured into macrophages. After polarization, macrophages were bound with 100
nM aptamer, fixed, stained, and covered. Images were taken on a Leica SP8X. Humans tumors
were obtained from the Washington Cancer Consortium Breast Specimen Repository and Registry
in accordance with guidelines established by the University of Washington Institutional Review
Board. All patient information was de-identified prior to sharing with investigators. Tumors were
fixed in 4% PFA overnight and dehydrated via sucrose gradient. Tumors were frozen in OCT and
sectioned in 10 pum thick sections using a cryosectioner (Leica CM1850). Sections were fixed (4%
PFA, 10 min at room temperature), blocked and permeabilized (2% DKS + 2% BSA + 0.3%
Triton-X in TBS, 1 hour at room temperature), and stained with primary antibody overnight at 4°C
in a humidified box. Sections were washed three times in TBS-0.1% Tween (30 minutes each)
followed by incubation with secondary antibody and DAPI (1 hour at room temperature). Sections
were washed three times in TBS-0.1% Tween, blocked with 50 pg/ml salmon sperm (Invitrogen)
for 1 hour at 4°C, and incubated with 1 uM folding aptamer (in WB supplemented with 10% FBS
and 100 pg/ml tRNA) for 1 hour at 4°C. Sections were washed three times with TBS-0.1% Tween
and covered with coverslip. Images were taken on a Nikon Eclipse TI. Images were analyzed on
ImagelJ version 2.0.0-rc-69/1.521. A region-of-interest (ROI) was drawn around image areas with
aptamer signal; the same ROI was used in A2 and SCRM images. Colocalization was analyzed
using the Coloc2 plug-in. Statistical significance was determined based on the Spearman rank

correlation in two independent images.

In vivo intraperitoneal binding. Donors were screened for binding prior to monocyte isolation.
Monocytes (1 x 10°) were injected i.p. into NSG mice (Jackson). After 10 min, aptamer (125 nM
A2 or SCRM + 625 nM unlabeled NS aptamer) were injected i.p. in WB. After 30 minutes, the
mouse was sacrificed by cervical dislocation. Cells were recovered via peritoneum lavage, as
described. Recovered cells were incubated with ACK Lysis Buffer (Invitrogen) for 5 min at room

temperature, and were processed for analysis via flow cytometry.

Statistical analysis. Significance was determined by ANOVA (multiple groups) or a two-tailed

student’s t-test in Graphpad Prism 7. All flow cytometry analysis was completed using FlowJo.
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Figure S§2.1: Macrophage phenotype validation by flow cytometry. Isolated monocytes were
cultured and polarized into M0-, M1-, and M2-like macrophages. Macrophage phenotype was
confirmed by assessing M1 markers CD64 and HLA-DR (A) and M2 markers CD36 and CD180
(B). Significance was determined by ANOVA (CD64 M0 vs M2 ***p = 0.0001; ****p < 0.0001)
(HLA-DR ****p < (0.0001) (CD36 ****p < 0.0001) (CDI180 ****p < 0.0001) (CD206 M0 vs M2
**p = 0.0056;, M1 vs M2 **p = 0.0048)
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Figure S2.2: Aptamer sequence analysis. A) FASTAptamer was used to determine aptamer
representation based on reads per million (RPM), as well as aptamer enrichment between rounds.
Enrichment was calculated as (RPM of round y)/(RPM of round x). Above is an example analysis
of the top 100 aptamers from round 9. Purchased aptamers are highlighted in purple. B) Motifs of
the top 200 sequences (based on RPM) were tracked through rounds. The top 200 sequences from
round 9 are displayed in a phylogenetic tree and the motif sequences are displayed in the table.
Aptamers with conserved motifs are indicated in the tree. Purchased aptamers are denoted with
an asterisk (*).
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Figure §2.3: Round binding to M0- and M2-like macrophages. Resulting aptamer pools (200 nM)
from each round were bound against M0- and M?2-like macrophages. Aptamers and macrophage
DNA were recovered and assessed by droplet digital PCR. Aptamer copies were normalized to
cell number (copies of ribosomal RNA 128 gene).
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Figure §2.4: Aptamer binding, structure and DNA sequences. A-B) Selected aptamers were bound
against M0-, M1-, and M?2-like macrophages and analyzed using flow cytometry (A) or ddPCR
(B). C) The predicted free structure of DNA aptamer A2 at 4°C using Nupack. D) Table of the
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Table 1. DNA sequences used in this work

Oligonucleotide

Sequence

52-Base Pair Library Design

5-ATCCAGAGTGACGCAGCA-52N-
TGGACACGGTGGCTTAGT-3’

A2 Aptamer

GAAGAGTAGATGAAACGTTTTTTCGCCCGATAAA

AGGGACGTGCGTCAGACA
ATGATAGTGACGTACGGACTAGGGATCACCCATA
SCRM Aptamer TCATGTAGAGGAAGTACG
Primer Sequence

Aptamer Forward Primer

5-FAM-ATCCAGAGTGACGCAGCA-3’

Aptamer Reverse Primer

5’-biotin-ACTAAGCCACCGTGTCCA-3’

Extended Aptamer Forward
Primer

5-GCATCCAGAGTGACGCAGCA-3’

Extended Aptamer Reverse
Primer

5-GCACTAAGCCACCGTGTCCA-3

rRNA 128 Forward Primer

5-AAACTGCTCGCCAGAACACT-3’

rRNA 128 Reverse Primer

5-CATGGGCTACACCTTGACCT-3’

aptamer and primer sequences used in this paper.
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Figure S§2.5: Aptamer A2 binding was assessed against murine macrophages and PBMCs. A)
Murine macrophages were cultured from isolated bone marrow and polarized to M0-, M1-, and
M2-like phenotypes. There was no significant difference in binding of A2 and SCRM. B) PBMCs
were isolated from murine blood by Ficoll gradient and assessed for binding to monocytes
(CD45"LyGCDI11b"), CD4" T-cells (CD45*CD3*CD4") and CD8" T-cells (CD45*CD3*CD8")
by flow cytometry. There was no significant difference in binding of A2 and SCRM.
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Figure S2.6: Aptamer A2 binding to THP-1 macrophages and THP-1 and U937 monocytes. A)
THP-1 macrophages were polarized to M0-, M1-, and M2-like phenotypes and aptamer binding
was assessed by flow cytometry. B-C) Aptamer binding to THP-1 monocytes (B) and U937
monocytes (C) was assessed by flow cytometry.
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Figure S§2.7: Aptamer binding to CDI14 protein by surface plasma resonance. A) Aptamer A2
(green) binding to purified CD14 binding was compared to a nonspecific aptamer control (blue).
Aptamer-protein association is measured by changes in optical readout. B) Jurkats were
transfected to express the CDI4 receptors. Aptamer (A2 purple, SCRM orange) binding to
transfected cells was assessed by flow cytometry.
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Chapter 3

Rational design of polymeric carriers for improved peptide
delivery?

Shixian Lv, Meilyn Sylvestre, Alexander Prossnitz, Lucy Yang, and Suzie Pun

3.1 Abstract

In recent decades, peptides, have emerged as promising therapeutics for cancer applications, as
peptides possess high potency, excellent selectivity, and low toxicity. Combined with an improved
understanding of tumor biology and immuno-oncology, peptides have demonstrated robust anti-
tumor efficacy in pre-clinical tumor models. However, the translation of peptides with intracellular
targets into clinical therapies has been severely hindered by limitations in their intrinsic structure,
such as low systemic stability, rapid clearance, and poor membrane permeability, that impedes
intracellular delivery. In this review article, we summarize recent advances in polymer-mediated
intracellular delivery of peptides for cancer therapy, including both therapeutic peptides and
peptide antigens. We highlight strategies to engineer polymeric materials to increase peptide
delivery efficiency, especially cytosolic delivery, which plays a crucial role to potentiate peptide-
based therapies. Finally, we discuss future opportunities for peptides in cancer treatment, with an

emphasis on the design of polymer nanocarriers for optimized peptide delivery.

3.2 Introduction

Successful delivery of anti-cancer agents after absorption into the bloodstream requires the
following four sequential steps: (1) circulation in the blood compartment; (2) extravasation from
blood vasculature and subsequent diffusion and penetration into the tumor tissue; (3)
internalization by tumor cells; and (4) trafficking of free drug to target intracellular sites. The
overall delivery efficiency, regarded as the percentage of free drug inside target cells, is a product
of the efficiencies of these four steps. To achieve the highest overall efficiency, it is important to

maximize the efficiency of each step and to ensure that none of the four efficiencies is near-zero.

3 Partial reprint with permission from Lv, S., Sylvestre, M., et al. Design of polymeric carriers for intracellular
peptide delivery in oncology applications. Chem. Rev. (2021). Copyright 2021 American Chemical Society.
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However, each step presents its own biological barriers that effect overall delivery efficiency, such
as complicated nanoparticle-biology interactions, premature drug release, “leaky” tumor blood
vessels, dense tumoral extracellular matrix, high interstitial fluid pressure, heterogeneity of tumor
micro-environment and tumor cells, and cell membrane barrier.! To overcome these barriers, it is
crucial that nanoparticles are rationally designed with desirable physicochemical properties

(Figure 3.1).
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Figure 3.1: Schematic demonstration of challenges in polymer-mediated in vivo and intracellular

delivery of peptide therapeutics for cancer treatment.
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In addition to facing the aforementioned biological barriers, peptide therapeutics must also
overcome additional challenges of poor in vivo stability and low cell membrane penetration.
Compared to small molecule drugs, peptide therapeutics are more susceptible to proteolysis.
Furthermore, small molecule drugs (e.g., doxorubicin and paclitaxel) are able to cross cell
membranes via passive diffusion or active transport, which is not possible for most peptide
therapeutics due to their hydrophilicity and size. Additionally, peptide hydrophilicity and
secondary structure (a-helix or f-sheet) can impede efficient encapsulation in nanocarriers. These
intrinsic limitations of peptide therapeutics further complicate the design of polymeric
nanoparticles for peptide delivery. For vaccine applications, intradermal delivery of peptide
antigens also requires stable encapsulation to prevent degradation by interstitial proteases, enhance
drainage to LNs, and facilitate cell uptake and presentation by APCs (Figure 4.1). In this section,
we will discuss the strategies for engineering polymeric nanocarriers to overcome these

limitations.

3.2.1 Increase in vivo stability

The in vivo stability of NPs can be improved by tuning the surface properties (such as PEGylation).
When most peptide-polymer NPs enter a biological environment (e.g., blood or extracellular
matrix), the particle surface is rapidly coated by absorption of various biomolecules (typically
proteins), leading to the formation of a ‘corona’. For intravenously injected NPs, this protein
corona increases clearance by the reticuloendothelial system (RES), as the binding of opsonins
onto NPs can trigger recognition and clearance by the mononuclear phagocyte system (MPS). For
poorly perfused tissues with low extravasation efficiency, (e.g., solid tumors), a longer circulation
time may be necessary to enhance NP exposure in the tumor microvasculature and to promote
extravasation.” Therefore, rapid clearance significantly decreases overall delivery efficacy. To
address this biological barrier, NP surface properties can be designed to reduce nonspecific
interactions between NPs and serum proteins, increasing in vivo stability and prolonging

circulation.
Among various approaches to reduce NP-protein interactions, the most widely used is PEGylation.

Coating the NP surface with hydrophilic PEG reduces protein adsorption through hydrophilicity

and steric repulsion, decreasing MPS clearance. Many PEGylated drug formulations have been
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approved for clinical use or are under clinical investigation. This strategy extends to polymeric
peptide and protein delivery as well. For example, Lim et al. designed a long circulating PEG-
poly(L-lysine)(-grafted 2,3 dimethyl maleic anhydride)-poly(lactic acid) triblock copolymer to co-
deliver pro-apoptotic peptide D-(KLAKLAK), and chemo-drug doxorubicin (DOX) to KB tumors
in vivo.’

Although PEGylation has been extensively used over the past decades, many issues have also
arisen. Critically, PEGylated peptide-polymer conjugates can raise anti-PEG antibodies, which
result in increased drug clearance, hypersensitivity responses, and reduced efficacy.* Preclinical
work has also shown that peptide-polymer conjugates with immunogenic peptides act as adjuvants
to induce anti-PEG antibody reactions. These issues with PEGylation motivated the investigation
into alternative biocompatible polymers. Zwitterionic polymers, which contain equal cationic and
anionic groups, have garnered increasing attention in the design of long-circulating NPs. With
electrostatically-induced hydration and neutral charge, zwitterionic polymers exhibit outstanding
resistance to nonspecific protein adsorption. Nanoparticles coated with zwitterionic polymers
showed superior biocompatibility, prolonged blood circulation time, and negligible immune
response.” Wang et al. incorporated zwitterionic properties in their dendrimer platform for
controlled release of insulin in mice (Figure 3.2). The authors developed a Janus dendrimer system
consisting of two distinct dendrons with protein binding and protein repelling properties,
respectively.® The protein-binding dendron was tethered with a combination of charged and
hydrophobic moieties, which drove self-assembly into the core of the nanocarrier. The second
dendron was modified with zwitterionic molecules to form a highly hydrophilic and anti-fouling
surface that prevented protein adsorption. Compared to PEGylated nanocarriers, the zwitterionic

nanocarriers greatly prolonged the in vivo pharmacokinetic profiles.
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Figure 3.2. Schematic representation of the chemical structure of zwitterionic Janus dendrimer
with the protein binding and antifouling features. Reprinted with permission from ref®. Copyright
2019 Elsevier.

Another strategy to improve the in vivo residence time of NPs is to modify the NP surface with
‘self” markers that prevent normal cells from activating the MPS. For example, coating NPs with
cell membranes in a camouflage approach endows NPs with antigenic diversity and biological
benefits. Red blood cell (RBC) membranes are loaded with abundant self-markers (e.g., CD47),
which can help NPs escape recognition from the immune system. As such, RBC-membrane
coating of NPs is a powerful strategy to extend blood circulation time and minimize immune
response. Currently, only a few membrane-coated polymeric NPs have been reported for anti-
cancer peptide delivery. In one study, Guo et al. developed erythrocyte-membrane coated PLGA-
nanoparticles for antigenic peptide delivery.” A mannose-inserted membrane structure was
constructed to actively target APCs in the lymphatic organ, and redox-sensitive peptide-conjugated
PLGA nanoparticles were fabricated to facilitate intracellular peptide cleavage release. The nano-
vaccine enhanced in vitro cell uptake and potentiated an antigen-depot effect in vivo, promoting
retention in draining lymph nodes. In addition to membrane coatings, albumin and CD47 peptide

can also be displayed to prolong blood circulation of NPs.

Surface charge is another important parameter that affects a nanomedicine’s stealth property
during circulation. Highly positively ({-potential = + 40 mV) or negatively ({-potential = — 40 mV)
charged particles are rapidly cleared from the bloodstream by the MPS and thus have very short
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circulation times compared to neutral nanocarriers ({-potential = =10 mV). In addition, uncharged
or slightly neutral particles can easily diffuse through tumors, while those with highly positive or
negative charges are inevitably trapped by the electrostatic band pass formed by the dense
extracellular matrix. Therefore, it is favorable to design polymeric NPs with neutral or slightly
negative surface charge. While dense hydrophilic coatings and neutral surface charge provide
better NP circulation and enhance NP retention in the tumor microvasculature, this surface
shielding also decreases cellular uptake. Therefore, it is necessary to balance stability and uptake

when designing NPs, which is discussed in the next section.

3.2.2 Improve accumulation and cell uptake

Drug activity depends on drug concentration delivered to the target site as well as duration of
exposure. For peptide drugs acting on malignant cells or tumor-associated cells, drug efficacy is
contingent on the circulation time (Section 4.2), the extent of extravasation at the tumor, tumor
penetration and retention, and, for peptides with intracellular targets, cellular uptake and
subsequent intracellular trafficking. The target site for peptide vaccines are the dendritic cells in
the lymph nodes, where tumor antigen presentation and resulting anti-tumor immunity is
coordinated. In addition to providing increased circulation time and stability to peptide
therapeutics, polymer delivery systems can facilitate tumor or lymph node delivery and cell

internalization.

3.2.2.1. Tumor accumulation and penetration

After peripheral administration, peptides and peptide-loaded polymers enter the tumor tissue from
the circulation through either paracellular transport between endothelial cells or transcellular
transport through endothelial cells. The tumor vasculature has been reported to be leakier than
normal vasculature due to intercellular gaps between endothelial cells, incomplete basement
membrane, and a paucity of smooth muscle cells.®® As a result, nano-sized carriers can accumulate
preferentially at solid tumors that possess leaky vasculature. This enhanced permeability and
retention (EPR) principle is one of the key concepts for cancer nanotechnology; carriers with a
hydrodynamic diameter larger than ~20 nm avoid rapid kidney filtration and carriers smaller than
the tumor-dependent inter-endothelial spacing can extravasate into the tumor tissue.'®!" Thus,

polymeric carriers for solid tumors have generally been designed to have hydrophilic shielding
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and range in size between 20-200 nm in diameter.'? These design principles have been applied to
polymeric formulations for tumor delivery of peptides in murine cancer models.!>!'3 However, the
broad relevance of EPR-based tumor delivery for clinical nanomedicines is the subject of
significant discussion and debate.'®!” Many nanomedicines that perform well in animal models
have not translated to clinical success.'® A broad analysis of tumor accumulation by nanoparticle
formulations revealed that a median 0.7% injected dose is delivered to the solid tumor across
varying materials, size, charge, and tumor models."” However, a recent study reveals some
drawbacks to analyzing tumor delivery using the % injected dose metric and calls for more

extensive meta-analyses before conclusions can be drawn.?’

Transcytosis of delivery carriers through the tumor endothelium has recently emerged as a
potential mechanism for tumor delivery that does not rely on the EPR effect. The Shen and Gu
groups recently described a polymer-drug conjugate that is converted by y-glutamyl
transpeptidase, a membrane-bound enzyme expressed on endothelial cells and tumor cells near the
vasculature, from a long-circulating zwitterionic form to a polycation. The cationic polymer is then
internalized by caveolae-mediated endocytosis and transcytosed. Tumor accumulation and
penetration is increased by the y-glutamyl transpeptidase-responsive polymer compared to control
polymers, and resulted in increased anti-tumor efficacy when used for camptothecin chemotherapy
delivery. Polymer carriers that facilitate transcytosis through the tumor endothelium for peptide

therapeutics is therefore an exciting future area of research.?!

Peptide therapeutics that act directly on tumor cells without bystander effect require effective
penetration through the solid tumor. Studies in mice using model particles with defined sizes
revealed that systemically-delivered particles with diameters ~30-50 nm result in the highest tumor
accumulation compared to bigger or smaller particles; ultra-small particles (<20 nm) are rapidly
eliminated by diffusing back into the blood or removed via lymphatic vessels, while larger particles
have restricted tumor penetration due to their size.???* The size limitation of polymeric delivery
systems relying on diffusion for tumor penetration therefore have limited loading capacity for
peptide drugs and emphasizes the need for potent peptides. Alternatively, external stimuli such as
light have been used to increase tumor penetration of responsive polymer systems. For example,

tumor penetration and delivery of a lytic melittin peptide was enhanced by complexing the peptide
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with a porphyrin derivative before functionalization with hyaluronic acid polymer. Laser
irradiation increased tumor penetration and reduced tumor growth.'* With a similar design, Jia et
al. developed a nanocomplex of a cytolytic peptide, melittin, an NIR-absorbing molecule, cypate,
and a tumor-targeting polymer, HA to overcome the size paradox of nanomedicines (Figure 3.3).24
At pH 7.4, the complexes were negatively charged nanospheres (~50 nm), which were suitable for
long-term systemic circulation. When these nanospheres actively targeted tumors, the weakly
acidic tumor microenvironment triggered an in situ transformation of the nanospheres to net-like
nanofibers. Compared with the nanospheres, the nanofibers not only exhibited an inhibitory effect
on tumor cell mobility, but also significantly prolonged the tumor retention time. Moreover, the
nanofibers could be photodegraded into smaller nanospheres (~25 nm) by irradiation, which

enabled deep tumor penetration of the loaded melittin and effective tumor eradication.
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Figure 3.3: Schematic representation of the fabrication of melittin/Cypate@HA complexes and
their mechanism for tumor accumulation/penetration. Reprinted with permission from ref**.

Copyright 2019 American Chemical Society.
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A recent publication from the Chan group reports that the majority of nanoparticles delivered to
tumors are either in the extracellular matrix or internalized by tumor-associated macrophage near
the vasculature.?> Two major implications for peptide therapeutics from this work are: first, tumor-
associated macrophages are an attractive, druggable target cell for peptide therapeutics, and
second, tumor-responsive delivery systems that minimize phagocytic internalization during
circulation and extravasation but can mediate cell internalization after tumor penetration are

needed for tumor cell delivery.?%?’

3.2.2.2. Cell uptake

Due to their large size that precludes diffusion through the cell membrane, peptide drugs or nano-
sized carriers are typically internalized into cells through energy-mediated, vesicular transport.
Endocytosis of peptides or peptide-loaded carriers is induced by interaction with the cell surface
either through non-specific charge interactions or through specific ligand-receptor interactions. To
increase specificity of uptake, several research groups have also reported environmentally-

responsive polymer systems that induce cellular uptake only in the tumor microenvironment.

3.2.2.2.1. Charge-mediated uptake

Cationic carriers interact electrostatically with anionic cell membranes to trigger internalization.
Primary and secondary amines are often used to impart charge. For example, mixed polymer
micelles formed by assembly of PEG-modified PCL, PEI-modified PCL, and loaded with peptide
antigens are efficiently internalized through charge interactions by DCs.?® Polymers functionalized
with guanidinium groups are also readily internalized by cells.?>** Polynorbornene-based
backbones functionalized with diguanidines and peptide antigens are rapidly internalized by
monocytes, demonstrating potential as peptide vaccine carriers. However, cationic carriers can be

internalized non-specifically and therefore typically require localized administration.

3.2.2.2.2. Receptor-mediated uptake

Cell entry of drugs and drug carriers mediated by ligand-receptor interactions is called “active
targeting.” Several studies using both polymeric and lipid nanoparticles reveal that active targeting
of PEGylated, long-circulating particles does not affect overall particle biodistribution in rodent

tumor models.?!-3* However, while overall dose to tumor is not increased, actively-targeted carriers
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are internalized more by cancer cells and can therefore still be beneficial, especially for

intracellular delivery of biologic drugs.*

Ligand classes utilized for active targeting include small molecules, peptides, aptamers,
polysaccharides, and proteins such as antibodies.>> An example of a small molecule ligand
frequently used for peptide vaccine delivery is mannose, which binds to mannose receptor, CD206,
a highly expressed receptor on dendritic cells and other antigen-presenting cells. Mannose
functionalization of several polymeric carriers has increased peptide antigen delivery in vivo to
dendritic cells, resulting in improved anti-tumor efficacy compared to control, untargeted
polymers. 7363 In one notable case, mannose-functionalized PLGA particles were loaded with
cancer antigen peptides and two Toll-like receptor (TLR) agonists. Compared to non-targeted
particles, mannose-functionalized particles accumulated more in lymph nodes and were more

effective in increasing survival and reducing tumor growth rate (Figure 3.4).4
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Figure 3.4: Illustration of the targeted co-delivery of an antigen and dual agonists by mannose

targeting NPs. Reprinted with permission from ref*’. Copyright 2019 American Chemical Society.

Peptides applied for targeting include cell penetrating peptides (which primarily interact with cell

surfaces via charge) and receptor-binding peptides. The reader is referred to other recent excellent
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reviews summarizing targeting peptides for cancer applications.**> In one example, the
multivalency afforded by polymer systems was used to increase the effectiveness of an IL-4-

targeting peptide for delivery of a polymer-peptide conjugate for cancer cell killing.*?

Another commonly used class of peptide ligands is polysaccharides, which bind to receptors with
lectin-like domains. Hyaluronic acid, an anionic glycosaminoglycan, is used to provide both
prolonged circulation to nanoparticles as well as targeting and uptake in cancer cells over-
expressing CD44. B-Glucans are found in certain bacteria, as well as certain cereals and fungi, and

have been used in peptide antigen delivery to both target and activate antigen presenting cells.**

Finally, proteins and antibodies provide high specificity for receptor targets, although production
costs are usually higher than the aforementioned methods.*>*¢ Cruz et al. used PLGA nanoparticles
modified with various antibodies against dendritic cell receptors (CD40, DEC-205, and CD11c¢)
and concluded that CD40 targeting mediated the highest levels of antigen delivery.*’

3.2.2.2.3. Environment-triggered uptake

The dichotomies between desired nanoparticle inertness during circulation and interaction-
mediated cell uptake upon reaching target cells can be reconciled through the design of stimuli-
responsive polymers. The extracellular pH in solid tumors is often slightly acidic (pH 6.5-7) due
to the production of acidic metabolites and slightly hypoxic (1-2% lower Oz) due to high oxygen
demand by rapidly proliferating tumor cells.**# The acidic tumor microenvironment has been
used to transform soluble polymers that readily penetrate tumors into self-assembled polymeric
nanoparticles that are then internalized by cancer cells. Poly(B-thioester) backbones were
decorated with cytotoxic peptide KLA which were then anionized by reversible cis-aconitic
anhydride (CAA) modification. In the acidic tumor environment, the CAA capping group is
hydrolyzed, resulting in hydrophobic domains that drive polymer self-assembly into nanoparticles
that are then internalized by malignant cells (Figure 3.5).5° Chen et al. designed a surface charge-
switchable system for codelivery of proapoptotic peptide KLA and p53 plasmid.’' The charge-
switchable PEG-shield (PEG-PLL(DA)) was used to coat the NPs by electrostatic interaction. At
the physiological pH 7.4 in the bloodstream, PEG-PLL(DA) could extend the circulating time.

After the accumulation at tumor sites, tumor-acidity-triggered charge switch led to the detachment
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of PEG-PLL(DA) from the complex, resulting in efficient tumor cell entry by folate-mediated
uptake and electrostatic attraction (Figure 3.6). Similarly, the hypoxic tumor environment can act
as an environmental trigger to (1) enhance nanoparticle accumulation in the tumor via targeting
moieties against overactivated hypoxia-related enzymes or (2) induce physical or chemical
transformation for accelerated drug release.’> Hypoxia-responsive groups (e.g. nitroimidazoles,
nitrobenzyl alcohols, and azo derivatives) are reduced in hypoxic conditions, enhancing
nanocarrier hydrophilicity and subsequent drug release. Yeh, et al. coupled copolymers with a
hydrophobic p-nitrobenzyl derivative which was catalyzed by overexpressed enzyme
nitroreductase, liberating amino groups in the polymer side chains for enhanced drug release.>?
The nanocarriers selectively released its drug cargo doxorubicin under hypoxic conditions and

demonstrated robust anti-tumor efficacy in vitro and in vivo.
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Figure 3.5: Nanoparticles hydrolyze in tumor microenvironment to increase cellular
internalization. (A) Process of PT-K-CAA hydrolysis, which leads to its self-assembly. (B) Process
for the penetration of PT-K-CAA in the tumor microenvironment. Reprinted with permission from

ref?. Copyright 2019 Wiley-VCH GmbH & Co. KGaA.
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Extracellular enzymes upregulated in the tumor microenvironment such as MMP-2 have also been
exploited to trigger polymer switching to achieve tumor-selective accumulation and penetration,
controlled drug release, and intracellular delivery. Polymers have been conjugated to MMP-
sensitive PEG for prolonged blood circulation, followed by PEG de-shielding to expose peptides
that then facilitate cancer cell uptake and delivery of proapoptotic peptides (Figure 4.7).3%3°
Incorporation of enzyme-cleavable linkers or sequences can also trigger site-specific drug release.
MMP-2 disrupted a peptide-based hydrogel for release of anticancer peptide G3 specifically in the
presence of HeLa cancer cells.’® Kern, et al. incorporated a cathepsin-B cleavable linker to
facilitate intracellular peptide release specifically in the endosome (section 4.1.2). Comprehensive

reviews of protease-activated prodrugs and polymer systems can be found here.>’-*8
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Figure 3.6 Design of a surface charge-switchable system for codelivery of proapoptotic peptide
KLA and p53 plasmid: (A) Chemical structures of polymers and peptides. (B) Schematic
illustration of the formation of reductive polypeptide. (C) Schematic illustration of charge-
switchable PEG-PLL(DA). (D) Preparation of complex. (E) lllustration of the stealth property and

accumulated in tumor. (F) lllustration of the KLA peptide and p53 complexes mediated cancer
therapy. Reprinted with permission from ref’!. Copyright 2015 Elsevier

External stimuli can also be applied to trigger polymer conversion, achieving higher

spatiotemporal control over drug release. Poly(B-thioester)s conjugated to cell penetrating and
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cytotoxic peptides were modified with indocyanine green, a near-infrared dye. Tumor irradiation
using a laser results in localized heating via indocyanine green, that then induce self-assembly of
polymers into nanoparticles for cell internalization.”® In another example, combination treatment
of NIR irradiation for triggered release of an anti-PD-1 peptide stimulated an anti-tumor response

against primary and distal tumors and significantly prolonged survival in mice.%°

1

PEG shell
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Figure 3.7: Peptide-PAMAM conjugate with MMP2-sensitive PEG and the cell-penetrating
moiety TAT for efficient tumor penetration, cellular internalization and mitochondria disruption.

Reprinted with permission from ref’*. Copyright 2018 Royal Society of Chemistry.

3.2.3 Strategies to facilitate cytosolic delivery of peptides

The efficacy of biologic therapeutics with intracellular targets hinges on sufficient delivery to the
desired destination. To maximize efficacy and minimize side effects, drug carriers need to
successfully navigate to (1) the disease tissue, (2) relevant disease cells, and (3) appropriate
intracellular targets. However, cells employ a natural defense to neutralize and eliminate foreign
particles. Following endocytic uptake, cells trap foreign matter in endosomes and sort them for
lysosomal degradation, rendering them inactive and barring delivery to the appropriate
intracellular target.®! Ultimately, many peptides with promising potential in vitro cannot be
translated in vivo due to low bioavailability, critically hampering their therapeutic impact.%?> As
such, it is vital to design delivery vehicles that can escape the endocytic pathway and deliver their

cargo to the desired intracellular target.
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As previously discussed, peptides suffer from poor serum stability and protease degradation. Upon
cellular internalization, the proteolytic enzymes in endolysosomes also degrade peptide cargo.5?
Additionally, the endosomal membrane bars cytosolic peptide delivery, as the size and hydrophilic
nature of peptide therapeutics limits their permeation and transport across lipophilic membranes.
One proposed strategy to escape the endosome is to employ CPPs that penetrate the plasma
membrane to deliver of a range of therapeutic cargos (e.g., peptides, proteins, nucleic acids). It
was later realized that the majority of CPPs were eventually targeted to the endosome or ejected
from the cell.>%* Furthermore, CPP conjugation accelerated blood clearance due to the highly
cationic charges. Thus, nanoscale biomaterials are often employed to overcome the endosomal

escape challenge.

When designing polymer biomaterials for intracellular peptide delivery, inspiration can be derived
from viral or bacterial pathogens that efficiently penetrate the host membrane for replication.
Enveloped viruses access the cell cytosol and transfect cells by a membrane fusion mechanism,
while non-enveloped viruses escape endolysosomal compartments via pore formation or
membrane disruption mechanisms.®* Similar to viruses, bacteria have evolved mechanisms to
translocate from the endosome to the cytosol. Peptide endotoxins predominately form pores in the
endosomal membrane, and can even do so in a pH-sensitive manner, whereby peptides adopt a
random coil structure at pH 7.4 but transition to an amphipathic alpha-helical conformation that
creates pores in the membrane of acidic endosomes. These mechanisms can be exploited to design
smart polymeric carriers that surmount the endosomal barrier and improve intracellular delivery.
Here, we will discuss polymers that employ four key strategies to facilitate endosomal escape for
cytosolic cargo delivery: (1) the proton sponge effect, (2) pore formation, (3), membrane fusion,

and (4) triggered response to external stimuli (Figure 3.8).
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pores in or disrupt the endosomal membrane, facilitating cargo release into the cytosol. (C) While

primarily employed by lipid-based carriers, fusion with the cell membrane can mediate cytosolic
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cargo delivery while bypassing the endosome. This can be achieved with fusogenic peptides or
coatings. (D) External stimuli, such as light irradiation, can trigger endosomal disruption to

release cargo into the cytosol.

3.2.3.1 Proton sponge effect

The proton sponge effect hypothesizes that agents with high buffering capacity can induce
endosomal rupture and subsequent release of entrapped components.®*® Specifically, protonation
of amine groups triggers an influx of protons and chloride ions, resulting in osmotic swelling and
endosomal bursting. A comparative study found that endosomal size and leakiness inversely
correlates with escape capacity: small endosomes are more easily ruptured by the proton sponge
effect compared with larger endosomes, and leakier endosomes are less able to be burst, as

endosomal leakiness prevents sufficient osmotic pressure buildup to induce rupture.®®

In addition to polymer composition, the architecture and rigidity of the cationic polymer chains
affect the mechanism of endosomal escape.®” Super-resolution imaging of intracellular polyplexes
revealed that highly branched, rigid polymers are extremely effective in inducing osmotic swelling
and endosomal escape. Similarly, length and density of surface oligoarginine modifications
influenced endocytic pathway and subsequent intracellular sorting.®® Particles modified with
shorter oligoarginine chains were quickly sorted for lysosomal degradation, whereas particles with
longer chains were able to reach the late endosome and cytosol. While cationic biomaterials are
primarily used to facilitate endosomal escape for nucleic acids, lessons from these systems can be

applied for peptide delivery.

PEI, with its high density of primary, secondary and tertiary amines, best demonstrates the proton
sponge effect.®®7° Together, the amine groups of PEI result in a high buffering capacity between
pH 8-10 (maximum) and pH 4-7 (second maximum). At physiological conditions, about 50-55%
of the PEI amine groups are protonated. Upon endosomal internalization of PEI complexes,
additional amine groups protonate in the acidic endosomal/lysosomal environments, eventually

mediating endosomal release through the proton sponge effect.
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PEI has been extensively utilized in anti-cancer vaccine formulations. Li et. al. employed
polymeric hybrid micelles (PHMs) to generate a robust anti-cancer immune response in mice.?®
The PHMs were composed of polycaprolactone (PCL)-PEI and PCL-polyethyleneglycol (PEG)
diblocks and co-delivered peptide antigen and adjuvant (oligodeoxynucleotide CpG). Trp2 is a
peptide residue of the Trp2 protein, a tumor-associated antigen. The authors sought to activate T
cells to recognize and eliminate Trp2-expressing cells. Optimization of the PCL-PEI proportion in
PHMs (< 10%) balanced CpG condensation, toxicity, dendritic cell (DC) uptake, and lymph node
accumulation and migration. Together, this system elicited an antigen-specific cytotoxic T cell
(CTL) response against Trp2 peptide, inhibiting tumor growth. Investigation of dermal irritation
at the injection site revealed comparable irritation to saline injection, suggesting that the PHM is
biocompatible. In another vaccine system, Rajendrakumar et al. formulated nanocomplexes
containing poly(sorbitol)-co-PEI (PSPEI) complexed with tumor lysate protein and adjuvant poly
I:C (PSPEI-PAA)." In a B16F10 subcutaneous model, PSPEI-PAA showed high DC uptake in
lymph nodes, and increased tumor infiltration by CTLs. Ultimately, CTLs in PSPEI-PAA-treated
mice demonstrated an enhanced killing effect toward tumor cells, significantly inhibiting tumor
growth. These examples demonstrate the efficiency of PEI in mediating endosomal escape for

subsequent MHC loading in anti-cancer vaccines.

Recently, fluoroamphiphiles have emerged as promising carriers for cytosolic cargo delivery, as
they benefit from high uptake and endosomal escape, and possess excellent self-assembly
properties.”!"’> Zhang et al. grafted PEI with fluoroalkanes and demonstrated efficient cytosolic
delivery of proteins and peptides with varying size and charge (Figure 3.9).”> Compared to
materials modified with alkanes or cycloalkanes, fluorination improved protein/peptide
encapsulation and cellular uptake while limiting toxicity. Generally, longer fluoroalkyl chains and
higher fluorination improves gene delivery, but for protein/peptide delivery, this is not always the
case, as these properties could also result in poor protein encapsulation. Thus, the authors
demonstrated that the length of the fluoroalkyl chain and degree of fluorination need to be

optimized prior to use.
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Figure 3.9: Fluorination of polymers to mediate cytosolic protein delivery. PEI was grafted with
fluoroalkanes to facilitate protein/peptide encapsulation and endosomal escape. Longer
fluoroalkyl chains and higher fluorination enhanced delivery. Reprinted with permission ref’>.

Copyright 2018 Royal Society of Chemistry.

PBAE:s are another class of cationic polymers often utilized to facilitate cytosolic delivery via the
proton sponge effect.”* Due to the polyamine nature of these polymers, they lend themselves well
toward endosomal buffering. Furthermore, with lower charge density, they are typically less toxic
than their PEI and poly(L-lysine) counterparts. Qiao et al. utilized PBAE copolymers for targeted
peptide and acid-triggered drug release to breast cancer tumors.” PEG-grafted PBAEs were loaded
with a cyclopeptide RA-V and a NIR fluorescent probe. At acidic pH, the tertiary amines of PBAE
were protonated, inducing dissociation of the polymer and release of its cargo. Confocal
microscopy confirmed that following cell uptake, the micelles co-localized with lysosomes; the
subsequent endosomal drop in pH released the peptide, which then accessed the cytosol, destroyed
cell mitochondria, and induced cell death. When injected into MCF-7 tumor bearing mice, the
micelles exhibited an effective anti-tumor ability. In a similar platform, Qiao et al. formulated
PBAE micelles to co-deliver the cytotoxic peptide (KLAKLAK), and the chemotherapeutic
doxorubicin to MCF-7 tumors.”® The enhanced cancer-killing effect of these micelles was

attributed to the efficient internalization into cells, lysosomal escape (mediated by the proton
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sponge effect due to incorporation of PBAE), and disruption of mitochondria in cells. This PBAE
platform was also used to deliver another chemotherapeutic, docetaxel, with dual-targeted pro-
apoptotic peptide CGKRKp(KLAKLAK),.”” The combinatorial delivery of peptide and

chemotherapeutic cargos displayed a synergistic anti-tumor effect.

Poly(dimethylaminoethyl methacrylate) (PDMEAMA) is a polyolefin that contains only tertiary
amines and can be easily synthesized via RDRP with varying molecular weights and
architectures.”* PDMAEMA has been applied for peptide and protein delivery.” Toyoda et al. used
PDMAEMA-based nanogels loaded with antigen peptide hgp-10025.33 to vaccinate mice against

melanoma, resulting in reduced tumor growth compared to free peptide controls.®

PC7A is a similar polymer to PDMAEMA, containing tertiary amines that can buffer acidic pH to
facilitate endosomal escape. PC7A has been reported to activate the stimulator of interferon genes
(STING), lending itself as a potent adjuvant for cancer applications.?! Luo et al. synthesized PC7A
nano-vaccines to boost systemic anti-tumor T cell responses in mice.?!:82 These ultra-pH-sensitive
micelles were loaded with ovalbumin and the resulting CTL response was evaluated. The PC7A
micelles demonstrated enhanced cross-presentation over control groups, suggesting improved
endosomal disruption and antigen transport from the endosome to the cytosol and ER for
subsequent MHC loading. Combinatorial treatment with radiation therapy significantly enhanced

therapeutic response in both primary and distal tumors.

In addition to polymers containing tertiary amines or weak acids, polymers whose side chains have
buffering capacity at mildly acidic conditions can induce the proton sponge effect and subsequent
endosomal escape.®’ Lim et al. employed a pH-sensitive triblock polymer co-loaded with a pro-
apoptotic peptide and an anti-cancer chemotherapeutic for combination cancer therapy.®* The
polymer carrier comprised poly(ethylene glycol)-poly(L-lysine)(-grafted 2,3 dimethyl maleic
anhydride)-poly(lactic acid) (PEG-PLL(-g-DMA)-PLA) and was complexed with the pro-
apoptotic peptide D-(KLAKLAK), via electrostatic interactions. Upon endosomal internalization
and acidification, the amide bond between the DMA and PLL was cleaved, exposing the amine
residues on PLL and triggering the proton sponge effect and endolysosomal destabilization. The

acidic environment also prompted the release of the pro-apoptotic peptide, which subsequently
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interacted with the mitochondrial membrane, inducing cell death. Incorporation of
chemotherapeutic Doxorubicin enhanced nanoparticle cytotoxicity and anti-cancer efficacy. This
platform successfully inhibited tumor growth in a KB tumor-bearing nude mice after two

intravenous administrations.

Despite demonstrated cytosolic delivery, controversy remains regarding the proton sponge effect.
A comprehensive review of the evidence supporting and denouncing the theory has been
published.®> Some works report that the osmotic pressure and membrane swelling within the
endosome is insufficient to disrupt membrane integrity.®¢ Additionally, not all polymers that buffer
within the endosomal range can induce endosomal escape.?” In regards to PEI, Benjaminson et al.
demonstrated that PEI did not affect lysosomal pH, further discounting the proton sponge
hypothesis.® This controversy emphasizes the need for a better understanding of cellular transport

processes and how different materials can be used to manipulate these pathways.

3.2.3.2 Anionic membrane-destabilizing polymers

Certain anionic, carboxylated polymers can destabilize membrane bilayers in a pH-sensitive
manner and have therefore been applied to facilitate cytosolic delivery of cargos.®>** When
deprotonated, these polymers are hydrophilic coils, and upon protonation in acidic environments,
collapse into a hydrophobic globule state. Qiu et al. synthesized nano-vaccines from PAA, an
amphiphilic polyanion with pH-dependent membrane destabilizing activity, to enhance peptide-
antigen presentation in DCs, ultimately prolonging survival, enhancing CD8" T cell activation,
and reducing metastatic lesions in mice.’! The conformation change of pPAA at physiological and
acidic pH facilitated endosomal escape, as it switched from a hydrophilic, soluble state at pH 7.4
to a hydrophobic, membrane interactive state upon protonation of the carboxylic acid groups at
acidic pH. The pPAA nanoplexes were loaded with the peptide-antigen SIINFEKL and the
adjuvant a-galactosylceramide (a.-GalCer) through facile electrostatic complexation in a “mix and
go” approach. Nanoplexes enhanced immunogenicity and intracellular delivery, resulting in
increased antigen uptake and presentation, and improved CD8" T cell activation. In a B16-OVA
tumor model in mice, the nanoplexes significantly reduced tumor growth and improved overall

survival.
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3.2.3.3 Pore formation

Pore formation occurs when the internal membrane tension that enlarges a pore is higher than the
line tension that closes the pore.®> Molecules such as peptides can intercalate with the pore and
reduce the line tension, thus creating a pore in the lipid membrane. In particular, CPPs have
emerged as promising facilitators for cell entry and endosomal escape.”> CPPs are short peptides
(10-30 AA residues) that are typically cationic, containing arginine and lysine residues, or
amphipathic, consisting of hydrophobic and hydrophilic residues. However, CPPs lack cell
specificity, as they can translocate through the plasma membrane of many different cell types,
resulting in high off-target toxicity.”® To address this, CPPs can be anchored to targeting moieties
that facilitate specific recognition of target tissues and cells. As with chemical side groups in
polymers that induce the proton sponge effect, different amino acids in CPPs can bring exogenous
molecules into cells and enhance their endosomal escape behavior.”* A variety of CPPs, such as
melittin and TAT, have been utilized in polymer delivery systems in order to facilitate cell entry

and/or endosomal escape.

Melittin, the lytic peptide in bee venom, has been extensively used in cancer applications as a
therapeutic cargo and/or CPP.”> However, its clinical translation is impeded by its high non-
specific cytotoxicity and hemolytic activity. We overcame this limitation and safely harnessed the
lytic activity of this peptide by engineering triggered display of melittin using a virus-inspired
polymer for endosomal release (VIPER) (Figure 3.10).°° VIPER consists of a (1) cationic block,
comprising PDMAEMA and poly(oligo(ethylene glycol) monomethyl ether methacrylate
(POEGMA) and (2) a pH-sensitive block, comprising poly(2-diisopropylaminoethyl methacrylate)
(PDIPAMA) and poly(pyridyl disulfide ethyl methacrylate) (PPDSEMA). Melittin is conjugated
to the second block by disulfide exchange with PPDSEMA and DIPAMA a sharp phase transition
from hydrophobic to hydrophilic at pH 6.3. Together, this platform shielded melittin at
physiological pH 7.4, but upon cellular internalization and endosomal acidification, melittin was
unveiled and facilitated endosomal disruption of the endolysosomal membrane. Screening a library
of lytic peptides conjugated to VIPER revealed that lytic behavior alone is insufficient to facilitate

gene delivery, as only certain peptides were able to promote endosomal escape.®’
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VIPER:
Virus-Inspired Polymer for Endosomal Release
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Figure 3.10: Lytic peptides to mediate endosomal escape. CPPs, such a melittin, are commonly

employed to disrupt the endosomal membrane to facilitate cytosolic cargo delivery. In the VIPER
platform, melittin was conjugated to a pH-triggered polymer which shielded the lytic peptide at
physiological pH, but exposed it at endosomal pH.

Other CPPs have also been widely utilized to facilitate peptide delivery to cells. Backlund et al.
used CPP-based polymer mimics, protein transduction domain mimics (PTDMs), to promote
delivery of adjuvant CpG and peptide antigens OVA or SIINFEKL to monocytes and DCs.?° In
comparison to direct peptide-adjuvant conjugation to CPPs, the polymer-based platform facilitated
higher uptake by monocytes. This platform successfully induced DC activation and MHC antigen
presentation. Overall, this work demonstrated the successful application of PTDMs to stimulate a

specific immune response in antigen-presenting cells.
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However, it is important to recognize that endosomal lysis alone does not necessarily translate to
improved cargo delivery. Lee et al. demonstrated that incorporation of cleavable linkers between
the carrier and cargo was necessary to achieve sufficient cytosolic release of a protein cargo.”® This
strategy has enhanced cytosolic delivery of peptides and proteins in gene editing and vaccine

applications.?® !0

3.2.3.4 Cell membrane fusion

Direct fusion of the carrier membrane with cellular plasma membrane facilitates cytosolic delivery
in a non-disruptive manner that bypasses the endosome. This can be enabled by fusogenic peptides
that fuse with the cellular membrane and allow translocation of carrier contents into the cytosol.
For example, hemagglutinin is a fusogenic peptide on viruses that converts from anionic,
hydrophilic coil to a hydrophobic helical structure at acidic pH. This new structure enables fusion
of the viral membrane with the cellular membrane. Alternatively, lipid coatings can facilitate
membrane fusion, as in the case of fusogenic liposomes or extracellular membrane coatings.'?!
Here, the lipid bilayers can fuse directly with the cellular plasma membrane to mediate cytosolic

delivery. While the following examples may not deliver peptide cargos, lessons learned from these

strategies can be broadly applied to a variety of cargos.

Fusogenic peptides can be incorporated onto the surface of nanoparticles to facilitate cytosolic
delivery of encapsulated cargo. Several synthetic models derive inspiration from the SNARE
protein complex, in which coiled-coil formation of complementary SNARE protein units on
opposing membranes drives lipid mixing followed by pore formation and concomitant content
transfer. Yang et al. developed an artificial membrane fusion system by embedding coiled-coil
lipopeptides into the liposomal and cellular membranes, respectively, enabling targeted fusion.'?
Liposomes were decorated with one lipopeptide (CPK3), and live cells were modified with the
complementary peptide (CPE3), which enabled spontaneous fusion with modified cells. This
system circumvented the endosomal pathways, bypassing the hurdles of endosomal entrapment

and degradation. The authors also applied this system to lipid-coated silica nanoparticles and

demonstrate cytosolic delivery.'?
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In another example of membrane coatings, the Zhang group coated their nanoparticles with cancer
cell membranes for cancer vaccine applications.'” PLGA nanoparticles were coated with cancer
cell membranes, forming cancer cell membrane-coated nanoparticles (CCNPs) that retained
antigen functionalization (e.g., glycoprotein 100). The adjuvant monophosphoryl lipid A was
incorporated into the CCNPs, which facilitated robust DC maturation and subsequent T activation
in vitro. Similarly, Yang et al. encapsulated immune-adjuvant nanoparticles with cancer cell
membranes modified with mannose.'® PLGA nanoparticles were (1) loaded with the adjuvant
imiquimod, (2) coated with cancer cell membranes, whose surface proteins acted as tumor
antigens, and (3) modified with mannose to facilitate targeting of antigen-presenting cells.
Together, this vaccine activated DCs in a tumor-type specific manner, resulting in robust CD8" T

cell generation in the spleen and strong anti-tumor efficacy in mice.

Fusogenic platforms have exhibited high efficiency in delivery of CRISPR-Cas9 proteins as well.
Lee et al. screened a library of guanidium-functionalized poly(oxanorborneneimide) (PONI)
homopolymers to determine optimal molecular weight for protein delivery.'® The polymer-
protein nanocomposites (PPNCs) self-assembled from oligo(glutamate)-tagged (E-tagged)
proteins and PONI homopolymers, and the authors determined that the highest molecular weight
PONI facilitated the highest (~90%) cytosolic and nuclear delivery efficiency. Cargo delivery
occurred within ~40 seconds of PPNC incubation with cells, supporting the concept that delivery
undergoes membrane fusion rather than an endocytosis-dependent pathway. Cellular treatment
with inhibitors of endocytosis had negligible effect on cargo delivery; only a cholesterol-depletion

agent interfered with delivery.

3.2.3.5 External stimuli
External stimuli (e.g., heat, light and ultrasound) are also utilized to mediate endosomal escape for
various cargos. For instance, light-activation of photosensitizers to burst endosomes through

oxidation is a promising strategy to facilitate endosomal escape.'?’

In this approach, the carrier
delivers a photosensitizer, which generates reactive oxygen species (ROS) under light irradiation.
The ROS damage the membranes of endosomes, inducing cytosolic release of therapeutics trapped

in endocytic vesicles. Because they are locally activated by external applied stimuli,
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photosensitizer platforms can have higher spatial precision than conventional therapies. The reader

is directed to reviews of PS and polymer-platforms.!%

Han et al. fabricated a delivery system to target cellular mitochondria for photosensitizer and
peptide delivery (Figure 3.11).' This system (PPK) comprised the photosensitizer
protoporphyrin IX (PpIX) and the pro-apoptotic peptide (KLAKLAK),, linked via a short PEG
linker. The authors confirmed ROS generation under light irradiation, which increased cellular
internalization of PPK, facilitating mitochondrial targeting and disruption. The combinatorial ROS
generation and cytotoxic peptide delivery translated to robust tumor inhibition in an H22 hepatic

carcinoma tumor model.
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Figure 3.11: Incorporation of photosensitizers into polymer carriers can improve cellular
internalization and targeting. Short-term light irradiation generated ROS to disrupt cellular
membranes and facilitate uptake. Once internalized, a pro-apoptotic mitochondrial-targeted KLA

peptide guided the NPs to the mitochondria, whereupon long-term irradiation generated
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additional ROS to induce cell death. Reprinted with permission from ref'”®. Copyright 2020 Wiley-
VCH GmbH.

In another example, Ji et al. developed biodegradable poly(ester amide) nanocarriers to co-deliver
photosensitizer and antigen to DCs to potentiate an antigen-specific CD8" T cell response.''?
Arginine and phenylalanine based poly(ester amide) (Arg-Phe-PEA) nanoparticles were loaded
with (1) the antigen ovalbumin (OVA), which is processed into the peptide SIINFEKL, and (2)
the aluminum phthalocyanine disulfonate (AlPcS2a), which embeds in the membrane of the
endocytic compartment, localizing photochemical disruption to the endocytic membrane. The
amino acids arginine and phenylalanine were specifically selected to confer a cationic charge,
enabling complexation with negatively charged payloads. Irradiation disrupted the endolysosomal
membranes to facilitate transmigration of the nanoparticles into the cytosol, where enzymes

degraded the polymer to accelerate OV A release. In vivo, this platform successfully immunized

mice, evidenced by significantly increased SIINFEKL-specific CD8" T cell populations.

3.2.3.6 Methods to monitor intracellular peptide delivery

The primary techniques used are fluorescence-based (e.g. flow cytometry, confocal laser scanning
microscopy (CLSM)), but non-fluorescence based methods (e.g. MALDI-TOF, Raman
spectroscopy) and NanoSIMs have also been utilized to monitor cellular internalization and

intracellular trafficking. A review of methods to monitor cytosolic delivery are presented here.!!!

Fluorescence is a particularly powerful tool to visualize endolysosomal release of polymer
nanoparticles via (1) CLSM, (2) flow cytometry, or (3) fluorescence activated cell sorting. In
general, CLSM is the most widely used technique as it is simple, easy to analyze, and adaptable.
In CLSM, the carrier, cargo, or organelle can be fluorescently labeled. For the former two, diffuse
fluorescence throughout the cells confirms cytosolic release. Endolysosomal vesicles can also be
labeled via pH-sensitive probes (e.g. LysoTracker, SNARF-1) to monitor carrier-endosome
colocalization and endosomal acidification kinetics. Additionally, linker cleavage or drug release
from polymer conjugates can be monitored via Forster resonance energy transfer (FRET).
However, these probes are all pH-sensitive and require optimization. In a recent report, the Duvall

group published a label-free method to quantify endosomal disruption via redistribution of a
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fluorescent fusion Galectin (Gal) 8.!'? Gal8 is constitutively expressed throughout the cell
cytoplasm, but redistributes and binds to the inner face of endosomal membranes, presenting as
fluorescent punctate. This high-throughput platform enables rapid screening of materials’

endolytic activity.

Cellular uptake can also be quantified by flow cytometry if the carrier is fluorescently-labeled.
Preliminary work investigating pulse width analysis can semi-quantitate endolysosomal escape, as
there may be some correlation between pulse width and trafficking pathway.!'3 The combination
of fluorescence-activated cell sorting (FACS) and fluorescence correlation spectroscopy (FCS)
enables quantification of intracellular uptake and internalization pathway (e.g. cytosolic delivery
or degradation).''* In this method, cells were incubated with fluorescently-labeled peptides, sorted
for viability, lysed, and the cytosolic fraction was isolated. FCS was then used to quantify the

amount of fluorescently-labeled peptide (whole and degraded) in these lysates.

Non-fluorescent techniques have also been used to characterize peptide uptake. Biotinylated
peptides were captured from cell lysates and analyzed via matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS).!!5 Isotopic labeling
enabled further distinction from endogenous peptides and subsequent quantification of the amount
of intact internalized peptide. A review of strategies to quantify and analyze peptide internalization

efficiency and pathways via MALDI-TOF MS can be found here.!!¢

3.2.3.7 Challenges in cytosolic delivery

While significant advances in the development of new bioactive therapeutics has been made,
achieving sufficient cytosolic delivery remains a critical hurdle in attaining therapeutic efficacy.
As discussed, nanoparticle localization to tumor cells is the first major challenge in peptide
delivery. However, once nanoparticles are uptaken by target cells, the therapeutic still needs to
reach the appropriate intracellular target. In order to achieve this, the nanoparticles and its active
therapeutic cargo must escape entrapment and destruction in the endo-lysosome. While strategies
discussed in this section accomplish varying success in overcoming this hurdle, either by
destabilizing the endosome membrane or fusing with the cellular membrane, there still remains

much to be learned regarding endosomal uptake, escape, and induced immune response.
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In many cases, incorporation of elements to facilitate targeting and cargo delivery triggers adverse
immune events, rendering the therapeutic toxic or imposing strict therapeutic indexes. For
example, PEI is highly efficient at mediating endolysosomal escape, but can be extremely toxic at

117

high doses."'’ Toxicity is strongly correlated with degree of branching and molecular weight.
Oftentimes, carriers need to compromise on efficacy in order to minimize toxicity. Thus,
maintaining this delicate balance between efficacy and toxicity is key design challenge. Yet this is
only the first of many obstacles in engineering non-toxic therapeutics. The mechanism and timing
of endosomal escape also effects toxicity, as exhibited by the degree of inflammasome activation
and subsequent inflammation. Baljon et al. demonstrated that carriers that mediated early
endosomal escape with minimal lysosomal rupture were associated with higher cargo delivery and
less inflammasome-mediate inflammation.!'® On the other hand, carriers that did not escape the
early endosome, trafficked to the lysosome, and induced lysosomal rupture, were more likely to
be associated with inflammasome activation. In vaccine applications, endosomal maturation
inversely correlates with the degree of MHC cross-presentation, again emphasizing how the timing

of escape can enhance therapeutic efficacy.''® As such, it is critical to design carriers with

controlled timing of endosomal escape in order to maximize efficacy and minimize toxicity.

Yet, while strategies to facilitate endosomal escape, and perhaps even engineer the timing of this
escape, enhance therapeutic efficacy, the effects of endosomal disruption or fusion mechanism on
innate cell signaling are still not fully understood.'?° During viral and bacterial infections, cells
have developed mechanisms to raise danger signals in response to unplanned membrane
perturbations. While the immune response enables the body to mount a defense against the
pathogens, it could also result in loss of therapeutic tolerance. This is best demonstrated by PEG,
a “stealth” polymer that was once heralded as the panacea to facilitating biocompatibility, but is
now implicated in severe adverse allergic reactions. To design truly biocompatible delivery
systems, additional research is needed to understand how carrier composition and timing of

endosomal escape relate with toxicity and immune activation.

Even if these factors are carefully incorporated into nanoparticles, it does not guarantee therapeutic

delivery and efficacy, as endosomal escape does not entirely prevent peptide degradation.
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Cytosolic peptidases like tripeptidyl peptidase II (TPPII), leucine aminopeptidase (LAP), and
thimet oligopeptidase (TOP) can degrade peptides with varying specificities.'?! TPPII removes N-
terminal tripeptides and LAP removes hydrophobic amino acids from the N-terminus. These
proteases can significantly attenuate peptide activity. To address this, peptide modification such
as D-amino acid substitution or cyclization can reduce susceptibility to proteolytic activity.!??123
However, all modified peptides must be screened for stability and activity. Furthermore, peptide

intermediates may also be more or less toxic, and thus must be monitored as well.'?*

Overall, it is critical to understand how endosomal escape impacts immune cells in order to
maintain therapeutic efficacy and tolerance. And while peptides permit extensive modification to
help overcome proteolytic degradation, this also complicates manufacturing and requires extensive
re-testing of safety and activity. Moving forward, currently identified peptides can be specifically
engineered to address these challenges, or future peptide discovery can be deliberate in considering

these factors.

3.3 Conclusions and Perspectives

As a promising class of therapeutics, peptides have received increasing attention in the war against
cancer. In this review article, we summarize the potential of peptide therapeutics for cancer
treatment and the limitations of peptide drugs. We also highlight how to improve the delivery of

peptide therapeutics by rational design of polymer carriers.

Peptide anti-tumor agents possess several advantages when compared to the other anti-cancer
candidates such as chemo-drugs and antibodies. First, peptides are easy to synthesize by well-
established methods and are amenable for further modification, allowing cost-effective scale-up
production. In addition, a library of 21 natural amino acids and numerous non-natural amino acids
can be utilized for peptide synthesis, providing a great chemical diversity of peptides, which in
turn endow the peptides’ versatile functions. Peptides may not only display a broad spectrum of
anti-tumor activity by membrane-lysis, regardless of development of drug resistance, but can also
be designed to target almost any proteins and protein-protein interactions with high specificity.
Various peptides have been developed to target signal transduction pathways, tumor suppressor

proteins, as well as transcription factors, which induce selective tumor cell death without damaging
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healthy cells. Peptides can also be utilized as antigens to trigger an anti-tumor immune response.
As a result, peptide can serve as an ideal arsenal to treat cancer with high selectivity and low
toxicity. Although there are advantages for peptide-based cancer therapy, peptides do have
significant limitations derived from their intrinsic structure. A key issue for the peptide drugs is
their high susceptibility to proteolysis. Other shortages, such as fast blood clearance and low tissue
and cell penetration, severely hamper the efficacy of peptides for in vivo applications. Currently,

there are only a few peptides used clinically for cancer therapy.

Further development of nanotechnology provides the potential to overcome the limitations of
peptides. Polymers can encapsulate peptides with different physicochemical properties to form
stable formulations and can endow controlled peptide release. Rational design of functional
polymer carries can also improve the in vivo stability of peptide cargos, increase accumulation at
target tissues (e.g., tumors and lymph nodes), and facilitate cell uptake, which significantly
enhance overall efficacy of peptide therapeutics. In addition, through incorporation of various
functionalities, polymers can enable endosomal escape and cytosolic delivery of peptide cargos,

which is vital for peptides with intracellular molecular targets.

Despite these advances in the delivery of peptide therapeutics by polymer carriers, there remain
challenges in the pathway toward clinical application of peptide-based nanomedicines for cancer
treatment. First, to maximize efficacy, efficient delivery is required, not only to the target cells,
but also to the intracellular location of the drug target. To date, a major limitation for the clinical
translation of anti-tumor nanomedicines remains low delivery efficiency of drug carriers to tumor
regions. Unlike small molecule drugs which can diffuse into target cells after release from delivery
vehicles accumulated at the tumor site, peptides with intracellular targets generally require assisted
delivery from the carrier. The larger size of the polymeric peptide carrier therefore suffers from
restricted diffusion and penetration in tumor tissue. Strategies to increase peptide delivery
throughout solid tumors are therefore needed. A deeper understanding of the tumor
microenvironment and NP-tumor interactions are necessary to guide the design of polymer carriers
for improved tumor accumulation and penetration. Alternatively, peptide engineering approaches
that increase the cell permeability of peptides released at the tumor site could also improve peptide

efficacy. Delivery of peptide cargos (either therapeutic or antigen peptides) with the ability to
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stimulate immune cells may provide another solution to treat tumors without necessitating deep
tumor penetration. Second, the safety of peptide-polymer conjugates remains understudied. As
potentially immunogenic motifs, peptides can elicit immune responses either directly against its
own sequence or act as an adjuvant to induce an immune response against its carrier. As more
polymeric peptide delivery vehicles advance toward clinical testing, the field will benefit from
additional safety and immunogenicity studies using these formulations. Finally, polymer carriers
need to balance functionality and complexity, as these can affect production reproducibility and
scale-up ability, which are critical factors for clinical application. In addition to the engineering of
polymeric vehicles for improved peptide delivery, the administration route and site need to be
considered. Based on the cellular targets of peptide cargos and the properties of polymeric carriers,
suitable administration route (such as intravenous, intradermal, and intramuscular injections)

should be carefully chosen for optimized outcomes.

In conclusion, while the potential for peptide delivery with polymeric nanocarriers for cancer
treatment is tremendous, further scientific research about tumor biology and NP-tumor interactions
is necessary to design the next generation of peptide-polymer conjugates, which can enhance the

applicability of peptide anti-tumor therapeutics for clinical translation.
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Chapter 4

Replacement of L-amino acid peptides with D-amino acid
peptides mitigates anti-PEG antibody generation against
polymer-peptide conjugates in mice*

*Meilyn Sylvestre, *Shixian Lv, Lucy F. Yang, Nicholas Luera, David J. Peeler,
Bing-Mae Chen, Steve R. Roffler, and Suzie H. Pun
*equally contributing authors

4.1 Abstract

The generation of anti-PEG antibodies in response to PEGylated proteins, peptides, and carriers
significantly limits their clinical applicability. IgM antibodies mediate the clearance of these
therapeutics upon repeat injection, resulting in toxicity and hindered therapeutic efficacy. We
observed this phenomenon in our polymer platform, virus-inspired polymer for endosomal release
(VIPER), which employs pH-sensitive triggered display of a lytic peptide, melittin, to facilitate
endosomal escape. While the polymer-peptide conjugate was well tolerated after a single injection,
we observed unexpected mortality upon repeat injection. Thus, the goal of this work was to
enhance the safety and tolerability of VIPER for frequent dosing. Based on previous reports on
anti-PEG antibodies and the adjuvant activity of melittin, we characterized the antibody response
to polymer, peptide, and polymer-peptide conjugates after repeat-dosing and measured high IgM
titers that bound PEG. By substituting the L-amino acid peptide for its D-amino acid enantiomer,
we significantly attenuated the anti-PEG antibody generation and toxicity, permitting repeat-
injections. We attempted to rescue mice from L-melittin induced toxicity by prophylactic injection
of platelet activating factor (PAF) antagonist CV-6209, but observed minimal effect, suggesting
that PAF is not the primary mediator of the observed hypersensitivity response. Overall, we
demonstrated that the D-amino acid polymer-peptide conjugates, unlike L-amino acid polymer-
peptide conjugates, exhibit good tolerability in vivo, even upon repeat administration, and do not

elicit the generation of anti-PEG antibodies.

4 Reprinted with permission from Sylvestre, M., Lv, S., et al. Replacement of L-amino acid peptides with D-amino acid
peptides mitigates anti-PEG antibody generation against polymer-peptide conjugates in mice. J Control. Rel., 331,
142-153 (2021). Copyright 2021 Elsevier B.V.
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4.2 Introduction

PEGylated proteins and peptides are clinically-successful delivery formulations and among the
highest revenue therapeutics on the market.! However, anti-PEG antibodies, which can result in
increased drug clearance, hypersensitivity responses, and reduced efficacy, remain a significant
clinical hurdle.?? Recent studies have reported toxicity following repeat-administration of PEG-
containing therapeutics, which has been linked with accelerated blood clearance (ABC) mediated
by an anti-PEG antibody response, resulting in rapid clearance of PEGylated carriers, complement
activation, and anaphylactic reaction.*® For example, a significant fraction of patients receiving
PEGylated urate oxidase (38%) developed anti-PEG antibodies after injection, significantly
hindering therapeutic efficacy.’ Furthermore, the presence of anti-PEG antibodies has been closely
associated with rapid clearance of PEG-asparaginase (ASP), rendering the therapy ineffective.® In
fact, pre-existing anti-PEG antibodies have been identified as a risk factor to predict patient
reactions to PEG-ASP, emphasizing the clinical importance of anti-PEG antibodies.!® Seminal
work by Richter and Akerblom first revealed that anti-PEG antibodies are generated after injection
of animals with PEG-conjugated proteins, but not with free PEG.!! These studies and others reveal
that the conjugated biologics act as adjuvants in inducing anti-PEG antibodies; indeed, the extent
and presence of anti-PEG antibodies generally correlates with the immunogenicity of conjugated
protein.'>!* These findings from the history of PEGylated proteins reveal important
immunogenicity considerations for the growing suite of polymer-protein and polymer-peptide
conjugates that are in preclinical development for biologics delivery.'>' While other anti-polymer
antibodies have been identified (e.g., against silicone breast implants), anti-PEG antibodies are the

best studied and this work may be generalized for other polymer-conjugates.!’

We incorporated PEG into our polymer platform, virus-inspired polymer for endosomal release
(VIPER), which facilitates pH-triggered, intracellular delivery of therapeutic cargos.'®!? Briefly,
VIPER comprises a hydrophilic and hydrophobic block that self-assemble into micelles. The lytic
peptide melittin is conjugated to the hydrophobic block, which undergoes a sharp phase transition
at acidic pH for triggered display and endosomal rupture. Thus, melittin is shielded at
physiological pH 7.4 but is exposed at endosomal pH 5.7, rupturing the endosome for cargo
delivery to the cell cytosol. In contrast to previous iterations of VIPER, this work utilized a PEG
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hydrophilic block instead of pPOEGMA. We observed that this formulation was well tolerated
following a single intravenous (i.v.) injection, but triggered unexpected mortality upon repeat-
dosing of melittin-containing micelles. The goal of this work was to improve the safety and
tolerability of VIPER for frequent i.v. dosing. While this work specifically focused on VIPER, a
peptide-conjugate wielding the immunogenic peptide melittin, these findings can be broadly

applied to other polymer-peptide conjugates with biologically-active peptides.

Because mortality was only observed upon repeat-dosing, we posited that toxicity was associated
with an adaptive immune response rather than the inherent lytic activity of melittin. Specifically,
we hypothesized that melittin acted as an adjuvant to induce an antibody response against the
polymer carrier, resulting in anti-PEG antibody generation and toxicity A growing body of
literature utilizes the adjuvant activity of melittin in vaccines to markedly enhance antibody
titers.?%?! Yet, this immunogenic activity of melittin can be reduced by replacing L-amino acids

with D-amino acids, resulting in lower antibody generation.??-?*

Broadly, D-amino acid
substitutions can reduce peptide:MHC affinity and subsequent presentation efficiency to T and B
cells, reducing immunogenicity in vivo and attenuating IgG and IgM antibody response.?*?
Applying these findings to our polymer-peptide platform, we hypothesized that utilizing D-
melittin instead of L-melittin would diminish anti-PEG antibody generation, reducing

immunogenicity and permitting repeat-dosing.

In this work, we compared the in vitro activity and in vivo safety of L- and D-melittin VIPER
micelles. First, we validated comparable peptide and micelle activity in vitro by cytotoxicity and
hemolysis assays, and confirmed endosomal rupture. Next, we compared the maximum tolerated
dose (MTD) of L-melittin VIPER-micelles (LMM) and D-melittin VIPER-micelles (DMM).
Using an immunodeficient nonobese diabetic-severe combined immunodeficiency (nod-scid)
mouse model, we confirmed that LMM-toxicity was associated with an immune response. We then
investigated antibody generation against peptide, micelles, and polymer upon repeat-injection of
LMM or DMM via enzyme linked immunosorbent assay (ELISA). Finally, we evaluated the
efficacy of a platelet-activating factor (PAF) antagonist to rescue mice from toxicity. Ultimately,
we demonstrated that while LMM and DMM behaved similarly in vitro, DMM promoted an
enhanced safety profile in vivo. Mice treated with DMM exhibited a higher MTD and tolerated
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four injections, whereas mice receiving LMM only tolerated two injections. This can be attributed
to the generation of anti-PEG antibodies: LMM induced a robust IgG and IgM antibody response
against PEG, whereas DMM did not. Overall, we showed that polymer-peptide conjugates with
D-amino acid peptides mitigate the production of anti-carrier antibodies and are safe for frequent
dosing. This work has major implications for protein- and peptide-PEG conjugates, as we
demonstrate that reducing the immunogenicity of the biologic can reduce generation of anti-

polymer antibodies.

4.3 Results

4.3.1 Synthesis of melittin micelles

The polymer was synthesized as by reversible addition-fragmentation chain-transfer (RAFT)
polymerization of 2-diisopropylaminoethyl methacrylate (DIPAMA) and pyridyl disulfide ethyl
methacrylate (PDSEMA) using PEGylated macro chain transfer agents (CTAs) (Figure 4.1A). In
contrast to previous iterations of VIPER, we used a PEG block instead of pPOEGMA, as PEG
confers increased solubility and is commercially available. The pH-sensitive block comprised
DIPAMA, which transitions sharply from hydrophobic to hydrophilic at acidic pH, copolymerized
with PDSEMA, which enables conjugation with thiolated peptides. The block copolymers self-
assemble into micelles at physiological pH 7.4, but disassemble into polymer chains below
endosomal pH 6.3. Thus, peptides conjugated to DIPAMA are shielded at pH 7.4, but are exposed

upon cellular internalization into endosomes.

The molar ratio of ethylene glycol, DIPAMA, and PDSEMA was found to be 113:40:2 by 'H
NMR (Supplemental Figure 4.1). Therefore, the polymer was determined to be PEGii3-b-
p(DIPAMA40-co-PDSEMA;). This polymer structure without conjugated peptide is referred to as
control polymer (CP). L or D-melittin was incorporated by disulfide exchange at a polymer:peptide
feeding ratio of 1:1.5, yielding L-melittin or D-melittin micelles (LMM or DMM, respectively)
with a final peptide loading content of 16.2 wt%. UV absorbance at 353 nm was used to monitor
conjugation kinetics, which showed that the conjugation reaction occurred rapidly in the mixture
solvent of methanol and water (V:V 5:1) (Supplemental Figure 4.2). We confirmed that polymer
and polymer-peptide conjugates self-assembled into micelles at pH 7.4 with hydrodynamic

diameters of 34.6 £ 9.9, 32.9 + 12.5, and 32.2 + 11.0 nm for CP, LMM, and DMM, respectively
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(Figure 4.1B) (Table 4.1). Critical micellar concentration (CMC) of the micelles was assessed
using the Nile red method (ex/em 557/625 nm), and was determined to be 0.017, 0.027, and 0.030
mg/mL for CP, LMM, and DMM, respectively (Table 4.1) (Supplemental Figure 4.3). Micelles
were tested for pH-sensitivity in buffers with various pH, and the pH transition point was
determined to be pH 6.3, which is consistent with that of p(DIPAMA) (Figure 4.1C, D). Lastly,
micelles demonstrated long term stability for 48 hours in the presence of serum (10% FBS) at 37
°C (Supplemental Figure 4.3). Overall, these data show that the synthesized micelles have
comparable physical properties independent of peptide conjugation, similar to findings in our

previous work."

113



A

(0]
S o CN
%OA;;OMSJ\ . ﬁ} DIPAMA, PDSEMA 4 Vj\fkw
(0]

(0]
AIBN, DMAc, 70 °C, 24h § §

mPEG-CCP

X

Y
@

mPEG-b-P(DIPAMA-co-PDSEMA)

= D/L melittin

Polymer-peptide conjugate

B CP LMM DMM
‘5: Y 144
g::: g 1o
£ 1] g £
] | z.
i w %o o0 3 10 150 o0 - w i 00
Diameter (nm) Diameter (nm) Diameter (nm)
Cc D .
1 m=cpP
6 - e LMM Hgutn
\:\N"\N\’ A DMM
2 54
‘®
c
e
c
N 5 47
(U]
VAVAVAVAVAVAVAVAVAV/ N
© 3]
VAVAVAVAVAVAVAVAVAV/ £ 3
S o pH transition point
hydrophobic b4 2 CP: 6.3
T LMM: 6.3
prsz M . DMM: 6.3
hydrophilic 14
5.5 6.0 6.5 7.0 7.5
VAVAVAVAVAVAVAVAVAV)
pH

114



Figure 4.1: Polymer synthesis of micelles. A) Micelles were synthesized by RAFT polymerization
of PEG, DIPAMA, and PDSEMA. L- or D-melittin was conjugated onto the polymer via disulfide
exchange, yielding L-melittin micelles (LMM) or D-melittin micelles (DMM). Micelles without
peptide are denoted as control polymer (CP). B) The hydrodynamic diameter of micelles were
assessed by dynamic light scattering (DLS) and was determined to be 34.6 £ 9.9, 32.9 £ 12.5, and
32.2 = 11.0 nm for CP, LMM, and DMM, respectively. C) A schematic demonstrating the phase
transition of DIPAMA, which switches from hydrophobic to hydrophilic at acidic pH. This enables
pH-triggered display of melittin for endosomal escape. D) The transition point of micelles was
determined to be pH 6.3 for CP, LMM, and DMM.

Diameter (nm) CMC (mg/mL)

CP 346+99 0.017
LMM 329+ 125 0.027
DMM 322+11.0 0.030

Table 4.1: Characterization of micelles. The hydrodynamic diameter of micelles was determined

by DLS. The critical micelle concentration was determined by Nile Red.

4.3.2 In vitro activity of L- and D-melittin peptides and micelles is comparable

Because melittin is a lytic peptide, we validated in vitro activity of melittin and micelles by
measuring cytotoxicity and blood hemolytic activity. To determine cytotoxicity, we incubated
RAW 264.7 cells with peptide and micelles for 24h and measured viability by an MTS/PMS assay.
Both L- and D-melittin peptides and micelles demonstrated comparable toxicity, as indicated by
similar half maximal inhibitory concentrations (ICso) (Figure 4.2A-B) (Table 4.2). To assess
hemolytic activity, we incubated human red blood cells (RBCs) with peptides and micelles at pH
6.4 and 7.4 and evaluated lysis (Table 4.2).° We expected peptides to have similar hemolytic
activity regardless of pH, whereas we expected micelles to only be lytic at acidic pH (Figure 4.2C-
F). While peptides demonstrated slightly higher hemolytic activity at neutral pH 7.4 compared to
acidic pH 6.4, this slight difference could be attributed to peptide aggregation, which is influenced
by salt concentration and pH of the buffer.”” We observed ~100% lysis by LMM and DMM at pH
6.4, and no lysis at pH 7.4, confirming that VIPER successfully shields melittin at physiological
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pH and only triggers display of melittin at acidic pH. Both LMM and DMM exhibited comparable
hemolytic concentrations for 50% RBC lysis (HCso) (Figure 4.2E-F). Lastly, we assessed the
ability of LMM and DMM to escape the endosome in a Gal§-GFP-RAW 264.7 reporter cell line
(Figure 4.2G).”® Gal8-GFP is constitutively expressed throughout the cell cytoplasm. Upon
endosomal disruption, Gal8-GFP redistributes and binds to the inner face of endosomal
membranes; disrupted endosomes are expressed as green punctate in cells. Micelles (12.5 uM
peptide) were incubated with cells for 16-18 h at 37 °C, fixed, and stained for nuclei. Cells were
imaged on a confocal microscope. Both LMM and DMM induced GFP" punctate, confirming that
both formulations disrupt the endosome. Micelles without melittin (CP) had no lytic or cytotoxic

activity (Supplemental Figure 4.4).
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Figure 4.2: In vitro activity of L- and D-melittin peptides and micelles. A-B) L- and D-melittin
peptide (A) and micelles (B) were incubated with RAW 264.7 cells for 24 h and viability was
assessed. C-F) Hemolytic activity of peptide (C-D) and micelles (E-F) was evaluated against RBCs
at pH 6.4 and 7.4. G) Endosomal disruption by LMM and DMM was evaluated in Gal8-GFP-RAW
264.7 cells. Endosomal disruption is expressed as GFP" (green) punctae as Gal§8-GFP binds to
the inner face of endosomal membranes. Image insets (outlined in red) are single-cell

magnification images.

Viability Hemolysis HCso (M)
ICso (UM) pH 6.4 pH 7.4
Peptide
L-melittin 2.13+£0.1 4.80 0.1 2.92+0.5
D-melittin 238+0.1 8.89 £ 0.7 4.63£0.1
Micelles
LMM 28.23+2.7 0.15 £ 0.004 N/A
DMM 46.42 +2.0 0.05 £ 0.004 N/A

Table 4.2: Cytotoxic and hemolytic activity of melittin. The half maximal inhibitory concentration
(ICs0) of L- and D-melittin peptide and micelles was determined against RAW 264.7 cells after 24
h incubation. The hemolytic concentration that lysed 50% of red blood cells (RBCs) (HCsg) was

determined against human RBCs after 1h incubation.

4.3.3 Incorporation of D-melittin increases maximum tolerated dose (MTD)

Due to similar in vitro behavior, we expected LMM and DMM to exhibit similar in vivo activity.
We did not measure safety of peptide alone, as this has been reported previously.?*? We
determined the MTD by injecting micelles i.v. at 10, 20, 30, or 40 mg melittin/kg into normal mice
and recording survival and weight for 14 days. The MTD of DMM was twice that of LMM; mice
tolerated DMM at a dose up to 20 mg/kg, whereas LMM was tolerated only up to 10 mg/kg.
Several mice (2/4) survived DMM injection at 30 mg/kg, whereas no mice (0/4) tolerated LMM
at the same dose. Most mice (3/4) survived LMM injection at 20 mg/kg, but all mice (4/4) survived
DMM at the same dose (Figure 4.3A-B). Cohorts receiving 20 mg/kg of LMM or 30 mg/kg of
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DMM exhibited weight loss in the days immediately following injection, but weight rapidly
recovered within 4 days (Figure 4.3C-D). No mice survived injection of 40 mg/kg of either LMM
or DMM. Together, these results indicate there is some acute toxicity for both peptide-micelle
analogues at high concentrations, likely due to the lytic activity of melittin, but DMM are better
tolerated overall. Based on survival and weight loss, we determined the MTD of LMM and DMM
as approximately 10 and 20 mg/kg, respectively (Table 4.3).

A B
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Figure 4.3: MTD determination of LMM and DMM. A-B) Survival and weight of normal mice
injected with LMM at 10, 20, 30, or 40 mg/kg. The day of injection (day 0) is indicated with an
asterisk (*). Weight was measured for 14 days following injection. C-D) Survival and weight of
mice injected with DMM at 10, 20, 30, or 40 mg/kg. (n = 4 mice/group)

Death of mice

Dose LMM DMM
10 mg/kg 0/4 0/4
20 mg/kg 1/4 0/4
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30 mg/kg 4/4 2/4
40 mg/kg 4/4 4/4

Table 4.3: Death of mice after LMM or DMM injection. Based on survival and weight loss, the

MTD of LMM and DMM was determined as approximately 10 and 20 mg/kg, respectively. (n = 4
mice/group)

4.3.4 Incorporation of D-melittin enables safe, repeated dosing of micelles

Next, we investigated the safety of repeat injections of melittin micelles in normal mice. Mice
were injected IV with LMM or DMM at 5 mg melittin/kg every 4™ day for a total of 4 injections.
This dose was chosen as it is below the MTD of both peptide-micelles, enabling us to evaluate the
safety of micelles without attributing death to acute toxicity. While the cumulative dosage is the
MTD of LMM, we hypothesized that the micelles would demonstrate less toxicity than a single
bolus when accounting for clearance and recovery time between injections. While all mice
tolerated the first two injections well, as indicated by maintenance of weight, none of the mice
(0/6) in the LMM cohort survived the 3" injection (Figure 4.4A-B). Some mice (2/6) died within
the first 2 hours following injection; the remaining mice (4/6) died within the next 24 hours. Mice
exhibited signs of anaphylaxis, such as lethargy, loss of activity, and depressed breathing. All mice
(6/6) in the DMM cohort survived and tolerated the remaining 3™ and 4™ injections well. Mice
injected with DMM exhibited no adverse effects, even at 21 days past the 4™ injection. We
hypothesized that the 3™ injection of LMM triggered the observed toxicity and mortality, as no

weight loss or abnormal behavior was observed in mice following the 2" injection.
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Figure 4.4: Survival and weight of mice receiving repeat injections of LMM and DMM. A) Mice
were injected with LMM or DMM at 5 mg/kg every 4 days, for a total of 4 injections. All mice(6/6)
receiving LMM died after the 3" injection; all mice (6/6) receiving DMM tolerated all 4 injections
well. Days of injection (0, 4, 8, 12) are indicated with an asterisk (*). B) Mice weight was recorded
following injection with LMM or DMM. (n = 6 mice/group)

4.3.5 The adaptive immune response is attenuated in DMM-treated mice

Because mice receiving LMM died following the 3™ injection, but exhibited no adverse effects
between injections, we hypothesized that an adaptive immune response was triggered upon
receiving the 3™ treatment. This immune response was activated specifically by LMM, since we
did not observe any deaths with repeat injections of DMM. To confirm that the immune system
played a role in the death of mice upon repeat-injection, we injected normal and immune-deficient
nod-scid gamma (NSG) mice with LMM at 2, 4, 6, and 8 mg/kg every 4™ day. Both mice are on a
Balb/c background, accounting for differences that could be attributed to mouse strain.>> We
investigated a wider range of concentrations to better understand the influence of individual
injection dose on toxicity upon repeat injection. Normal mice injected at doses above 5 mg/kg
exhibited weight loss after the second injection, while no weight loss was observed in mice
receiving doses below 5 mg/kg (Figure 4.5A). Due to this extreme weight loss, mice at 6 and 8
mg/kg did not receive the 3" and 4 injections. NSG mice did not exhibit weight loss, regardless

of dose, and tolerated repeat injections at 6 and 8 mg/kg (Figure 4.5B).
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Figure 4.5: LMM injections in normal and NSG mice. Normal (4) or NSG (B) mice were injected
i.v. with LMM at 2, 4, 6, and 8 mg/kg. Normal mice were not administered the 3" or 4" injection
at 6 or 8 mg/kg due to weight loss. Days of injection (0, 4, 8, 12) are indicated with an asterisk
(*). (n = 4 mice/group)
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Because normal mice experienced weight loss but NSG mice were unaffected, this study supported
our hypothesis that an inflammatory adaptive immune response was responsible for adverse effects
of LMM dosing. Therefore, we next investigated antibody generation following repeat injection
of micelles. Because prior results indicated that mice tolerated the first two injections well, we
investigated antibody titers immediately after the 3" injection. Mice were injected IV with LMM
or DMM micelles at 5 mg/kg every 4" day. Immediately following the 3™ injection, mice were
sacrificed and serum was assessed for IgG and IgM antibodies against micelles, polymer, and
peptide via ELISA. IgG and IgM antibodies were evaluated because of their role in binding to
PEGylated conjugates and mediating type II hypersensitivity reactions. LMM-treated mice
generated significant IgG and IgM antibody titers against LMM, CP, and 10k PEG (Figure 4.6A-
F). In contrast, antibodies from DMM-treated mice were often below the limit of detection.
Antibodies in LMM or DMM-treated mice primarily bound to polymer, with very little binding to
peptide, confirming that LMM induced anti-PEG antibodies (Figure 4.6G-H). Control mice that
did not receive peptide-micelles generated negligible levels of IgG or IgM antibodies

(Supplemental Figure 4.5).
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Figure 4.6: IgG and IgM antibodies against micelles, polymer, and peptide. Mice were injected
i.v. with LMM or DMM (5 mg/kg). Immediately after the 3" injection, mice were sacrificed and

serum was analyzed for IgG and IgM antibodies against micelles (A,B), CP (C,D), 10k PEG (E,F),
or peptide (G,H).

We also investigated liver toxicity following repeat injection of micelles via hematoxylin and eosin
(H&E) staining and liver enzyme (alanine transaminase (ALT), aspartate transaminase (AST))
activity in serum. Mice were injected with either PBS, LMM, or DMM at 5 mg/kg on days 0 and
4. Mice were sacrificed 6 hours after receiving the 2" injection to avoid the mortality observed
after the 3" injection with LMM. Liver H&E was completed and no abnormalities in the liver were
observed in any of the mice (Figure 4.7A-C). This suggests that hepatotoxicity is not a factor in

the observed deaths. ALT and AST levels were within the normal range for all groups as well,

further supporting this conclusion’®3! (Figure 4.7D-E).
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Figure 4.7: Liver toxicity after micelle injection was evaluated by H&E and ALT/AST activity.
Mice were injected IV with PBS, LMM, or DMM (5 mg/kg) on days 0 and 4. Six hours after the 2
injection, mice were sacrificed and livers and serum were collected for H&E staining (A-C) or
liver enzyme (ALT, AST) analysis (D, E). H&E images are at 10X magnification (n = 3
mice/group). (For ALT/AST analysis, n = 4-5 mice/group)

4.3.6 PAF receptor antagonist extends survival but does not rescue mice

Based on micelle toxicity and immune response, we hypothesized that the platelet activating factor
(PAF) receptor could be associated with both acute and adaptive toxicity. PAF is a phospholipid
signaling molecule that plays a central role in normal and pathological responses, particularly
inflammation, allergy, and shock.’>* Its receptor, PAFR, is expressed on the surface of many
cells, including platelets, macrophages, and neutrophils. PAF has been implicated in the immune
response against lipid nanoparticles, in which mice exhibited signs of acute toxicity and shock-
like symptoms (e.g., edema, hypovolemia). Prophylactic blockade of the PAFR can rescue mice

and completely prevent immune-mediated toxicity against lipid nanoparticles.3*3¢

We observed shock-like symptoms in mice following injection of a high single dose or repeat-
dosing of micelles that we linked to an immune response. Thus, we next attempted to rescue mice
with an intraperitoneal (i.p.) injection of PAFR antagonist CV-6209 prior to micelle injection, as
reported.’*3> We sought to rescue normal Balb/c mice from LMM-associated toxicity prior to
either a single injection at 30 mg/kg or a 3" injection at 5 mg/kg. The dose of 30 mg/kg was
selected because it is above the MTD of both LMM and DMM. Furthermore, some mice (3/4)
survived treatment with LMM at 20 mg/kg, but none (0/4) survived treatment at 30 mg/kg. Thus,
this selected dose would ensure that rescue could be attributed to pre-treatment with the PAF
antagonist. We also investigated the effect of prophylactic treatment prior to the 3™ injection
because of the toxicity at this dosing regimen; neither the first or second injections were toxic at
the selected dose. CV-6209 was unable to rescue mice from acute toxicity at 30 mg/kg; all mice
(4/4) died within 1 hour of LMM injection. However, CV-6209 did exhibit some prophylactic
effect on mice receiving repeat-injections. Mice who did not receive CV-6209 died within 30-60
minutes of injection. Mice receiving CV-6209 exhibited some signs of toxicity but remained alert,

active, and responsive. Yet, all treated mice died within 24 hours. Overall, CV-6209 was unable
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to rescue mice from acute toxicity, but did extend survival by several hours in mice receiving

repeat-injections.

4.4 Discussion and Conclusion

Here, we report the replacement of L-amino acid peptides with D-amino acid peptides in polymer-
peptide conjugates to attenuate anti-polymer antibody generation. Specifically, we replaced L-
melittin for D-melittin in our VIPER platform, which enhanced safety in vivo by increasing the
MTD and reducing anti-PEG antibody generation, ultimately enabling frequent repeat-dosing.
While these findings are specific to VIPER, they can be applied to other peptide-polymer systems.

We first validated that both L- and D- peptide and micelles possess similar physical properties
(e.g., diameter, pH transition, and CMC) and biologic behavior in vitro, as demonstrated by
comparable cytotoxicity, hemolysis, and endosomal disruption. These findings are consistent with
those by Boeckle, et. al., who showed that PEI conjugates with D-melittin exhibited similar lytic
activity to conjugates with L-melittin, but offered the advantage of being non-immunogenic.’’
Differences between the peptide analogues were primarily observed in vivo, as the MTD of DMM
(20 mg/kg) was twice that of LMM (10 mg/kg). Significantly, DMM enabled frequent, repeat-
dosing, whereas LMM resulted in premature mortality. We first confirmed that toxicity was
immune-related by administering LMM to both normal and immunodeficient NSG mice and
evaluating weight loss. NSG mice lack mature T and B cells, whereas normal mice have complete
immune functionality. While normal mice rapidly lost weight following two repeat-injections,
NSG mice maintained weight and tolerated all four injections. Thus, we posited that LMM induced
anti-PEG antibodies in normal mice, which mediated toxicity and death upon repeat-injection.
While anti-PEG antibodies can be generated in both a T cell dependent (TD) and independent (TI)
mechanism, it is likely that the immune response raised by VIPER is TD. A report by Mima, et.
al. demonstrated that the immunogenic conjugate PEG-OVA induced anti-PEG antibodies,
whereas free PEG did not. This immune response was determined to be TD, as antibodies were
generated in normal mice but not in T cell deficient mice.!? These results are parallel to our
findings, as our peptide-polymer platform raised anti-PEG antibodies, but polymer micelles

without peptide did not. In contrast, antibodies generated in a TI manner trigger antibody formation
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regardless of cargo, as Ichihara, et. al. showed that empty PEGylated liposomes elicited anti-PEG

IgM in normal and T cell deficient mice.?®

We next evaluated the antibody response to micelles upon repeat injection. In PEGylated
platforms, IgM is the primary antibody generated and is responsible for the rapid clearance of
PEGylated liposomes, protein-, and peptide-conjugates.'?***° ELISA analysis of generated
antibodies exhibited the specificity of anti-PEG IgM antibodies for the terminal methoxy or the
backbone of the polymer.**? In this work, we observed that LMM-treated mice generated robust
IgG and IgM antibody response against micelles and polymer, while DMM-treated mice generated
a negligible antibody response. Antibodies from LMM-treated mice bound both LMM and CP (no
melittin) micelles, suggesting that the polymer, rather than the peptide, is the antigen target. We
confirmed this by assessing antibody binding against 10k PEG, which validated that antibodies
bound the polymer. These anti-PEG antibodies demonstrated higher binding to polymer micelles
than to 10k PEG, which has also been observed with other clones of anti-PEG antibodies (data not
shown). This phenomenon could perhaps be explained by micelle structure, which could increase
avidity and facilitate a higher observed binding affinity. Lastly, antibodies showed negligible
binding to peptide without polymer. These results support our hypothesis that induced toxicity is
due to a hypersensitivity response against LMM, in which L-melittin acts as an adjuvant to elicit
antibodies against the PEG in the polymer backbone. The first two injections prime the immune
system to generate antibodies against the carriers, and the third injection triggers the generation of
IgG and IgM antibodies against the PEG backbone.®? In contrast, DMM did not generate an
antibody-based immune response and was well tolerated in four repeat-injections. These results
are supported by the literature, as the adjuvant activity of L-melittin and the reduced
immunogenicity of D-melittin have been reported. 32%24 Neither formulation elicited liver toxicity,

as evaluated by H&E liver staining and ALT/AST enzyme activity in serum.

Lastly, we investigated the role of PAF in toxicity following acute and repeat-dosing of LMM, as
PAFR has been implicated in lipid nanoparticle-associated toxicity.>*-3¢ Thus, we investigated the
effect of prophylactic treatment with PAF antagonist CV-6209 prior to LMM injection of either a
single injection (30 mg/kg) or repeat-injection (3™ treatment). While CV-6209 was unable to

entirely rescue mice, it extended survival in mice receiving a repeat-injection, suggesting that the
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PAFR is associated with LMM-toxicity. The inability to completely prevent mortality could be
attributed to insufficient dose, requirement of a longer time period between CV-6209 and micelle
injection, or involvement of other immune cascades that we have not yet identified.

Overall, we demonstrated that exchanging a natural peptide for its D-amino acid enantiomer
mitigates the generation of anti-polymer antibodies, enabling safe, repeat-dosing of polymer-
peptide conjugates. This phenomenon can be explained by the enhanced resistance to proteolytic
degradation of D-peptides, preventing processing by antigen presenting cells and subsequent
recognition and antibody generation by T and B cells.>* Another report suggests that the lack of
immunogenicity of D-amino acid analogues is due to enzymatic resistance, prolonging retention
and circulation in vivo.** This delayed degradation could result in toxicity if the melittin is unable
to be cleared from the body. However, we did not observe adverse effects at 7 or 14 days after

repeat- or MTD injections, respectively.

Our work has additional implications for anti-cancer therapeutics. While VIPER employs melittin
to facilitate endosomal escape, this lytic peptide has been used extensively in traditional medicines
and cancer applications.***® Melittin disrupts cell membranes to induce immunogenic cell death
by releasing intracellular contents (e.g., tumor associated antigens) and stimulating T cell and
natural killer cell immunity.*->! However, free peptide induces extensive non-specific hemolysis
and severe off-target toxicity, and suffers from poor pharmacokinetics, requiring an appropriate
drug delivery vehicle to realize its therapeutic potential.”>>* Our findings can be applied to these
carrier formulations, as we have demonstrated a strategy to enhance the safety of melittin,

significantly attenuating the generation of anti-PEG antibodies and enabling safe, repeated dosing.

In conclusion, our findings add to the repertoire of strategies to enhance the safety of PEG-
containing therapeutics. There is an increasing need to address this issue as the occurrence of anti-
PEG in the healthy population has rapidly grown from ~0.2% to ~72% in the past four
decades.®*>3 While Yang, et. al. found that the majority of people have low levels of anti-PEG
antibodies, this study underscored the importance of pre-screening patients prior to administration
of PEG-therapeutics. Another strategy to enhance the safety of PEG-conjugates is to suppress anti-
PEG antibody generation, as we have shown here with D-amino acid peptide substitution.

Approaching the problem from another side, Sherman, et. al. characterized the immunogenicity of
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different PEG polymers and demonstrated that methoxy PEG was more immunogenic than
hydroxy PEG, as methoxy PEG elicited higher antibody titers.® This strategy was effective in
protein-polymer conjugates with interferon, uricase, and albumin. For cases in which pre-existing
anti-PEG antibodies are already present, McSweeney, et. al. demonstrated that saturating anti-PEG
antibody binding with infusion of 40 kDa restored PEGylated liposome circulation time.>” Yet,
despite these advances in characterizing the immunogenicity of PEGylated conjugates, there
remains a need to better understand how the composition of PEGylated conjugates affects the
generation and specificity of anti-PEG antibodies. Further discernment of the relationship between
PEG architecture and immunogenicity is critical in order to create the next generation of

biocompatible PEG-conjugates.

4.5 Experimental Procedures

Materials. PEG macro CTA was ordered from Sigma. PDSEMA was synthesized as described
previously.’® L- and D-melittin (GIGAVLKVLTTGLPALISWIKRKRQQC) peptides were
synthesized through solid phase peptide synthesis on a microwave peptide synthesizer (Liberty
Blue CEM) using L- or D-amino acids, respectively. Peptides were cleaved from resin in a
trifluoroacetic acid (TFA) cocktail with 5% dimethoxybenzene 2.5% triisopropylsilane and 2.5%
ethanedithiol, and 2.5% deionized water. Crude peptide was precipitated twice in cold diethyl ether
and purified by reverse-phase HPLC using 0.1% TFA water and acetonitrile. Peptide molecular
mass was determined by MALDI-TOF (University of Washington Department of Medicinal
Chemistry Mass Spectrometry Center) in a CHCA:DHB 2:1 matrix. All other chemicals were

purchased from Sigma and used as received.

Polymer synthesis. Block copolymer PEG13-b-p(DIPAMA40-co-PDSEMA) was prepared with
RAFT polymerization. In brief, PEG macro CTA (1000 mg, 0.182 mmol), DIPAMA (1850 mg,
7.58 mmol), PDSEMA (190 mg, 0.89 mmol) and azobisisobutyronitrile (AIBN) (3 mg, 0.018
mmol) were dissolved in 15 mL dimethylacetamide (DMAc), purged in argon, and immersed in
an oil bath at 70°C.'® After 24h, the polymerization was quenched with liquid nitrogen and the
polymer was purified by dialysis against methanol for 2 days (yield: 80%). Synthesized peptides
were conjugated to the PDSEMA monomer via disulfide exchange reaction in a mixture of

methanol and water (5:1) at a polymer:peptide molar ratio of 1:1.5. After 8 h, the polymer-peptide
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conjugates were purified by dialysis against DI water for 2 days. To prepare the micelles, the
polymers or polymer-peptide conjugates were first dissolved in acidic phosphate buffer (pH 4.0),
and the pH was adjusted to pH 7-8. All micelles were sterile filtered using a 0.22 mm pore filter.

Polymer characterization. Polymer was characterized by 'H NMR on a Bruker AV 300 in
deuterated chloroform (CDCIs). Peptide conjugation with PDSEMA was monitored by UV at 353
nm for the release of 2-thiopyridine. Micelle size was assessed by dynamic light scattering (DLS)
at 0.5 mg/mL in PBS 7.4. Critical micellar concentration (CMC) of the micelles was determined
using a Nile red method (ex/em 557/625 nm) with 0.5 ug/mL of dye. The CMC was determined

as the inflection point on the emission curve.

Cell culture. RAW 264.7 macrophages were obtained from ATCC and cultured in RPMI 1640
(Gibco) supplemented with 10% FBS (Gibco). For toxicity assays, macrophages were seeded at
15k cells/well in a 96-well plate. Cells were cultured with peptide or micelles for 24 hours and
viability was determined by MTS/PMS (Promega) by plate reader. The Gal8-RAW 264.7 cell line
was generated through similar means as described.?® Briefly, RAW cells were co-transfected with
plasmids containing a transposable Gal§8-GFP construct and PiggyBac transposon (gift of Prof.
Jordan Green) using Lipofectamine 2000 (3:1 molar ratio transposon:transposase plasmid). Cells
were sorted for the top 5% brightest GFP" singlet cell events using a FACS Aria sorter (BD),

expanded, and sorted three more times to yield a population of Gal8-GFP"¢eh cells.

Hemolysis assays. Hemolysis assays were conducted as described.?® Human blood was obtained
in accordance with guidelines established by the University of Washington Institutional Review
Board. Briefly, human blood was washed in 150 mM NaCl and washed twice. Blood was
transferred to PBS pH 7.4, washed, and resuspended in PBS at each pH to be tested (pH 6.4, 7.4).
Blood was diluted 1:50 and 190 ul of diluted blood was plated in a V-bottom 96 well plate.
Samples were incubated with peptide in appropriate pH at 37°C for 1h. Supernatant was transferred
to a clear, flat bottom 96-well plate and absorbance (541 nm) was detected on a plate reader. Triton
X-100 20% (w/v) was used as a positive control, and PBS at appropriate pH was used as a negative

control.
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Imaging. NO1 coverslips were coated with bovine collagen I (Thermo) (45 pg/mL) for 1h at room
temperature. Gal8-RAW 264.7 cells were plated (300-400k) onto coverslips overnight, and were
incubated with peptide or micelles for 16-18h in complete media. Cells were fixed in 4% PFA and
stained with DAPI (1:1000). Slides were imaged on a confocal microscope with a 63X oil
immersion objective (Leica SP8X). For H&E imaging, livers were submitted to the UW Histology

& Imaging Core for tissue processing and staining.

Animal studies. All animal studies were approved by the Institutional Animal Care and Use
Committee at the University of Washington and were conducted in accordance use and regulations.
Female Balb/c mice (6-8 weeks) were ordered from Charles River Laboratories. Particles were
injected i.v. (intravenous) via tail vein injections at indicated doses. Mice were injected every 4™
day. Mice were humanely euthanized when euthanasia criteria were met (e.g., hunched, squinting,
low to no activity, depressed respiration). Terminal blood draws were collected from the vena cava
after drug overdose or CO; euthanization. Serum was collected in serum separator tubes (BD) by
allowing blood to coagulate for 30 minutes at room temperature, followed by centrifugation at
1000 xg for 10 minutes at 4 °C. Serum was stored at -80°C. For PAF rescue studies, mice were
injected with PAF antagonist CV-6209 (Cayman) by intraperitoneal (i.p.) injection (50 pg per

mouse) 5 minutes prior to micelle injection, as described.*

Enzyme linked immunosorbent assays (ELISA). Assays were performed as previously
reported.>~° Briefly, micelles (1 pg/mL) were coated onto flat-bottom MaxiSorp 96-well plates
overnight at 4 °C. Wells were washed with PBS and blocked with 5% skim milk (Difco) in PBS
for 1h at room temperature. Wells were washed with PBS and incubated with serum (diluted in
2% skim milk) for 1h at room temperature on a shaker. Wells were washed twice with PBS and
incubated with anti-mouse IgG-HRP or [gM-HRP secondary antibody (Jackson Laboratories) for
45 minutes at room temperature on a shaker. Wells were washed three times with PBS for 1 minute
on a shaker, and incubated with TMB (Thermo) for 3-5 minutes. 2N H>SO4 was added to stop the
reaction and absorbance (450 nm) was read on a plate reader. For peptide ELISAs, thiol-containing
peptide (50 pg/mL) was immobilized onto maleimide coated plates (ThermoFisher) for 2h.
Unreacted maleimides were blocked with free cysteine (10 mg/mL) for 1h, prior to continuing

with the above ELISA protocol. Prism 8.0 was used to fit data and interpolate titer at ODasso=1
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using a sigmoidal, 4PL, X is log(concentration) model. Serum ALT/AST levels were determined

by a kit (Sigma), following manufacturer instructions.
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Chapter 5

Development of D-melittin polymeric nanoparticles for anti-
cancer treatment

*Shixian Lv, *Meilyn Sylvestre, Kefan Song, and Suzie H. Pun
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5.1 Abstract

Melittin, the primary peptide component of bee venom, is a potent cytolytic anti-cancer peptide
with established anti-tumor activity. However, its application is hampered by its strong,
nonspecific hemolytic activity and intrinsic instability. To address these shortcomings, delivery
systems are used to facilitate the safe delivery of melittin, reducing nonspecific hemolysis and
improving stability. Yet, a recent study revealed that even when fully encapsulated in delivery
vehicles, melittin is still immunogenic and can act as an adjuvant to elicit a fatal antibody immune
response against the delivery carrier, further hindering the systemic administration of melittin
formulations. We discovered that substitution of L-amino acids with D-amino acids mitigates this
problem: D-melittin nanoformulations induce significantly decreased immune response, resulting
in excellent safety without compromising cytolytic potential. We now report the first application
of D-melittin and its micellar formulations for cancer treatment. D-melittin was delivered by a pH-
sensitive polymer carrier that (i) forms micellar nanoparticles at normal physiological conditions,
encapsulating melittin, and (i7) dissociates at endosomal pH, restoring melittin activity. D-melittin
micelles (DMM) exhibits significant cytotoxicity and induces hemolysis in a pH-dependent
manner. In addition, DMM induce immunogenic cell death, revealing its potential for cancer
immunotherapy. Indeed, in vivo studies demonstrated the superior safety profile of DMM over free
peptide and improved efficacy at prohibiting tumor growth. Overall, we present the first
application of micellar D-melittin for cancer therapy. These findings establish a new strategy for
safe, systemic delivery of melittin, unlocking a potential pathway toward clinical translation for
cytotoxic peptides as anti-cancer agents. which can revolutionize in vivo delivery of therapeutic

peptides and peptide antigens.
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5.2 Introduction

Anti-cancer peptides (ACPs) have emerged as a promising class of cancer therapeutics due to their
ease of synthesis, high potency, and cell selectivity [1, 2]. ACPs exert anti-tumor activity through
various and distinctive mechanisms, such as specifically targeting tumor suppressive signaling
pathways or inducing cell death through membranolytic activity [3-6]. Compared to conventional
chemotherapeutics, ACPs possess better selectivity and lower off-target toxicity to normal cells.
Importantly, cancer cells have a low risk of developing drug resistance against ACPs because they
effect critical cell pathways that cells cannot bypass [7]. This highlights another major advantage
of ACPs, as drug resistance is increasingly responsible for the failure of chemotherapy [1, §].
Given the attractive properties of ACPs, there has been increasing interest in the development of

ACP delivery systems [2, 9, 10].

Melittin, the active 26-amino acid peptide component of honeybee venom, is a potent and natural
ACP with established anti-tumor efficacy against a broad spectrum of cancers, including prostate,
breast, and liver cancer[11, 12]. Its cationic charge and amphipathic properties enable melittin to
interact with and disrupt biological membranes[13, 14]. In addition to being membranolytic,
melittin can also modulate multiple cell signaling pathways, such as inhibiting angiogenesis,
inducing cell cycle arrest, and preventing metastasis [15]. Despite melittin’s great potential for
cancer treatment, melittin also suffers from significant drawbacks that limit its clinical application,
including nonspecific hemolysis, rapid clearance and degradation, and poor tumor accumulation
[15]. To address these issues, melittin has been incorporated into drug delivery systems such as
polymer-peptide conjugates or nanoparticle (NP) with the goal of decreasing nonspecific

hemolysis to enhance safety in vivo and to increase bioavailability in tumors [16-19].

While some drug delivery platforms have facilitated safe melittin delivery, these systems can also
introduce new challenges, as demonstrated by the generation of an adaptive immune response to
the delivery carrier. Similar to the generation of anti-PEG antibodies against PEGylated platforms,
systemic administration of conjugates with bioactive drugs can trigger a host immune response,
eliciting antibodies against the carrier and resulting in accelerated blood clearance and
hypersensitivity reactions [20, 21]. This adverse immune response is attributed to the bioactive

drug, which acts as an adjuvant to activate the immune system against the carrier. Studies have
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shown that the generated immune response correlates with the immunogenicity of the loaded
cargos [22]. In contrast to most small molecule chemotherapeutics, melittin is an immunogenic
host defense peptide that can therefore elicit a severe immune response [15, 16, 23]. Indeed, we
recently demonstrated that repeat systemic administration of our PEGylated melittin micelles was
fatal in mice and that death could be attributed to the robust generation of anti-PEG antibodies
[24]. By substituting the L-amino acids with D-amino acids, we attenuated the immune response,
ultimately enhancing the therapeutic index of our delivery platform without compromising
bioactivity of the peptide. Based on these findings, we hypothesized that D-melittin could serve as

a safer alternative to L-melittin for systemic cancer delivery applications.

Herein, we report the application of D-melittin micelle (DMM) nanoformulations for treatment of
solid tumors. We employed a polymer platform, virus inspired polymer for endosomal release
(VIPER), to facilitate intracellular melittin delivery [25]. D-melittin was conjugated to an ultra
pH-sensitive polymer that shields melittin at physiological pH and rapidly unsheathes melittin at
endosomal pH. Thus, the polymer-peptide conjugate self-assembles into micellar nanoparticles at
physiological pH and dissociates after entry into the cells (Fig. 5.1). After characterizing the
polymer-peptide conjugate, we examined its activity in vitro and in vivo. First, the cytotoxic
activity of free peptide and polymer-peptide conjugates was investigated against different tumor
cells. The ability of these formulations to induce immunogenic cell death, as characterized by
calreticulin (CRT) surface expression, ATP secretion, and HMGBI release, was also evaluated.
Next, the safety profiles of D-melittin peptide and micelles were established in normal mice, as
determined by the maximum tolerated dose (MTD). Finally, the in vivo anti-tumor efficacy was
evaluated in CT26 (colon cancer) and 4T1 (breast cancer) tumor-bearing mice. To the best of our
knowledge, this is the first application of D-melittin for cancer therapy, which can help unveil the

promising potential of melittin for in vivo therapeutic use.
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Figure 5.1: Design of D-melittin conjugate for systemic delivery of melittin for cancer therapy.

5.3. Results

5.3.1 Polymer synthesis of melittin micelles

The PEG-VIPER polymer was synthesized by reversible addition-fragmentation chain-transfer
(RAFT) polymerization of DIPAMA and PDSEMA with PEGylated macro chain transfer agents
(PEG-CTAs), as previously described [24, 25]. The DIPAMA block confers pH-sensitivity, as
DIPAMA sharply transitions from hydrophobic at neutral pH to hydrophilic at acidic pH, and
PDSEMA enables conjugation with thiol-containing peptides (Fig. 5.2A). These polymers self-
assemble into micelles at neutral pH (7.4) with a diameter of 32.6 + 13 nm (Fig. 5.2B), yielding
D-melittin micelles (DMM). The obtained micelles had a critical micelle concentration (CMC) of
0.03 mg/mL in PBS (7.4) and were stable in PBS containing 10% FBS for over two days, indicating
good colloidal stability (Fig. 5.2C). Additionally, we demonstrate that these micelles disassemble
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into polymer chains at acidic pH 6.4 (Fig. 5.2D), exposing conjugated peptides upon cellular

internalization in endosomes.
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Figure 5.2: Synthesis and characterization of D-melittin conjugate. A) Synthesis route for D-
melittin conjugate and its self-assembly behavior under different pH conditions. B) Size
distribution of D-melittin micelles (DMM) in PBS. C) Size stability of DMM in PBS containing
10% FBS. D) pH-transition study of DMM.

5.3.2 Lytic activity in vitro

The lytic activity of D-melittin peptides and micelles was evaluated in vitro via cell toxicity and
hemolysis assays, and visualization of endosomal escape. Peptide and micelles were potent against
both human (A549, MDA-MB-435) and murine tumor cells (3T3, CT26) (Fig. 5.2A-D, Table 1),
as indicated by similar half maximal inhibitory concentrations (ICso) across cell lines. Micelles
without peptide (CP) had no cytotoxic activity (Fig. S5.1). Both peptide and micelles demonstrate
robust toxicity in wild type (WT) and doxorubicin-resistant (DOX-R) MDA-MB-435 cells (Fig.
5.2C-D, with confirmation of doxorubicin-resistance is reported in Fig. S5.2). While the ICso of
free peptide is comparable in WT and DOX-R lines (3.53 £ 0.2 and 3.44 £ 0.3 uM, respectively),
the ICso of DMM is 10-fold lower in DOX-R cells compared to WT cells (30.09 + 3.9 and 2.98 +
0.7 uM in WT and DOX-R, respectively). Notably, DMM is 10-fold more cytotoxic compared to

free peptide in DOX-R cells. Next, hemolytic activity was evaluated against human red blood cells
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(RBCs) at pH 5.4, 6.4, and 7.4 (Fig. 5.3E-F, Table 2), a range that covers endosomal pH, micelle
transition point, and physiological pH, respectively. The peptide was lytic at all pH values and
exhibited increasing activity at higher pH, as indicated by decreasing concentration for 50% RBC
hemolysis (HCso) with increasing pH. In contrast, the HCso of DMM was 10-40 fold lower than
free peptide at acidic conditions, yet exhibited no lytic activity at pH 7.4, confirming both the
potent lytic activity of DMM at endosomal pH (5.4 - 6.4) and its safe encapsulation of D-melittin
at physiological pH (7.4). Lastly, endosomal disruption was evaluated in the Gal8-GFP-RAW
264.7 reporter cell line (Fig. 5.2H) [26]. Cells constitutively express Gal8-GFP throughout their
cytoplasm, but upon endosomal disruption, redistribute and bind to the inner face of endosomes.
Thus, disrupted endosomes can be visualized as green punctae. Cells were additionally stained
with propidium iodine (PI) to assess viability of cells and the percent of live cells (PI") expressing
punctae was quantified. While D-melittin did not disrupt endosomes (0.03%), DMM induced GFP*
punctate in nearly 10% of live cells. Although micelles without melittin (CP) were also capable of
disrupting endosomes to some extent (0.17%), CP had no cytotoxic or hemolytic activity (Fig.
S5.1). Overall, both D-melittin and DMM were shown to be cytotoxic and hemolytic, but DMM
has no hemolytic activity at pH 7.4. Furthermore, DMM was capable of disrupting cell endosomes

whereas free peptide was not.
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Figure 5.3: Peptide and micelle activity in vitro. A-B) D-melittin peptide (4) and micelles (B) were
incubated with human and murine tumor cells (313, A549, and CT26) for 24 hours, and viability
was assessed via MTS assay. C-D) D-melittin peptide (C) and micelles (D) were incubated with
both wild type (WT) and doxorubicin-resistant (DOX-R) MDA-MB-435 cells for 24 hours, and
viability was assess via MTS assay. E-F) Hemolytic activity of peptide (E) and (F) micelles was
determined against red blood cells (RBCs) at pH 5.4, 6.4, and 7.4. H) Endosomal escape of
micelles was demonstrated in Gal§-GFP-RAW 264.7 macrophages (500 um scale). Endosomal
disruption is observed as green punctae, as GalS8-GFP* binds to the inner membrane of

endosomes. Image insets (red) are magnification of cells (100 um scale).

Viability ICso (uM)
Cell line D-melittin DMM
3T3 3.2 8.5
A549 4.5 6.9
CT26 2.2 11.6
MDA-MB-435 WT 3.5 30.1
MDA-MB-435 DOX-R 3.4 3.0

Table 5.1: Toxicity of D-melittin peptide and micelles against a range of human and murine tumor

cell lines. For DMM, the concentration is expressed as containing a peptide equivalent to free

peptide.
Hemolysis HCso (uM)
Entry pH 5.4 pH 6.4 pH 7.4
D-melittin 14.8 8.5 33
DMM 0.33 0.65 N/A

Table 5.2: Hemolytic activity of D-melittin peptide and micelles at pH 5.4, 6.4, and 7.4. For DMM,

the concentration is expressed as containing a peptide equivalent to free peptide.
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5.3.3 Characterization of immunogenic cell death (ICD)

Based on prior reports of melittin-induced NLRP3 inflammasome activation, we next investigated
if D-melittin peptide and micelles could induce immunogenic cell death (ICD), as evaluated by the
three major hallmarks of ICD: surface expression of calreticulin (CRT) and extracellular release
of high mobility group protein B1 (HMGB1) and ATP (Fig. 3A) [23, 29, 30]. These events occur
during (CRT, ATP release) and after (HMGB1) cellular apoptosis, and thus were evaluated at 24
and 48 hours post-incubation[31]. To assess translocation of CRT from the nucleus to the cell
surface, CT26 cells were incubated with peptide or micelles for 24 hours and stained with an anti-
CRT antibody (Fig. 3B). In contrast to micelles without peptide (CP), both peptide (****p <
0.0001) and micelles (****p < 0.0001) induced significantly higher CRT surface-expression.
Extracellular HMGBI1 was assessed in cell supernatant via ELISA after 48 hour incubation with
peptide or micelles at ICso concentrations (Fig. 3C). Both D-melittin (**p = 0.0031) and DMM
(****p < (0.0001) induced a significantly higher increase in HMGBI1 release over CP-treated cells,
and DMM induced significantly higher release compared to D-melittin (****p < 0.0001).
Similarly, a robust increase in extracellular ATP (24 hour incubation) was observed in DMM-
treated cells, while ATP release in D-melittin and CP-treated cells was negligible (Fig. 3D).
Together, these results suggest that DMM is capable of inducing ICD in cancer cells.
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Figure 5.4: Evaluation of immunogenic cell death in CT26 cancer cells. A) A schematic of the
primary hallmarks of ICD: calreticulin (CRT) surface expression and ATP and HMGBI release.
Translocation of CRT to the cell surface and ATP release occur in pre-apoptotic and dying cells,
and occur over a time course of hours. HMGB1 release occurs in dying and dead cells and occurs
over a time course of days. B) Cells were incubated with peptide or micelles for 24 hours and
surface expression of CRT was measured via flow cytometry. C) Extracellular HMGBI
concentration was measured in cell supernatant via ELISA after 48 hour incubation with peptide

or micelles. D) Extracellular ATP was measured in cell supernatant via luciferin reaction.

5.3.4 Safety of free peptide and micelles in vivo

We next evaluated the maximum tolerated dose (MTD) of free peptide and micelles in vivo to
determine appropriate doses for anti-cancer treatment (Table 5.3). MTD was determined by
injecting mice intravenously (IV) with peptide or micelles and monitoring weight loss, survival,
and overall disposition; mice were euthanized when euthanasia criteria (i.e. difficulty breathing)
were met. The MTD of micelles in normal mice was previously determined to be 20 mg peptide/kg

(an equivalent of 125 mg micelles/kg) [24]. Due to the highly lytic nature of free peptide, the range
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of tested doses was 10-fold lower; normal mice were injected with D-melittin at 2, 4, 6, and 8
mg/kg. While all mice survived an injection of peptide at 4 mg/kg, this dose was poorly tolerated
(lethargy, poor grooming), and the MTD was determined to be 2 mg/kg, which is 10-fold lower

than that of micelle-encapsulated peptide.

D-melittin free peptide DMM
Dose Deaths Dose Deaths
2 mg/kg 0/4 10 mg/kg 0/4
4 mg/kg 0/4 20 mg/kg 0/4
6 mg/kg 4/4 30 mg/kg 2/4
8 mg/kg 4/4 40 mg/kg 4/4
MTD 2 mg/kg MTD 20 mg/kg

Table 5.3: MTD of D-melittin and D-melittin micelles. Normal mice were injected with a range of
concentrations and sacrificed when euthanasia criteria were met. While mice survived following
peptide injection at 4 mg/kg, this dose was poorly tolerated. The MTD of free peptide and micelles
was determined to be 2 mg/kg and 20 mg peptide/kg, respectively. For DMM, the dose is expressed

in regards to peptide amount in the formulation. (n = 4 mice/group)

5.3.5 Safety of particles upon repeat injection

Although we have previously established that the incorporation of D-amino acids abrogated the
generation of anti-PEG antibodies and extended survival, we additionally sought to confirm safety
of these particles for repeat injection via hematoxylin and eosin (H&E) staining and analysis of
serum ALT/AST enzymes[24]. Mice were injected every 4% day with (i) PBS, (ii) CP, (iii) D-
melittin 2 mg/kg, or (iv) DMM 5 mg peptide/kg for a total of 3 injections. Twenty-four hours
following the final injection, blood was drawn and major organs (heart, lung, liver, kidney, spleen)
were harvested and submitted for H&E processing (Fig. 5.5). Slides were evaluated by a blinded
veterinary pathologist and changes were graded on a 1 (minimal) to 4 (severe) scale (Table S5.1).
Overall, no clinically significant treatment-related changes were noted. This was supported by

activity of ALT/AST enzymes in the serum, which was all within normal range (Fig. 5.6).
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CP PBS

D-melittin

Figure 5.5: H&E staining of major organs after repeat injection of peptide and particles. Mice
were injected IV with (i) PBS, (ii) CP, (iii) D-melittin 2 mg/kg or (iv) DMM 5 mg peptide/kg every
4" day for a total of 3 injections. Twenty-four hours after the 3" injection, organs were harvested
and processed for H&E staining, and evaluated by a blinded third-party. Overall, there were no

identified treatment-related changes. The black scale bar represents 100 um. (n = 2 mice/group)
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Figure 5.6: Serum ALT/AST activity. The activity of ALT (4) and AST (B) enzymes in the serum

was evaluated via ELISA. All values were within normal range. (n = 2 mice/group)

5.3.6 Anti-tumor efficacy of D-melittin peptide and micelles in vivo

After determining safe, injectable doses of free peptide and micelles, we next compared anti-tumor
efficacy of each in a CT26 colon cancer model. Eight days after subcutaneous tumor inoculation
(IM cells) in the right inguinal flank, mice were injected IV every 4" day with (i) PBS, (ii) D-
melittin 2 mg/kg, or (iii) DMM 5 mg peptide/kg for a total of 3 treatments (Fig. 5.7A). We have
previously observed that polymer without melittin (CP) has no anti-tumor efficacy (Fig. S5.3) in
vivo, so we did not include CP-treatment in this study. While D-melittin-treated mice had smaller
tumors than PBS-treated mice (***p = 0.0009), there was no difference in survival between the
groups (p = 0.2265) (Fig. 5.7B-C). In contrast, DMM-treated mice had significantly smaller
tumors than both PBS (****p < (0.0001) and peptide- (****p < 0.0001) treated mice, as well as
extended survival (**p = 0.045). D-melittin was dosed at its MTD, which was largely ineffective
at inhibiting tumor growth. On the other hand, polymer encapsulation of D-melittin permitted
higher peptide dosing (5 mg peptide/kg), which was sufficient to slow tumor growth and thus
enhance anti-tumor efficacy. Together, this data demonstrates the poor anti-cancer efficacy (tumor

reduction, survival) of free peptide and the potential of DMM for cancer treatment.
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Figure 5.7: Evaluation of anti-tumor effects of free peptide and micelles in a CT26 tumor model.
A) Mice were inoculated subcutaneously with CT26 tumor cells (IM). Eight days later, mice were
injected IV with (i) PBS, (ii) D-melittin 2 mg/kg, or (iii) DMM 5 mg peptide/kg every 4" day for a
total of 3 injections. B) Tumor volume was measured every 2™ day. Significance is denoted in
comparison to PBS-treated mice, calculated with a two-way ANOVA. D-melittin-treated mice had
significantly smaller (***p = 0.0009) tumors than PBS mice, and DMM-treated mice had
significantly smaller tumors than PBS-treated (****p < 0.0001) and D-melittin-treated (****p <
0.0001) mice. C) Survival of mice after treatment. Mice were sacrificed when euthanasia criteria
were met (e.g., tumor volume > 10% of body weight). Significance is denoted in comparison to
PBS-treated mice and was calculated with a Gehan-Breslow-Wilcoxon test. There was no
significance (ns) in survival between PBS- and D-melittin treated groups, whereas DMM mice
survived significantly longer PBS- (**p = 0.0029) and D-melittin (*p = 0.045) treated mice. (n =
6 mice/group)

5.3.7 Anti-tumor efficacy of combinatorial DMM&ICB treatment

We next investigated anti-tumor efficacy of DMM in combination with immune checkpoint
blockade (ICB) therapy, anti-CTLA-4 and anti-PD-1 antibodies, in murine breast (4T1) and colon
(CT26) cancer models. In this work (section 5.3.3), we demonstrated that DMM induced ICD in
vitro, which provided a beneficial anti-tumor effect. 4T1 and CT26 tumor models were used
because they have high immune infiltration compared to other syngeneic murine models and have
moderate to low mutational burden, and thus respond to ICB therapy to different extents [32]. ICB
therapy has marked response in CT26 tumors, whereas 4T1 tumors are more resistant to treatment

[33]. These two tumor models enabled us to differentiate synergistic efficacy of our treatment from
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tumor-specific responses. Overall, we hypothesized that DMM could induce ICD of tumor cells
which could subsequently activate tumor infiltrating leukocytes (TIL) and synergize with ICB to
disrupt negative immune regulatory checkpoints, ultimately resulting in robust immune activation

and tumor growth inhibition.

Eight days after inoculation, tumor-bearing mice were treated with (7) PBS, (i7) ICB 100 png/mouse,
(iii) DMM 5 mg peptide/kg or (iv) DMM 5 mg peptide/kg + ICB 100 pg/mouse (Fig. 5.8A).
Micelles were injected every 4™ day IV and ICB treatment was administered intraperitoneally (IP)
on days following DMM treatment. In a 4T1 tumor model, ICB and DMM alone had no efficacy
in slowing tumor growth, while combinatorial treatment of DMM+ICB significantly reduced
tumor growth compared to PBS (****p < 0.0001), ICB (****p < 0.0001), and DMM (****p <
0.0001) (Fig. 5.8B).

In CT26 tumor-bearing mice, DMM showed mild efficacy in reducing tumor growth (****p <
0.0001) compared to PBS, while ICB and DMM+ICB were robustly able to halt tumor growth and
in some mice, completely eliminate tumors (Fig. 5.8C). Mice in the ICB and DMM+ICB cohorts
had significantly smaller tumors than PBS- (****p < (0.0001) and DMM- (****p < (.0001) treated
mice. However, there was no difference in tumor growth between ICB and DMM-+ICB treated
mice (p = 0.9619). Statistical significance was evaluated at 14 days following treatment; shortly
after this timepoint, mice in PBS and DMM groups were euthanized due to increasing tumor
burden and statistical tests could not be performed. In the ICB and DMM&ICB cohorts, 3 and 2
mice, respectively, were cured entirely of tumors. To investigate if treatment resulted in anti-tumor
immune memory, mice were re-challenged with CT26 cells (IM) under the opposing inguinal
nipple. None of these mice grew additional tumors, suggesting that ICB treatment, alone or in

combination with DMM, can induce anti-tumor memory.
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Figure 5.8: Tumor reduction with combinatorial ICB in 4T1 and CT26 tumors. A) Time line of
tumor inoculation and treatment. B) 4T1 tumor growth in mice treated with (i) PBS, (ii) ICB, (iii)
DMM, or (iv) DMM+ICB. Combinatorial treatment of DMM+ICB significantly reduced tumor
growth compared to PBS (****p < 0.0001), ICB (****p < 0.0001), and DMM (****p < 0.0001).
Significance was calculated via two-way ANOVA and is denoted in regards to PBS. C) CT26 tumor
growth in mice treated with (i) PBS, (ii) ICB, (iii) DMM, or (iv) DMM+ICB for the first 14 days
after treatment. Mice receiving ICB and DMM+ICB treatment had significantly smaller tumors
than mice treated with PBS- (****p < 0.0001) or DMM- (****p < 0.0001). There was no
significance (ns) between ICB and DMM+ICB mice. Significance was calculated via two-way
ANOVA and is denoted in regards to PBS. (n = 6 mice/group)

5.4 Discussion and Conclusion
Here, we report the first development of D-melittin nanoformulations for anti-tumor applications.
We previously reported that replacement of L-amino acids with D-amino acids in polymer-peptide

delivery systems abrogates the generation of anti-polymer antibodies with minimal effect on
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activity of the polymer-peptide platform [24]. This work opened up the possibility of evaluation
D-melittin as an anti-cancer agent in a polymer-drug conjugate formulation that minimizes non-
specific cytolysis without immunogenicity resulting from repeated dosing. Here, we show that D-
melittin micelles (DMM) exert broad anti-tumor activity against various types of tumor cells, even
cells that have developed resistance against traditional chemotherapeutics. In normal mice, DMM
was safe for repeat systemic administration and could be administered at 10-fold higher dose
compared to free peptide. Furthermore, DMM synergized with immune checkpoint blockade (ICB)
and significantly inhibited tumor growth in tumor-bearing mice. These findings have broad
applicability for all polymer-peptide conjugates, as it demonstrates that D-amino acid peptides can

enhance platform safety while retaining tumoricidal activity in vivo.

We have pursued the use of D-melittin due to enhanced safety in vivo, despite exhibiting slightly
reduced lytic capacity compared to L-melittin in vitro [24]. Conjugation of peptide to the polymer
endows the peptide with acute pH-responsive behavior while also enhancing the lytic activity of
the peptide at acidic conditions. Furthermore, D-amino acids can potentially enhance endosomal
escape, as D-peptides persist longer than L-peptides within the cell [34]. Najjar, et al. demonstrated
the enhanced endosomolytic behavior with D- and L- analogs of dimeric fluorescent (df) TAT, a
cell penetrating peptide, and showed that the heightened protease stability of D-dfTAT prolonged
intracellular retention and accumulation within late endosomes, ultimately resulting in more severe
endosomal leakage and disruption of transcriptional programming[34]. Furthermore, the authors
discuss how endocytosis and endosomal escape were impacted in opposite ways by peptide
chirality: D-dfTAT was less prone to cellular internalization than L-dfTAT but exhibited increased
endosomal escape. This reduced propensity of D-peptides for uptake can likely be attributed to
reduced capacity to trigger endocytosis rather than a difference in binding to heparan sulfates [35].
However, our drug delivery system bypasses this entirely, as the polymer is in micellar form during
cellular internalization and transitions to a linear form in the endosome, unsheathing the peptide

and capitalizing on the amplified endosomolytic activity of D-peptides.
Furthermore, incorporation of D-melittin enabled application of our platform for systemic

injections. Although the potential of melittin as a cancer therapeutic has been established, its severe

nonspecific lytic activity poses significant challenges for clinical translation. Our work here adds
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to the repertoire of strategies to systemically deliver melittin and other lytic peptides for cancer
treatment [ 15, 36]. This vastly expands the scope of use of lytic ACPs, which are often constrained
to intra-tumoral delivery to avoid related toxicity from systemic delivery [16, 37]. This could be
particularly impactful to treatment of metastatic cancers, which are disseminated in distant
locations from the primary tumor and do not benefit from enhanced permeation and retention
(EPR) within large tumors [38]. Due to the controversial relevance of the EPR effect in humans
and high variability of its effect between patients and cancer types, safe systemic delivery of lytic

peptides is also valuable for treatment of primary tumors [39].

We next characterized if D-melittin induced immunogenic cell death (ICD), a form of
inflammatory cell death that releases danger associated molecular patterns (DAMPs) which can
elicit an anti-cancer immune response[40]. We expected melittin peptide and micelles to induce
ICD, as L-melittin has been reported to induce NLRP3 inflammasome activation and production
of IL-1B [23]. While melittin bypasses pyroptosis, we hypothesized that melittin could induce
other forms of ICD. In this report, we verified that D-melittin and DMM induced surface
expression of calreticulin (CRT) and extracellular release of ATP and HMGBI1. Apoptotic cells
traffic CRT from the endoplasmic reticulum to the cell surface, where the exposed CRT serves as
an “eat me” signal to antigen presenting cells (APCs), which can induce subsequent tumor antigen
presentation and tumor-specific responses [41]. This step usually precedes morphological signs of
apoptosis and occurs in the early stages of ICD [31, 40]. Dying cells also release ATP, which
serves as a “find me” signal to APCs and triggers NLRP3-inflamamsome-based cytokine secretion.
Similarly, HMGBI1 release acts as an attractant for various immune cells and can induce dendritic
cell maturation and stimulate the production of pro-inflammatory cytokines from innate immune
cells. HMGBI is released by cells during the later stages of ICD [31, 40]. Here, we observed
increased CRT expression, ATP secretion, and HMGB1 in melittin-treated groups. In fact, DMM
induced significantly higher markers of ICD compared to free peptide; this effect is not attributed
to the polymer, as CP did not induce hardly any indication of these events. Rather, ICD is likely
initiated by cytosolic delivery of melittin. These results synergize with our aforementioned
conclusions that polymer-conjugation enhanced the lytic activity of the peptide, and that the use
of D-amino acids contributes to its robust capacity for intracellular delivery. While the extent of

ICD was rather modest, we nonetheless concluded that DMM can induce ICD in cancer cells. This
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modest efficacy could potentially be linked with the timing of endosomal disruption. Rupture of
early endosomes facilitates improved cytosolic delivery and minimal NLRP3 inflammasome
activation, whereas rupture of late endosomes/lysosomes resulted in reduced cytosolic delivery
and strong NLRP3 inflammasome activation [42]. As the VIPER platform was initially designed
to optimize endosomal escape for nucleic acid delivery, the modified DMM platform may have
highest activity in early endosomes, minimizing inflammasome activity. Polymer incorporation of
specific amino acids (e.g. pre-defined ratio of histidine:tryptophan) has been reported to increase
the degree of lysosome rupture and thus the degree of inflammasome activation [43]. Such design
considerations can be applied to our delivery platform to promote both cytosolic delivery and
inflammasome activation for ICD. We could also employ a different pH-sensitive monomer that
has a pH-transition point a lower pH and thus is activated in late endosomes, promoting
inflammasome activation [44]. However, the exact correlation between the timing and minimal
stimuli requirements for inflammasome activation is unclear, so the modified platform would

require optimization.

Melittin-induced death is classically characterized by cell membrane disruption and pore
formation, resulting in osmotic cell lysis and death [15]. However, the mechanism of death has
also been connected with disruption of the mitochondrial membrane potential, similar to the KLA
peptide, and with the toxic intracellular accumulation of Ca®*, either via calmodulin inhibition or
L-type Ca®" activation [45]. The exact mechanism by which melittin mediates the increase of

intracellular calcium concentrations has yet to be confirmed.

After characterizing our platform in vitro, we measured the safety of free peptide and micelles in
vivo after single and repeat (total of 3, every 4" day) injections. The MTD of D-melittin was
determined to be 2 mg/kg, which is 10-fold lower than the MTD of DMM (20 mg peptide/kg),
further emphasizing how polymer encapsulation remarkably expanded the therapeutic index of D-
melittin. Polymer conjugation increased the maximum injectable dose by 10-fold (the top of the
therapeutic window), while only affecting the efficacious drug concentration by 1.5- to 5-fold (the
bottom of the therapeutic window), as shown for the cancer cell lines tested in Table 5.1. Another
aspect of in vivo toxicity to consider is the high polymer concentration (125 mg/kg) of DMM
employed to deliver therapeutic doses of melittin (20 mg peptide/kg). We have not assessed the
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MTD of polymer alone (CP) in mice, as cytotoxicity and hemolysis studies demonstrated its safety
in biological settings at concentrations up to 100 uM (1.6 mg/mL). It is likely that the MTD of
DMM is limited by the toxicity of the peptide and not by the polymer, but we have yet to

investigate this.

Upon characterizing activity in vitro and safety in vivo, we compared activity of D-melittin and
DMM in CT26 tumor-bearing mice and demonstrated that free peptide had poor anti-tumor
efficacy. Although the MTD of DMM is 10-fold higher, we selected a lower dose 5 mg/kg due to
increased efficacy of the particles compared to free peptide. While D-melittin had modest
reduction of tumor growth, DMM significantly reduced tumor growth and extended survival
compared to PBS- and D-melittin-treated mice. It is likely that the dose-limiting toxicity of free-
peptide prevented sufficient amounts of peptide from reaching tumor cells. Furthermore, peptides
suffer from poor pharmacokinetics in vivo; while D-amino acids can prolong circulation by
reducing degradation by proteases, the small size (~2 kD) of the peptide means it is readily filtered
by the kidney[46]. On the other hand, polymer encapsulation enhances the dose that can safely be
administered while also increasing the molecular weight to avoid renal filtration [47]. This is well
demonstrated in this study, as we can safely deliver a sufficiently high dose of D-melittin to inhibit
tumor growth in mice. Application of neutral PEGylated micelles for tumor targeting is widely
reported, as the PEG coating enhances biodistribution and the neutral charge reduces macrophage
uptake and increases tumor accumulation [48]. While the exact uptake mechanism of the
PEGylated micelles by tumor cells is not elucidated here, we can make inferences about cell-
particle interactions based on prior reports. PEG is historically employed to prolong in vivo
circulation by shielding particles from the reticuloendothelial system, facilitating tumor
accumulation and uptake [49]. Still, not all PEG-coatings are equivalent, and factors such as chain
length and density differentially influence cellular uptake. In micelles with mixed PEG chain
lengths, a higher proportion of short chains increased protein adsorption and nanoparticle
coalescence, prompting cellular uptake [50]. In another study, similar neutral, PEG-micelles were
internalized by cells within 2 hours, and these particles were transported through cell monolayers
[51]. Further investigation revealed that these interactions occurred through various uptake

mechanisms, including clathrin-, energy-, and cholesterol-mediated endocytosis.
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Lastly, we investigated if DMM synergized with ICB treatment in 4T1 and CT26 tumor-bearing
mice. These tumors have varying mutational burden, which means that they respond to ICB
therapy to differing degrees[32, 33]. While the robust efficacy of ICB in CT26 tumors could
perhaps dampen some enthusiasm for the DMM platform, we argue that DMM holds greatest
potential in tumor models that are resistant to ICB treatment or traditional chemotherapy
treatments. Perhaps melittin is more cytotoxic against cells that are transformed or mutated; this
could be an interesting avenue for additional investigation as it has not yet been reported. We also
characterized tumor-infiltrating leukocyte (TIL) populations after treatment with 3 doses of
peptide and conjugates, but did not detect substantial differences in TILs between groups under
the current dosing conditions (Fig. S5.4). Perhaps iteration on the particle design to enhance
inflammasome activation, as well as optimization of dosing conditions, could significantly

modulate TIL populations.

Additional future work on this project includes incorporation of targeting ligands into the
hydrophilic block of the polymer to further promote specific targeting and uptake. While the
nanoparticle’s physical particles largely drive its accumulation in tumors, conjugation with
targeting ligands can promote interactions with and uptake by tumor cells and enhance cell killing.
We will also evaluate antitumor efficacy at higher DMM peptide concentrations, closer to its MTD

(20 mg peptide/kg).

In summary, we report the first application of D-melittin for cancer therapy, emphasizing the
promising potential of D-amino acids for in vivo therapeutic use. Melittin has drawn extensive
attention as a potent natural ACP with broad anti-tumor activity, but its nonspecific hemolytic
activity severely limited its in vivo applications. And though various delivery systems curb
melittin’s nonspecific toxicity, the peptide’s potent immunogenicity facilitates the generation of a
robust immune response against the carrier, further hampering its in vivo applications. Our lab
addressed this hurdle by (1) employing VIPER, a pH-sensitive platform to facilitate controlled
intracellular peptide delivery, and (2) replacing L-amino acids with D-amino acids, which
transforms our technology into a safe delivery platform. Ultimately, we have designed a system
that dually overcomes the challenge of peptide toxicity and immunogenicity, allowing us to

recognize the full potential of melittin for cancer treatment.
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In the context of ACPs, D-amino acid peptides are a largely unexplored territory[52]. There is an
overall dearth of research on D-amino acids for cancer therapy, although the benefit of D-amino
acids to markedly improve peptide stability and protease resistance in vivo has already been
established[53]. Our findings first demonstrate that D-amino acids significantly enhance safety of
peptide-polymer conjugates in vivo without compromising anti-cancer efficacy, which will benefit

further development of D-amino acid peptides for cancer treatment.

5.5 Materials and methods

Materials, polymer synthesis, and characterization. Poly(ethylene glycol) methyl ether (4-
cyano-4-pentanoate dodecyl trithiocarbonate) (PEG-CTA), 2-diisopropylaminoethyl methacrylate
(DIPAMA), and pyridyl disulfide ethyl methacrylate (PDSEMA) were purchased from Sigma
(Saint Louis, MO, USA). Fetal bovine serum (FBS) was purchased from R&D Systems
(Minneapolis, MN, USA). Anti-mouse CTLA-4 (clone 9H10) and PD-1 (clone 29F.1A12)
antibodies were purchased from Bio X cell. All other chemicals were purchased from Sigma and

used as received.

Synthesis and characterization. Polymers and peptides were synthesized and characterized as
previously described [24]. Briefly, D-melittin (GIGAVLKVLTTGLPALISWIKRKRQQC)
peptides were synthesized on a microwave peptide synthesizer (Liberty Blue CEM) via solid phase
peptide synthesis using L- or D-amino acids, respectively, and purified via reverse-phase HPLC
in 0.1% TFA water and acetonitrile. Peptide molecular mass was determined by MALDI-TOF. To
synthesize the polymer, PEG-CTA was polymerized with DIPAMA, PDSEMA, and
azobisisobutyronitrile (AIBN) in dimethylacetamide (DMAc), and immersed in an oil bath at 70
°C. After 24 hours, the polymerization was quenched with liquid nitrogen and the resultant
polymer (PEGi13-b-p(DIPAMA40-co-PDSEMA) was purified via dialysis against methanol and
DI water. D-melittin was conjugated to PDSEMA via disulfide exchange reaction in methanol and
water (5:1) and purified by dialysis against DI water. The micelles were prepared in acidic
phosphate buffer (pH 4.0) and the pH was adjusted to pH 7-8, and sterile filtered using a 0.22 mm
pore filter. Polymers were characterized by 'H NMR in deuterated chloroform. Peptide

conjugation to PDSEMA was monitored via UV (353 nm) for the release of 2-thiopyridine. Micelle
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size was assessed by dynamic light scattering (0.5 mg/mL) and critical micellar concentration
(CMC) was determined via Nile red method (ex/em 557/625 nm) with 0.5 mg/mL dye. The

transition point of the micelles was determined using a Nile red method as previously described.

Cell culture. RAW 264.7 macrophages, CT26, and 4T1 cells were cultured in RPMI 1640 (Gibco)
supplemented with 10% FBS (Gibco). For toxicity studies, cells were seeded at 15-20k cells/well
in a 96 well plate. Cells were cultured with peptide or micelles for 24 hours and viability was
determined by MTS/PMS (Promega) by plate reader. The Gal8-RAW 264.7 cell line was generated
as previously described [26, 27]. Briefly, RAW cells were transfected with plasmids containing a
transposable Gal8-GFP construct and PiggyBac transposon (generous gift of Prof. Jordan Green)
using Lipofectamine 2000. Cells were sorted for the top 5% brightest GFP* singlet cell events,

expanded, and sorted three more time to yield a population of Gal8-GFPhigh cells.

Hemolysis assay. Hemolysis assays were conducted as described [28]. Human blood was obtained
in accordance with University of Washington Institutional Review Board (IRB) guidelines.
Briefly, blood was washed twice in 150 mM NaCl and resuspended in phosphate buffered saline
(PBS) at each pH value to be tested (pH 5.4, 6.4, 7.4). Blood was diluted 1:50 and plated in a V-
bottom 96-well plate. Samples were incubated with peptide in appropriate pH buffer at 37 °C for
1 hour. Supernatant was collected and absorbance (541 nm) was detected on a plate reader. Triton
X-100 20% (w/v) and PBS at appropriate pH were used as positive and negative controls,

respectively.

Imaging. Confocal imaging of endosomal escape was conducted as previously described. Briefly,
Gal8-RAW 264.7 macrophages were plated (15k) in a Greinier HalfArea 96 well plate and
incubated with peptide (1 uM) or micelles (6.25 uM) for 16-18 hours. Cells were imaged in
Fluorobright media supplemented with 25 mM HEPES, 10% FBS, Hoechst 33342 (2000X), and
PI (1000X). Wells were imaged in a 4x4 region of interest with a 20X objective (Leica SP8X).

Immunogenic cell death (ICD) characterization. ICD was characterized by surface calreticulin

expression and ATP and HMGBI secretion in cell supernatant. Calreticulin staining. CT26 cells

were incubated with peptide (2 uM) or micelles (10 uM) for 24 hours, lifted with Accutase, and
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stained with anti-calreticulin primary antibody (1:20, Abcam) followed by an anti-mouse
secondary antibody (1:750), and analyzed on an Attune NxT (Invitrogen) flow cytometer. A7P
release. CT26 cells were incubated with peptide or micelles at indicated concentrations for 24
hours and supernatant was collected and assessed for ATP concentration via the ENLITEN ATP
Assay (Promega) according to manufacturer instructions. HMGBI release. CT26 cells were
incubated with peptide (2 uM) or micelles (10 uM) for 48 hours and supernatant was collected.
Insoluble lipids were removed via centrifugation. HMGBI1 concentration was assessed via ELISA

(Chondrex) according to manufacturer instructions.

Animal studies. All animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Washington and were conducted in accordance with use
and regulations. Female Balb/c mice (6-8 weeks) were ordered from Charles River Laboratories.
Tumors (1M 4T1 or CT26 cells in 100 pl serum free RPMI) were inoculated subcutaneously under
the 4™ nipple (hind inguinal tumors). Treatment began on day 8 after inoculation. Mice were
injected intravenously (IV) via tail vein at 5 mg peptide/kg every 4" day. Immune checkpoint
blockade (ICB) antibodies (anti-PD-1 and anti-CTLA-4) were administered by intraperitoneal (IP)
injection at 100 pg/mouse, on indicated days. Mice were humanely euthanized when euthanasia
criteria was met (e.g. hunched, depressed respiration); tumors exceeded 10% of body weight; or
tumor ulcers had discharge. For AST/ALT enzyme evaluation, serum was collected in serum
separator tubes (BD), allowed to coagulate for 30 min at room temperature, and centrifuged at
1000 xg for 10 min at 4 °C. AST and ALT enzyme activity was evaluated with a kit (Sigma)

following manufacturer instructions.

For tumor dissociation studies to assess TIL populations, tumor-bearing mice (100 mm?) were
injected with (i) PBS, (ii) CP, (iii) D-melittin 2 mg/kg, or (iv) DMM 5 mg peptide/kg IV. Twenty
four hours later, mice were sacrificed, perfused with PBS, and tumors resected. Tumors were
chopped into small pieces in serum free RPMI supplemented with DNAse 1 (125 U/mL) and
Collagenase IV (20 U/mL) in a gentleMACS dissociator. The tumor cell suspension was filtered
over a 70 um cell strainer and prepared for flow staining. Cells were stained for viability with

Zombie Violet and stained in three plates for T cells (CD45-APC/Cy7, CD4-AlexaFluor647, CD4-
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PE, CDS8-FITC), macrophages (CD45-APC/Cy7, CD11b-FITC, CD80-PE, CD206-BV604), and
dendritic cells (CD45-APC/Cy7, CD11c-FITC, CD80-PE, MHCII-PE/CyS5).

Maximal tolerated dose (MTD) studies. Peptide or micelles were injected IV at indicated doses
and mice were observed for two weeks following injection. Mice were humanely euthanized if
they exhibited signs of acute distress (i.e. inability to walk, moribund) or weight loss exceeding

20% of starting body weight.

Histochemical analysis. For H&E imaging, mice were injected with peptide or micelles at
indicated doses, every 4™ day for a total of 3 injections. Twenty-four hours after the fourth
injection, mice were sacrificed and perfused with PBS. Tissues were collection and fixed in 4%
PFA for 48 hours at 4 °C, transferred to PBS, and submitted to the UW Histology and Imaging

Core for tissue processing, staining, and scoring by a blinded third-party.
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5.8 Supplemental Information

H&E Scoring

PBS CP D-melittin DMM

Heart N N N - - - N N

mononuclear infiltrate,
epicardium, RV

Lung - - - N N - - -

hemorrhage, intra-alveolar,
acute

lymphoid infiltrate, PV/PB - 1 - 1 - - 1 -

hemorrhage, perivascular,
acute
mixed inflammatory cell

infiltrate, PB
mixed inflammatory cell

infiltrate, alveolar
Kidney - N N N N N N N

lymphoid infiltrate, pelvis 1 - - - = - - -

Liver - - N - N N N -

lymphoid infiltrate,
perivascular

hepatocellular necrosis - 1 - - = = - -

Spleen N N N N N N N N

Table S5.1: H&E scoring of tissues. Pathological changes in the tissues were scored on a scale
of 1 (minimal) to 4 (severe). RV = right ventricle; PV = perivascular; PB = peribronchiolar; N =
no significant findings; 1 = minimal severity; 2 = mild severity; 3 = moderate severity; 4 =

severe change; - = change not present. (n = 2 mice/group)
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Chapter 6

Development of Candidalysin polymer-peptide conjugates

*Meilyn Sylvestre, *Shixian Lv, and Suzie H. Pun
*equally contributing authors

6.1 Abstract

Candidalysin, a peptide toxin from C. albicans, is a potent cytolytic peptide associated with
NLRP3 inflammasome activation and inflammation. We hypothesized that this inflammatory
attribute could be harnessed by targeted delivery to solid tumors for local immune cell activation.
We employed our polymer platform, virus inspired polymer for endosomal release (VIPER), a
self-assembling pH-responsive polymer that facilitates intracellular peptide delivery, to administer
Candidalysin to tumors. Although we observed that peptide and micelles were cytotoxic against a
range of cancer lines and extremely hemolytic, neither Candidalysin peptide nor micelles inhibited
tumor growth in vivo, even via direct intratumoral injection of peptide. Lack of efficacy could be
attributed to a failure to induce appropriate inflammatory pathways; reduced cellular interactions
from peptide in the micellar form; or over-stimulation of inflammation in the tumor environment,
resulting in immune suppression. Overall, these findings add to the arsenal of peptides that VIPER

can deliver, and emphasize the versatility of the VIPER delivery system.

6.2 Introduction

Overcoming immune evasion and activating the immune system has been a key thrust of cancer
immunotherapies. The prevailing strategy is to reinvigorate cytotoxic effectors within the tumor
microenvironment in order to induce systemic immune mechanisms for effective antitumor
responses.! This can be achieved through programmed cell death pathways such as pyroptosis, a
lytic, inflammatory cell death that features cell membrane rupture and release of cytosolic contents
and proinflammatory factors.?* When employed as a cancer therapy, pyroptosis inducers can effect
robust activation of antigen presenting cells, immune infiltration, and tumor clearance, which has

been demonstrated in several different tumor models.*®
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Here, we used the cytolytic peptide toxin Candidalysin, derived from the fungal pathogen Candida
albicans, to induce inflammatory cell death in cancer cells.” Candidalysin triggers NLRP3-
inflammasome and caspase-1 activation, stimulating immune activation, cell recruitment, and cell
death in mononuclear cells and phagocytes.®® We hypothesized that Candidalysin both induces
tumor cells to release neoantigens and intracellular contents, and triggers activation of tumor-
associated macrophages (TAMs) to boost local inflammation. TAMs represent a high proportion
of tumor infiltrating cells (up to 50% solid mass) and are highly phagocytic, so are highly likely
to uptake Candidalysin micelles.!? Furthermore, the benefit of TAM-targeted therapies has been
extensively reported, owing to their prevalence, spatial location throughout the tumor, and

contribution to local immunosuppression.'!!2

To deliver Candidalysin, we employed our peptide-polymer conjugate platform, virus inspired
polymer for endosomal release (VIPER), to mediate intracellular delivery.!3 Peptides suffer from
rapid clearance and insufficient transmembrane delivery, leading to severe endolysosomal
entrapment and insufficient drug concentrations.'*!¢ Polymer conjugation extends systemic
circulation and confers increased resistance against enzymatic degradation. Furthermore, polymer
conjugation can reduce nonspecific peptide interactions with cells, which is particularly crucial for
intravenous (IV) injection of lytic peptides.!” We previously applied VIPER to deliver peptides to
cells and demonstrated the in vivo safety and efficacy of this platform.'® Specifically, we employed
VIPER to deliver melittin, the lytic, immunogenic peptide component of bee venom, to tumors. At
physiological pH, VIPER protects its peptide cargo; following cellular internalization into acidic
endosomes, VIPER dissociates and reveals melittin, which possess membranolytic activity
sufficient to escape endosomes. Polymer conjugation enhanced peptide potency while also
increasing the maximum tolerated dose of systemically-administered melittin, confirming the
improved safety of this platform over free peptide. Additionally, this platform synergized with
immune checkpoint blockade therapy to induce robust tumor inhibition in two tumor models,
revealing that polymer conjugation does not compromise peptide activity. Based on these finding,
we hypothesized that we could use VIPER to facilitate delivery of another immunogenic peptide,

Candidalysin, for anticancer therapy.
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Herein, we report the development and application of Candidalysin peptide-polymer conjugates
for treatment of solid tumors. Based on the membranolytic properties of Candidalysin, we
substituted Candidalysin for melittin, yielding CP-Candidalysin micelles. After synthesizing and
characterizing the conjugate, we examined its activity in vitro. First, we assessed peptide cytotoxic
and cytolytic behavior, and confirmed its ability to induce release of inflammatory cytokines in
vitro. Next, we assessed the cytotoxicity, hemolytic activity, and capacity to disrupt endosomes of
micellar formulations. Finally, we compared antitumor efficacy in CT26 tumor-bearing mice.
Ultimately, Candidalysin, either as free peptide or micellar formulation, was unable to reduce
tumor progression, even when administered directly into the tumor. This lack of efficacy
demonstrates that inflammation and cytolysis alone is unable to activate and induce antitumor
responses, and highlights the complicated interactions between tumor cells and the immune

system.

6.3 Results

6.3.1 Design of polymer-peptide conjugates

VIPER is comprised of a hydrophilic block for solubility, and a pH-sensitive block for triggered
display of Candidalysin. The pH sensitive block, poly(2-diisopropylaminoethyl methacrylate)-co-
poly(pyridyl disulfide ethyl methacrylate) (p(DIPAMA-PDSEMA)), includes p(DIPAMA), which
undergoes a sharp phase transition from hydrophobic to hydrophilic at pH 6.3, and PDSEMA,
which enables functionalization with thiolated peptides. Monomers self-assemble into micelles
that protect their peptide cargos at physiological pH 7.4, but expose peptide at acidic endosomal
pH. Micelles were synthesized as a diblock copolymer by reversible addition-fragmentation chain-
transfer (RAFT) polymerization of DIPAMA and PSDSEMA using PEGylated macro chain
transfer agents (CTAs), as previously described (Figure 6.1A).'3!8 Polymer without conjugated
peptide is referred to as control polymer (CP). Polymer-peptide conjugates self-assembled into
micelles at pH 7.4 with hydrodynamic diameters of ~ 30.2 and 40.2 nm for CP and CP-
Candidalysin micelles, respectively (Figure 6.1B-C). The pH transition point of micelles was

determined to be around pH 6.2-6.4, which is consistent with that of DIPAMA (Figure 6.1C).

173



o o)
CN CN ) W
(o) fo) g
O . N Wz
% Vt o= "o={ Peptide-SH { vto o= o= "Y\/ﬂ' #:%M(w
_ 0

[¢] o] fo) /!v

§ g MeOH/H,O (5:1) g g '

N s N s, 2% -

YY 3 YYY Y O
Z >N . . AN =
C O Candidalysin
X
mPEG-b-P(DIPAMA-co-PDSEMA) Polymer-peptide conjugate
B C D

25 100 4

@
3
L

o
L
@
S
L

IS
S
L

S
L
Fluorescence to mode

Intensity (%)

n
S
!

o

"
5 mamg®
H H H Hﬂ ............
0 + v T ] r T 0 ' 1 54 56 58 60 62 64 66 68 70 72 74 76

T
1 10 100 1000 1 10 100 1000 pH
Diameter Diameter (nm)

Figure 6.1: Synthesis of Candidalysin micelles. A) Polymer was synthesized by RAFT
polymerization of DIPAMA and PDSEMA using PEGylated CTAs. Micelles self-assemble at
neutral and disassemble into polymer chains at acidic pH. B-C) The hydrodynamic diameter of
CP (B) and CP-Candidalysin (C) micelles was determined to be 30.2 and 40.2 nm, respectively.
C) The pH transition point of micelles is between pH 6.2-6.4.

6.3.2 Peptide activity in vitro

Peptide activity in vitro was evaluated via cytotoxicity, membrane permeabilization, and cytokine
release assays. Candidalysin was toxic against murine macrophages (RAW 264.7), colon
carcinoma (CT26), and triple negative breast cancer (4T1) cells, as evidenced by low micromolar
half maximal inhibitory concentrations (ICso) across cell lines (Figure 6.1A, Table 6.1). To
evaluate Candidalysin’s ability to permeabilize cell membranes, we incubated peptide with RAW
264.7 macrophages for 10 or 30 minutes and measured membrane permeabilization via propidium
iodide (PI) incorporation (Figure 6.2B). Approximately half of live cells rapidly incorporated PI,
suggesting that Candidalysin is able to form pores in cell membranes. Finally, we assessed the
ability of Candidalysin to induce IL-1fB release in murine bone marrow derived macrophages

(mBMDM) by incubating cells with peptide for 5 hours and quantifying IL-1p levels in the
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supernatant via ELISA (Figure 6.2C). IL-1p release is a hallmark of NLRP3 activation. Release

of IL-1p was concentration-dependent, suggesting that Candidalysin induced inflammation.
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Figure 6.2: In vitro activity of peptide. A) Candidalysin was incubated with RAW, CT26, or 4TI
cells for 24 h and viability was assessed by MTS/PMS. B) Pore formation in cellular membranes
was quantified by PI incorporation into cell membranes. RAW macrophages were incubated with
peptide at indicated concentrations for 10 or 30 minutes and the % of PI+ cells was measured via
flow cytometry. C) Murine bone marrow derived macrophages were incubated with peptide and

IL-1p concentration in the supernatant was measured via ELISA.

Viability 1Cso (LM)
Cell line Candidalysin
RAW 264.7 6.35
CT26 12.32
4T1 12.95

Table 6.1. Toxicity of Candidalysin against murine macrophages and cancer cells.

6.3.3 Micelle activity in vitro

We next investigated the cytotoxicity of Candidalysin micelles against human (A549, lung
epithelial carcinoma; HEPG?2 liver carcinoma) and murine (3T3, fibroblast) cells and compared
activity to free peptide (Figure 6.3A-B, Table 6.2). While free peptide was more toxic than
micelles against A549 and HEPG2 cells, the opposite trend emerges in MDA-MD-435 (human

melanoma) cells: in MDA-MB-435 cells, the polymeric version is more potent than free peptide.
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Overall, both peptide and micelles had low micromolar ICso values. Additionally, both peptide and
micelles demonstrate robust toxicity in wild type (WT) and doxorubicin-resistant (DOX-R) MDA -
MB-435 cells (Figure 6.3C-D, with confirmation of doxorubicin-resistance reported in Figure
S6.2B), with higher activity in drug-resistant cells. Notably, the micelles are 8-fold more cytotoxic

compared to free peptide in DOX-R cells. This implies its clinical potential against tumors that

develop resistance against standard chemotherapeutics.
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Figure 6.3: Toxicity of Candidalysin micelles and peptide. A-B) Toxicity of Candidalysin (4) and
CP-Candidalysin micelles (B) against A549, HEPG2, and 313 cells. C-D) Toxicity of Candidalysin
(C) and (D)CP-Candidalysin against wild type (WT) and doxorubicin-resistant (DOX-R) MDA-
MB-435 cells. E-F) Hemolysis of free peptide (A) and micelles (B) against human red blood cells
at pH 5.4, 6.4, and 7.4. G) Endosomal disruption in a Gal§-GFP-RAW264.7 reporter cell line.

Events of endosomal disruption are expressed as GFP* punctae.

Viability ICso (uM)
Ratio of ICsg of
Cell line Candidalysin CP-Candidalysin ' )
peptide:conjugate
A549 5.78 14.40 0.40
HEPG2 4.41 13.93 0.32
3T3 7.65 5.69 1.34
MDA-MB-435 WT 2.17 0.51 4.25
MDA-MB-435
0.64 0.04 16.0
DOX-R

Table 6.2: Cytotoxicity of peptide and micelles in murine and human tumor cell lines. For CP-

Candidalysin, concentration is expressed as containing a peptide equivalent to free peptide.

Hemolysis HCso (uM)
Entry pH 5.4 pH 6.4 pH 7.4
Candidalysin 0.46 0.55 1.72
CP-Candidalysin 0.09 0.33 N/A

Table 6.3: Hemolytic activity of red blood cells at pH 5.4, 6.4, and 7.4. For CP-Candidalysin,

concentration is expressed as containing a peptide equivalent to free peptide.
We next investigated the lytic activity of peptide and micelles by assessing hemolysis of human

red blood cells (RBCs) and visualizing endosomal escape. Peptide and micelles were incubated

with RBCs at pH 5.4, 6.4, and 7.4, a range that covers endosomal pH, micelle transition point, and
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physiological pH. Candidalysin was lytic at all pH values and exhibited higher activity with
increasing acidity, indicated by decreasing concentration for 50% RBC hemolysis (HCso) with
decreasing pH (Figure 6.3E). In contrast, CP-Candidalysin micelles had robust activity at
endosomal pH 5.4 and 6.4, but no activity at physiological pH 7.4, indicating that the micelles
safely encapsulated peptide in a pH-dependent manner (Figure 6.3F). Furthermore, the HCso of
micelles was ~5-fold lower than free peptide at pH 5.4, and ~1.5-fold lower at pH 6.4 (Table 6.3),
demonstrating the increased potency of conjugates at lower peptide concentrations. Micelles
without peptide (CP) had no hemolytic activity (Figure S6.2C). Finally, the ability of peptide and
micelles to disrupt endosomes was evaluated in a Gal8-GFP-RAW264.7 reporter cell line (Figure
6.3G). Gal8-GFP is constitutively expressed throughout the cell, but upon endosomal disruption,
redistributes and binds to the inner face of the endosome. Thus, events of endosomal disruption
are expressed a GFP" punctae. Here, only micelles were capable of disrupting endosomes and
inducing GFP* punctae. Overall, both peptide and micelles were quite lytic, but micelles protected
RBCs from hemolysis at physiological pH and only micelles were capable of disrupting

endosomes.

6.3.4 Tumor reduction with CP-Candidalysin micelles

Based on observed cytotoxicity and reports of Candidalysin as a driver of immune inflammation
and cell recruitment, we next investigated the application of Candidalysin for tumor reduction.
Mice were inoculated with CT26 cells (IM) and injected every 4™ day with (i) PBS, (ii)
Candidalysin 5 mg/kg, or (iii) CP-Candidalysin 5 mg peptide/kg for a total of 3 injections (Figure
6.5A-B). We observed no tumor reduction compared to PBS with either free peptide or CP-
Candidalysin. Therefore, we decided to remove potential delivery limitations by direct
intratumoral injection. We injected peptide and micelles intratumorally at 8 mg peptide/kg every
4™ day, for a total of 3 injections (Figure 6.5C). A higher dose was used for IT injections because
dose was not limited by systemic toxicity. Direct injection of peptide or micelles did not result in
tumor reduction either, suggesting that delivery barriers are not responsible for lack of observed
efficacy. Overall, neither free peptide nor CP-Candidalysin reduced tumor growth, regardless of

injection route.
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Figure 6.5: In vivo activity of Candidalysin. A) Mice were inoculated with CT26 flank tumors (1M
cells) and injected every 4™ day for a total of 3 injections. B-C) Mice were treated with (i) PBS,
(ii) Candidalysin, or (iii) CP-Candidalysin, injected either IV (B) or intratumorally (C) at 5 or 8
mg peptide/kg, respectively.

6.4 Discussion

In this work, we evaluated VIPER-mediated delivery of fungal peptide Candidalysin as a potential
anti-cancer treatment. We have previously reported the use of VIPER to deliver D-melittin for
cancer treatment, and thus sought to investigate if VIPER could facilitate delivery of other
immunogenic peptides. We formulated self-assembling polymer-Candidalysin conjugates as
polymeric micelles, using Candidalysin as both an endosomal escape and inflammatory agent.
Candidalysin micelles exert broad anti-tumor activity against various murine and human cells, and
exhibit increased efficacy against cells that have developed resistant to traditional chemotherapies.
The ICso of CP-Candidalysin micelles in doxorubicin-resistant (DOX-R) cells was 12-fold lower
than in wild type (WT) cells. Additionally, polymer conjugation enhanced potency of the peptide,
as demonstrated by an 16-fold lower ICso of micelles compared to free peptide in MDA-MB-435
DOX-R cells. This result is interesting, as most polymer-drug conjugates are less potent than free
peptide in vitro because of delayed release kinetics. Yet, despite this encouraging anti-tumor
activity in vitro, neither free peptide nor Candidalysin micelles reduced tumor growth in vivo, even
when directly injected into tumors. We initially investigated efficacy after IV injection; observing
no difference compared to PBS treatment, we investigated if lack of efficacy was attributed to poor
tumor delivery and injected peptide and micelles intratumorally at a higher peptide concentration.
Even with direct peptide delivery to tumors, we did not observe significant differences compared

to PBS treated group. Of note, we did not quantify serum IL-1f levels, so we have not confirmed
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the induction of inflammation in vivo. However, based on in vitro characterization and prior

reports, Candidalysin likely induces cell lysis and inflammation in vivo.”

This lack of efficacy suggests that inflammation alone is insufficient to trigger a potent anti-tumor
response. In the canonical pathway, inflammasome activation if the basis for caspase-1-dependent
pyroptosis.* Pattern recognition receptors activate NLRP3, an inflammasome complex, which
interacts with downstream proteins to initiate pyroptosis and provoke maturation of inflammatory
cytokines such as IL-1. While the non-canonical pathway initially activates other caspases,
NLRP3/caspase-1 activation is still a key feature. And while C. albicans induces pyroptotic cell
death, the peptide derivative does not. ® Candidalysin-induced macrophage lysis is independent of
pyroptosis and inflammasome activation, and has not been connected with other regulated cell
death pathways such as apoptosis or necroptosis. It is implied that the main cause of cell damage
stems from direct interaction of Candidalysin with host cell membranes, as Candidalysin induces
cell death in cells lacking key components of the NLRP3 inflammasome. While Candidalysin can
activate the NLRP3 inflammasome and is cytolytic, these two observations occur independently,
and Candidalysin induced cell death is pyroptosis-independent. Despite this distinction, the peptide
still activates danger signaling in epithelial cells and can drive immune cell recruitment, activation,
and proliferation.” However, the inability of Candidalysin to induce pyroptosis could be a key

factor in its lack of efficacy in vivo.

Furthermore, since the peptide’s main cytotoxic effects stem from its membranolytic interactions,
polymer encapsulation may have further dampened its inflammatory effects. Although this
variance was not observed in vivo, as intratumoral injection of free peptide did not have an effect
in reducing tumor volume, we did observe reduction in markers of immunogenic cell death (ICD)
with micelles in vitro. During ICD, cells release danger associated molecular patterns which can
elicit an immune response.!” The three main hallmarks of ICD are surface expression of
calreticulin (CRT) and extracellular release of ATP and HMGBI1. Calreticulin expression serves
as an ‘“‘eat me” signal to antigen presenting cells, while ATP and HMGBI1 serve as a “find me”
signal and can trigger cell maturation and stimulate pro-inflammatory cytokine production. When
we treated tumor cells with Candidalysin or CP-Candidalysin, we observed a marked reduction of

CRT expression between free peptide and micellar formulations (Figure S6.3A). Additionally,
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there was little difference in ATP concentrations between formulations (Figure S6.3B). These
findings support the conclusion that Candidalysin does not induce ICD and that the micellar

formulations are less immunogenic due to reduced membrane interactions.

The role of inflammation in tumor progression could also explain the lack of observed anti-tumor
efficacy. We demonstrated that Candidalysin is capable of inducing IL-13 mediated inflammation
in vitro and hypothesized that its activity would translate in vivo and activate bystander cells.
However, this inflammation may have driven cancer progression instead of halting it. In some
cases, the increased release of tumor neo-antigens and inflammatory cytokines can result in
immunosuppression and/or creation of a tumor microenvironment (TME) unfavorable for immune
cell signaling.??! Although antitumor efficacy with immunogenic therapies has previously been
demonstrated in the CT26 tumor model, Candidalysin could activate inflammatory pathways not
activated by other therapeutics.?> Additionally, signaling triggered by inflammatory cytokines can
actually increase tumor cell proliferation rates, particularly under suboptimal in vivo conditions
such as hypoxia or lack of nutrients.??** Pathogenic infections have also been linked to cancer
induction and progression, as the pathogens can induce environments of chronic inflammation and
produce carcinogenic metabolites.”> C. albicans and Candidalysin have been implicated in
oncogenic disease for their ability to activate epithelial MAPK and ERK signaling pathways,
associated with growth, proliferation, and angiogenesis, and to enhance production of carcinogenic
molecules such as nitrosamines and acetaldehyde.’® However, clinical evidence linking C.

albicans with cancer is limited and the association remains ambiguous.

Based on these results, we will not pursue additional efforts into characterizing the anti-tumor
efficacy of Candidalysin. Overall, we report here the development of Candidalysin micelles,
emphasizing the versatility of the VIPER platform for intracellular peptide delivery. Prior work
from our group demonstrates the adaptability of VIPER with various other lytic peptides, and this
work adds to the arsenal of peptides that VIPER can deliver.'”

6.5 Experimental Procedures

Peptide synthesis. Candidalysin (SIGIIMGILGNIPQVIQIMSIVKAFKGNKRKKKKKKC)

was synthesized using a solid phase peptide synthesizer (Liberty Blue CEM) on a rink amide resin.
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Peptides were cleaved from the resin in a trifluoroacetic acid (TFA) cocktail with 5%
dimethoxybenzene 2.5% triisopropylsilane and 2.5% ethanedithiol; water was included at 2.5%
for peptides containing arginine. Peptides were precipitated in cold diethyl ether, and crude
peptides were purified by reverse-phase high performance liquid chromatography (HPLC).
Peptide molecular weight was confirmed using Matrix-Assisted Laser Desorption/lonization-

Time of Flight Mass spectrometry (MALDI-TOF) in a CHCA:DHB 2:1 matrix.

Polymer synthesis and micelle formation. Block copolymer p(PEGi13)-b-p(DIPAMA40-co-
PDSEMA) was prepared with RAFT polymerization. In brief, PEG macro CTA (1000 mg, 0.182
mmol), DIPAMA (1850 mg, 7.58 mmol), PDSEMA (190 mg, 0.89 mmol) and
azobisisobutyronitrile (AIBN) (3 mg, 0.018 mmol) were dissolved in 15 ml dimethylacetamide
(DMACc), purged in argon, and immersed in an oil bath at 70°C.!3 After 24h, the polymerization
was quenched with liquid nitrogen and the polymer was purified by dialysis against methanol for
2 days (yield: 80%). Synthesized peptides were conjugated to the PDSEMA monomer via disulfide
exchange reaction in a mixture of methanol and water (5:1) at a polymer:peptide feeding ratio of
5:1. After 8h, the polymer-peptide conjugates were purified by dialysis against DI water for 2 days.
To prepare the micelles, the polymers or polymer-peptide conjugates were first dissolved in acidic
phosphate buffer (pH 4.0), and the pH was adjusted to pH 7-8. Micelles were sterile filtered using
a 0.22 um pore filter.

Polymer characterization. Polymer was characterized by '"H NMR on a Bruker AV 300 in
deuterated chloroform (CDCIs). Peptide conjugation with PDSEMA was monitored by UV at 353
nm for the release of 2-thiopyridine. Micelle size was assessed by dynamic light scattering (DLS)

at 0.5 mg/ml in PBS 7.4.

Cell culture. RAW 264.7, CT26, 4T1, A459, HEPG2, and NIH 3T3 cells were obtained from
ATCC and cultured in RPMI supplemented with 10% FBS and 1% Pen-Strep. Murine bone
marrow derived macrophages (BMDMs) were isolated from the femurs of 6-8 week old Balb/c
mice. Bone marrow was cultured in RPMI supplemented with 20% DHS, 1% Pen-Strep, and 25
ng/ml of murine M-CSF. On day 4, media was supplemented with an additional 25 ng/ml of murine

M-CSF. On day 7, media was replaced and cells were polarized to an MO0-like (25 ng/ml M-CSF),
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MIl-like (50 ng/ml IFN-y + 10 ng/ml LPS), or M2-like (20 ng/ml IL-4) phenotype. For viability
assays, cells were plated in a 96 well plate (15k/well) overnight. Cells were incubated with peptide
or micelles for 24 and 48 hours and viability was assessed using MTS/PMS (Promega) and

absorbance was detected on a spectrometer.

The Gal8-RAW 264.7 cell line was generated through similar means as described.?’” Briefly, RAW
cells were co-transfected with plasmids containing a transposable Gal8-GFP construct and
PiggyBac transposon (gift of Prof. Jordan Green) using Lipofectamine 2000 (3:1 molar ratio
transposon:transposase plasmid). Cells were sorted for the top 5% brightest GFP* singlet cell
events using a FACS Aria sorter (BD), expanded, and sorted three more times to yield a population

of Gal8-GFPhigh cells.

Hemolysis and IL-1f assays. Hemolysis assays were conducted as described.?® Human blood was
obtained in accordance with guidelines established by the University of Washington Institutional
Review Board. Briefly, human blood was washed in 150 mM NaCl and washed 2X. Blood was
transferred to PBS pH 7.4 and washed, and resuspended in PBS at each pH to be tested (pH 5.4,
6.4, 7.4). Blood was diluted 1:50 and 190 ul of diluted blood was plated in a V-bottom 96 well
plate. Samples were incubated with peptide in appropriate pH at 37°C for 1h and centrifuged.
Supernatant was transferred to a clear, flat bottom 96-well plate and absorbance (541 nm) was
detected on a plate reader. Triton X-100 1% (w/v) was used as a positive control, and PBS at
appropriate pH was used as a negative control. IL-13 was detected using the Mouse IL-13 ELISA

MAX kit (BioLegend) per manufacturer instructions.

Cell permeability. Cell permeability was determined by flow cytometry. RAW 264.7
macrophages were lifted, stained with Zombie Violet (BioLegend), and incubated with peptide for
10 or 30 minutes at 4°C. Cells were washed, stained with propidium iodide (PI), and fluorescence

was evaluated on a flow cytometer (Attune NxT, Invitrogen).

Animal studies. All animal studies were approved by the Institutional Animal Care and Use
Committee at the University of Washington and were conducted in accordance use and regulations.

Female Balb/c mice (6-8 weeks) were ordered from Charles River Laboratories. For both 4T1 and
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CT26 tumor models, cells (IM) were injected subcutaneously in the right inguinal flank of 6-8
week old female balb/c mice (Charles River Laboratories) and tumors were measured by calipers.
When tumors reached ~100 mm?, mice were injected IV (tail vein) with 200 pl of treatment or
intratumorally (IT) with 20-50 pl at the stated dose every 4™ day. Mice were humanely euthanized

when euthanasia criteria were met (e.g., hunched, squinting, low to no activity, poor grooming).

Imaging. NO1 coverslips were coated with bovine collagen I (Thermo) (45 png/mL) for 1h at room
temperature. Gal8-RAW 264.7 cells were plated (300-400k) onto coverslips overnight, and were
incubated with peptide or micelles for 16-18h in complete media. Cells were fixed in 4% PFA and
stained with DAPI (1:1000). Slides were imaged on a confocal microscope with a 63X oil

immersion objective (Leica SP8X).

Statistical analysis. Flow data was analyzed using FlowJo. Statistical analysis was calculated

using a two-way ANOVA in Graphpad Prism 8.0.
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6.8 Supplemental Information
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Figure §6.3: Immunogenic cell death of Candidalysin peptide and micelles. A) Calreticulin

expression after incubating CT26 cells with Candidalysin and CP-Candidalysin micelles. Surface

expression was evaluated with an anti-Candidalysin antibody and quantified by flow cytometry.

B) ATP release after incubating CT26 cells with peptide or micelles. Extracellular ATP was

quantified by luminescence.
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Chapter 7

Polymer-mediated delivery of peptide R3 for cancer
immunotherapy

*Shixian Lv, *Meilyn Sylvestre, James Vince, Seth Masters, and Suzie H. Pun
*equally contributing authors

7.1 Abstract

Triggering immunogenic cell death (ICD) in tumors is an emerging strategy in cancer
immunotherapy. Cells undergoing ICD can alter their microenvironment, stimulating an
inflammatory immune response that can control tumor growth and induce immune memory. Here,
we sought to trigger necroptosis, a form of ICD, by delivering peptide R3 to the cytosol of tumor
cells. Because R3 requires cytoplasmic delivery for activity, we utilized a pH-sensitie polymer,
VIPER, that facilitates cell entry and endosomal escape. R3 is derived from protein RIPK3, a
component of the necrosome that potentiates necroptosis and cell death. We employed the platform
virus inspired polymer for endosomal release (VIPER) to facilitate intracellular peptide delivery
of R3 to the cell cytosol. VIPER incorporates D-melittin, the enantiomer of L-melittin, which
enables selective disruption of endosomal membranes and also permits safe, systemic delivery of
the VIPER platform by attenuating the generation of anti-VIPER antibodies. While D-melittin
micelles demonstrate anti-tumor activity by themselves, co-delivery of R3 enhances cytotoxicity,
hemolytic activity, and endosomal escape. Furthermore, we demonstrate some anti-tumor activity
in vivo, but this activity was inconsistent between studies. We discuss potential reasons for these

differing results and suggest future directions for this project.

7.2 Introduction

Inducing immunogenic cell death (ICD) in the tumor microenvironment (TME) is an emerging
strategy to stimulate the dysfunctional immune system.! As opposed to apoptosis, an
immunologically silent form of programmed cell death, ICD leads to the prolonged exposure of
danger associated molecular patterns (DAMPs) to the immune system, which can drive antigen

specific immune responses.?? Cells undergoing ICD are altered themselves (surface exposure of
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calreticulin (CRT) to encourage phagocytosis) and also alter their microenvironment (secretion of
ATP and cell death-associated release of HMGBI1 to recruit immune cells).? In cancer, this
translates to tumor-specific immune responses that can control tumor growth and protect against
subsequent tumor challenges of the same type.* The most effective ICD inducers operate as
vaccines, training the immune system in an antigen-dependent manner and inducing immune
memory. Strategies that maximize the immunogenicity of dying tumors cells could synergize with
other immunotherapies (e.g. immune checkpoint blockade) to support immune activation and

tumor clearance.

Necroptosis, another form of programmed cell death, is caspase-independent and leads to cell
swelling, membrane rupture, and release of cellular contents.>® Necroptosis can be triggered by
members of the tumor necrosis factor (TNF) family, toll-like receptors (TLRs), or oligonucleotide
sensors. Receptor-interacting protein kinases (RIPK) 1 and 3 form the necrosome, which recruits
and phosphorylates mixed lineage kinase like protein (MLKL). MLKL permeabilizes the cell
membrane, leading to the release of intracellular contents. CRT exposure coupled with DAMP
release recruits and activates innate immune pattern recognition receptors. Thus, necroptosis
functions as a form of cell death that results in both the clearance of compromised cells while
simultaneously releasing inflammatory payloads to recruit and activate immune cells.’
Furthermore, RIPK3 has also been associated with death-independent activities, such as
production of inflammatory cytokines that cross-prime T cells for vaccination responses. In cancer
applications, Snyder et. al. demonstrated that ectopic introduction of necroptotic cells into the
TME potentiated systemic tumor control.® These effects were potentiated by signaling activities

downstream of RIPK 1/RIPK3 necrosome formation, specifically via the RIPK3—NF-kB axis.

To trigger necroptosis in tumors, we incorporated R3 into our intracellular delivery platform
VIPER (“virus inspired polymer for endosomal release”), which facilitates pH-responsive
intracellular peptide delivery by employing a lytic peptide, melittin, to lyse endosomes. At
physiological pH 7.4, polymers self-assemble into micelles; at endosomal pH 6.4, micelles
disassemble into polymer chains. Mixed VIPER micelles incorporate polymer-peptide chains
carrying melittin and R3 (Figure 7.1A). Melittin enables endosomal release of R3 into the cell

cytosol, which initiates necroptosis that triggers immune activation (Figure 7.1B). In this work,
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all instances of melittin refer to D-melittin, as we recently reported that incorporation of D-
melittin, rather than L-melittin, is critical for safe, repeat systemic injection of VIPER.? D-melittin
attenuates the generation of anti-carrier antibodies, enhancing the therapeutic index of our delivery

platform without compromising peptide activity.

Here, we developed polymer-peptide micelles, VIPER-D-R3, that deliver R3 to tumor cells, with
the goal of inducing necroptosis to trigger immune activation in cancer. After characterizing the
polymer-peptide conjugate, we examined its activity in vitro and in vivo. We characterized micelle
cytotoxicity, hemolytic activity, and ability to facilitate endosomal disruption. We next evaluated
the extent of ICD by characterizing CRT translocation to the surface and ATP and HMGBI1 release.
Finally, we investigated anti-tumor efficacy of our platform in tumor-bearing mice. Ultimately,
VIPER-D-R3 had variable efficacy in vivo, and we discuss some potential causes for this as well

as alternative strategies moving forward.
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Figure 7.1: Design of polymer-peptide conjugates bearing melittin and R3. A) Polymers self-
assemble into micelles at pH 7.4, and disassemble into polymer chains at acidic pH. B) Following

cellular internalization and endosomal acidification, melittin is exposed and mediates endosomal
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escape of R3. R3 then initiates formation of the necrosome and downstream signaling that

potentiates necroptosis and ICD.

7.3 Results

7.3.1 Polymer synthesis and characterization

We employed our polymer platform VIPER for intracellular delivery of peptide R3, derived from
protein RIPK3, to the cell cytosol. VIPER comprises two blocks: a PEG-based hydrophilic block
for solubility, and a pH-sensitive block for triggered display of conjugated peptides. The pH-
sensitive block, comprised of the tertiary amine-based monomer DIPAMA, undergoes a sharp
phase transition from hydrophobic to hydrophilic at pH 6, and is co-polymerized with PDSEMA,
which enables conjugation of thiolated peptides (Figure 7.2A). For R3 delivery, we synthesized
VIPER conjugated to D-melittin, a membrane-lytic peptide that facilitates endosomal release, and
VIPER conjugated to R3. Polymers were synthesized by reversible addition-fragmentation chain-
transfer (RAFT) polymerization of 2-diisopropylaminoethyl methacrylate (DIPAMA) and pyridyl
disulfide ethyl methacrylate (PSDSEMA) using PEGylated macro chain transfer agents (CTAs),
as previously described.>!'? Polymer chains self-assemble into micelles at physiological pH 7.4,
protecting their peptide cargo, but expose peptide at acidic endosomal pH 6.4, facilitating
endosomal release and intracellular peptide delivery. Mixed micelles were formed by combining
polymer chains with D-melittin (CP-melittin) and R3 (CP-R3) at defined ratios, yielding VIPER-
D-R3. Polymers without peptide are referred to as control polymer (CP). CP-melittin and CP-R3
micelles had diameters of 33.4 and 31.6 nm, respectively (Figure 7.2B-C); mixed VIPER-D-R3
micelles had a diameter of ~31.1 nm, regardless of the ratio of CP-R3:CP-melittin (Figure 7.2D).
The pH transition point of all micelles was determined to be pH 6.3; at this pH, micelles

disassemble into polymer chains (Figure 7.2E-G).
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Figure 7.2: Characterization of micelles. A) Synthesis route for VIPER-D-R3. The PDSEMA
enables conjugate with thiolated peptides. B-D) Size distribution of CP-melittin (B), CP-R3 (C),
and VIPER-D-R3 (D) micelles in PBS. E-G) The pH transition point of CP-melittin (E), CP-R3
(F), and VIPER-D-R3 (G) was determined to be 6.4.

7.3.2 Toxicity in vitro

We evaluated toxicity of peptide R3 and a control peptide derivative, cR3. A scrambled sequence
retained some activity, likely due to the hydrophobicity of the sequence (data not shown).
Therefore, we mutated hydrophobic amino acids within the sequence (namely leucine (L), valine
(V), and isoleucine (1)) to serine (S), which is neutral and uncharged (Figure 7.3A). While R3 had
modest toxicity against 4T1 (breast cancer), CT26 (colon carcinoma) and RAW macrophages, cR3
had minimal cytotoxicity (Figure 7.3B-C), as determined by half maximal inhibitory

concentration (ICso) (Figure 7.3D). However, when R3 was incorporated into mixed micelles with
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melittin, the toxicity was amplified above that of CP-R3 alone. To optimize the ratio of CP-R3:CP-
melittin in mixed micelles, we assessed toxicity of mixed micelles with differing amounts of each
polymer-peptide conjugate (5:1, 2.5:1, and 1:1) against RAW macrophages, and based on the
lowest ICso, determined that a ratio of 1:1 CP-R3:CP-melittin maximized toxicity (Figure 7.3E,
G). This formulation of VIPER-D-R3 at a 1:1 ratio of R3:melittin retained robust activity against

tumor cells, evidenced by an ICso of 8.9 uM against CT26 cells (Figure 7.3F).
A
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Figure 7.4: Cytotoxicity of R3 peptide and micelles. A) Sequence alignment of murine RIPK3, R3,

and control R3 (cR3). Conserved sequences are highlighted in purple. B-C) Toxicity of R3 (B) and
cR3 (C) against 4T1, CT26, and RAW cells. D) ICsg concentrations of R3 and cR3. E) Toxicity of
mixed micelles with varying ratios of CP-R3 and CP-melittin. F) Toxicity of VIPER-D-R3 micelles

(1:1) against CT26 cells. G) ICsg concentrations of VIPER-D-R3 with varying ratios of CP-R3 and
CP-melittin.
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7.3.3 Lytic activity in vitro

We next confirmed the lytic activity of VIPER-D-R3 based on hemolytic activity against red blood
cells (RBCs) and ability to disrupt endosomes. Free peptide had no hemolytic activity (Figure
7.5A), while micelles were hemolytic in a pH-dependent manner (Figure 7.5B). At pH 7.4,
micelles were not hemolytic, demonstrating safe encapsulation of the peptides melittin and R3.
Some activity was observed at pH 6.4, but this can be attributed to pH transition point (pH 6.3); at
this pH, the polymers transition between micelles and unimers, which are lytic due to the melittin
content. At pH 5.4, the micelles are extremely lytic, evidenced by the half maximal hemolysis
concentration (HCso) of 0.55 uM. Furthermore, micelles were capable of disrupting endosomes
after cellular uptake, as observed in a Gal8-GFP-RAW 264.7 reporter cell line. Cells constitutively
express the fusion protein Gal8-GFP throughout the cell, and upon endosomal disruption, the Gal8-
GFP binds to the inner face of disrupted endosomes. Thus, events of endosomal rupture are
expressed as GFP* punctae (green) in the cell (Figure 7.5D). We additionally stained cell nuclei
(Hoechst, blue) and cell viability (propidium iodide (PI), red) and compared the percent of live
cells that expressed punctae (Figure 7.5C). While CP, free R3, and CP-R3 induced some
endosomal disruption, this occurred in less than 1% of all live cells; as observed from RBC
hemolysis, R3 has no lytic activity, so this was expected. In contrast, melittin-containing micelles
induced higher rates of endosomal disruption. About 1.48% and 4.25% of cells treated with CP-
melittin and VIPER-D-R3, respectively, expressed GFP" punctae, which is consistent with

expected results based on the lytic behavior of melittin.
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Figure 7.5: Lytic activity of micelles in vitro. A-B) Peptide R3 (A) and VIPER-D-R3 (B) micelles
were incubated with RBCs and the half maximal hemolysis concentration (HCsg) was determined.
C) Capacity for endosomal disruption was evaluated in a Gal§-GFP-RAW reporter cell line, in
which events of endosomal rupture are expressed as GFP" punctae. The percent of live cells
(determined via PI staining) expressing punctae are reported. D) Visualization of cell staining
with Hoechst (blue) and PI (red); Gal8-GFP is constitutively expressed (green). Single cell

expression of punctae are outlined in red.

7.3.4 Immunogenic cell death

Based on the role of RIPK3 in mediating necroptosis, a form of immunogenic cell death (ICD),
we evaluated the extent of ICD based on calreticulin (CRT) surface expression and release of ATP
and HMGB1.%'12 These events occur during (CRT, ATP release) and after (HMGB1) cellular
necroptosis, and thus were evaluated at appropriate time points.'* To assess CRT translocation to
the cell surface, CT26 cells were incubated with micelles for 6, 24, and 48h, and stained with anti-
CRT antibody (Figure 7.6A). At all time points, micelles induced significantly higher expression

(****p < 0.0001) compared to untreated cells. However, this trend was not consistent with what
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was observed with HMGBI release; micelles (CP-R3, VIPER-D-R) induced minimal HMGB1
release at concentrations below that of untreated cells (Figure 7.6B). cR3 and CP induced the
highest amount of HMGBI, slightly above that of untreated cells. ATP release in the supernatant
was evaluated after 24 hour incubation with peptide and micelles and was determined to be
concentration dependent for R3 and CP-R3 (Figure 7.6C). In contrast, all concentrations of
VIPER-D-R3 induced robust ATP production, comparable to that of only the highest
concentrations of R3 and CP-R3. Despite variable HMGBI1 results, VIPER-D-R3 likely induces

ICD to some extent, based on CRT expression and ATP release.
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Figure 7.6: Immunogenic cell death. A) Calreticulin expression on the surface of CT26 cells after
6, 24, and 48 hour treatment with micelles. B) HMGBI release from CT26 cells after 48 hour
incubation with peptide and micelles. C) ATP release from CT26 cells after 24 hour incubation
with peptide and micelles.

7.3.5 Anti-tumor efficacy in vivo
Finally, we evaluated the anti-tumor efficacy of VIPER-D-R3 in vivo. Based on prior reports, we
employed a 4T1 (triple negative breast cancer) model, as this model is more resistant to immune

checkpoint blockade (ICB) therapy and has high immune infiltration.!*!> We have previously
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established that free peptide, polymer with peptide (CP), and micelle formulations with control R3
(VIPER-D-cR3) have no anti-tumor efficacy, so they were not included in these studies (Figure
S7.8). In a pilot study, we compared efficacy of (i) PBS, (if) ICB (anti-PD-1 and anti-CTLA4
antibodies, 100 pg/mouse), (iii) CP-melittin 5 mg peptide/kg+ICB, (iv) VIPER-D-R3 at 5 mg
melittin’kg + 5 mg R3/kg, and (v) VIPER-D-R3+ICB (Figure 7.7A). Eight days after tumor
inoculation, mice were injected IV every 2" day with micelles, and with ICB every day following
treatment, for a total of 3 injections of micelles and 3 injections of ICB. In this initial study,
VIPER-D-R3 synergized with ICB to completely inhibit tumor growth. After completion of
treatment, tumors on ICB-treated mice started to grow, while VIPER-D-R3+ICB tumors remained
<100 mm?. VIPER-D-R3 mice had significantly smaller tumors than ICB (**p = 0.0011) and CP-
melittin+ICB (***p = 0.0005) treated mice. However, when we repeated this study, there was no
significant reduction in tumor growth after VIPER-D-R3+ICB treatment, even after a 4™ injection

of micelles and ICB (Figure 7.7B).
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Figure 7.7: Tumor inhibition in vivo. A) 4T1-tumor bearing mice were treated with (i) PBS, (ii)
ICB (100 ug/mouse), (iii) CP-melittin 5 mg peptide/kg+ICB, (iv) VIPER-D-R3 at 5 mg melittin/kg
+ 5 mg R3/kg, and (v) VIPER-D-R3+ICB. Mice were injected every 2™ day with micelles, and
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with ICB every day following treatment, for a total of 3 injections of each. (n=4 mice/group) B)
Treatment groups were the same as above, plus an additional cohort treated with CP-melittin (5
mg peptide/kg). Mice were injected with micelles and ICB as indicated, for a total of 4 injections
of each. (n=8 mice/group)

7.4 Discussion

Here, we present the first study delivering peptide R3 to tumors. In prior work, we developed D-
melittin micelles for systemic delivery of melittin. While these formulations synergized with
immune checkpoint blockade (ICB) therapy, efficacy was modest in 4T1 tumors, which are
resistant to ICB therapy (Chapter 5).!3 Furthermore, no differences in tumor infiltrating leukocyte
population were detected between treatment groups. Similar to results observed with the CP-
Candidalysin platform (Chapter 6), the predominately cytolytic activity of D-melittin was unable
to elicit an inflammatory response sufficient for tumor clearance. Thus, we investigated the effect
of delivering a more immunogenic peptide R3 with the goal of initiating necroptosis to alter the
TME and inhibit solid tumor growth. The R3 sequence comprises residues from the 17 amino acid
truncated RHIM motif of murine RIPK3 and RIPK1; this motif emerges when murine RIPK1 and
RIPK3 are aligned.'® Prior work from our group confirmed that peptide R3-KKK-TAT (Trans-
Activator of Transcription) was capable of forming amyloid scaffolds that activate NF-kB and
engage the NLRP3 inflammasome, triggering cell death and IL-1f3 and IL-6 secretion in vitro (data
not shown). Here, we confirmed the cytotoxicity of R3 (no TAT), but observed poor lytic activity,
which could prevent sufficient R3 accumulation in cells to initiate ICD. Thus, we incorporated R3
into the VIPER platform, in which D-melittin facilitates endosomal release of R3 into the cytosol,
delivering R3 more efficiently to the cell cytosol where it can activate downstream necroptotic

machinery.

We demonstrate the enhanced cytotoxicity and hemolytic activity of VIPER-D-R3 constructs
compared to free peptide or micelles containing melittin or R3 alone. Mixed micelles exhibited
enhanced cytotoxicity that cannot be attributed to melittin alone, implicating R3 in mediating cell
death (Figure S7.5). Specifically, mixed micelles of CP-R3 and CP-melittin were toxic to RAW
cells; but when the CP-R3 was replaced with CP, micelles (comprising CP and CP-melittin) had

no toxicity. Thus, R3 plays a role in potentiating cell death. Additionally, mixed micelles were
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more lytic than micelles with melittin or R3 alone. This was surprising since R3 has no hemolytic
activity on its own, so we expected complexed micelles with melittin and R3 to be as hemolytic
as melittin micelles. We also observed some lytic activity by CP-R3 at pH 5.4, although CP and
R3 had no lytic activity at any pH (Figure S7.6). This could perhaps be explained by the
hydrophobicity of the R3 sequence which could contribute to RBC lysis.!” Together, this implies
that polymer conjugation of R3 bolsters its lytic activity at acidic pH 5.4. This trend is consistent
with events of endosomal disruption: VIPER-D-R3 micelles induced endosomal disruption in
4.25% of live cells, whereas only 1.48% and 0.28% of cells treated with CP-melittin or CP-R3
micelles, respectively, had identified events. Both formulations of VIPER-D-R3 and CP-melittin
had equivalent concentrations of melittin (12.5 uM) or R3 (in VIPER-D-R3 and CP-R3 micelles),
so the enhanced endosomal disruption can be attributed to the synergistic activity CP-R3 and
melittin. Overall, these results align with prior observations that polymer conjugation enhances

peptide activity, demonstrated here and with D-melittin micelles (Chapter 5).

After characterizing behavior in vitro, we next evaluated anti-tumor efficacy of constructs in
tumor-bearing mice. However, this effect was inconsistent in vivo, as demonstrated by the variable
efficacy in two separate studies. When investigating the efficacy of CP-melittin in vivo, we realized
that this formulation, particularly when combined with ICB, was extremely effective against CT26
tumors and that we would only be able to differentiate efficacy between micelles and ICB cohorts
in a4T1 tumors, as 4T1 tumors are largely resistant to ICB therapy. We additionally increased the
frequency of the dosing schedule, transitioning to injecting treatments every 2" day instead of
every 4" day. In our initial study, we believed that these changes enabled the robust anti-tumor
efficacy observed. Yet when we repeated this treatment regimen in a larger cohort of animals, we
realized that this efficacy was not reproducible, as VIPER-D-R3+ICB had the same efficacy as
CP-melittin+ICB and ICB alone. In this second study, any anti-tumor efficacy can be attributed to
ICB therapy alone, as all cohorts receiving ICB experienced similar trends of tumor growth. Tumor
inhibition may have inconsistent due to several factors, including (1) variability of ICB therapy
based on external influences; (2) poor immunogenicity from VIPER-D-R3; or (3) poor uptake by
cells. Indeed, Jin et. al. recently reported how drinking water pH could attenuate anti-PD-1 efficacy
in syngeneic mouse models.!® When anti-PD-1 treated mice were given acidic drinking water (pH

3), tumors were larger compared to mice given neutral or alkaline water (pH 7 or 8.5). While this
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impact was less pronounced in Balb/c mice, other external conditions like this could perhaps
influence ICB and its ability to synergize with other treatments. However, this factor is unlikely,
as all ICB-treated mice had similar tumor growth patterns, suggesting that ICB therapy had some
influence on tumor growth. Instead, it is likely that CP-melittin and VIPER-D-R3 micelles were

ineffective.

Thus, another contributing factor to the lack of observed efficacy could be suboptimal
immunogenicity of R3. When evaluating ICD in vitro, we noted that VIPER-D-R3 induced CRT
surface expression and ATP release, but was a poor inducer of HMGBI1 release. While this could
be the result of an ineffective ELISA kit, it more likely suggests that R3 and polymer derivatives
are not inducing ICD. This could be attributed to poor release of R3 from VIPER-D-R3; while we
hypothesized that lysosomal thiol reductase should reduce the disulfide bond conjugating R3 to
VIPER, this process may be inefficient or incomplete, preventing R3 from diffusing to the cytosol.
Or, R3 could be associating with endosomal membranes due to the hydrophobicity of the sequence;
in cells incubated with VIPER-D-R3-Cy5, we observed high colocalization of peptide in
endosomes, and did not observe high dispersal throughout the cell (data not shown). Other factors
could be delivery of an insufficient peptide concentration to cells. We have not determined the
maximum tolerated dose (MTD) of micelles, so we could be dosing below the therapeutic index.
Furthermore, delivery barriers could be preventing sufficient micelles accumulation in tumors and
subsequent inefficient R3 delivery to cells. Indeed, we assessed the serum concentrations of IL-
1B, an inflammatory cytokine released after NLRP3 inflammasome activation, and did not detect
a significant increase in VIPER-treated mice above PBS-treated mice (Figure S7.9). Furthermore,
we assessed populations of tumor infiltrating leukocytes (TILs) and did not detect differences
between PBS and VIPER-D-R3 treated mice (Figure S7.9). Together, these results suggest that
VIPER-D-R3 does not induce robust changes in the TME in vivo. Alternative delivery methods
such as direct intratumoral (IT) injections could help identify if lack of efficacy is caused by poor
micelle delivery to tumors. However, this would not overcome the challenge of poor cellular
uptake by tumor cells and phagocytes. The micelles may be accumulating in tumors, but may
suffer from poor cellular uptake due to the PEG corona, originally intended to enhance circulation
and reduce nonspecific uptake. But, this PEG block could actually prevent efficient uptake in

tumors. To identify if micelles are being uptaken, we could inject Cy5-labeled micelles (IV or IT)
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into tumor-bearing mice, resect and section tumors, and stain for macrophages and tumor cells in

order to identify if micelles colocalize with cells.

Conversely, perhaps inducing necroptosis is not an effective anti-cancer strategy. Indeed, some
groups have reported a tumor-promoting role of RIPK3 signaling in tumors. Seifert et. al. showed
that RIPK1 and RIPK3 were highly upregulated in pancreatic ductal adenocarcinoma samples and
that Ripk3 knockout mice were protected from oncogenic progression.?! Inhibitory macrophages
lose their immune-suppressive effects when RIP3 is deleted, and T cells are reprogrammed to
mediate tumor clearance. This trend was also reflected in a report by Lin et. al., who noted RIPK3
upregulation in recurrent breast tumor cells, establishing a role of RIPK3 in breast tumor
proliferation.?> Adverse outcomes have also been associated with lytic cell death and release of
danger associated molecular patterns (DAMPs). For example, stimulator of interferon (STING)-
inducers can interact with immune cells and elicit inflammatory cytokine, and ultimately promote
inflammation-driven tumorigenesis.?®* Clearly, these studies demonstrate the complex roles of
inflammation and necroptosis in cancer.® While the tumor microenvironment is largely
immunosuppressive, the specific combinations of inflammatory signals from necroptotic cells can
either drive or suppress an anti-tumor immune response. There remains a need for a better
understanding how these signals interact with the immune system at different stages of cancer
progression in order to design therapies that can elicit the necessary inflammatory signals for a
potent oncogenic response. Overall, we demonstrate the potential of R3 for cancer applications,
but additional work is needed to establish the exact pathway of cell death and how this influences

bystander cells and the immune system.

7.5 Methods & Materials

Peptide synthesis. Peptides (R3 KKKKKKLVFNNCSEVQIGNYNSL; control R3 (cR3)
KKKKKKSVFNNCSESQSGNYNSS; and D-melittin  gigavlkvlttglpaliswikrkrqqc) were
synthesized using a solid phase peptide synthesizer (Liberty Blue CEM) on a rink amide resin.
Peptides were cleaved from the resin in a trifluoroacetic acid (TFA) cocktail with 5%
dimethoxybenzene 2.5% triisopropylsilane and 2.5% ethanedithiol; water was included at 2.5%
for peptides containing arginine. Peptides were precipitated in cold diethyl ether AND purified by

reverse-phase high performance liquid chromatography (HPLC). Peptide molecular weight was
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confirmed using Matrix-Assisted Laser Desorption/lonization-Time of Flight Mass spectrometry
(MALDI-TOF) in a CHCA:DHB 2:1 matrix. Cy5 labeled peptides were generated by reaction of
Cy5-NHS with Fmoc-deprotected peptide N-terminal amines through EDC/NHS chemistry on the

resin, followed by cleavage and purification.

Materials, polymer synthesis, and characterization. Chemicals were purchased from Sigma and
used as received. Polymer was prepared with RAFT polymerization. In brief, PEG-CTA,
DIPAMA, PDSEMA and azobisisobutyronitrile (AIBN) were dissolved in dimethylacetamide
(DMACc), purged in argon, and immersed in an oil bath at 70°C.!9 After 24h, the polymerization
was quenched with liquid nitrogen and the resultant polymer p(PEGi13)-b-p(DIPAMA40-co-
PDSEMA) was purified by dialysis against methanol for 2 days. Synthesized peptides were
conjugated to the PDSEMA monomer via disulfide exchange reaction in a mixture of methanol
and water at a polymer:peptide feeding ratio of 5:1. After 8h, the polymer-peptide conjugates were
purified by dialysis against DI water for 2 days. To prepare the micelles, the polymers or polymer-
peptide conjugates were first dissolved in acidic phosphate buffer (pH 4.0), and the pH was
adjusted to pH 7-8. Mixed micelles were formed by combining CP, CP-melittin, CP-R3, or CP-
cR3 at indicated ratios using similar methods. All micelles were sterile filtered using a 0.22 mm
pore filter. Polymer was characterized by 'H NMR on a Bruker AV 300 in deuterated chloroform
(CDCls). Peptide conjugation with PDSEMA was monitored by UV at 353 nm for the release of
2-thiopyridine. Micelle size was assessed by dynamic light scattering (DLS) at 0.5 mg/ml in PBS
7.4, and critical micellar concentration (CMC) was determined via Nile red method (ex/em
557/625 nm) with 0.5 mg/mL dye. The transition point of micelles was determined using a Nile

Red method, as previously described.

Cell culture. RAW 264.7, CT26, and 4T1 cells were obtained from ATCC and cultured in RPMI
supplemented with 10% FBS and 1% Pen-Strep. For viability studies, cell were plated at 15-20k
cells/well in a 96-well plate overnight. Cells were incubated with peptide or micelles for 24 hours
and viability was determined by MTS/PMS (Promega). The Gal8-RAW 264.7 cell line was
generated as previously described.?* Briefly, RAW cells were transfected with plasmids containing

a transposable Gal8-GFP construct and PiggyBac transposon (generous gift of Jordan Green) using
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Lipofectamine 2000. Cells were sorted for the top 5% brightest GFP* singlet cell events, expanded,

and sorted three more time to yield a population of Gal8-GFP"¢eh cells.

Hemolysis. Hemolysis assays were conducted as described.>> Human blood was obtained in
accordance with University of Washington Institutional Review Board (IRB) guidelines. Briefly,
blood was washed in 150 mM NaCl and washed 2X. Blood was transferred to PBS pH 7.4 and
washed, and resuspended in PBS at each pH to be tested (pH 5.4, 6.4, 7.4). Blood was diluted 1:50
and 190 ul of diluted blood was plated in a V-bottom 96 well plate. Samples were incubated with
peptide in appropriate pH at 37°C for 1h and centrifuged. Supernatant was transferred to a clear,
flat bottom 96-well plate and absorbance (541 nm) was detected on a plate reader. Triton X-100

1% (w/v) was used as a positive control, and PBS at appropriate pH was used as a negative control.

Imaging. Confocal imaging of endosomal escape was conducted as previously described.?* Gal8-
GFP-RAW 264.7 macrophages were plated (20k) in a 96-well half-area plate overnight and
incubated with peptide or micelles for 16 hours. Media was replaced with FluoroBrite RPMI
supplemented with 25 mM HEPES, 10% FBES, Hoechst 33342, and PI, and imaged on a confocal
at 20X (Leica SP8X).

Immunogenic cell death (ICD) characterization. ICD was characterized by surface calreticulin
expression and ATP and HMGBI secretion in cell supernatant. Calreticulin staining. CT26 cells
were incubated with micelles (50 uM) for 24 hours, lifted with Accutase, and stained with anti-
calreticulin primary antibody (1:20, Abcam) followed by an anti-mouse secondary antibody
(1:750), and analyzed on an Attune NxT (Invitrogen) flow cytometer. ATP release. CT26 cells
were incubated with peptide or micelles at indicated concentrations for 24 hours and supernatant
was collected and assessed for ATP concentration via the ENLITEN ATP Assay (Promega)
according to manufacturer instructions. HMGBI1 release. CT26 cells were incubated with peptide
or micelles (50 uM peptide concentration in both) for 48 hours and supernatant was collected.
Insoluble lipids were removed via centrifugation. HMGBI1 concentration was assessed via ELISA

(Chondrex) according to manufacturer instructions.
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IL-1P assays. Non-terminal blood draws were performed via submental pricks with a 4 mm lancet.
Blood (100-200 ml) was collected in serum separator tubes (BD) and allowed to coagulate for 30
minutes at room temperature, followed by centrifugation at 1000xg for 10 minutes at 4°C. Serum
was collected and IL-1p was detected using the Mouse IL-13 ELISA MAX kit (BioLegend) per

manufacturer instructions.

Tumor reduction studies. All animal experiments were approved by the Institutional Animal
Care and Use Committee at the University of Washington and were conducted in accordance with
use and regulations. For both 4T1 and CT26 tumor models, cells (1M) were injected
subcutaneously in the right flank of 6-8 week old female balb/c mice (Charles River Laboratories)
and tumors were measured by calipers. Mice were humanely euthanized when euthanasia criteria
were met (tumor volume > 2000 mm?® of body weight; weight loss > 20%; etc.). For tumor
dissociation studies, mice were sacrificed and perfused. Tumors were collected and dissociated in
RPMI supplemented with DNase (125 U/mL) and Collagenase IV (20 U/mL) using a gentleMACS
dissociator. Cells were stained with the following antibodies (BioLegend): CD45-APC/Cy7, CD3-
AF647, CD4-PE, CDS-FITC, CDI11b-FITC, F4/80-APC, CD80-PE, CD206-BV605, CDI11c-
FITC, and MHCII-PE/Cy5. T-cells, macrophages, and dendritic cells were stained separately. For
NLRP3 inhibition studies, mice were injected IP daily for 6 days with MMC950 (10 mg/kg).

Statistical analysis. Flow data was analyzed using FlowJo. Statistical analysis was calculated

using a two-way ANOVA in Graphpad Prism 8.0.
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Figure S7.1: Confirmation of peptide and polymer composition. A) MALDI of peptide sequence.
B) 'H NMR of CP polymer.
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Figure S7.2: Kinetics of peptide conjugation to CP. A) Melittin conjugation to CP. B) R3 peptide
conjugation to polymer.
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Chapter 8

Challenges in crossing the blood-brain barrier in cancer
treatment

8.1 Abstract

The blood-brain barrier (BBB) remains a critical hurdle in delivering therapeutics to the brain, as
it excludes > 98% of small molecules and nearly 100% of macromolecules. Current strategies to
bypass the BBB involve (1) physical disruption, (2) transient disruption, or (3) receptor mediated
transcytosis (RMT). Of these, RMT has emerged as a promising strategy to cross the BBB as it is
noninvasive and exploits endogenous transport pathways. Specifically, the transferrin pathway has
been extensively investigated for drug delivery to the brain. Recent studies have elucidated how
transferrin binding to its receptor governs intracellular sorting patterns and subsequent delivery or
degradation. As a result, transferrin-targeted therapies have improved accumulation and delivery

into the brain.

8.2 Need for new therapies

Despite the high incidence and devastating prognosis of brain cancer, therapies are limited to only
4 FDA approved drugs and 1 device, with only marginal improvements in survival.! The
development of effective brain cancer therapies is thwarted by the blood brain barrier (BBB),
which effectively excludes > 98% of small molecules and nearly all large molecules from the
central nervous system (CNS).? Brain tumors present the greatest clinical challenge because they
are located behind this barrier, beyond the reach of most skilled surgeons and therapies.? Current
therapies suffer from systemic toxicity and insignificant drug penetration due to an inability to
successfully traverse cells of the BBB. Significantly, less than 1% of the injected dose is delivered
to brain tumors.* As such, there remains a critical need to develop new drug delivery systems that

can overcome the biological challenges imposed by the blood-blood barrier.
8.3 Blood-brain barrier biology

The blood-brain barrier (BBB) is a physiological barrier that tightly controls the interface between

the blood and neural tissues. It maintains homeostasis and regulates influx and efflux of nutrients
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and waste. In disease, this neuroprotective role is a major hurdle in delivering therapeutics to
diseased tissue, as the BBB prevents entry and distribution to the brain. Thus, significant effort has
been directed toward understanding transport across the BBB and developing strategies that can

exploit these mechanisms.

8.3.1 Anatomical composition

The BBB comprises many cell types, mainly endothelial cells, pericytes, and astrocyte end foot
processes, which tightly control the movement of ions, molecules, and cells between the blood and
the brain (Figure 8.1).>° Cerebral endothelial cells form tight junctions at their margins, barring
the paracellular diffusional pathway between cells. These junctions consist of proteins spanning
the intercellular cleft, such as transmembrane proteins (e.g. occludins, claudins).” The expression
of these proteins is associated with the integrity of the BBB, and some drugs target these proteins
to influence BBB permeability. Pericytes, multi-functional mural cells, periodically wrap about
the endothelial cells. Together, the endothelium and pericytes contribute to the local basement
membrane. Astrocyte foot processes also partially surround the capillaries, forming tight junctions
which are critical for communication and maintenance of the barrier. Vascular smooth muscle cells
are also embedded in the endothelium and interface with neuronal axon projections, which can
release neurotransmitters and peptides that help regulate BBB permeability. Together, these
barriers maintain homeostasis in the CNS by regulating selective transport of nutrients, hormones,

and removal of waste.
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Figure 8.1: Anatomical composition of the blood brain barrier. The blood-brain barrier comprises
many cells that tightly regulate the movement of ions, nutrients, and waste. Endothelial cells form
tight junctions between adjacent cells, barring paracellular transport of the majority of small and
large molecules. Pericytes wrap around endothelial cells and form close associations. Astrocyte
foot projects interface with endothelium, as well as smooth muscle cells and neurons. Reprinted
with permission from Nature Reviews Neuroscience, Volume 7:41-53, copyright 2006 Nature

Reviews.®

8.3.2 Transport across the BBB

Substances cross the BBB through (i) paracellular transport, passing between endothelial cells, or
through (i7) transcellular transport, which involves passing from the luminal (blood) side through
the cytoplasm of the endothelial cells, and into the abluminal (brain) side (Figure 8.2).%° For the
majority of small molecules (> 98%) and nearly all large molecules, the tight junctions prevent
paracellular transport from occurring. Only small, gaseous molecules (e.g. O2, CO;) and small,
lipophilic agents (e.g. barbiturates, ethanol) can diffuse freely. Generally, small molecules can
cross the BBB in physiologically relevant amounts if their molecular mass is < 400-500 Daltons,
and the molecule forms fewer than 8-10 hydrogen bonds with water; BBB permeation decreases

exponentially with each additional pair of hydrogen bonds in the drug structure.'® Otherwise,
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specific transport systems and enzymes regulate transcellular transport of small and large
molecules, including peptides, proteins, and cell waste.® In this process, events on the luminal
(blood) side of the BBB trigger the formation of a endocytic vesicle that encapsulates the
macromolecule, where it is then routed across the cell, and fuses with the abluminal (brain) side
of the endothelium, releasing the macromolecule into the brain. In receptor mediated transcytosis,
ligand:receptor binding triggers internalization and subsequent transport. In contrast, adsorptive-
mediated transcytosis is nonspecific and transport is dependent on protein charge.'! Interaction

with cationic proteins facilitates endocytosis and movement through the endothelial cytoplasm.
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Figure 8.2: Transport routes across the endothelial cells of the BBB. (a) Paracellular diffusion is
restricted by the tight junctions between adjacent cells. (b) Carrier proteins can facilitate the
transport of small molecules such as amino acids and glucose. (c) Efflux pumps can recognize and
remove substances from endothelial cells and transport them to the luminal (blood) side. (d)
Adsorptive mediated transcytosis nonspecifically transports cationic molecules. These positively
charged molecules interact with the negative domains on the endothelial cells and are shuttled
across the cell. (e) Receptor mediated transcytosis involves specific ligand:receptor binding which
triggers internalization and subsequent transcytosis. Reprinted with permission from Annual

Review of Pharmacology and Toxicology, Volume 55:613-31, copyright 2015 Annual Reviews.'?
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8.3.3 Macromolecule exclusion and implications for therapy

The BBB is the fundamental biological mechanism that protects the central nervous system from
vascularly injected agents.? This is best illustrated by intravenous (i.v.) injection of radiolabeled
histamine, which readily enters all organs except the brain and spinal cord.!® As discussed, this
lack of CNS transport can be attributed to the BBB, which forces most molecular traffic to cross
transcellularly rather than paracellularly through the junctions, as in most endothelia.?
Additionally, brain transport is further limited by the decreased endocytosis/transcytosis activity
of brain endothelium compared to peripheral endothelium, contributing to the transport-barrier of
the BBB.®> Drugs that are capable of traversing the BBB may be actively exported back out via
efflux transporters (e.g. P-glycoprotein 1).° Lastly, drugs still face biological hurdles seen
elsewhere, such as metabolic degradation and poor pharmacokinetics. Overall, the majority of
neurotherapeutics are unable to cross the BBB alone, necessitating novel strategies to facilitate

CNS entry and diffusion.

8.4 Current strategies to cross the BBB

Several strategies have been investigated to bypass the BBB. Generally, these strategies seek to
(1) physically bypass the BBB and inject therapeutics directly into the CNS, (2) transiently open
the BBB to facilitate entry of intravenously injected therapies, or (3) exploit endogenous transport
mechanisms on the luminal (blood) side of the BBB to deliver therapeutics into the brain. While

several platforms have been utilized in the clinic, improvements are unclear or modest.

8.4.1 Physical disruption

One strategy to bypass the BBB is to physically disrupt it and introduce drugs into the brain
through intracerebral implantation, intracerebroventricular infusion, or convection-enhanced
diffusion. Intracerebral implantation involves direct introduction of drugs into the parenchyma,
with the goal of facilitating drug diffusion to tumor cells. This was the premise behind the Gliadel®
wafer, a drug-polymer implanted into the cavity of resected brain tumors to deliver the
chemotherapeutic carmustine.!> While modest efficacy was demonstrated, implantation was
associated with significant complications, including brain edema, cerebral spinal fluid leak, and

intracranial infection.'*!> Furthermore, no study compared efficacy of Gliadel® with systemic
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therapy. Ultimately, it is still unclear if the risks balance the potential benefits. Similarly,
intracerebroventricular infusion seeks to bypass the BBB by injecting drugs directly into the
ventricles of the brain, introducing physiologically relevant drug concentrations into the brain.!®
This must be performed carefully, as the risk of infection and adverse events (e.g. cutaneous-CSF
fistula, injured nerve roots, intraspinal hemorrhage) is high. However, efficacy is unclear and
dosing regimens vary considerably based on the drug and patient. Significantly, while both
methods can introduce high drug concentrations into the CNS, their efficacy is dependent on
diffusion through the parenchyma, which is highly limited.!” Diffusion through the parenchyma is
too slow to transfer materials more than several hundred microns within 1-2 hours; thus, drug
concentration drops off exponentially from the site of initial implantation. Lastly, convection-
enhanced delivery generates a pressure gradient at the tip of the infusion catheter in order to deliver
therapeutics through the interstitial spaces of the CNS.!'® This method facilitates predictable and
homogenous drug distribution, compared to diffusive therapies. While initial clinical
investigations hold promise, this technique faces technical limitations in catheter design and
unpredictable flow patterns. Continued work focuses on improving catheter design and developing

a model for sustained infusion.

8.4.2 Transient disruption

Another strategy to facilitate transport of drugs past the BBB is to transiently disrupt the BBB.
Arterial injection of hypertonic solutions can widen the interendothelial tight junctions by (/)
drawing water out of the endothelial cell and into the blood vessel, causing the endothelial cell to
shrink, (2) increasing water flow out of the brain, causing vasodilation and endothelial cell
membrane stretching, and (3) contracting the endothelial cytoskeleton via a calcium-dependent
mechanism.”!” Osmotic agents that have been investigated include arabinose, urea, and mannitol.
Chemical disruption can be mediated by vasoactive agents that induce a temporary inflammatory
reaction in the BBB, such as alkylglycerols and bradykinin. However, while these methods can
increase drug concentrations in the brain, they can also result in some drugs reaching neurotoxic
levels. Additionally, these methods have been associated with adverse events such as transient
cerebral edema and seizures. Lastly, BBB disruption by these methods is non-specific and takes

place throughout normal brain tissue as well, resulting in unregulated accumulation of proteins in
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the brain that can be toxic to normal tissue. In cancer, there is an additional concern that BBB

disruption enables circulating cancer cells to more readily access the brain and form new lesions.

Recently, focused ultrasound (FUS) has been investigated as a non-invasive method to disrupt the
BBB in a controlled manner.?%?! In this technique, gas filled microbubbles expand and contract in
response to acoustic pressure waves, pushing and pulling on the endothelial cell tight junctions to
enhance paracellular transport. This modality has successfully mediated the delivery of a variety
of therapeutic agents, including antibodies, proteins, and nanoparticles. Significantly, this
technique was well-tolerated by all patients with glioblastoma in a Phase I clinical trial.>> However,
recent reports have implicated BBB opening by FUS with an acute sterile inflammatory response
in the brain, which is undesirable in gene therapy or neurological conditions that already suffer

from chronic inflammation.?

8.4.3 Receptor mediated transcytosis

Receptor mediated transcytosis (RMT) has emerged as a promising drug delivery strategy to cross
the BBB because it takes advantage of endogenous uptake pathways in the brain while leaving the
BBB intact.?* RMT involves the interaction between a ligand and its cognate receptor in order to
trigger internalization and subsequent transcytosis (Figure 8.3).2% Upon transport to the abluminal
(brain) side, the drug is released and diffuses into the parenchyma. RMT is also called the “Trojan
Horse” approach, as it smuggles its payload into the brain under the guise of an acceptable
molecule.?® This strategy has been investigated to deliver a broad variety of payloads, such as
protein-drug conjugates, therapeutic antibodies, liposomes, and nanoparticles. Commonly
leveraged receptors of RMT include transferrin (Tf), low-density lipoprotein (LDL), and insulin
receptor. The Tf receptor (TfR) is an attractive receptor because it is highly expressed on the
luminal side of the BBB endothelium and facilitates one-way transport from the blood to brain,
unlike the LRP lipoprotein receptor which is highly expressed on both BBB endothelium and in
the brain.? Insulin-targeting can dysregulate insulin metabolism and risks inducing
hypoglycemia.?> Importantly, transferrin-conjugates have an established track-record to deliver

therapeutic payloads and achieve improved drug delivery and survival in animals.?>?7-28
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Figure 8.3: Schematic of RMT mechanism. (i) On the apical (blood) side of the BBB, the ligand

binds to its receptor, trigger (ii) endocytosis of the ligand.:receptor complex. This vesicle can be
trafficked through several pathways, mainly (iii) recycling, (iv) transcytosis, or (v) degradation.
(iii) Complexes that are recycled are returned to the apical (blood) side of the BBB. (iv) Complexes
that undergo transcytosis are shuttled to the basal (brain) side of the cell, where they fuse with the
membrane and release its cargo. (v) Some vesicles are fused with lysosomes, degrading the
vesicle’s contents. Recent studies have shown that engineering ligand:receptor binding kinetics
can direct the pathway that the vesicles undergo following internalization. Reprinted with
permission from Annual Review of Pharmacology and Toxicology, Volume 55:613-31, copyright

2015 Annual Reviews.!?

8.5 Transferrin targeted delivery across the BBB

The transferrin receptor is the most widely exploited receptor for RMT. Recent studies have
explored how binding kinetics to the receptor impact intracellular sorting and ultimately determine
carrier fate. Even the iron release rate of transferrin influences the degree of receptor association
and subsequent trafficking patterns.?’ Overall, understanding the role of transferrin:receptor

binding is crucial for developing therapies that can effectively cross the BBB.
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8.5.1 Transferrin and transferrin receptor binding

Transferrin (Tf) is a plasma glycoprotein that controls the levels of free iron in the blood and
delivers iron into cells.!? The transferrin receptor (TfR) is highly expressed on the apical side of
the BBB, making it an attractive target for RMT into the brain (Figure 8.4).3° Iron-bound
transferrin (holo-Tf) has higher affinity for the TfR compared to iron-free transferrin (apo-Tf¥).
Upon holo-Tf binding to the TfR, the holo-Tf:TfR complex is rapidly internalized via clathrin-
mediated endocytosis. As endosomal pH drops (~ pH 5.5), holo-Tf undergoes conformational
changes that releases its iron cargo, and the endosome recycles iron-free apo-TT to the cell surface.

The decreased apo-Tf:TfR affinity at extracellular pH releases Tt from the receptor.

Both Tf and anti-TfR antibodies have been used as targeting ligands for BBB delivery, and both
have associated advantage and disadvantages.'? Tf lends its well toward pre-clinical studies
because there is high homology between human and murine Tf, enabling species cross-reactivity.
However, Tf is also present in high concentrations in the bloodstream, requiring the injected Tt-
carrier to compete with endogenous Tt for TfR binding. Alternatively, anti-TfR antibodies can
exploit distal binding sites to avoid Tf binding competition, and can be engineered to bind the TfR
with higher affinity than endogenous Tf.>' Yet, recent studies have demonstrated that Tf:TfR
binding interactions must be precisely engineered, else complexes could instead be preferentially
sorted for degradation; this is further discussed in the section 5.2.3? Furthermore, antibody cross-
reactivity (or lack of) necessitates further ligand optimization to bypass immune events or enable

use across multiple species, limiting clinical applicability.*?
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Figure 8.4: Endocytic recycling of Tf. Iron-bound holo-Tf binds the TfR on the apical side,
triggering endocytosis. Endosomal acidification (~pH 5.5) leads to a conformational change in
holo-Tf, release iron. The endosome is recycled back to the apical side of the cell, and the now

iron-free apo-Tf is released from the receptor. Reprinted with permission from Journal of

Controlled Release, Volume 117:403-412, copyright 2007 JCR.%*.

8.5.2 Influence of binding affinity and avidity on Tf-targeted transcytosis

Pioneering studies engineered high-affinity anti-TfR antibodies in order to increase carrier
transport into the brain and necessitate lower dosing compared to low-affinity variants. In
particular, the monoclonal OX26 antibody was demonstrated to bind a conserved TfR epitope and
was detectable in the parenchyma.’* However, when compared to an antibody control, OX26 was
cleared more rapidly and primarily accumulated in the BBB endothelium rather than crossing into
the brain.’! This was later attributed to high affinity antibody:receptor binding kinetics that
prevented the release of OX26 from the TfR.3* Thus, it was discovered that ligand:receptor kinetics
play a fundamental role in Tf-mediated drug delivery. Mainly, binding affinity and avidity

constrain uptake and transport into the brain.

In the context of the BBB, binding affinity is inversely correlated to transport.®® Yu, et. al.
demonstrated that reducing the affinity of anti-TfR antibodies enhanced RMT compared to high-
affinity variants. While high affinity variants can ensure TfR binding, they are unable to release
from the TfR once on the abluminal (brain) side, preventing effective accumulation in the
parenchyma. Furthermore, high affinity binding alters trafficking routes from recycling to
degradation, whereas low affinity binding is more capable of transcytosis.’® Similarly, avidity is
inversely correlated with transport, which has been demonstrated with both anti-TfR antibodies
and Tf ligands.’”® Niewoehner, et. al. decorated shuttles with anti-TfR antibodies as a single
(monovalent) or double (bivalent) formulation.?” Carriers with monovalent TfR binding underwent
successful transcytosis in vitro and in vivo, whereas carriers with bivalent binding induced
lysosomal sorting and subsequent degradation. In agreement, Wiley, et. al. varied the Tf content
on gold nanoparticles and showed that high Tf-content (high avidity) nanoparticles were unable to

detach from the TfR on the abluminal (brain) side of the BBB.3®
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8.5.3 Acid-labile transferrin targeted particles

Motivated by studies investigating how affinity and avidity influence transcytosis, Clark and Davis
engineering transferrin-targeted nanoparticles with acid-cleavable linkers between transferrin and
the nanoparticle core, facilitating release of the nanoparticle from the TfR to promote entry into
the brain (Figure 8.5).3° Following TfR binding and internalization, the drop in pH in the
endosome triggered cleavage of the linker between Tt and the nanoparticle core. Thus, upon fusion
of the endosome with the abluminal (brain) side of the cell, the nanoparticles are unbound and free
to diffuse into the parenchyma. Together, this design retains high affinity TfR binding but also
facilitates subsequent release. Significantly, the pH-labile linker enhanced the ability of Tf-
containing nanoparticles to enter the brain, but did not affect particles employing anti-Tfr
antibodies. This emphasizes the sensitivity of Tf: TR interactions and how they direct intracellular
trafficking. This work was further supported by Wyatt, who employed a pH-dependent boronic
acid-diol linker in polymeric nanoparticles for camptothecin delivery to brain metastases.*
Building on these studies, Ruan, et. al. incorporated detachable ligands and influx transporter
substrates to enhance subsequent exocytosis.*! Specifically, following acid-mediated cleavage of
Tf, a glucose analog was exposed, which bound to glucose transporters and accelerated exocytosis
from the endosome into brain parenchyma. Together, these results underscore how pH-sensitive,

transferrin-targeted nanoparticles can be successfully employed for brain cancer applications.
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Figure 8.5: Schematic of acid-cleavable decoupling of Tf. Binding of the Tf-coated nanoparticle

to the TfR triggers internalization. Endosomal acidification cleaves the acid-labile bond,

separating the Tf ligands from the nanoparticle core. Upon endosomal fusion with the abluminal

(brain) side of the cell, the nanoparticle can diffuse into the brain parenchyma. Reprinted with

permission under the Creative Commons license (https://creativecommons.org/licenses/by/4.0/)

from Bioeng Transl Med Volume 4:30-37 2018.%
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Chapter 9

Delivering nanodrugs across the blood-brain barrier for
glioblastoma treatment

Meilyn Sylvestre, Shixian Lv, Anisa Ashraf, Drew Sellers, Alexander Prossnitz,
and Suzie Pun

9.1 Abstract

Glioblastoma remains one of the most difficult cancers to treat and is largely uncurable. Treatment
options are limited by the nearly impermeable blood brain barrier (BBB), the most critical obstacle
for intravenous drug delivery to brain tumors. Receptor mediated transcytosis is an emerging
strategy to cross the BBB as it is non-invasive and utilizes endogenous pathways. In particular, the
transferrin pathway has been extensively investigated for drug delivery to the brain. Here, we
sought to use pH-sensitive, transferrin-targeted nanoparticles to facilitate transcytosis across the
BBB. Particles were engineered with acid-cleavable linkers between transferrin and the
nanoparticle core, with the goal of enabling the nanoparticle to diffuse into the parenchyma.
Instead, we demonstrated that targeted, non-labile nanoparticles showed the highest accumulation
in brains, yet remained trapped in the vasculature. Thus, future work will iterate on this
nanoparticle formulation to include (i) different targeting ligands or (if) pH-buffering polymers to

block endosomal acidification.

9.2 Introduction

Despite significant advances in cancer therapy, brain cancer patients still face a poor five-year
survival rate of 33%.' Gliomas and glioblastomas have a particularly low survival rate due to their
highly invasive nature, high rate of tumor recurrence, and the blood-brain barrier (BBB), a physical
barrier that excludes virtually all (> 98%) molecular and macromolecular therapeutics from
entering the brain. Crossing this barrier is the greatest clinical challenge to developing successful
brain cancer therapies.? Brain tumors (primary and secondary) are nearly inaccessible because they
exhibit minimal BBB disruption.’® Strategies that physically disrupt the tight junctions of the BBB
have minimal clinical utility due to the high risk of a burst influx of drug and toxins.* Direct

intracerebroventricular injection into the cerebral spinal fluid (CSF) can bypass the BBB, but the
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procedure poses a high risk for infection and 98-99% of the drug is lost to the blood because of
rapid CSF bulk flow and CSF turnover.>® As such, there is a desperate need to develop a non-

invasive therapy that can actively traverse the BBB.”

Receptor-mediated transcytosis (RMT) has emerged as a promising drug delivery strategy to cross
the BBB because it takes advantage of endogenous uptake pathways of the brain while leaving the
integrity of the BBB intact.? In the brain, RMT enables the transport of macromolecules that would
otherwise be excluded.” RMT is highly specific, and occurs when proteins engage with and are
endocytosed by receptors on the luminal (blood) side of the BBB, move through endothelial
cytoplasm, and are exocytosed on the abluminal (brain) side, where they diffuse through the
parenchyma.® Commonly leveraged receptors of RMT are the transferrin receptor (TfR), LRP

lipoprotein receptor, and insulin receptor.

T1R is an attractive receptor to mediate transcytosis through the BBB because it is highly expressed
on the luminal side of the BBB endothelium and facilitates one-way transport from the blood to
brain, unlike the LRP lipoprotein receptor which is highly expressed on both BBB endothelium
and in the brain.? Insulin-targeting can dysregulate insulin metabolism and risks inducing
hypoglycemia.®® Importantly, transferrin-conjugates have an established track-record to deliver
therapeutic payloads and achieve improved drug delivery and survival in animals.'®!? In the
context of the BBB, transferrin (Tf) can undergo three fates after binding to TfR: (i) recycling, (i)
degradation, or (iii) transcytosis into the brain parenchyma. In contrast, constructs that display
multivalent Tf with high receptor binding avidity are primarily directed to lysosomal
degradation.'>!* Because of lysosomal sequestration, less than 1% of the injected dose is actually
delivered to tumor cells.”> Efforts to improve TfR-mediated delivery to the brain include
engineered mouse or rat anti-TfR antibodies that undergo altered endocytic sorting; however, these
modifications are highly species-dependent, limiting clinical translation in humans.!®!”
Furthermore, native transferrin has a greater ability to cross the BBB than antibody counterparts.'®
Because Tf-modified carriers with reduced avidity demonstrate the greatest ability to traverse the
BBB, acid-cleavable Tt constructs have been synthesized, which enabled high-avidity particles to

enter the brain followed by shedding of Tf from the carriers at endosomal pH, freeing the carrier
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for diffusion into the parenchyma.'® Despite these important discoveries, delivery across the BBB

into the parenchyma remains a major limitation in developing effective brain therapies.

Given the pre-clinical success of transferrin to penetrate the BBB, we sought to direct intracellular
sorting of Tf-functionalized drug carriers toward transcytosis across endothelial cells of the BBB.
We report preliminary results investigating brain accumulation and transcytosis of acid-labile
carriers. To our surprise, the non-labile carriers showed the highest brain accumulation. However,
fluorescent microscopy revealed that these carriers remained trapped in the vasculature and did
not cross the BBB. We also demonstrate preliminary results establishing a brain tumor model

enabling non-invasive tumor burden monitoring.

9.3 Results

9.3.1 Synthesis of targeted pro-drug nanoparticles

We synthesized polyhydroxyethylmethacrylate (pHPMA) nanoparticles incorporating an acid-
labile linker with both camptothecin (CPT) and transferrin through a beta-thiopropionate and
boronic acid-diol complexation, respectively. These micelles self-assembled with a hydrophobic
CPT core and vicinal diols on the surface. CPT was chosen to validate particle efficacy, compared
to studies by Wyatt and Davis.'® The acid-cleavable moiety between Tf and the nanoparticle core
has been shown to facilitate transcytosis and diffusion through the brain parenchyma (Figure 9.1).
We employed transferrin as targeting ligands to increase likelihood of transcytosis, as it has an
enhanced likelihood of transcytosis compared to anti-transferrin receptor antibodies. Moreover,
using the native transferrin protein avoids the anti-drug antibody response generated against the
Fc-region of antibodies. Unlike anti-transferrin receptor antibodies, the human transferrin protein
demonstrates species cross-reactivity in mice and non-human primates, lending this technology

toward clinical applications.
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Figure 9.1: Schematic of acid-cleavable transferrin nanoparticles. Tf-targeted nanoparticles bind
to the TfR and trigger internalization. As endosomal pH drops, Tfis cleaved from the nanoparticle
core. Upon fusion of the endosome with the abluminal (brain) side of the cell, the nanoparticles
are unbound and free to diffuse into the parenchyma. Reprinted with permission under the Creative
Commons license (https.//creativecommons.org/licenses/by/4.0/) from Bioeng Transl Med Volume

4:30-37 2018.”°

First, the CPT pro-drugs were synthesized by conjugating CPT with a beta-thiopropionate linkage
(SCPT). This pH-sensitive linker degrades at low pH in order to rapidly release its
chemotherapeutic payload.?'?> SCPT was then conjugated to the pHPMA polymer. pHPMA-CPT
was then reacted with succinic anhydride to induce carboxyl group formation for further dopamine
conjugation (P-CPT-SA) (Figure 9.2). Human holo-transferrin was coupled with PBA via EDC
NHS (Tf-PBA) and was then reacted with the catechol groups on pHPMA-CPT, forming a boronic
ester linker. The resulting boronic esters are pH-sensitive, enabling transferrin to decouple from
the nanoparticle at endosomal pH 5-6.!%2 Additionally, boronic esters are readily reacted with
diols and are stable in aqueous conditions. Control particles were synthesized through direct Tf
conjugation with P-CPT-SA via EDC NHS (Tf-amide) (Figure S9.1). Untargeted particles with
(non-Tf-Dop) and without (non-Tf~-COOH) dopamine were allowed to self-assemble directly in

aqueous conditions. Nanoparticles were fluorescently labeled with a Cy5 fluorophore via EDC
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NHS reaction. Polymer structure was validated by 'H NMR (Figure S9.2). Drug loading (16%)
was evaluated by UV spectroscopy (Figure S9.3) and nanoparticle size, measured by dynamic

light scattering, was determined to be around 60 nm (Figure S9.4).
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Figure 9.2: Schematic of synthesis of particles. An acid-labile beta-thiopropionate bond was
introduced to CPT (SCPT). This CPT pro-drug was then reacted with pHPMA, succinic acid, and
dopamine for subsequent conjugation with Tf-PBA. The resulting nanoparticles employed two pH-

sensitive chemistries to facilitate drug release and Tf-decoupling at endosomal pH.

9.3.2 Development of transcytosis assay

We screened nanoparticle transcytosis in vitro using a transwell assay, an artificial model of the
BBB, either as a single-cell culture or dual co-culture. In this model, cells are grown into
monolayers on a membrane insert; here, we used a murine brain endothelial bEnd.3 cell line. Cells
were cultured until monolayers formed, as indicated by tight junction integrity reaching a

transepithelial/transendothelial electrical resistance (TEER) value above 30 Qcm?. Fluorescently-
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labeled substrates are then added to the top (apical) compartment of the model and transport into
the bottom (basal) compartment is evaluated. First, we optimized the assay using only bEnd.3 cells
to ensure we could reproducibly make a model with tight junctions (Figure 9.3Ai). We plated
bEnd.3 at indicated cell number, monitored TEER growth over time, and determined that a number
of 75k or more cells are necessary to achieve a TEER of 30 Q#cm? (Figure 9.3B). The model was
validated by assessing transcytosis of holo-Tf, apo-Tf, and BSA (Figure S9.5A). As expected,
iron-bound holo-TTf crossed the monolayer, while iron-deficient apo-Tf and BSA had minimal
transport. Next, we developed a co-culture model using bEnd.3 cells and primary murine
greater barrier strength, exhibited by higher TEER and lower permeability, contributing toward a
more robust model of the BBB.?* We then incorporated astrocytes into our transwell model as they
play a role in inducing and maintaining endothelial BBB properties and closely associate with
endothelial cells.?’ Furthermore, astrocytes are the most abundant glial cell in the brain and have
been positively correlated with BBB integrity in vivo.?® Neural progenitor cells (NPCs) were plated
on laminin-coated transwells for 4 days in astrocyte-differentiation media. NPCs were plated on
either the apical or basal compartment at varied cell density. On day 5, bEnd.3 cells were plated
onto the apical compartment, and TEER value was measured on days 11, 14, and 17 (Figure 9.3C).
From this study, we determined that astrocytes cultured on the basal-facing compartment at a

density of 90-100k were able to achieve barrier integrity.

229



: “ " endothelial LL MJJ
IeISIEIRInIR [R1u IRy 8] e [RTe]
g\ astrocyte

NPC Co-culture

B bEnd.3 Cc
40 -
—— 10k 40 Apical Basal - 80k
= 20k 357
€ 30 < 304 = 90k
z R P -+ 100k
s Tk 8 g0 - 120k
x 100k & 454
w w
E 10 125k ~ 104
5A

o
o

N Vv ) V ©
& P &P P

Figure 9.3: Development of a transwell assay. A) Schematic of the transwells used to model the
BBB, as either (i) a single bEnd.3 monolayer culture, or a co-culture of astrocytes and bEnd.3
cells, with astrocytes plated on the (ii) apical compartment or (iii) basal compartments. B) bEnd.3
cells were cultured at different densities (10, 20, 30, 75, 100, and 125k) on transwell membranes
and TEER was monitored. Monolayer integrity was determined when TEER > 30 *cm?. C) To
develop a co-culture model of bEnd.3 and astrocytes, astrocytes were cultured at different

densities (80, 90, 100, or 120k) on either the apical or basal-facing side of the transwell.

9.3.3 Brain accumulation of nanoparticles
We compared the accumulation of targeted, acid-labile nanoparticles with untargeted and non-
labile particle in the brains of normal mice. We used normal mice to assess accumulation and

transcytosis due to the retained integrity of the blood-brain barrier; if particles could efficiently
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cross into the parenchyma of normal mice, we posited that they would also be effective in tumor-
bearing mice. Mice were injected intravenously (IV) with targeted acid labile (Tf-PBA), targeted
non-labile (Tf-amide), and untargeted control particles (non-Tf-Dop and non-Tf-COOH,
respectively) at 5 mg CPT/kg. After 1 and 2 hours, mice were perfused with PBS and major organs
were imaged for fluorescence. Brains were homogenized in RIPA buffer and supernatant was
assessed for nanoparticle content on a fluorescent plate reader; fluorescence was normalized to
protein content. The targeted, non-labile particles (Tf-amide) demonstrated the highest brain
accumulation over acid-labile (Tf-PBA) and untargeted controls (non-Tf-COOH) (Figure 9.4A-
B). As expected, all particles showed high accumulation in the lungs, liver, and kidneys. Because
targeted, non-labile particles showed the most accumulation, we characterized transport of these
formulations. We assessed nanoparticle persistence by injecting mice with particles (5 mg/kg) and
assessing nanoparticle content at 2, 4, 8, 12, and 24 hours after injection (Figure 9.4C). Particles
rapidly accumulated in the brain in the first two hours after injection and persisted for over 24
hours. We next repeated the study in biological triplicate at 1, 2 and 4 hours after injection (Figure
9.4D). However, we obtained inconsistent results with unexpectedly high accumulation by non-
targeted controls. One possible explanation for the high variability is instability of the particulate
formulations. Future work will assess nanoparticle stability over time. Lastly, we sought to
visualize nanoparticle transport in the brain with fluorescent microscopy (Figure 9.3E). Cy5-
labeled Tf-amide nanoparticles were injected IV and after 2 hours, mice were perfused and brains
were removed. Brains were stained for endothelial cells and astrocytes with anti-CD31 and anti-
GFAP antibodies, respectively. We stained for endothelial cells to locate blood vessels and
assessed astrocyte staining in the parenchyma. Overall, nanoparticles accumulated in the blood

vessels but were not transported across the BBB.
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Figure 9.4: Nanoparticle accumulation in normal mice. A) Nanoparticles (5 mg/kg) were injected
and brains were removed after 1 and 2 hours. Brains were homogenized and nanoparticle
fluorescence was normalized to protein content. B) Brains and organs were imaged on an IVIS
Xenogen to qualitatively assess fluorescent nanoparticle accumulation. C) Nanoparticle
persistence was at 2, 4, 8, 12, and 24 hours after injection. D) Nanoparticle accumulation was
assessed in biological triplicate. E) Mice were injected with Cy5-labeled nanoparticles and brains

were sectioned and stained for endothelial cells (anti-CD31) and astrocytes (anti-GFAP).

9.3.4 Development of brain tumor model
To assess tumor reduction of our nanoparticles, we sought to develop a brain model that would
enable us to monitor tumor burden continuously and non-invasively. Thus, we transduced

DBTRG-05MG cells, immortalized human glioblastoma cells, to express GFP and luciferase
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(Figure 9.5A-C). GFP expression enables easy differentiation of tumor (GFP") from healthy
(GFP") cells in the brain to visualize tumor burden via fluorescent imaging. Luciferase processes
its substrate, D-luciferin, to produce a sensitive, bright signal that is only emitted by cells that
express luciferase.?’” Furthermore, D-luciferin readily crosses the BBB. After implanting mouse
brains with luciferase-expressing cells, tumor burden was monitored by bioluminescent live-
animal imaging (Xenogen). As Xenogen is mostly semi-quantitative, we also quantified tumor
burden in brains ex vivo by luciferase reporter assay. We used nonobese diabetic-severe combined
immunodeficient (NOD-SCID) mice because of their defects in innate and adaptive immunity,
which make them better recipients for human tumor transplantation.?® Tumor cells were implanted
in the striatum (1 mm anterior to bregma, 1 mm lateral to midline, 2 mm depth) and tumor burden
was monitored weekly by live-animal bioluminescent imaging. Tumor-bearing mice exhibited
increased luciferase activity over time, suggesting tumor burden was increasing (Figure 9.5D).
Next, we quantified tumor burden in the ipsilateral (tumor-implanted) and contra-lateral (opposite)
hemispheres of brains from mice each week to assess luciferase activity per ug of tissue (Figure
9.5E). We demonstrate that all implanted mice exhibited increasing tumor burden over time, as
evidenced by both Xenogen and luciferase assay. Tumors primary stayed within the implanted
ipsilateral hemisphere, but by week 4, some tumors expanded into the contralateral hemisphere.
Finally, we visualized tumor growth by fluorescent microscopy, staining for cell nuclei (DAPI,
blue), blood vessels (CD31, cyan), and microglia (Ibal, red); tumors cell expressed GFP (green)
(Figure 9.5F). We observed the tumor increasing in area, as well as increasing microglia
(macrophage) infiltration. At later time points, we also observed tumor cell migration to the edges

of brain slices, suggesting the start of tumor metastasis.
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Figure 9.5: Measuring tumor burden in vivo. A-C) Transformed DBTRG cells express luciferase
(A) and GFP (B-C). D) Quantification of tumor burden via live animal imaging (Xenogen) over 4
weeks after implantation. E) Quantification of luciferase activity in ipsilateral and contralateral

hemispheres of the brain. F) Fluorescent microscopy of brains from tumor-bearing mice.
9.3.5 Tumor reduction with targeted nanoparticles

After developing the tumor model, we investigated the anti-tumor efficacy of targeted and non-

targeted nanoparticles in vivo. Although there was some variability with brain accumulation of
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particles, we decided to pursue these particles based on observed trends, although not statistically
significant. Furthermore, despite lack of transcytosis into the parenchyma, we hypothesized that
particles could accumulate in the vasculature near the tumor and release drug that could
subsequently cross the BBB and enter the tumor. This has been previously reported with
transferrin-targeted liposomes, which increased cargo uptake in the endothelium and subsequent
cargo transport into the brain.?’ Brain tumors were implanted in NSG mice and mice were injected
IV with (i) PBS, (@i) irinotecan 10 mg/kg, (iii) non-targeted NPs at 10 mg CPT/kg, or (iv) targeted
NPs at 10 mg CPT/kg for 3 injections (Figure 9.6A). Irinotecan is the soluble analogue of
camptothecin and was used as a free drug control. During this round of implantations, 9 mice died
before the initial treatment. Mice exhibited severe bloating and constipation; upon autopsy, we
confirmed that the mouse intestines were full of feces. We posited that the brain tumors could be
interfering with the autonomic nervous system and ability to defecate, but this was not validated.
This issue continued to affect all mice throughout the first two weeks following implantation, but

surviving mice recovered after this time period.

Tumor burden was monitored throughout the study via bioluminescence (Figure 9.6B) and final
tumor burden at the end of the study (day 35 post-implantation) was quantified by homogenizing
brains and assessing luciferase activity (Figure 9.6C). While cohorts receiving targeted NPs had
the lowest average tumor burden compared to PBS and irinotecan cohorts, this was not statistically
significant. Furthermore, no mice from the nontargeted NP group survived (Figure 9.6D); this
formulation was significantly more toxic than free drug or targeted NPs, as exhibited by severe
weight loss of mice in this group (Figure 9.6E). Overall, targeted nanoparticles did not extend

survival compared to irinotecan or PBS treatment.
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Figure 9.6: Anti-tumor efficacy of particles in vivo. A) Overview of study design. B) Tumor burden
evaluated by live animal bioluminescent imaging. C) Tumor burden quantified in ipsilateral and
contralateral hemispheres of homogenized brains. D) Survival of mice treated with PBS,
irinotecan, nontargeted, or targeted nanoparticles. E) Weight of mice throughout the duration of

the study. (n = 5-7 mice/group)

9.4 Discussion

Here, we developed nanoparticles with a Tf-targeting ligand and CPT payload with the goal of
transporting therapeutics past the BBB. We incorporated an acid-labile linker between Tf and the
nanoparticle core based on prior research suggesting that cleavage at endosomal pH facilitates
transport through the BBB and into the brain.'®!° We first developed a single-cell transwell model
to simulate the BBB, and are working on developing a two-cell transwell model to include

astrocytes. Preliminary assessment of nanoparticle biodistribution demonstrated that targeted, non-
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labile particles had higher accumulation than targeted, acid-labile particles, but this work was not
able to be replicated. Furthermore, fluorescent microscopy revelated that these particles remained
trapped in the vasculature and did not cross into the parenchyma. Despite this lack of transport into
the brain, we hypothesized that particle accumulation in the brain vasculature could enhance drug
transport into the brain. When applied to an in vivo glioblastoma model, mice treated with targeted
nanoparticles had a slight reduction in tumor burden, but this was not statistically significant;

additionally, there was no difference in survival between treated and untreated mice.

We initially detected significantly increased accumulation of Tf-amide nanoparticles, but when we
sought to reproduce this study, we were not able to replicate our pilot results. We initially assumed
that Tf instability prevented us from reproducing this study; however, when we repeated the
accumulation studies again with freshly prepared particles, we were still unable to detect
significantly higher Tf-amide brain accumulation. Non-targeted particles had a higher amount of
accumulation, particularly at later time points, but targeted particles also had lower than expected
accumulation. While we determined that particle stability was not the cause of decreased
accumulation, we still have not identified the cause of our inconsistent results. The initial studies
may have been an anomaly, but we observe that targeted particles follow trends suggesting they
may have increased accumulation. Small differences between studies could precipitate these
differences, such as variability in protein stock that result in variable Tf conjugation and valency.
If the Tf valency is too high, then particle binding and uptake could be decreased due to steric
hindrance.” Tuning the degree of protein attachment to the polymer could help overcome this issue,
but we have not quantified the degree protein conjugation to the polymer, as this process is quite
complex. Determining the polymer-to-protein ratio (PPR) is challenged by the large size and
complexity of these conjugates, including the heterogeneity of the conjugates based on polymer
polydispersity; multiplicity of conjugation sites; and randomness of protein conjugation to the
polymer.?’ While several methods (e.g. size exclusion chromatography or mass spectroscopy) can
provide some information of the PPR, these modes limited by biased ionization of conjugates with
different PPRs and by the challenge of preserving noncovalent higher-order aggregates in a
vacuum. A recent paper by Clardy et al. identified a method using multisignal sedimentation
velocity analytical ultracentrifugation to quantify PPR.?° In the future, we could apply a method

such as this to determine and fine-tune PPR in order to enhance particle avidity and binding.
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For targeted nanoparticles that showed enhanced brain accumulation, fluorescent microscopy
revealed that particles remained trapped in the vasculature and did not enter the brain. This
entrapment could be due to the lack of Tf dissociation in the endosome, preventing release of the
nanoparticle from intracellular compartment. We did not section brains injected with the acid-
labile particles. However, this study could be useful in the future to inform if the acid-labile Tf-
conjugation improved transport into the brain. Perhaps the non-labile chemistry increased particle
accumulation in the brain, but only the acid-labile particles possessed the ability to transcytose.
These differences in accumulation could be attributed to differences in Tf conjugation, but we have

not quantified Tf-conjugation, as discussed above.

Despite these inconsistencies, we evaluated the potential of these particles to reduce tumor burden
in vivo. However, the study was complicated by both the unexpected toxicity of the brain tumors
and the non-targeted nanoparticles. In the pilot tumor implant study, we characterized tumor
growth over time and determined that mice experienced some intestinal blockage, but this occurred
around week 3, when the tumor had progressed further. When we scaled up the study to compare
efficacy of our particles, mice experienced these issues by the end of week one, post implantation.
We were not able to find any reports documenting the symptoms mice presented after brain tumor
implantation; but we hypothesized that mice were experiencing colonic dysmotility based on
presentations of distended abdomen (severe bloating) and significantly reduced feces excretion.
Correlation between traumatic brain injury and intestinal dysfunction has been established,
although this does not explain why this dysfunction presented at different times (1 vs. 3 week post-
implant) between studies.>**! Due to the accelerated disease progression in the second study, mice
were treated with particles at an earlier time. Unfortunately, we did not detect any significant
difference in survival between the targeted nanoparticle, free drug, or PBS-treated groups. The
lack of efficacy of irinotecan suggests that the drug dose was insufficient, as irinotecan is currently
administered for glioblastoma treatment.3? Furthermore, the DBTRG tumor model may have been
too aggressive for this drug to exert any detectable anti-tumor efficacy, and the use of an
immunodeficient mouse model without functional T or B cells may have also hindered detectable
efficacy. Irinotecan can induce immunogenic cell death (ICD) which can activate and recruit
cytotoxic T cells; but NSG mice lack a functional adaptive immune responsive, further dampening

any anti-tumor effects.3 Lastly, nontargeted CPT nanoparticles were significantly more toxic than
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other treatments, and no mice in this treatment cohort survived past week 4 post implantation and
all mice exhibited extreme weight loss. This toxicity was unexpected, as we expected less uptake
of particles without Tf and thus less off-target delivery of CPT. The lack of a targeting moiety left
a free carboxylic acid that may contribute to increased toxicity, as carboxylic acid-containing drugs
have been linked with idiosyncratic drug toxicity. Biodistribution studies could help explain the
reason for increased toxicity, although the enhanced uptake and toxicity of nontargeted particles

has been noted in vitro as well (Figure S9.6).

9.5 Methods

Nanoparticle synthesis. CPT prodrug was synthesized in two steps. In brief, CPT and
triethylamine were mixed in dichloromethane (DCM) in an ice bath. Acryloyl chloride was added
dropwise and the reaction mixture was stirred overnight. The intermediate CPT acrylate was
purified by chromatography using pure ethyl acetate (yield 85%). CPT acrylate,
mercaptopropionic acid, and triethylamine were mixed in tetrahydrofuran. After stirring at 50 °C
for 14 h, SCPT was obtained and purified by chromatography in DCM/methanol (20:1) (yield
50%). The pHPMA (M, 36 kDa, PDI 1.01) was synthesized via RAFT using 4-((((2-
Carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic acid as a chain transfer agent (CTA).

SCPT was conjugated to pHPMA using EDC 4-dimethylaminopyridine (DMAP) agents. In brief,
pHPMA, SCPT, EDC, and DMAP were dissolved in dry DMF, and the reaction was stirred
overnight and then precipitated into dimethyl ether. The conjugate was purified by dialysis against
DI water. SCPT, succinic anhydride, and DMAP were mixed in DMSO at 50 °C for 18 h to
introduce the carboxyl groups on the side chain, and the obtained polymer-drug conjugate was
further functionalized with dopamine using a typical EDC NHS reaction at a feeding ratio of
polymer:dopamine of 1:100. The final polymer-drug conjugate was purified by dialysis against DI

water to remove unconjugated dopamine.

Tf was modified with PBA following the reaction schematic shown in Figure 9.1. Targeted, acid-
labile nanoparticles were prepared by complexation of Tf-PBA and dopamine-functionalized
polymer-drug conjugate at the mass ratio of 1:10. Targeted, non-labile nanoparticles were prepared

by reacting Tf with polymer-drug conjugates (modified with succinic acid on the side chain) via
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EDC NHS at a mass ratio of Tf:polymer-drug conjugate of 1:10. Nanoparticles were purified by
ultrafiltration against PBS.

Nanoparticle characterization. Polymers were characterized by '"H NMR and UV spectroscopy.
"H NMR spectra were recorded on a Bruker AV 300 in DMSO-d6. Drug loading was monitored
by UV spectroscopy at 367 nm. Nanoparticle size was assessed via DLS.

Cell culture. bEnd.3 and DBTRG-05MG cells were obtained from ATCC and cultured in DMEM
supplemented with 10% FBS and RPMI supplemented with 10% FBS and 1% PenStrep,
respectively. DBTRG-05MG cells were transduced with recombinant luciferase (rFluc)-GFP
lentivirus (System Biosciences) under Puromycin selection. rFluc expression was quantified via

Luciferase Assay System (Promega) and GFP* expression was quantified via flow cytometry.

Transcytosis assay. bEnd.3 cells were cultured for 30 days prior to use. Cells (80k/well) were
seeded in a 6.5 mm transwell insert (Corning) in a 24-well plate for 7 days.
Transepithelial/transendothelial electrical resistance (TEER) was measured using an EndOhm
Chamber with an EVOM2 (World Precision Instruments) to confirm monolayer integrity.
Monolayer confluency was reached when TEER exceeded 30 Q*cm?. Particles were added to the

apical well and concentration in the basal well was evaluated after 24 hours.

Animal studies. All animal studies were conducted in accordance with UW animal care guidelines
and protocols approved by IACUC. Female Balb/c mice (6-8 weeks) were ordered from Charles
River Laboratories. Particles were injected intravenous IV via tail vein injection at 5 mg CPT/kg.
At indicated time points, mice were euthanized by drug overdose and perfused with 20 ml PBS.
Brain, heart, lung, liver, spleen, and kidney were imaged on a IVIS Xenogen at ex/em 640/700
nm. For brain tumor studies, female NSG mice were anesthetized by intraperitoneal (IP) injection
of Avertin (500 mg/kg). After craniotomy, a burr hole (1 mm diameter) was created on the right
side of the skull and 2 ml of cells (50k in HBSS supplemented with 5% glucose and 5 mM EDTA)
were injected (I mm lateral midline, 1 mm anterior bregma, at 2 mm depth) using a 33 gauge

Hamilton syringe.
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Brain tissue processing. Brains were homogenized with a TissueRuptor II (Qiagen) in RIPA
buffer (Fisher) supplemented with 150 U/ml DNAse-I (Fisher). Supernatant was collected and
assessed for nanoparticles via fluorescent spectrophotometer (ex/em 633/666). Protein content was

assessed using a Pierce BCA kit (Thermo), as indicated.

Imaging. Brains were fixed in 4% PFA and dehydrated in a sucrose gradient up to 30%. Brains
were mounted in OCT and frozen at -80°C, prior to sectioning (Leica CM1850) into 30 mm slices
at -19°C as floating sections. Sections were washed in TBS and blocked and permeabilized in 2%
DKS +2% BSA +0.3% Triton-X in TBS for 1 hour. Sections were stained with anti-GFAP (1:500)
and anti-CD31 (1:500) primary antibodies, washed in TBS-Tween 0.1%, and incubated with
secondary antibodies (1:500) and DAPI (300 nM) for 1 hour. Sections were washed in TBS-Tween

0.1%, mounted onto slides, covered, and imaged with a Nikon Eclipse TI.
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Figure §9.3: UV spectroscopy was used to monitor CPT drug loading onto HPMA polymers.
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Chapter 10

Future directions

10.1 VIPER-D-R3 for peptide delivery to solid tumors

In Chapter 7, we developed peptide-polymer conjugates to deliver the peptide R3 to the cytosol
of cells. While the in vitro efficacy was promising, we faced issues detecting HMGBI release in
vitro, as well as inconsistent tumor inhibition in vivo. Future directions with this project include
verifying pathway specific immunogenic cell death; incorporating targeting ligands; investigating

efficacy via different delivery routes; and perhaps pursuing alternative peptide cargos.

10.1.1 Pathway specific cell death

The three hallmarks of immunogenic cell death are calreticulin translocation to the cell surface,
and release of ATP and HMBGI.!? While we successfully characterized calreticulin surface
expression and ATP release induced by R3 conjugates, we are unable to detect HMGBI release in
vitro. This is particularly confusing, as we successfully detected release of this DAMP with D-
melittin peptide-polymer conjugates (Chapter 6), suggesting that the polymer permits HMGBI1
detection. One possible explanation for this difference is that HMBGI1 and peptide R3 form a
complex, impeding extracellular HMBG]1 detection. While there are no reports suggesting this, we
could investigate this phenomenon by doping in various HMGBI1 concentrations with peptide
treated cells, and measuring resultant HMGB1 concentration after 3 hours, the half-life of HMBG1
in cell culture media.®> Additionally, we could investigate HMGBI release via confocal
microscopy, or co-culture of peptide-treated tumor cells and macrophages, and assess macrophage

activation.

We will also need to verify that formulations of R3 (CP-R3 and VIPER-D-R3) induce necroptosis,
either by inhibiting MLKL (e.g. necrosulfonamide) and assessing toxicity; confirming MLKL
phosphorylation by Western blot; or evaluating toxicity in MLKL or NLRP3 inflammasome
knockout cell lines. This can also be investigated in vivo by investigating anti-tumor efficacy when
co-treating mice with a pathway inhibitor, such as MCC950, a small molecule inhibitor of the

NLRP3 inflammasome. If R3 is inducing necroptosis, then administration of MCC950 should
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inhibit NLRP3 activation and ICD and thus result in tumor progression, despite VIPER-D-R3+ICB
treatment. In our initial attempt to investigate how MCC950 affected tumor growth, we noted
inhibition while MCC950 was administered concurrently with treatment (Figure S7.10).
However, due to toxicity of the inhibitor (soluble in 15% DMSO), we halted treatment early due
to poor mouse condition. After halting MCC950 treatment, tumor growth slowed and overlapped
with the growth trend of mice receiving just VIPER-D-R3+ICB without MCC950. Thus, we will

repeat this study using either a different inflammasome inhibitor or a water soluble iteration of it.

10.1.2 Incorporation of targeting ligands

The mannose receptor (CD206) is highly expressed by macrophages. We hypothesize that adding
a targeting ligand could improve uptake by tumor associated macrophages (TAMs), cells that are
implicated in potentiating tumor progression.*> Targeting would have the dual benefit of killing
TAMs while also activating inflammatory pathways in the tumor. Initial investigation with
mannose-VIPER-D-R3 revealed that this formulation is extremely toxic (4/5 mice dead) when
dosed at the same peptide concentration of PEG-VIPER-D-R3, implying increased cellular uptake
and toxicity. We determined that a slightly lower dose of mannose-VIPER-D-R3 ((3 mg D-melittin
+ 3 mg R3)/kg) was safe for repeat dosing, but were unable to observe tumor inhibition compared
to PBS-treated mice. However, anti-tumor efficacy may be pronounced when combined with ICB

treatment.

10.1.3 Investigation of different delivery routes

As we observed inconsistent efficacy with VIPER-D-R3+ICB treatment via I'V injection, we could
determine if this is caused by poor tumor delivery by comparing anti-tumor efficacy following IV
and direct intratumoral (IT) injection. Direct IT injection removes delivery barriers and will reveal
if poor efficacy is due to poor tumor delivery, or due to poor immunogenicity of the conjugate.

This method also permits higher dosing, as dose is not limited by systemic toxicity.

10.1.4 Incorporation of alternative immunogenic peptide cargos
Alternative platform designs could incorporate other immunogenic peptides with different targets.
Free peptide R3 has poor cytotoxicity in vitro, and is a very hydrophobic sequence that may

prevent efficient cytosolic delivery. Initial fluorescent microscopy using Cy5-labeled R3 revealed
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high overlap between the peptide and endosomes, perhaps suggesting peptide association with
endosomal membranes. The obvious alternative peptide to investigate would be R1 (derived from
conserved RHIM motif of RIPK1). We initially investigated RIPK3 as overexpression of this
protein alone can drive necroptosis.® However, RIPK3 associates with RIPK1 to form the

necrosome, which activates downstream signaling; both kinases are critical for necroptosis.

We could also investigate more upstream activators. While RIPK1 and RIPK3 form the machinery
of necroptosis, we could also deliver peptide inducers of this process. For example, ER stress is a
key inducer of necroptosis. Pharmaceutical inducers (i.e. tunicamycin, thapsigargan) can cause ER
stress after 5 hours of treatment.” The peptide PFR (PFWRIRIRR-NH>) is an antimicrobial peptide
that induces necroptosis by inducing ER stress (expression of GRP78, ER stress marker), elevating
mitochondrial ORS production, and increasing levels of phosphorylated RIPK1, RIPK3, and
MLKL.® This peptide was used to treat acute myeloid leukemia and would perhaps have similar

efficacy in solid tumors.

LTX-315 is another potential peptide of interest. While its ability to induce immunogenic cell
death has been well characterized in vitro and its anti-tumor effect and changes to local immune
populations have been demonstrated in vivo, the route of administration of LTX-315 seems to be
limited to direct intratumoral injection.”! VIPER could be an excellent platform to enable

systemic dosing.

10.2 Targeted nanoparticles for chemotherapeutic delivery to brain tumors

In Chapter 9, we developed transferrin-decorated polymeric nanoparticles to deliver camptothecin
(CPT) past the blood-brain barrier (BBB). However, this system demonstrated inconsistent brain
accumulation in vivo, did not significantly reduce tumor burden compared to free drug, or extend
survival in tumor-bearing mice. Furthermore, non-targeted formulations were transported across
monolayers to a higher extent than targeted formulations. Future work on this project requires
designing a new generation of nanoparticles. We are investigating both additional targeting ligands

and alternative core nanoparticle chemistry.
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10.2.1 Incorporation of alternative targeting ligands

The original generation of nanoparticles were conjugated to transferrin, enabling transferrin-
mediated transcytosis. Due to lack of observed transport in vitro and in vivo, we are pursuing
alternative ligands, such as apolipoprotein E (ApoE) and angiopep-2, ligands for the lipoprotein
receptor pathway (LRP) receptor, and comparing transport to that of transferrin-decorated
particles. Several studies have demonstrated that ApoE enables nanoparticles to enter the BBB in
vivo, as it is recognized by LRP receptors on endothelial cells.!!"!* Similarly, the synthetic LRP1
peptide ligand, Angiopep-2, is also employed to shuttle nanodrugs across the BBB.!*!> And in
comparison to transferrin peptide ligands, Angiopep-2 demonstrated superior trafficking into the
brain parenchyma, particularly when synthesized with a trileucine (LLL) residue, which facilitates

intracellular endosomal escape.'¢

10.2.2 Incorporation of alternative core chemistries

We are also investigating the use of pH-buffering polymers to enhance transcytosis. In the original
iteration of particles, we hypothesized that acid-labile decoupling of transferrin from the
nanoparticle core would facilitate transcytosis.!”!'® However, we determined that non-acid-labile
particles experienced greater brain accumulation than acid-labile formulations, and hypothesized
that the increased brain accumulation would increase drug diffusion to brain tumors.'® This trend
was not statistically significant in tumor bearing mice, so future particles should be designed for
enhanced transcytosis. To this end, we are designing nanoparticles with pH-buffering polymers to
attenuate endosomal acidification, with the hypothesis that this will increase transcytosis of drug
carriers through the BBB. Following cellular uptake and endosomal acidification, pH-buffering
polymers will be protonated, neutralizing endosomal acidification and preventing lysosomal
sorting. Endosomal pH modulation has been shown to alter intracellular sorting, resulting in
increased transcytosis in vitro by up to 24-fold and significantly increasing brain accumulation in
vivo.2%2! To do this, we are incorporating hydroxychloroquine (HCQ) monomers into the
nanoparticle design.?> We are now comparing the effect of these targeting ligands (transferrin,
ApoE, and Angiopep-2) and nanoparticle cores (HPMA or HCQ) on transcytosis across a
monolayer, and on tight junction permeability (claudin-5, ZO-1 tight junction proteins).
Additionally, we will assess how these nanoparticles are trafficked in vitro by staining early and

late endosomes (EEA-1 and Rab7 antibodies, respectively) and if endosomal buffering can reduce
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endosomal maturation into lysosomes. Preliminary results suggest that targeted iterations of HCQ

particles have enhanced uptake compared to non-targeted particles. Future work on this project

will identify the optimal targeting ligand and core chemistry for increased transcytosis and

investigate if these modifications enhance brain accumulation and transport into the parenchyma.
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