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ABSTRACT

Immunostimulatory therapies that activate immune response pathways are of great interest for
overcoming the immunosuppression present in advanced tumors. Agonistic antibodies against
the co-stimulatory receptors CD40 and CD137, Toll-Like Receptor (TLR) ligands such as CpG
oligonucleotides, and immunostimulatory cytokines such as IL-2 have all previously
demonstrated potent, synergistic anti-tumor effects. However, the clinical use of such therapies
is significantly hampered by the severe, dose-limiting inflammatory toxicities provoked upon
systemic exposure. We hypothesized that by anchoring immunomodulatory agents to lipid
nanoparticles we could retain the bio-activity of therapeutics in the local tumor tissue and tumor-
draining lymph node, but limit systemic exposure to these potent molecules. We first prepared
liposomes bearing surface-conjugated anti-CD40 and CpG and assessed their therapeutic
efficacy and systemic toxicity compared to soluble versions of the same immuno-agonists,
injected intratumorally in established solid tumors in mice. Anti-CD40/CpG-coupled liposomes
significantly inhibited primary tumor growth and induced a survival benefit similar to locally
injected soluble anti-CD40+CpG. Biodistribution analyses following local delivery showed that
the liposomal carriers successfully sequestered anti-CD40 and CpG in vivo, reducing leakage
into systemic circulation while allowing draining to the tumor-proximal lymph node. Contrary
to locally administered soluble immunotherapy, anti-CD40/CpG liposomes did not elicit
significant increases in serum levels of ALT enzyme, systemic inflammatory cytokines, or
overall weight loss, confirming that off-target inflammatory effects had been minimized. Thus,
these results confirmed the development of a delivery strategy capable of inducing robust anti-
tumor responses concurrent with minimal systemic side effects.

We next assessed the dissemination of the tumor-specific immune response that had been primed
by locally administered, liposome-conjugated therapy. Since anti-CD40/CpG-coupled liposomes
were unable to consistently induce the rejection of a secondary distal tumor challenge, we
adapted the strategy of liposome-coupled delivery for the administration of anti-CD137 and IL-2,
two potent T cell-stimulatory agents. Local intra-tumoral therapy using anti-CD137-liposomes +
IL-2-liposomes induced the highly potent inhibition of primary treated tumors and achieved a
majority of complete cures, while successfully minimizing systemic exposure and eliminating
symptoms of inflammatory toxicity, including lethality. In addition, 100% of anti-CD137 + IL-2
liposome-treated mice were protected against a secondary distal tumor challenge, and
demonstrated a significant delay in the progression of simultaneously inoculated, distal untreated



tumors. Subsequent analyses confirmed that anti-CD137-liposomes and IL-2-liposomes bound
specifically to cytotoxic T cells (CTLs) within the treated tumor, and that the depletion of CTLs
abrogated the therapeutic anti-tumor response. Overall, these results indicated the effective local
priming of an adaptive tumor-specific response, capable of mediating local, systemic, and
memory anti-tumor immunity. The versatility of this liposome conjugation strategy suggests that
we have developed a generalizable tool enabling the local delivery of highly potent
immunomodulatory agonists in the absence of systemic toxicity, which could substantially
improve the clinical applicability of such agents in cancer therapy.
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CHAPTER 1: Background and Motivation

1.1. Immunomodulatory therapies for tumor treatment

Tumors possess a wide variety of mechanisms to enable evasion from detection and
elimination by the host immune system.!” These mechanisms include the impairment of tumor-
infiltrating effector cells such as NK cells and cytotoxic T cells (CTLs) either directly (via
induction of apoptosis or anergy) or indirectly (via secretion of inhibitory cytokines leading to
tolerance); the downregulation of antigen expression, antigen presentation, and co-stimulatory
pathways to hinder induction of tumor antigen-specific immune responses; and the recruitment
of immuno-suppressive cells such as regulatory T cells and myeloid-derived suppressor cells.
Therefore, a potentially powerful therapeutic strategy for tumor treatment is to stimulate the host
immune system in order to counteract these mechanisms of tumor-induced suppression, while
allowing the tumor itself to act as a depot site of tumor antigen release.

Previous studies have successfully demonstrated this strategy with the administration of non-
cell-based biologic therapies, such as cytokines, siRNA, monoclonal antibodies, or Toll-like
Receptor (TLR) agonists, as well as small-molecule drugs. For example, antibodies against
CTLA-4, PD-1, or IL-10 receptor can counteract tumor-associated immune tolerance by
blocking tumor-induced suppressive effects on CTLs, dendritic cells, and other immune
subsets.>* Similarly, siRNA or small-molecule compounds that inhibit the immuno-suppressive
STAT3 pathway can induce significant anti-tumor responses, from the delay of tumor
progression up to the complete regression of established tumors.” On the other hand, cytokines
such as GM-CSF, interferon-alpha (IFN-a), IL-2, or IL-12, antibodies such as anti-CD40, anti-

0X40, or anti-CD137, and TLR agonists such as CpG oligonucleotides can directly provide
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costimulatory signals to antigen-presenting cells (APCs) or tumor-specific T cells, to trigger the
effective priming of an anti-tumor immune response.*® Furthermore, these therapies can be
combined with cell-based therapies, such as the adoptive transfer of ex vivo-primed tumor
antigen-specific T cells or ex vivo-activated antigen-primed APCs, thereby delivering a potent

1011 Over the

strike against the tumor and re-activating various facets of anti-tumor immunity.
past two decades, these strategies of anti-tumor immunotherapy have shown enormous promise
in successfully treating a wide variety of pre-clinical animal tumor models, as well as in a

growing number of clinical trials.'***

1.2. Systemic toxicity and other limitations of tumor immunotherapy

While there are many forms of tumor immunotherapy that have proven highly effective in
pre-clinical models, the clinical usage of immunotherapies for cancer treatment remains limited.
Cell-based therapies, such as the adoptive transfer of autologous tumor antigen-specific T cells
for the treatment of melanoma, are expensive procedures that are labor-intensive and require
highly specialized technical expertise. Despite promising results in clinical trials for metastatic
melanoma patients, adoptive T-cell therapies have yet to demonstrate sufficient improvements in
efficacy (compared to currently established cancer therapies) in order to achieve market approval
in the US.'"!"" Additional complexities such as the genetic engineering of T cells (for increased
proliferation and resistance to apoptosis, or improved effector function) prior to adoptive transfer
can enhance the overall efficacy of therapy, but require even greater levels of labor, cost and
technical expertise. Presently, the only FDA-approved cell-based cancer therapy is Sipileucel-T
for the treatment of advanced prostate cancer, in which autologous leukocytes are isolated from a

patient, cultured and activated in the presence of a prostate cancer antigen and the immune-
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stimulatory cytokine GM-CSF, and then re-infused into the patient. The overall cost of
Sipileucel-T reaches nearly $100,000 per patient, and provides an average increase in survival
time of only 4.1 months.'""?

Non-cell-based biologic immunotherapies have also been tested in a vast array of pre-clinical
tumor models and clinical cancers. Such immunotherapies, although considerably more
expensive than traditional regimens of chemotherapy, are nevertheless far more affordable than
cell-based therapies. However, the primary limitation of many immunotherapeutic agents,
despite extensive records of potent efficacy in small-animal models, is that these agents can elicit
serious (potentially fatal) side effects following systemic infusion, due to nonspecific systemic

activation of leukocytes. ¢!

Thus, the clinical effectiveness of many immunostimulants has
remained limited by the lack of a strategy to achieve therapeutic efficacy while avoiding
excessive systemic exposure.

Dose-limiting toxicities of anti-tumor immunotherapies have been observed in multiple pre-
clinical animal studies and human clinical trials.'®*'** For example, the co-administration of the
immunostimulatory cytokines interleukin-12 (IL-12) and IL-18 causes a fatal inflammatory
response in mice, characterized by high levels of systemic inflammatory cytokines such as
interferon-gamma (IFN-y) and tumor necrosis factor-alpha (TNF-a) released into the serum
(“cytokine storm”).2! IL-2 cytokine therapy, though already approved for the treatments of
advanced metastatic melanoma and renal cancer, requires in-patient monitoring and
administration due to its potentially fatal side effects, and in particular “vascular leak syndrome”,
in which leakage from blood vessels and capillaries can cause a dangerous loss of blood pressure

6

and significant fluid accumulation in the lungs.'® Similarly, immuno-agonistic monoclonal

antibodies such as anti-CD40 and anti-CTLA-4 have demonstrated anti-tumor efficacy
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simultaneous with similar dose-limiting systemic side effects in both mice and humans.!”**?°
Systemic or off-target inflammatory toxicities observed in human patients have included liver
damage, transient depletions or abnormalities in circulating hematologic cell populations,
inflammatory ocular damage, symptoms of severe autoimmunity, and serum cytokine release,
which causes fatigue, nausea, fever, and muscular aches.”>*>?® In the most severe case, a phase |
safety study of the T-cell stimulatory antibody anti-CD28 resulted in near-lethal inflammatory
shock and multi-organ failure in human patients, despite having shown no signs of lethal
inflammatory toxicity in pre-clinical animal testing.””-*® These examples illustrate the challenge
in finding an appropriate dosing regimen for immunomodulatory agonists that can balance
between stimulating an anti-tumor immune response and avoiding nonspecific inflammatory
effects. Given the well-established potency of such immunotherapeutics, developing a strategy to
mitigate the toxicity of these compounds while maintaining their therapeutic efficacy could

substantially improve their prospects for clinical translation.

1.3. Strategies to limit systemic toxicity of immunostimulatory therapies

Previous studies have attempted to address the issue of minimizing systemic side effects of
immunostimulatory therapy. In one recent study, Ahonen et al found paradoxically that the
hepatotoxic effects of intravenous anti-CD40 therapy could be greatly reduced or even
eliminated by the systemic co-adminstration of a TLR7 agonist.” However, the authors were not
able to determine specific cellular or molecular mechanisms by which the combination therapy
resulted in reduced toxicity; nor did they examine whether or not this reduction in toxicity is

universal to all combinations of TLR ligands with anti-CD40 therapy.
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The use of targeting motifs to enhance the specific localization of immunostimulatory ligands
at tumor sites represents another possible strategy for reducing the off-target inflammatory
effects of systemically administered immunotherapy. In two separate studies, Hamzah et al
described the use of fusion peptide-targeted anti-CD40 + IL-2, or surface peptide-targeted
liposomes encapsulating CpG.3**!  Although both methods succeeded in increasing the
localization of therapy to the tumor site, and thus greatly improved the anti-tumor response
relative to non-targeted therapy, neither strategy was able to eliminate systemic exposure to the
immunostimulatory agonists. Targeted delivery of anti-CD40 + IL-2 still resulted in elevated
serum levels of hepatic ALT enzyme and the inflammatory cytokine TNF-o, while targeted
delivery of CpG-liposomes could not prevent non-specific scavenging by the reticulo-endothelial
system (RES), as indicated by substantial particle uptake in the spleen. Similarly, Johnson et al
studied the intravenous administration of a tumor antigen-targeted antibody-IL-2 fusion protein,
and found that less than 5% of the injected dose actually reached the tumor following i.v.
delivery.*> These results confirmed that the use of tumor-specific antibody targeting is not

sufficient to abrogate systemic circulation and exposure.

1.4. Local immunotherapy and the priming of a systemic anti-tumor immune response

In light of the dangers of systemic immunostimulatory therapy, intratumoral or peritumoral
treatments have also been tested in an attempt to reduce the level of systemic exposure to potent
immuno-agonists. In the clinical setting, local immunotherapy has so far been proposed
primarily for the treatment of unresectable tumors or for post-surgical adjuvant therapy to

33-36

prevent local recurrence. Pre-clinical studies in animal models have shown that the

generation of a local anti-tumor immune response can drive systemic/distal tumor inhibition.
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Hypothetically, this could occur either by the systemic dissemination of locally stimulated
tumor-specific T cells (or other immune effectors), or by the migration of locally activated APCs
bearing tumor-specific antigens that enable T cell priming at distal lymphoid organs and other
tumor sites. For example, local therapies applied at a single tumor site using anti-CD40,>’
CpG,® target antibody-cytokine (IL-2) fusion proteins,> and other immunostimulants have
successfully inhibited the growth of distal untreated tumors.>*** Notably in these studies, when
an unrelated tumor model was implanted at the distal site, no distal tumor inhibition could be
observed, confirming the antigen-specific nature of the locally primed anti-tumor response. Such
an adaptive immune response is highly desirable in the clinical setting since it could enable
immunological targeting of unknown tumor metastases or disseminated malignancies, following
locally delivered immunotherapy at a known tumor site. Indeed, the intratumoral injection of
CpG has recently been tested in a phase I clinical trial against B-cell lymphoma in humans, and
some patients exhibited anti-lymphoma clinical responses at distant, untreated tumor sites.*’
Induction of an adaptive, tumor antigen-specific immune response has also been reported in
pre-clinical studies to confer immunological anti-tumor memory, as evidenced by the ability of
treated mice to reject subsequent tumor challenges, following the immune-mediated elimination

of a primary treated tumor.*!"*43

In the context of human cancer patients, such an adaptive
memory response would theoretically enable the immunological rejection of a recurrent tumor
growth at a later time (without requiring additional regimens of therapy), whether at a local or

distant anatomical tissue/organ.

Despite such therapeutic benefits, pre-clinical and clinical studies have established that the

46-50 51-53

local injection of soluble agonists or controlled release of drugs from a local injection site

does not necessarily prevent such agonists from entering the systemic circulation and dispersing
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to distal lymphoid organs. This could occur either by drainage through lymphatics to the
thoracic duct or via direct entry into the bloodstream from leaky tumor vessels. In mice,
subcutaneous or intratumoral administrations of the immunotherapeutic cytokines IL-2 or IL-
12/GM-CSF resulted in rapid clearance from the local injection site and detection in other

peripheral organs within minutes after injection.**?

Similarly, in human patients, high
circulating levels of IL-12 or IL-2 were observed within 30 minutes or 3 hours (respectively)
after intratumoral/subcutaneous injection.*®>* Such observations have necessitated the use of
isolated organ perfusion in order to avoid the systemic toxicity of some local recombinant
cytokine therapies. For example, the use of TNFa therapy to treat unresectable soft-tissue
malignancies in the limbs (currently approved in Europe) requires isolated limb perfusion, a
procedure in which major blood vessels are clamped or ligated in order to eliminate the spread of

locally administered TNFa into systemic circulation.”>”’

This clearly illustrates that the
maximum tolerated dose in locally administered immunotherapy may still be restricted by the
need to limit undesired widespread exposure and off-target inflammatory symptoms.

Motivated by the practical and biological limitations of highly potent anti-tumor
immunotherapies as described above, we therefore sought to develop a biomaterial-based
delivery strategy for immune-stimulatory factors that could physically retain injected
therapeutics at a local tumor site and limit their tissue drainage. The primary goals of such a
strategy are to demonstrate that the therapeutic efficacy of these agents is not compromised

following biomaterial-based delivery, activating a potent anti-tumor immune response while

eliminating symptoms of systemic inflammatory toxicity.
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1.5. Biomaterial vehicles for the delivery of cancer therapy

Biomaterial delivery vehicles have previously been developed for a wide range of therapeutic
and prophylactic applications, from vaccine delivery to small-molecule and biologic drug
delivery. Biomaterial-based systems can take the form of microspheres, nanoparticles, micelles,
or macroscopic gel-like matrices, and can be developed from a variety of synthetic or naturally
occurring polymer and lipid compositions. In the specific context of cancer therapy, the use of
drug delivery systems can confer a number of advantages compared to the administration of free
drugs alone, including: 1) the ability to shield the active drug from non-specific uptake,
clearance, or degradation, thereby prolonging in vivo half-life of the drug; 2) the ability to shield
the host/patient from drug activity in undesired tissues and organs, thus reducing toxicity and
unwanted side effects; and 3) the addition of passive and active targeting strategies to improve
the selectivity of drug delivery, either to the tumor or to the desired tumor-associated cell
populations.’®*®

Historically, the majority of research in the use of biomaterial vehicles or particle systems for
cancer therapy has focused on the encapsulation and delivery of small-molecule anti-cancer
drugs. This has been motivated in part by the poor solubility of many small-molecule drugs in
aqueous buffers, necessitating development of novel delivery strategies to allow such drugs to be
injected in a fluid-phase formulation. Currently, the most well-known application of drug
delivery systems in clinical cancer therapy is the formulation of the chemotherapeutic drug
doxorubicin into liposomes, known as Doxil. Doxil consists of the encapsulation of doxorubicin
into the core of liposomal nanoparticles, which include polyethylene glycol-modified
(“PEGylated”) lipids on their surface. This provides distinct advantages over free doxorubicin in

several indications of cancer, including enhanced in vivo stability and circulation time, and
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improved specificity of uptake in tumors, leading to reduced toxicity in off-target organs such as

the heart and other cardiovascular tissues.>®

1.6. Current limitations in particle-based delivery of biologic anti-tumor therapeutics

In comparison to small-molecule drugs and inhibitors, biologic anti-cancer drugs such as
immunostimulatory cytokines, antibodies, siRNA, and DNA frequently demonstrate very low
efficiencies of encapsulation or loading into microparticle or nanoparticle systems. This can be
attributed to a variety of factors including macromolecular size, charge, hydrophilicity, and
conformational stability in the presence of harsh environments such as extreme pH or osmolarity.
In addition, the release kinetics of proteins and other biologic drugs following loading into
particle delivery systems frequently remains sub-optimal, with a rapid burst release of the protein
drug commonly observed. Even in the case of locally injected therapies, the biologic agent
would be free to drain into systemic circulation once released from its delivery vehicle, thus re-
introducing the risk of systemic toxicity due to non-specific uptake or binding of the highly
immunostimulatory therapeutic agent. Although there have been multiple reports of pre-clinical
therapeutic efficacy in murine tumor models, following the particle-encapsulated delivery of
immunomodulatory cytokines (such as IL-2, IL-12, and GM-CSF)*-2606% 51 TLR ligands (such
as CpG DNA),*! the systemic circulating levels of these agents following particle-mediated
delivery and the symptoms of systemic inflammatory toxicity have not been explicitly evaluated
in these studies. In fact, soluble drugs or immuno-agonists released from locally-injected
carriers were reported to reach the systemic circulation as early as 6 hr post-injection.ﬂ’52 In all,
the controlled release of immunotherapeutic biologics from micro- or nano-particle systems has

not yet achieved clinical success and approval.
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An alternative to the micro- or nanoparticle encapsulation of anti-tumor immunotherapies is
the formulation of viscous, injectable macroscopic hydrogels, emulsions, or matrices (composed
of either natural or synthetic polymers), into which biologics can be entrapped. In such systems,
the diffusion rate of the entrapped therapeutic can be controlled by modifying the macroscopic
porosity of the gel or emulsion, enabling prolonged release of cytokines and antibodies such as

IL-15, IL-2, or anti-CD40 following local injection at a tumor site.>!*%¢7

Theoretically, the
kinetics of local release can be optimized in these systems, in order to allow high local
concentrations of immunostimulatory agents to accumulate for maximal anti-tumor efficacy,
while maintaining a sufficiently low level of systemic exposure to prevent toxic side effects.
This strategy was successfully demonstrated in a pre-clinical mouse model by Fransen et al using

anti-CD40 mixed into a slow-release Montanide (water-in-oil) emulsion.®’

However, it is
evident that any release of the therapeutic agent can still drain into systemic circulation via the
lymphatics or vasculature, raising the question of whether this optimal therapeutic dosing
window can truly be translated from mice to humans, to fully ensure that inflammatory toxic
effects in off-target tissues will not be induced in treated patients.

Another alternative strategy to reduce the level of systemic draining following particle-
mediated delivery is to physically anchor the immunotherapeutic agent to the micro- or
nanoparticle surface, via covalent conjugation. In this manner, release of the immunostimulatory
agonist becomes dependent solely on the degradation of the particle vehicle, instead of allowing
free diffusion of the agonist out of the particle core. Previous studies using this technique of
covalent surface conjugation have primarily been performed in the context of targeting the

delivery of particles to cell types expressing specific surface receptors. For example, a

frequently studied strategy for cancer therapy is to deliver chemotherapy-loaded particles
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preferentially to tumor cells, by modifying the particle surface with the addition of targeting
peptides or antibodies specific to proteins over-expressed on malignant cells (including HER2,
EGFR, CD19, CD20, EPCAM, and many others).#¥%%7% The goal of this strategy is to increase
specific binding and uptake of drug-loaded particles by cancerous cells relative to healthy cells,
thus focusing the cytotoxic effects of the loaded chemotherapy. Similarly, this approach can be
used to enhance the specificity of delivery of other cytotoxic agents such as radioisotopes, as
well as imaging or contrast agents.”' However, there have been few published reports describing
the use of covalent conjugation onto a nanoparticle surface as a method to deliver locally
restricted, high doses of an immunotherapeutic cargo (such as an immunostimulatory antibody or
protein) for local cancer therapy.

One previous study performed by Dominguez et al. described the use of polylactide (PLA)
nanoparticles bearing covalent surface-coupled anti-CD40 and anti-neu antibodies.”” The anti-
neu antibody provided targeting to tumor cells (in a murine tumor model) that express the neu
peptide, while anti-CD40 is an immunomodulatory agonist that potently stimulates APCs
expressing the co-stimulatory surface receptor CD40. Significant anti-tumor therapeutic
responses were observed following either the intra-tumoral (local) or systemic (intravenous)
injection of anti-new/anti-CD40 nanoparticles, although a direct examination of the severity and
breadth of anti-CD40-induced systemic toxicity was not described, nor was the systemic level of
anti-CD40 measured following nanoparticle delivery. In addition, quantitation of the conjugated
therapeutic antibody on the PLA nanoparticles was not reported. A well-characterized and
generalizable platform that combines the efficient delivery of immunostimulatory agonists to a
local tumor site, with the simultaneous elimination of systemic toxicities commonly associated

with such immunotherapies, remains an unmet need.
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In the present studies, we have sought to overcome the challenges described above by
developing and fully characterizing a nanoparticle platform for the delivery of
immunostimulatory agents. An ideal platform for local tumor therapy should enable the
physical, spatial sequestration of immunomodulatory agonists at the tumor site in order to
minimize systemic exposure and toxicity; induce a potent anti-tumor response at the treated
tumor site; stimulate long-lasting and systemic anti-tumor immunity to protect against recurrent
or distal tumors; and demonstrate the versatility to provide consistent delivery of a variety of

immunotherapeutic agents for tumor treatment (Figure 1.1).

Local soluble therapy Local particle-conjugated therapy

Systemic Local Local

exposure retention retention;

and toxicity systemic
immune

response

Figure 1.1. The ideal response to a locally restricted cancer immunotherapy. Soluble agonists
can drain systemically and cause widespread exposure and toxicity even after local injection
(left), while a nanoparticle-conjugated therapy is locally sequestered to prevent systemic
exposure (middle). The locally primed immune response can subsequently disseminate to target
multiple distal or metastatic tumors (right).
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CHAPTER 2: Scope and Aims of Current Thesis
Based upon the motivations and research background described previously, the following

specific aims were formulated for this thesis:

I) Develop a strategy for nanoparticle-coupled local delivery of immunostimulatory therapy,
for the treatment of solid tumors. The goals of this specific aim were to develop, optimize, and
characterize formulations of polymeric or liposomal nanoparticles, for the ability to bind and
deliver an immunostimulatory agent for tumor treatment. This study focused on the delivery of
anti-CD40, which carries a well-established record of therapeutic anti-tumor efficacy (primarily
via the stimulation of APCs) along with severe systemic inflammatory effects, in both pre-
clinical and clinical studies. The evaluation of different nanoparticle formulations was
accomplished by measuring the efficiency and stability (in vitro and in vivo) of antibody
coupling; quantitating systemic levels of antibody draining into serum circulation in vivo
following local administration; confirming local sequestration and retention of the therapeutic
antibody in the injected tumor tissue; and demonstrating proof-of-concept anti-tumor responses
to ensure that nanoparticle conjugation did not abrogate the potency of antibody therapy. The
optimal nanoparticle formulation satisfying these criteria was then used for the delivery of

various immunotherapeutic cargoes, in the subsequent aims of the thesis.

II) Demonstrate the local anti-tumor efficacy of nanoparticle-mediated immunotherapy
against a subcutaneous B16 melanoma tumor model, while reducing systemic exposure and
inflammatory toxicity. The goals of this specific aim were to use the nanoparticle system

developed in Aim I for the delivery of efficacious immunotherapies against a subcutaneously
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implanted B16 murine melanoma model. The nanoparticle-conjugated delivery of multiple
immunostimulatory agents, such as the addition of a TLR ligand or an immunostimulatory
cytokine with an agonistic antibody, were tested for local anti-tumor efficacy and systemic
toxicity in vivo. An effective therapeutic regimen of local (intra-tumoral) injections of
nanoparticles was established along with detailed characterization of the bio-distribution of the
combined immunotherapy, and the ability to induce memory and/or systemic anti-tumor
immunity were assayed using secondary or simultaneous distal tumor challenges. Mechanistic
experiments were performed to gain an understanding of how the anti-tumor immune response

was primed following intra-tumoral nanoparticle-conjugated therapy.

IIl) Optimize the therapeutic potency and versatility of nanoparticle-coupled
immunostimulatory agonist therapy. The final objective of this study was to maximize the
clinical relevance of the nanoparticle-anchored strategy of immunotherapy developed in the
previous two aims. To accomplish this, additional candidates of immunostimulatory agents were
screened for the greatest therapeutic potency of local, systemic, and memory anti-tumor immune
responses. In particular, immunomodulatory factors capable of directly activating tumor-resident
cytotoxic T cells were investigated, as such a strategy could hypothetically stimulate the most
robust adaptive anti-tumor response. This served to demonstrate the versatile applicability of the
nanoparticle-coupled delivery strategy to multiple immuno-agonists. As before, measurements
of systemic exposure and toxicity were performed to confirm the local retention of
immunotherapeutics, and biologically-oriented mechanistic experiments were carried out to
determine the immunological cell populations responsible for mediating the therapeutic

response.
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CHAPTER 3
Local nanoparticle-conjugated delivery of immunomodulatory agents for tumor therapy:

proof-of-concept using anti-CD40 antibody

3.1. Abstract

This chapter describes the initial development of anti-CD40-coupled nanoparticles for the
treatment of subcutaneously implanted murine B16 tumors. Preliminary experiments were
conducted using phospholipid-coated PLGA nanoparticles, synthesized by a double emulsion
technique. Maleimide-functionalized lipids were included in the nanoparticle coating layer,
providing a reactive group for two different coupling schemes. In the first scheme, anti-CD40
was mixed with SAT(PEG)4, a crosslinking reagent that binds to exposed primary amines on one
end while bearing a thiol group on the opposite end; “thiol-functionalized” anti-CD40 was then
added to PLGA nanoparticles for maleimide-thiol conjugation. In the second scheme, anti-CD40
was incubated under mild reducing conditions to expose thiols from hinge-region disulfide
bonds, then mixed with PLGA nanoparticles for maleimide-thiol conjugation. Nanoparticle
coupling under either scheme yielded stable binding of anti-CD40, but this delivery strategy
achieved only moderate levels of anti-tumor efficacy following local injection into established
subcutaneous tumors. Bio-distribution analysis of nanoparticles following intra-tumoral injection
showed the considerable aggregation of nanoparticles in vivo, which could account for the slight
loss of efficacy when equivalent doses of nanoparticle-conjugated anti-CD40 were compared to
free soluble anti-CD40. This motivated a switch from polymeric nanoparticles to maleimide-
functionalized liposomes as the delivery vehicle, with antibody coupling carried out via a similar

conjugation protocol. In vivo experiments demonstrated modest improvements in therapeutic
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efficacy using anti-CD40-coupled liposomes, while maintaining minimal levels of systemic

toxicity. The results described here formed the basis for the subsequent aims of this thesis.

3.2. Introduction
3.2.1. Anti-CD40 as a cancer immunotherapy

Previous studies have conclusively established the therapeutic efficacy of
immunomodulatory agents for inducing potent anti-tumor responses. For example, cytokines
such as IFNa, IL-2, IL-12 and IL-15, antibodies such as anti-CTLA-4 and anti-PD1, and TLR
agonists such as CpG DNA and Imiquimod have all demonstrated potent immune-stimulatory
activity in a wide variety of pre-clinical tumor models and clinical trials with human cancer

patients 6,9,12,41,43,46,73,74

Of these, anti-CTLA-4 (Ipilimumab) has been approved for the
treatment of metastatic melanoma, while IL-2 (Aldesleukin) has been approved for metastatic
melanoma and metastatic renal cancer, and IFNa is used in the treatment of certain leukemias.
The surface receptor CD40, expressed on antigen-presenting cells such as DCs, B cells, and
macrophages, represents another common target of anti-tumor immunotherapy. CD40 is the
cognate receptor for CD40 ligand (CD40L), which is expressed by T cells, and is involved in co-
stimulatory interactions during T cell priming by APCs. Agonistic immunostimulatory
antibodies against CD40 act by directly triggering the CD40 receptor and circumventing the need
for CD40L binding."” The ligation of CD40 and subsequent activation of DCs and other APCs
has been reported in a variety of tumor models to prime a potent cytotoxic CD8" T cell (CTL)-
mediated response.**4>7%77 Therapeutic responses have been demonstrated against both CD40-

expressing tumor lines (such as B cell lymphoma) and non-expressing tumors (such as renal cell

carcinoma).®”’%7 Additionally, in some reported studies (in both mice and humans), anti-tumor
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responses have been observed via the activation of macrophages, NK cells, or B cells, which can

then exert tumor-inhibitory effects in a T-cell independent manner. %

However, despite a
substantial record of pre-clinical success, and recent promising clinical responses in human
patients bearing non-Hodgkins lymphoma, multiple myeloma, or other solid malignancies, anti-
CDA40 antibodies have yet to gain FDA approval.19’22'24

A primary concern that has significantly limited the clinical success of anti-CD40 therapy is
the well-established inflammatory toxicity that occurs following the systemic (intravenous)
infusion of anti-CD40 in human patients.”>* Dose-limiting toxicities have been observed in a
large fraction of patients, including symptoms of liver and ocular inflammatory damage, elevated
levels of inflammatory cytokines in serum, hematologic abnormalities (T-cell depletions or other
lymphopenias), and various patient discomforts (chills, fatigue, nausea, and fever). Similarly,
inflammatory toxicities in the liver, lungs, and gut have previously been observed in mouse
models following intravenous soluble anti-CD40 therapy.***"  While these symptoms are
reversible and can be treated in human patients using anti-inflammatory agents such as steroid
pre-medications, these dose limitations have hindered the ability to achieve a clinically effective
therapeutic window between significant efficacy and the onset of toxicity. Moreover, although
the aforementioned side effects were mostly transient in nature, two recent studies in mice
unexpectedly observed long-term immuno-suppression following anti-CD40 therapy as well,
possibly relating to the activation-induced apoptosis of CD4" or CD8" T cells.”"** Therefore, we

considered that anti-CD40 would be an ideal candidate therapy to test with our proposed strategy

of nanoparticle-anchored local delivery.
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3.2.2. Strategies for protein and antibody delivery via nanoparticle vehicles

The local delivery of anti-CD40 and other immunomodulatory factors encapsulated into
biomaterial vehicles has previously been reported in various studies, ranging from the use of
liposomes and nanoparticles (diameter <lpm) to larger microspheres (diameter >1um) and
macroscopic hydrogels. Examples include the delivery of cytokines and Toll-like Receptor
(TLR) ligands in microspheres, liposomes, or crosslinked hydrogel matrices.*>126263% 1n each
of these studies, which were carried out in therapeutic tumor challenge models, significant anti-
tumor effects were observed, although the systemic inflammatory effects of such potent
immunostimulatory treatments were not directly examined. Liposomes and gelatin nanoparticles
have also been used to deliver encapsulated anti-CD40 or CpG in the setting of prophylactic
vaccinations or pre-tumor challenge.’®>*** Disparate and conflicting levels of systemic side
effects have been reported in these studies, perhaps reflecting differences in the stability of
agonist entrapment in these various carriers. Since soluble factors released from particle carriers

are known to spread into systemic circulation,’’**

this motivates our proposed strategy of
physically anchoring immunomodulatory compounds to locally retained particle carriers for the
purpose of minimizing systemic toxicity, instead of the more commonly used
encapsulation/release strategies cited above.

For lipid-based particles such as liposomes or lipid-coated polymeric nanoparticles, a
frequently reported strategy for attaching targeting moieties to the particle surface is via a “post-

insertion” technique.”>®’

This strategy consists of first attaching the targeting peptides or
antibodies to lipid micelles or a dispersed mixture of phospholipids, via a range of possible

chemical coupling reactions, such as maleimide-thiol or ester-amine conjugations.

Subsequently, the targeting micelles can be mixed with previously prepared liposomes or lipid-
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coated particles, under conditions in which the spontaneous insertion of micelles into the lipid
bilayer is thermodynamically favored. While the insertion of micelles into liposomes has been
reported to be highly efficient, the initial reaction of the biologic agent (whether antibodies,
proteins, peptides, or other biologics) to lipid molecules remains the principal limitation in
overall efficiency. Therefore, for the present study, we decided to forego the post-insertion
approach for the conjugation of immunotherapeutic antibodies, and instead used direct
conjugation to maleimide-functionalized lipids on the surface of prepared nanoparticles or
liposomes. The use of spontaneous micelle insertion will be further discussed in subsequent
chapters, for the addition of a synthetic CpG DNA-lipid conjugate to previously coupled

antibody-bound liposomes.

3.3. Methods
3.3.1. Synthesis of anti-CD40-coupled PLGA nanoparticles

Phospholipid-coated poly-lactide-co-glycolide (PLGA) nanoparticles were first prepared by a
double emulsion/solvent evaporation technique, as previously established in our lab.® PLGA
was dissolved in dichloromethane along with a mixture of phospholipids (DOPC, DOPG, and
maleimide-PEG(2000)-DSPE in a 70 : 17.5 : 12.5 molar ratio), and emulsified by sonication with
a fractional volume of water. The resulting emulsion was added into an excess volume of
dichloromethane and sonicated again, creating a non-uniform dispersion of phospholipid-coated
PLGA-core nanoparticles and microparticles. Nanoparticles were separated by sucrose gradient
centrifugation, then washed and re-suspended in phosphate-buffered saline (PBS) in preparation
for antibody conjugation. Nanoparticle size was measured using either dynamic light scattering

or static laser diffraction.
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Anti-CD40 (clone FGK4.5, rat IgG2a isotype, from Bio-X-Cell) was coupled to maleimide-
functionalized nanoparticles using one of the following reaction schemes: 1) conjugation via
SAT (N-Succinimidyl S-acetyl(thiotetraethylene glycol)) linker; or 2) conjugation via DTT
(dithiothreitol) reduction (Figure 3.1). For conjugation via SAT, anti-CD40 was incubated for 2h
with a molar excess of the SAT(PEG), bifunctional crosslinker (Pierce), which binds to reactive
amines (on anti-CD40) on one end and carries a sulfhydryl group on the other end, separated by
a short PEG (polyethylene glycol) spacer. Effectively, this resulted in the addition of multiple
reactive thiol groups to the antibody. Brief incubation with hydroxylamine induced the
deprotection of these reactive thiol groups, and following passage through a desalting column to
remove excess reagents, anti-CD40 was immediately mixed with previously prepared lipid-
coated nanoparticles in the presence of a reducing buffer (TCEP) to allow for maleimide-thiol
coupling to the nanoparticle surface. Antibody-nanoparticle coupling was allowed to proceed
overnight (at least 8 hours) at room temperature.

Anti-CD40 Thiol-modified anti-CD40
Maleimide- Anti-CD40-coupled

"% !% N 7~ functionalized nanoparticle
H, SH PLGA nanoparticle

Q&m SAT-PEG, Q& y ,
H, SH

o

Q% DTT reduction E% . :
Q% E%SH Maleimide- '
» L. functionalized Anti-CD40-coupled

I
Anti-CD40 Thiol-exposed anti-CD40 liposome posome

Figure 3.1. Methods for anti-CD40 coupling to PLGA nanoparticles or liposomes. Reactive
thiols are prepared by addition of a SAT-PEGy linker to amines, or by DTT reduction, allowing
the conjugation of the antibody to maleimide-bearing particles.
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For conjugation via DTT reduction, anti-CD40 was briefly incubated with a 10x molar
excess of DTT (approximately 1-2mM) for 20-25min in the presence of EDTA. This
concentration of DTT constitutes mild reducing conditions, causing cleavage of accessible
disulfide bonds on the antibody into exposed reactive thiol groups, primarily in the hinge region
of the antibody. Following passage through a desalting column to remove DTT, the reduced
(thiol-exposed) anti-CD40 was immediately mixed with lipid-coated nanoparticles for

maleimide-thiol coupling, which was allowed to proceed overnight at room temperature.

3.3.2. Synthesis of anti-CD40-coupled liposomes

Maleimide-functionalized liposomes were synthesized by the re-hydration of a dried
phospholipid film and subsequent sonication/extrusion to form small unilamellar vesicles.
Phospholipid lipid films (DOPC, cholesterol, methoxy-PEG(2000)-DSPE, and maleimide-
PEG(2000)-DSPE in a 50:35:10:5 molar ratio) were first vacuum-dried, then re-suspended and
vortexed in PBS. The suspensions were sonicated for 4-5min, followed by syringe extrusions
through various membrane sizes as required (50nm, 100nm, or 200nm). Anti-CD40 was then
coupled to liposomes using either of the conjugation protocols that had previously been used for
coupling to lipid-coated PLGA nanoparticles: via a SAT crosslinker or DTT reduction and
maleimide-thiol reaction (Chapter 3.3.1, Figure 3.1). Various lipid compositions were tested for
optimal efficiency of antibody binding to liposomes, including the presence or absence of

cholesterol, the presence of DOPG, and a titration of the maleimide-PEG(2000)-DSPE content.
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3.3.3. Quantification of anti-CD40 coupling and release

Following coupling to either PLGA-core nanoparticles or liposomes, the quantity of
conjugated anti-CD40 was measured by first incubating particles briefly in aqueous buffer
containing the surfactant Tween 20 (0.5%). This causes the disruption of the antibody-coupled
lipid coating on nanoparticles, or the complete dissolution of antibody-coupled liposomes, thus
solubilizing lipid-conjugated antibody for quantitation assays. Absorbance at 280nm was used to
determine total protein content, while an ELISA was performed to quantitate “functional” levels
of anti-CD40. The functional ELISA was designed as follows: 96-well plates were coated with
an anti-human IgG antibody, followed by the addition of a recombinant mouse CD40/human Fc
fusion protein, which acts as a specific capture agent for anti-CD40 (a rat IgG2a isotype). The
level of captured antibody was then measured using an HRP-conjugated anti-rat IgG as the
detection antibody, followed by an HRP-sensitive substrate for colorimetric measurement.

In vitro release studies of anti-CD40-coupled PLGA nanoparticles or liposomes were
performed at 37 deg C, in either RPMI complete medium or PBS, with or without the addition of
10% fetal calf serum. PLGA nanoparticles were simply incubated and pelleted at the desired
timepoints, and supernatants removed for quantitation of released antibody. Liposomes were
incubated in membrane dialysis cassettes with a 300kD MWCO (permeable to any released
antibody, but not to intact liposomes), and samples and dialysis buffers were collected at the

desired timepoints to measure anti-CD40 levels.

3.3.4. In vitro confirmation of anti-CD40 activity after conjugation to PLGA nanoparticles
To confirm that the conjugation of anti-CD40 to nanoparticles does not hinder its ability to

potently stimulate CD40-expressing APCs, anti-CD40-coupled nanoparticles were added to
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murine bone marrow-derived dendritic cell (BMDC) cultures (on day 5 or 6 of culture, in
immature state). After 24 or 48 hours, cells were harvested, stained, and analyzed by flow
cytometry for the upregulation of CD70 surface expression, a previously reported marker of
CD40-induced activation.  Soluble (unconjugated) anti-CD40 and isotype IgG-coupled

nanoparticles were used as positive and negative controls for CD70 upregulation, respectively.

3.3.5. B16F10 tumor therapy using anti-CD40-coupled liposomes and nanoparticles

As a model of tumor therapy, and for characterizing the in vivo bio-distribution of anti-
CD40-coupled particles, B16F10 tumors were implanted subcutaneously into the hind flanks of
female C57BL/6 wild-type mice (6-8 weeks old). The parental line of B16F10 (no foreign
antigen expression) was used to ensure a weakly immunogenic, aggressively progressing tumor
growth. 5 x 10* B16F10 tumor cells, washed and suspended in Hank’s Balanced Salt Solution
(HBSS), were implanted on one or both flanks, and tumors were allowed to establish for 8 or 9
days prior to the start of therapy, by which time tumors had an average area of ~12mm?. For
anti-tumor therapy experiments, mice received intra-tumoral (local) injections on the indicated
days as described in Chapter 3.4 below (for example, days 8/10/12/14 as a representative dosing
regimen). Body mass of treated mice was measured daily to monitor overall systemic toxicity,
and serum was collected at various timepoints during the course of treatment, in order to
systemically circulating levels of anti-CD40 and markers of inflammatory toxicity. Serum levels
of the pro-inflammatory cytokines TNFa and IL-6 were measured by ELISA, while the serum
level of alanine transaminase (ALT), a hepatic enzyme that correlates with liver inflammatory

damage, was measured by standard biochemical assay (Infinity ALT kit, Thermo Fisher).

33



3.3.6. Biodistribution analysis following locally injected anti-CD40 therapy

For bio-distribution analyses, single or multiple intra-tumoral injections of anti-CD40-
coupled nanoparticles or liposomes were administered into established subcutaneous B16
tumors. Fluorescent rhodamine-labeled DOPE phospholipid or a hydrophobic fluorescent dye
(DiD or Dil) was incorporated (<0.5%) into nanoparticles or liposomes to facilitate in vivo
detection of the injected particles. Tumors, tumor-proximal lymph nodes, distal lymph nodes,
and spleens were excised at the desired timepoints, and either immediately snap-frozen using
liquid nitrogen for histological analysis, or physically dissociated into single-cell suspensions for
flow cytometric analysis. Histological analysis was performed on cryosectioned tissue samples,
with the direct imaging (via confocal microscope) of unstained sections for detection of
fluorescently labeled particles, or the processing of immuno-stained sections (acetone-fixed) for
detection of specific immunological cell populations and the secondary detection of locally
retained anti-CD40. Flow cytometry analysis was performed by staining the recovered cell
suspensions with fluorescent antibodies against the surface markers of interest, including the use

of CD45 expression as a gating marker for tumor-infiltrating leukocytes.

3.3.7. Statistical analysis

Data are shown as mean + SEM, unless indicated otherwise. Comparisons of Kaplan-Meier
survival curves were performed using a log-rank test. For all other data, comparisons of two
experimental groups were performed using two-tailed unpaired t-tests unless indicated otherwise.
Statistical analysis for all data contained in this thesis was performed using GraphPad Prism

software.
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3.4. Results and Discussion
3.4.1. Development and characterization of anti-CD40-coupled nanoparticles

Immunostimulatory agents such as anti-CD40 are known to induce potent anti-tumor
responses, but can result in inflammatory toxic effects upon systemic exposure. We sought to
develop a generalizable strategy for the nanoparticle-coupled delivery of immuno-agonists, to
locally sequester the therapeutic agent following a local injection. Our initial attempts at the
development of biomaterial delivery vehicles included the use of crosslinked alginate
microspheres for the encapsulation and controlled release of Toll-like Receptor (TLR) ligands,
including a TLR9 agonist (CpG DNA) and synthetic TLR7/8 agonists (Imiquimod and
Resiquimod, from Invivogen). However, the loading efficiency of such compounds was below
the expected threshold for therapeutic efficacy of loaded particles in vivo, and the sustained
release of these agonists for >1-2 days could not be achieved. Therefore, we proposed a strategy
for the covalent conjugation of anti-CD40, a potent immunostimulatory antibody, to the surface
of lipid-coated polylactide-co-glycolide (PLGA) nanoparticles.

PLGA nanoparticles have previously been used in a wide variety of applications, such as
drug delivery vehicles and vaccine adjuvants, and have an established record of bio-degradability
and safety. Previous work in the Irvine Lab performed by Bershteyn et al had established a

protocol for the synthesis of maleimide-functionalized lipid-coated nanoparticles.”®

Using this
protocol (described in Methods above), PLGA nanoparticles were generated with a mean
diameter of 320nm, bearing a 12.5% molar ratio of reactive maleimide groups incorporated into
the phosopholipid coating on the particle surface. In parallel, anti-CD40 was prepared by
modifying reactive amines with the bifunctional SAT(PEG), crosslinker, yielding reactive thiol

groups capable of coupling to maleimide-functionalized nanoparticles (Figure 3.1). Using this
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coupling strategy, approximately 30-50 pg of anti-CD40 was bound per mg of PLGA
nanoparticles. Staining of anti-CD40-coupled nanoparticles with a fluorescent secondary anti-rat
IgG antibody confirmed the presence of conjugated antibody on the particles (Figure 3.2a).
Notably, PLGA nanoparticles displayed a tendency to aggregate following antibody conjugation,
resulting in an effective mean diameter of 800-1000nm (Figure 3.2b), as measured by static laser
diffraction. The loss in colloidal stability occurred irrespective of whether anti-CD40 or a
control rat IgG2a isotype antibody was conjugated, and was likely caused by the antibody-

mediated crosslinking of nanoparticles, via the presence of multiple reactive thiols on each

nanoparticles

antibody.
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Figure 3.2. Characterization of anti-CD40-coupled PLGA-core nanoparticles, conjugated via a
SAT(PEG), crosslinker. A) Confocal imaging showing co-localization of secondary staining
against anti-CD40 (red) with fluorescently labeled nanoparticles (blue). Scale bar = 5um. B)
Aggregation of PLGA nanoparticles (n.p.) following anti-CD40 conjugation; size distributions
were measured by static laser diffraction. C) Stability of anti-CD40 binding to PLGA n.p.
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Anti-CD40-coupled nanoparticles were incubated at 37°C in PBS for up to 7 days, to
examine the stability of antibody binding to the nanoparticle surface. Figure 3.2¢ shows that
minimal release of the antibody occurred over a 7-day period, as expected given the covalent
reaction scheme used for antibody coupling. Disruption of the lipid surface coating after 7 days,
using Tween20 as a surfactant, allowed the antibody to be re-solubilized and recovered.
Quantitation of the recovered antibody revealed nearly 100% recovery, confirming that this
nanoparticle conjugation strategy did not disrupt or denature the conformational integrity and
structure of anti-CD40.

To ensure that nanoparticle conjugation did not hinder the stimulatory activity of anti-CD40,
antibody-coupled nanoparticles were added to in vitro cultures (day 5 or 6) of murine bone
marrow-derived dendritic cells (BMDCs), for 24 or 48 hours. Following incubation, cells were
harvested, fluorescently stained for CD70 expression, and analyzed by flow cytometry. The
upregulation of CD70 expression has previously been used both in vitro and in vivo as a marker
of DC activation through the co-stimulatory CD40 pathway.99 Figure 3.3 shows the results of
CD70 staining on DCs incubated for 24hr with anti-CD40-coupled nanoparticles, control 1gG-
coupled nanoparticles, or soluble unconjugated anti-CD40, or left untreated. Similar levels of
CD70 upregulation were observed in the presence of anti-CD40-coupled nanoparticles or soluble
anti-CD40, compared to IgG-nanoparticle or untreated controls, confirming that the stimulatory

activity of anti-CD40 was maintained after binding to the nanoparticle surface.
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Figure 3.3. CD70 expression following the in vitro incubation of bone marrow-derived DCs
with anti-CD40-coupled nanoparticles or soluble anti-CD40, as a marker of DC activation.

3.4.2. B16F10 tumor therapy via local injection of anti-CD40-coupled PLGA nanoparticles:
therapeutic efficacy and systemic toxicity

Having established a preliminary method for anti-CD40 conjugation to nanoparticles, we
next tested whether local nanoparticle-mediated delivery could induce anti-tumor immune
responses comparable to the local injection of free soluble anti-CD40. 50,000 B16F10 murine
melanoma cells were implanted subcutaneously into the hind flanks of wild-type C57BL/6 mice,
and allowed to establish a solid tumor for 8-9 days prior to treatment. Beginning on day 8 or 9,
mice received 3-4 doses of anti-CD40 in soluble or nanoparticle-conjugated form, injected intra-
tumorally, up to a cumulative dose of 20 mg/kg (approximately 100-125pg per dose). Figure
3.4a shows the average tumor growths measured in two separate experiments, using a dosing
regimen of days 8/13/17 or days 9/11/14/16. Anti-CD40-nanoparticles significantly inhibited

38



B16 tumor growth compared to saline-treated controls, but were less effective than equivalent

doses of soluble anti-CD40, under either dosing regimen.
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Figure 3.4. Therapeutic efficacy of anti-CD40-coupled PLGA-core nanoparticles vs. soluble
anti-CD40 in the treatment of subcutaneous B16F10 tumors. A) Average tumor growths and
overall survival following anti-CD40 therapy. Arrows indicate days of treatment. B) Average
tumor growths following control therapy using a rat IgG2a isotype antibody.

The same trend was observed when analyzing the overall survival of mice (euthanized when
tumor burden reached 100mm?), with anti-CD40-nanoparticles providing a modest but
statistically significant benefit over untreated mice, while remaining less effective than soluble

antibody. Importantly, the intra-tumoral injection of IgG isotype-conjugated nanoparticles had

negligible effect on the progression of B16 tumors and overall mouse survival (Fig 3.4b). These
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preliminary results demonstrated a proof-of-principle that the nanoparticle-coupled delivery of
immunostimulatory agonists could induce an anti-tumor therapeutic response.

Since a primary objective of nanoparticle-coupled delivery was to enable the priming of anti-
tumor responses while minimizing systemic toxicity, we evaluated several measures of systemic
inflammatory effects over the course of the anti-CD40 treatment regimen described above.
Given the stability of anti-CD40 binding and low level of release from the nanoparticle surface
in vitro (Fig 3.2), it was expected that our strategy of intra-tumorally injected, nanoparticle-
coupled delivery would be able to physically sequester the agonistic antibody at the local tumor
site, and thus minimize systemic toxicity. As shown in Figure 3.5a, this hypothesis was
confirmed by tracking the weight changes of treated mice over the duration of therapy, as an
overall measure of body condition. Mice that received soluble doses of anti-CD40, despite being
locally injected, showed significant weight loss immediately after the start of therapy. Weight
loss peaked at ~10% on day 3 post-injection, comparable to the loss experienced by mice in an
inflammatory lipopolysaccharide (LPS)-induced acute phase response.'°*!°! This result is
consistent with the expectation that soluble anti-CD40 can drain rapidly from the injection site,
enter the systemic circulation, and cause widespread inflammatory effects. The transient nature
of the systemic response to soluble anti-CD40 has been previously observed and may reflect
systemic tolerization to the antibody’s effects on repeated treatment.”**® On the other hand, mice
that received nanoparticle-coupled anti-CD40 did not experience any significant weight changes

compared to untreated control mice.
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Figure 3.5. Elimination of systemic inflammatory symptoms by the nanoparticle-coupled
delivery of anti-CD40, compared to soluble anti-CD40. A) Average changes in weight as an
overall measure of body condition over the course of therapy. B) Serum ALT levels, indicative
of hepatic inflammatory damage. C) Serum levels of pro-inflammatory cytokines, indicative of
systemic inflammatory toxicity.

Serum levels of alanine transaminase (ALT), a hepatic enzyme used as a clinical marker of
liver inflammatory damage, were also significantly elevated in soluble anti-CD40 treated mice,
but not in anti-CD40-nanoparticle treated mice (Figure 3.5b). This result is consistent with
multiple previous reports of liver inflammatory damage in both pre-clinical mouse models and
clinical human patient trials following systemic anti-CD40 infusion.”***¢ Furthermore, serum

levels of the pro-inflammatory cytokines TNFa and IL-6 were increased following soluble anti-

CD40 therapy, but not with nanoparticle therapy (Figure 3.5¢). Overall, these results clearly
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demonstrate that the use of locally injected, nanoparticle-conjugated delivery is able to minimize

the systemic toxicity of potent immunostimulatory therapeutics such as anti-CD40.

3.4.3. Local retention and biodistribution analysis of anti-CD40-coupled PLGA
nanoparticles

We had hypothesized that nanoparticle-coupled delivery of anti-CD40 would reduce the
systemic inflammatory effects commonly associated with soluble therapy, by minimizing
systemic draining and exposure to the agonist following a local injection. To confirm this, serum
was collected from treated mice and circulating levels of anti-CD40 were measured by ELISA,
after single or multiple intra-tumoral injections of soluble or PLGA nanoparticle-conjugated
antibody. Figure 3.6a shows that nanoparticle-coupled delivery significantly decreased systemic
exposure to anti-CD40, compared to the levels of anti-CD40 that leaked into systemic circulation
following soluble injection. The detection of anti-CD40 at the latter stages of the treatment
regimen may have been hampered by the presence of anti-rat isotype titers (not shown). For
additional confirmation of the local sequestration of anti-CD40, tumors were excised after the
end of therapy (multiple doses), dissociated into single-cell suspensions, and the fluid
supernatants removed in order to quantitate (by ELISA) the remaining level of anti-CD40 in the
local tissue. As shown in Figure 3.6b, significantly higher levels of antibody were recovered
from mice treated with nanoparticles, relative to mice that had received soluble anti-CD40.
While the absolute level of recovered anti-CD40 was lower than expected (across all groups),
this may have been caused by destruction of antibody during the processing of tissues for
analysis, or the gradual uptake and degradation of anti-CD40-nanoparticles by APCs in the

tumor and surrounding tissues.
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Figure 3.6. Local retention of anti-CD40 following intra-tumoral injections of anti-CD40-
nanoparticles. ~ A) Systemically circulating levels of anti-CD40 following soluble or
nanoparticle-conjugated delivery. B) Local recovery of anti-CD40 from individual tumors,
following soluble or nanoparticle-conjugated treatments.

Given the prolonged persistence of anti-CD40 in the injected tumor and surrounding tissues
following PLGA nanoparticle-coupled delivery, we had expected that therapeutic efficacy would
be enhanced compared to equivalent doses of locally injected soluble anti-CD40. However, as
shown above in Figure 3.4, soluble anti-CD40 consistently induced stronger inhibition of tumor
growth than nanoparticle-conjugated antibody. In hopes of gaining a better understanding of
how the anti-tumor response was being primed, we sought to examine in greater detail the bio-
distribution of anti-CD40-coupled PLGA nanoparticles following intra-tumoral injection.
Histological analysis was performed on tumors that had been treated with fluorescently labeled
anti-CD40-nanoparticles; tumors were excised, cryosectioned, and then directly imaged via
confocal microscopy for the local distribution of particles. Figure 3.7 shows representative

images of whole tumor cross-sections, showing that anti-CD40-coupled PLGA nanoparticles

were poorly or inconsistently dispersed within the local tissue. This could result in large areas
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within a given tumor that effectively do not receive any immunotherapy, whereas intra-tumoral
injections of soluble anti-CD40 would be expected to diffuse rapidly throughout the tumor and
local tissue. We considered that the poor dispersion of PLGA nanoparticles could be attributed
to the aggregation of particles following antibody coupling, which resulted in a mean diameter of
>800nm in diameter, as shown in Figure 3.2. However, reducing the dose of anti-CD40-
nanoparticles to an equivalence of 40pg/dose, in an attempt to reduce particle aggregation
effects, only resulted in further decreases in therapeutic efficacy (not shown). This led to the
consideration of alternative strategies and particle vehicles for the conjugated delivery of anti-
CD40, with the goal of achieving a more uniform local distribution of antibody, and in doing so,

enhancing the anti-tumor efficacy of nanoparticle-delivered anti-CD40 therapy.

Figure 3.7. Poor dispersion of anti-CD40-coupled PLGA nanoparticles in tumors and the
surrounding tissue, following intra-tumoral injection. Representative images of excised tumor
cryosections, showing the distribution of labeled anti-CD40-nanoparticles (red), highlighted in
green circles. Blue dotted line marks the periphery of the solid tumor mass. Scale bar = Imm.
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3.4.4. Improving strategies for anti-CD40 delivery: development of anti-CD40-coupled
liposomes and conjugation via DTT reduction

Since we had hypothesized that a greater dispersion of locally injected particles throughout
the tumor would improve therapeutic efficacy, we investigated the use of liposomes as an
alternative to lipid-coated PLGA nanoparticles for the delivery of anti-CD40. The use of
liposomes was motivated by two primary factors: 1) the size of liposomes can be easily tuned to
a range of 100-200nm in diameter, considerably smaller than the PLGA nanoparticles used to
date in this study; and 2) liposomes have a higher fluidity and deformability, consisting simply of
a lipid bilayer without the relatively stiffer polymeric core. Either or both of these factors could
allow liposomes to disperse more readily than PLGA nanoparticles throughout the tumor
immediately following injection, given the spatial restrictions of an established solid tumor
densely filled with cells, vasculature, and associated stroma. In addition, since an essential goal
was to maintain the ability to prevent systemic inflammatory toxicity following local injection,
liposomes were an attractive candidate for an alternative delivery vehicle, given the ability to
control their size using sonication or extrusion techniques.

To begin, we synthesized liposomes composed to DOPC, DOPG, and maleimide-
PEG(2000)-DSPE in a 70 : 17.5 : 12.5 molar ratio (refer to Chapter 3.3.2 methods). Anti-CD40
was coupled to the surface of liposomes using the same SAT crosslinking protocol as previously
described for PLGA nanoparticle conjugation (Figure 3.1), and anti-CD40-liposomes were
extruded to a mean diameter of ~200nm post-conjugation. The quantity of liposome-coupled
anti-CD40 was determined using functional ELISA as described in Chapter 3.3.3, including the
use of Tween20 surfactant (0.5% in PBS) to disrupt liposomes after antibody conjugation. A

direct comparison between anti-CD40-nanoparticles and anti-CD40-liposomes was conducted, to
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evaluate their therapeutic efficacies against subcutaneously implanted B16 tumors (Figure 3.8).
Mice were treated with 4 intra-tumoral injections, at 50ug of antibody per dose, on days
9/11/13/16 of tumor growth. Although anti-CD40-liposomes were able to eliminate symptoms
of systemic toxicity (weight loss, serum ALT levels, and serum TNFa levels) equally as well as

PLGA nanoparticles, no apparent improvement in tumor inhibition was observed (Figure 3.8).
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Figure 3.8. Moderate therapeutic efficacy of the initial formulation of anti-CD40-coupled
liposomes. A) Average tumor growths following therapy with soluble anti-CD40, anti-CD40-
nanoparticles, or newly developed anti-CD40-liposomes. Arrows indicate days of treatment. B)
Comparison of individual tumor growths (n=4) following nanoparticle-coupled and liposome-
coupled anti-CD40 therapies.

Histological and flow cytometric analysis of tumors immediately following injection, or 24hr

and 48hr post-injection, revealed the poor in vivo persistence of this initial formulation of anti-

CD40-coupled liposomes. As shown in Figure 3.9a with the imaging of tumor cryosections,
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rhodamine-labeled anti-CD40-iiposomes were dispersed throughout the tumor immediately
following injection, but were then rapidly cleared from the local tissue in 24 to 48 hours. Figure
3.9b contains representative flow cytometry results demonstrating that a significantly lower level
of rhodamine fluorescence could be detected at the tumor at 24 and 48hr following liposome
injection, compared to the injection of rhodamine-labeled PLGA nanoparticles (anti-CD40-
coupled). This indicated that although anti-CD40-coupled liposomes displayed a more uniform
local dispersion as expected, some degree of optimization would still be required to achieve a

maximal level of immunostimulatory efficacy.
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Figure 3.9. Poor in vivo persistence of the initial formulation of anti-CD40-coupled liposomes,
despite rapid local dispersion following intra-tumoral injection. A) Representative images of
tumor cryosections at Oh, 24hr, or 48hr following an intra-tumoral injection of labeled anti-
CD40-liposomes (red). B) Flow cytometry analysis of tumor samples at 24hr or 48hr following
injections of rhodamine-labeled anti-CD40-liposomes or anti-CD40-nanoparticles.
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Over the course of these initial investigations into the use of liposomes as a delivery vehicle
for local anti-CD40 therapy, a new protocol was developed for the maleimide-thiol conjugation
of anti-CD40 and other antibodies. One concern regarding the previous technique of SAT-
mediated conjugation was whether or not the non-specific reaction of the SAT(PEG)4
bifunctional crosslinker to exposed amine groups was hindering the therapeutic activity of anti-
CD40. As an alternative method to yield reactive thiol groups on anti-CD40, we considered the
use of a mild reducing agent to preferentially cleave disulfide bonds in the antibody’s hinge
region, resulting in exposed thiols that could be used for reaction with maleimide-functionalized
liposomes (refer to Figure 3.1). Previous groups have demonstrated that under mild reducing
conditions, hinge-region disulfide bonds in antibodies are selectively cleaved prior to other less
accessible disulfides.'” Therefore, by titrating to a minimal dose or incubation time of the
reducing agent, this technique can select hinge disulfides as the specific residues to be exposed
and subsequently used for maleimide-thiol conjugation to particle carriers.

We first compared a number of reducing agents of varying potency, including beta-
mercaptoethanol, dithiothreitol (DTT), and tris(2-carboxyethyl)phosphine (TCEP).  The
incubation of anti-CD40 with 1-2mM of DTT (equivalent of a 25x molar excess to antibody) at
room temperature for 20-25 minutes was determined to induce sufficient disulfide cleavage to
enable antibody coupling with maleimide-functionalized liposomes or PLGA nanoparticles (refer
to Chapter 3.3.2 methods). Unmodified and DTT-treated stocks of anti-CD40 were measured by
functional ELISA (as described in Chapter 3.3.3 methods), and it was confirmed that DTT
reduction did not abrogate the ability of anti-CD40 to bind to a recombinant CD40 receptor.
Furthermore, intra-tumoral injections of unmodified or DTT-reduced anti-CD40 in soluble form

induced comparable levels of tumor growth inhibition, confirming that there was no loss of in
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vivo functionality (Figure 3.8). Therefore, for the remainder of the present study, this DTT
reduction protocol was used for the covalent coupling of anti-CD40 and all other antibodies to

maleimide-functionalized liposomal carriers.

3.4.5. Optimization of anti-CD40-coupled liposomes for enhanced in vivo persistence and
therapeutic efficacy.

As shown in Figures 3.8-3.9, the initial formulation of anti-CD40-liposome therapy resulted
in rapid in vivo clearance and sub-optimal anti-tumor efficacy, with a lack of complete cures and
lower overall potency compared to soluble antibody. Thus, we attempted to optimize the
formulation of liposomes in order to increase in vivo persistence and efficacy. While the initial
formulation of liposomes had contained DOPC / DOPG / maleimide-PEG(2000)-DSPE in a 70 :
17.5 : 12.5 ratio, we investigated the conjugation efficiency of DTT-reduced anti-CD40 on newly
synthesized liposomes without any DOPG content, with the addition of cholesterol, and with
titrating levels of maleimide-functionalized lipid. Firstly, the removal of DOPG was motivated
by corroborating data produced in the Irvine Lab, suggesting that the strongly negative charge
carried by DOPG might potentiate the nonspecific uptake, clearance, or degradation of liposomes
in vivo. Secondly, the presence of cholesterol is well-known to improve the stability of small
unilamellar liposomes that contain unsaturated lipids such as DOPC. Since cholesterol is a
relatively small molecule compared to the phospholipid chains, it is capable of “packing” into
free spaces in the lipid bilayer, thereby decreasing its fluidity and potentially increasing its
resistance to degradation. Thirdly, the maleimide-PEG content in the lipid composition was
titrated down in order to minimize partitioning of the PEGylated phosopholipid chains into small

micellar structures distinct from the liposomes, a process which occurs more favorably with a
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large excess of the highly hydrophilic PEGylated phospholipid. Since the maleimide reactive
group is attached to the PEGylated DSPE phospholipid, such partitioning would likely have
resulted in a significant level of anti-CD40 coupling to micelles, which would be more rapidly

cleared than intact liposomes in vivo due to their sub-100nm size.
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Figure 3.10. Optimization of liposome formulation for highest antibody conjugation efficiency
and prolonged in vivo persistence. A) Optimizing the lipid composition of liposomes for
maximal efficiency of anti-CD40 coupling. B,C) Increased levels of rhodamine-labeled
modified liposomes (red) remaining at the tumor site, at 24hr and 48hr post-injection, detected
by cryosection imaging or histology. D) Secondary staining (green) against anti-CD40 showing
durable co-localization with liposomes (red) at the tumor site, in cryosection images.

Figure 3.10a contains a representative plot from the various optimizations of the liposome
composition, demonstrating that a 2.5 to 10% (by mole) range of maleimide-PEG(2000)-DSPE
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content resulted in roughly equivalent levels of anti-CD40 conjugation: approximately 55ug of
anti-CD40 per total mg of lipid. Omitting the maleimide-PEG phospholipid from liposomes
completely abrogated the ability to bind DTT-reduced anti-CD40. For the titration shown here,
cholesterol was included at 35% by mole, in addition to DOPC at 50% and methoxy-PEG(2000)-
DSPE for the remaining %. A 5% maleimide content was chosen for all subsequent experiments
involving anti-CD40-coupled liposomes in this study, based on the observation of slightly
enhanced colloidal stability following anti-CD40 conjugation compared to the other
formulations. Furthermore, the pre-concentration of anti-CD40 to at least Smg/ml via centrifugal
spin column, prior to DTT reduction and liposome conjugation, was found to greatly improve the
overall efficiency of antibody-liposome coupling.

Following the optimization of antibody coupling efficiency, anti-CD40-liposomes were
injected intra-tumorally for the histological analysis of in vivo persistence. Figure 3.10b shows
cryosections of subcutaneous tumors excised at 24hr and 48hr post-injection, displaying high
levels of rhodamine-labeled lipid still visible within or surrounding the injected tumor, while
Figure 3.10c shows flow cytometry analysis of excised tumors at 24hr. This constituted a
substantial improvement over the low level of fluorescence observed using previous
formulations of liposomes in this study (Figure 3.9a). Moreover, secondary staining of
cryosections using an anti-rat isotype antibody confirmed the co-localization of anti-CD40
antibody (at the injected tumor) with rhodamine-labeled lipid fluorescence, for over 72 hours
(Figure 3.10d). Importantly, rhodamine fluorescence was not observed in the spleens or distal
lymph nodes of treated mice, indicating that injected liposomes did not enter the systemic
circulation to any significant degree (Figure 3.10c). Note that the detection of a directly

fluorescently labeled anti-CD40 (tagged using Alexa Fluor 555 antibody labeling kit, Molecular
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Probes) proved not to be feasible for in vivo experiments, by either histological analysis or flow
cytometry, due to an insufficient degree of labeling.

Having characterized and optimized the newly modified anti-CD40-liposomes, we next
measured their overall anti-tumor efficacy in a B16 tumor therapy experiment. B16F10 tumors
were implanted subcutaneously in C57BL/6 mice and allowed to establish for 9 days prior to the
start of therapy. Mice were then treated intra-tumorally on days 9/11/13/15, with 75ug of anti-
CD40 per dose in either soluble or liposome-coupled form. Figure 3.11a-b shows the average

tumor progression and individual tumor growth curves of treated and control untreated mice.
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Figure 3.11. Successful inhibition of tumor growth and simultaneous elimination of systemic
toxicity by intra-tumorally injected anti-CD40-liposomes. A) Individual tumor growths (n=4) in
mice receiving control, soluble anti-CD40, or anti-CD40-liposome therapy on days 9/11/13/15.
B) Average tumor growths showing moderate inhibition by liposome therapy and potent
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inhibition by soluble therapy. C) Systemically circulating levels of anti-CD40 at indicated
timepoints throughout the treatment course. D,E) Serum levels of ALT enzyme and TNF-alpha,
indicative of systemic inflammatory toxicity induced by soluble anti-CD40.

Although anti-CD40-liposomes successfully inhibited tumor progression compared to control
mice (p=0.0089 by paired t-test), liposome therapy still performed significantly worse than
soluble anti-CD40 therapy. However, measurements of systemic exposure and inflammatory
toxicity demonstrated that the strategy of liposome-coupled delivery provided an enormous
benefit compared to soluble therapy, consistent with all the previous toxicity daté in this study.
For example, circulating levels of anti-CD40 were dramatically reduced by liposome-coupled
delivery (Figure 3.11c), correlating with the elimination of inflammatory markers such as serum
ALT (Figure 3.11d) and the pro-inflammatory cytokine TNFa (Figure 3.11e) throughout the
course of therapy. Overall, these therapeutic results confirmed the ability of locally injected,
nanoparticle-conjugated immunostimulatory agents to induce anti-tumor responses while

minimizing systemic side effects.

3.5. Summary and Conclusions

In the first part of this study, we developed a conceptual strategy for the local
immunotherapy of established solid tumors while avoiding systemic toxicity. By covalently
anchoring a highly potent immunostimulatory agonist to a nanoparticle carrier, followed by local
intra-tumoral injection, the immunotherapeutic agent was restricted from draining into systemic
circulation while maintaining the ability to stimulate a local anti-tumor immune response. Using
liposomes or lipid-coated PLGA nanoparticles, anti-CD40 was conjugated via maleimide-thiol
reaction and delivered for the treatment of subcutaneously implanted B16F10 tumors in mice.

Statistically significant inhibition of tumor growth was achieved in the absence of side effects
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such as weight loss, systemic inflammatory cytokine release, and liver inflammatory damage.
Bio-distribution analyses confirmed both the local retention of particle-delivered anti-CD40, and
a dramatic reduction in the systemic exposure to the antibody.

In spite of the preliminary therapeutic success and optimization of the particle carrier, there
were clear limitations to anti-CD40-liposome therapy that remained to be addressed. Although
modest delays in tumor progression were consistently achieved, no completely curative
responses had yet been attained. Attempts to increase the dosage per injection of nanoparticle-
or liposome-coupled anti-CD40 did not yield significant improvements in therapeutic efficacy,
most likely due to the aggregation of particles when administered intra-tumorally in a highly
concentrated form. Moreover, local soluble injections of anti-CD40 consistently inhibited tumor
growth for a more prolonged period than either anti-CD40-coupled liposomes or PLGA
nanoparticles (although measurements of systemic exposure and toxicity were consistently
elevated with soluble therapy). Given the extended persistence of liposome-coupled anti-CD40
at the injected tumor, compared to the extremely rapid clearance of soluble anti-CD40, it was
surprising that soluble therapy induced a more potent anti-tumor response. Soluble therapy was
also more efficacious than particle-coupled therapy for the treatment of larger tumors (if the start
of therapy was delayed beyond day 10 post-inoculation), an important consideration for the
clinical relevance and translatability of this therapeutic strategy.

With these limitations in mind, the subsequent aims of this study were directed towards two
overall objectives: 1) the investigation of additional immunotherapeutics that could be combined
with anti-CD40 into this nanoparticle/liposome-coupled delivery strategy; and 2) gaining a better
mechanistic understanding of how anti-tumor immunity was primed following particle-coupled

delivery in comparison to soluble therapy. In addressing these objectives, the ultimate goal
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remained to achieve a curative anti-tumor immune response, in the absence of systemic exposure

and inflammatory toxicity.
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CHAPTER 4
Induction of potent local anti-tumor immune responses by intra-tumoral injection of

liposome-anchored anti-CD40/CpG therapy

4.1. Abstract

In this portion of the study, we sought to improve the overall therapeutic efficacy of the
nanoparticle-coupled delivery strategy developed in Aim I of this thesis. While liposome-
anchored anti-CD40 monotherapy induced significant anti-tumor responses locally in the
absence of systemic toxicity, complete cures were not achieved, and liposome therapy remained
less potent than soluble therapy. CpG oligonucleotides, a ligand for Toll-Like Receptor 9
(TLRY), have previously demonstrated potent anti-tumor effects, as well as potential synergy
when combined with anti-CD40 and other immune-stimulatory agents. However, the clinical use
of CpG DNA has similarly been hampered by dose-limiting inflammatory toxicity provoked
upon systemic exposure. We hypothesized that by adding CpG DNA to anti-CD40-coupled
liposomes, we could retain the bio-activity of both therapeutics in the local tumor tissue and
tumor-draining lymph node, while limiting systemic exposure to these potent molecules.
Combinatorial anti-CD40/CpG liposomes were prepared, and their therapeutic efficacy, systemic
toxicity, and in vivo bio-distribution were assessed following intra-tumoral injections into
established B16F10 tumors. Anti-CD40/CpG liposomes successfully inhibited tumor growth
and induced a survival benefit similar to locally injected soluble anti-CD40+CpG.
Biodistribution analyses following local delivery showed that the liposomal carriers successfully
sequestered both anti-CD40 and CpG in vivo, and did not elicit off-target inflammatory effects

such as significant increases in serum ALT levels, systemic inflammatory cytokines, or overall

56



weight loss. Therefore, combinatorial anti-CD40/CpG liposomes provided a substantial
therapeutic improvement over anti-CD40-liposomes alone. The majority of this work was
published in a first-author publication, Biomaterials 32(2011): 5134-51 4719

To increase our understanding of the relative contributions of innate and adaptive immunity
to the observed primary anti-tumor responses, preliminary mechanistic experiments were also
performed, including the depletion of CD8+ T cells and the use of intra-lymph node injections of
anti-CD40/CpG liposomes. Both innate and adaptive responses were found to contribute to the
anti-tumor response, which was not surprising given the direct stimulation of APCs such as
macrophages and DCs via both CD40 and TLR9. However, despite the highly potent local anti-
tumor responses stimulated by anti-CD40/CpG liposome therapy, anti-tumor memory was not
consistently primed, as only a small fraction of the surviving mice after primary tumor therapy

were able to reject a secondary tumor re-challenge.

4.2. Introduction
4.2.1. Motivation for anti-CD40/CpG combination therapy

Agonists against CD40, a co-stimulatory receptor expressed on the surface of APCs, are
known to elicit potent anti-tumor immune responses, but they can also cause severe
inflammatory side effects following systemic infusion (as reviewed in Chapter 3.2.1). Pre-
clinical studies have shown the efficacy of anti-CD40 therapy against a wide variety of tumor
models, either as a mono-therapy,>”*""" in combination with chemotherapy,'® or in combination
with other immunostimulants such as IL-2 and IL-15.3%771%  As described in the previous

chapter, we successfully developed a strategy to deliver anti-CD40 therapy via coupling to

nanoparticle or liposomal carriers, to enable the local sequestration of potent anti-CD40 therapy
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at an injected tumor site, thus minimizing systemic exposure and toxicity. However, liposome-
coupled anti-CD40 monotherapy was not sufficient to provide complete curative responses
against the B16 tumor model in mice. Therefore, we sought to investigate the combination of
anti-CD40 therapy with additional liposome-coupled immunostimulatory agents, in order to
improve the anti-tumor response.

CpG oligonucleotides, ligands for Toll-like receptor 9 (TLRY) expressed by APCs, represent
another class of potent immunostimulatory factors. Stimulation of the TLR9 receptor directs
APCs towards priming potent, Ty1-dominated T-cell responses, by increasing the production of
pro-inflammatory cytokines and the presentation of co-stimulatory molecules to T cells.'%!?
Like anti-CD40, CpG therapy has been tested against a wide variety of tumor models in mice,
and has consistently been shown to promote tumor inhibition or regression.®*3!%1> However,
recent studies have also suggested that systemic over-exposure to CpG can have potentially
dangerous side effects, including lymphoid follicle destruction and the suppression of adaptive
T-cell immunity via indoleamine 2,3-dioxygenase (IDO) induction in the spleen.'*!"” Thus,
both anti-CD40 and CpG show substantial anti-tumor potency concurrent with issues of systemic
toxicity.

Several previous studies have investigated the combination of anti-CD40 with additional
immunostimulatory agonists. In particular, synergy between anti-CD40 and TLR ligands has
been demonstrated in a variety of murine tumor models including B16 melanoma, resulting in
highly potent anti-tumor responses in vivo.2$*!1812l Fyrthermore, it has been proposed that in
the absence of co-activation such as TLR stimulation or other microbial priming (“danger”)
signals, anti-CD40 therapy alone can actually lead to the impairment of CD8+ T cell-mediated

anti-tumor responses, possibly by activation-induced apoptosis. For example, Berner et al
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reported the suppression of secondary anti-tumor responses following successful primary
immunotherapy using anti-CD40 + IL-2; Kedl et al observed the accelerated deletion of tumor
antigen-specific CTLs following anti-CD40 monotherapy; and Mauri et al observed immuno-
suppressive effects following the administration of anti-CD40 monotherapy in a murine model of

chronic autOimmunity,”’m'u“

Furthermore, Schulz et al showed that microbial stimuli are
required for the full activation of DCs stimulated with CD40 ligation, as measured by production
of the stimulatory cytokine IL-12.'% Therefore, the addition of the TLR9 agonist CpG DNA to

anti-CD40-coupled liposomes was well-motivated with the potential to provide a significant

improvement to the anti-tumor responses previously attained.

4.2.2. Novel synthetic CpG DNA-lipid conjugates for incorporation into liposome carriers
Since one of the principal objectives of this study was to eliminate the systemic toxicity of
immunotherapy, the addition of CpG to anti-CD40 liposome-coupled delivery required a strategy
for anchoring CpG to liposomal carriers. In order to accomplish this, we considered the ability
of lipid-based micelles to insert spontaneously into lipid bilayers, such as the outer surface of
pre-formed liposomes.”>®  Within the Irvine Lab, a novel DNA-phospholipid conjugate had

recently been developed by Liu et al.'*%!'*

This synthetic conjugate, composed of a DNA
oligonucleotide sequence linked by a short polyethylene glycol (PEG) spacer to two hydrocarbon
chains, is an amphiphilic compound that self-assembles into stable micelles when suspended in
aqueous buffers (chemical structure shown in Figure 4.1). Previous work by Liu had already

demonstrated that these DNA-lipid micelles could be stably incorporated into phospholipid

membranes. Therefore, a DNA-lipid conjugate was synthesized containing a frequently reported
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immunostimulatory CpG oligonucleotide sequence (CpG 1826), and tested in combination with

the anti-CD40-liposomes described in Chapter 3.
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Figure 4.1. Structure of synthetic CpG DNA-lipid conjugate, for incorporation into anti-CD40-
coupled liposomes. Synthesized and characterized by Haipeng Liu (Irvine Lab). 2126

4.3. Methods
4.3.1. Synthesis of combinatorial anti-CD40/CpG-coupled liposomes

Cholesterol-stabilized liposomes were synthesized as described in Chapter 3, with a
composition of cholesterol / DOPC / maleimide-PEG(2000)-DSPE / methoxy-PEG(2000)-DSPE
35/50/5/10 by mol%; 0.5 mol% of rhodamine-labeled DOPE was incorporated for biodistribution
experiments. Anti-CD40 (at ~12-15mg/ml) was prepared by DTT reduction, then mixed with
maleimide-functionalized liposomes at a ratio of 3 mg Ab:1 pmol liposomes for covalent
coupling. The maleimide-thiol reaction was allowed to proceed for at least 10 hr at 25°C,
followed by centrifugation of the resulting aggregated liposomes and multiple washes with PBS,
to remove unbound antibody. Prior to use, anti-CD40-liposomes were syringe-extruded 25X
through 200nm polycarbonate filter membranes.

CpG-lipid conjugates were prepared as previously described.””*'?" To create combination
liposomes simultaneously bearing anti-CD40 + CpG, a post-insertion approach97 was used to
insert the purified CpG-lipid conjugate onto the surface of anti-CD40-conjugated liposomes:
~3nmol CpG-lipid was mixed with previously prepared anti-CD40-liposomes (1umol) for 2hr at

25°C. The resulting combination liposomes were again centrifuged and washed multiple times
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with PBS, to remove unimer or micellar CpG-lipid, then syringe-extruded 25X through 200nm
filter membranes prior to use. Final liposome size distributions were characterized by dynamic
light scattering. An overall schematic describing the synthesis of anti-CD40/CpG combinatorial
liposomes is presented in Figure 4.2.

Anti-CD40/CpG

s S combination
Maleimide-functionalized
i-CD4 PEGyIated liposomes AntI-CDdO-IIposomes CpG DNA-lipid "posomes
&'gki 5)0 conjugate
" _ *sn —t"'-\f"p
< o7t 4w ¢ M'_’I . o= —
i al-thiol
ety reaction Spontaneous Size re-extrusion

insertion
Figure 4.2. Overall schematic of anti-CD40/CpG combination liposome synthesis. Anti-CD40-

liposomes are prepared first as previously described (Chapter 3), then combined with a CpG
DNA-lipid conjugate, to obtain combinatorial anti-CD40/CpG liposomes.

4.3.2. Characterization of anti-CD40/CpG combination liposomes

Bioactive anti-CD40 conjugated to liposomes was quantified by a functional ELISA assay as
described in Chapter 3.3.3. Free CpG and CpG-lipid were both tracked using a fluorescent FAM
label on the 3° end, with ex/em wavelengths at 480/520nm. To measure the in vifro release of
anti-CD40 or CpG-lipid from combination liposomes, dialysis cassettes with a 300kD MWCO
membrane were used. 400ul samples were dialyzed against 20ml PBS containing 10% fetal calf
serum, with gentle agitation, at 37°C. Samples and dialysis buffers were collected at each
indicated timepoint; anti-CD40 was measured by sandwich ELISA and CpG was measured by its
fluorescent label FAM. All samples were mixed with 0.5% Tween 20 to disrupt intact liposomes

prior to quantitation
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4.3.3. B16 tumor therapy using anti-CD40/CpG combination liposomes

For in vivo tumor experiments, C57BL/6 mice were anaesthetized and inoculated
subcutaneously on the right hind flank with 5x10* B16F10 cells in Hank’s Balanced Salt
Solution (HBSS). Tumors were allowed to establish for 8 days before the start of therapy, by
which time they had reached an average area of ~12 mm?®. Mice then received intra-tumoral
injections on days 8/10/12/14 (unless otherwise noted) using PBS, soluble anti-CD40 only,
soluble CpG only, anti-CD40-liposomes, soluble anti-CD40 + CpG, or anti-CD40/CpG
combination liposomes. Each dose, whether in soluble or liposomal form, consisted of 40 ug of
anti-CD40, with or without 20 pg of CpG (unless otherwise noted). The weight change of
treated mice was monitored as an indication of overall body condition, and serum was collected
from mice at the indicated time points via retro-orbital bleeding, for the measurement of
circulating inflammatory markers. Mice were euthanized when tumor areas exceeded 100 mm?,
per institutional guidelines.

Intra-lymph node injections of anti-CD40/CpG liposomes were performed using a non-
surgical technique previously reported by Jewell et al.'"®® Mice were inoculated subcutaneously
with B16 tumor cells as described above. For non-invasive injection of therapy into tumor-
proximal lymph nodes, a tracer dye was first injected subcutaneously at the tail base, 24hr prior
to the start of therapy. Draining of the tracer dye into the inguinal lymph nodes enabled the
nodes to be visualized through the mouse skin. Rhodamine-labeled combination liposomes were
then administered on days 8/10/12/14/16, at an effective dose of 8ug anti-CD40 + 4ug CpG in a

20ul volume per injection (1/5 of the dose administered in intra-tumoral therapy). Flow

cytometry analysis was performed on day 18 to confirm the presence of rhodamine-labeled
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liposomes and FAM-labeled CpG-lipid in the directly injected lymph nodes, at significantly
higher levels than in mice that had received intra-tumoral therapy.

To investigate whether cytotoxic T cells were essential for the therapeutic efficacy of anti-
CD40/CpG liposomes, antibody depletion of CD8+ cells was performed. Anti-CD8a (clone
2.43, Bio-X-Cell) was injected intra-peritoneally into tumor-bearing on days 6/11/14/17, at a
dose of 300ug per injection, and mice received liposomal or soluble therapy as described above.
Flow cytometry was used to validate that this dosing regimen eliminated >98% of CD8+ T cells
from the tumor, lymph nodes, spleen, and systemic circulation prior to the start of anti-
CD40/CpG therapy and continuing throughout the duration of treatment.

To test the anti-tumor memory response of soluble- or liposome-treated mice, B16-bearing
mice received anti-CD40/CpG combination therapy as described above, on days 9/11/13/15.
Three days following the last dose of therapy, PBS-treated, soluble anti-CD40+CpG treated, or
anti-CD40/CpG liposome-treated mice were inoculated subcutaneously on the distal flank with a
secondary challenge of 5x10* B16F10 cells. Naive mice (that had not received primary tumors)
were also inoculated to ensure the viability and progression of the particular batch of tumor cells.
Long-term surviving mice that were able to reject both the primary tumor and secondary
challenge were subsequently re-challenged on day 90, to evaluate the persistence of the memory

responsc.

4.3.4. Analysis of systemic toxicity following intra-tumoral anti-CD40/CpG therapy
Blood was collected from mice at the indicated time points and centrifuged to remove the
cellular fraction. Circulating serum levels of TNF-alpha and IL-6 were measured by ELISA,

while the serum level of free anti-CD40 was measured by sandwich ELISA using recombinant
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CD40 receptor (as described in Chapter 3.3.3). Systemic circulating levels of CpG were detected
via its fluorescent FAM label (ex/em at 480/520nm). Serum levels of the hepatic enzyme ALT
(alanine transaminase) were measured using a standard biochemical assay (Infinity ALT reagent

kit, Thermo Fisher), according to the manufacturer’s instructions.

4.3.5. Analysis of in vivo biodistribution of anti-CD40/CpG liposome therapy

For biodistribution experiments, a single intratumoral injection of soluble or liposomal
formulations was given at a dose of 40 ug anti-CD40 + 20 pug CpG between days 8-10 post-
inoculation, when tumors were at a size of 12-15 mm?, and mice were euthanized 24hr or 48hr
later. Tumors, tumor-proximal or distal lymph nodes, and spleens were harvested and either
immediately snap-frozen using liquid nitrogen (for cryosectioning) or digested with 100pg/ml
Liberase Blendzyme III (Roche) for 15min at 37°C, followed by mechanical dissoctiation and
rinsing through 40 pm nylon mesh cell strainers to obtain cell suspensions. Cryosections were
imaged directly without any further processing for the optimal detection of fluorescent FAM-
labeled CpG, FAM-labeled CpG-lipid, and rhodamine-labeled liposomes. For secondary
immunostaining against anti-CD40, cryosections were acetone-fixed and stained using a
DyLight649-labeled anti-rat [gG, with minimal cross-reactivity against mouse IgG (Jackson
Immuno). For flow cytometry analysis, recovered cells were re-suspended in PBS + 1% BSA
and stained with fluorescent antibodies against CD45, CD11c, and F4/80. Cellular events were
gated based on forward and side scatter, and tumor-infiltrating leukocytes were gated from other

cell populations based on CD45 expression.
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4.4. Results and Discussion
4.4.1. Synthesis and characterization of anti-CD40/CpG combination liposomes

In the previous part of this study (Chapter 3), we developed anti-CD40-coupled liposomes
capable of eliciting local anti-tumor immune responses while minimizing systemic toxicity
following intra-tumoral injection. In an effort to increase the efficacy of this therapy, we next
incorporated CpG DNA (a TLR9 agonist) onto the surface of these liposomes. Anti-CD40 was
first coupled onto maleimide-functionalized liposomes as previously described (Chapter 3).
Aggregation of liposomes occurred during the coupling reaction, consistent with the availability
of multiple thiol groups per antibody, which could mediate crosslinking between liposomes. The
aggregated anti-CD40-liposomes were pelleted by centrifugation and washed to remove unbound
antibody, then mixed with CpG-PEG-lipid conjugates, enabling the lipophilic tails of the CpG-
lipid to spontaneously insert into the liposomal bilayer surface. After washing again to remove
unbound CpG, the anti-CD40/CpG-coupled liposomes were membrane-extruded to a mean
diameter of approximately 150nm, with a std. dev. of 18nm (Figure 4.3a). Mixing fluorescently-
tagged CpG-lipid (130pg/ml) with anti-CD40-liposomes (14.4mg lipid/mL) gave CpG insertion
with ~90% efficiency, resulting in 20 + 2.2ug CpG oligonucleotides (~3 nmol) per total mg
liposomes. The high efficiency of CpG-lipid association with liposomes and high level of CpG
loading per lipid mass contrasted with the low efficiency of soluble non-lipidated CpG
entrapment we could achieve by traditional liposomal encapsulation in PEGylated liposomes,
where only 2ug of CpG was encapsulated per mg lipid. The mean sizes of anti-CD40-liposomes

or combination liposomes were stable for at least 7 days in storage at 4°C.
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Figure 4.3. In vitro characterization of anti-CD40/CpG combination liposomes. A) Size
distributions of anti-CD40-liposomes and anti-CD40/CpG liposomes following membrane re-
extrusion, as measured by dynamic light scattering. B) Controlled release of anti-CD40 and CpG
from combination liposomes (filled symbols), by dialysis against serum-containing PBS, versus
the dialysis of freely soluble agonists (open symbols). Arrow indicates day 7 disruption of
liposomes via Tween 20 surfactant, to measure total remaining amount of bound anti-CD40.

To test the stability of anti-CD40 and CpG association with PEGylated liposomes, the release
of the immunostimulatory ligands from vesicles was measured in vitro in the presence of serum:
combination liposomes carrying anti-CD40 and CpG were dialyzed (300kD MWCO membrane)
against PBS pH 7.4 containing 10% fetal calf serum at 37°C, and release of the ligands into the
dialysis buffer was monitored over time. Soluble anti-CD40 and CpG both diffused freely
through the membrane with substantial release from the dialysis cassette in <Shr (Figure 4.3b).

By contrast, lipid-coupled anti-CD40 effectively tethered the antibody to the liposome surfaces,
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with <10% of the initial loading released over 7 days (Figure 4.3b), consistent with previous data
in the absence of added CpG-lipid. After 7 days, the liposomes were disrupted by adding 0.5%
Tween 20 surfactant, and >90% of the coupled anti-CD40 was immediately recovered. CpG-lipid
inserted into combination liposomes was retained by the vesicles less efficiently; nearly 80% of
the oligo was released by 24 hr and release was complete by ~7 days (Figure 4.3b). CpG release
may reflect the ability of oligo-lipids to self-assemble favorably into highly stable micelles in

aqueous buffers. 127

Gel electrophoresis of released samples confirmed that the fluorescent
measurements of labeled CpG represented fully intact FAM-labeled CpG-lipid, with only a low
level of degradation of these phosphorotioate backbone-stabilized oligos (or cleavage of the
FAM label) by serum nucleases over 24 hr (not shown). Thus, the vesicles efficiently retain anti-
CDA40 but release CpG over approximately one week under strong sink conditions. Combination

liposomes stored in PBS at 4°C showed negligible loss of either anti-CD40 or CpG over at least

2 weeks (not shown).

4.4.2 Inhibition of B16 tumor growth and evaluation of systemic exposure and toxicity
following intra-tumoral anti-CD40/CpG liposome therapy

Combination therapies of anti-CD40 mixed with TLR agonists such as CpG oligonucleotides
have previously been shown to provide substantially enhanced anti-tumor immune responses
compared to anti-CD40 monotherapy.”**!21:122 We reasoned that the enhanced potency of anti-
CD40 + CpG signaling combined with the controlled release of CpG-lipid from liposomes (as
indicated by in vitro data) might allow the liposome-delivered combination therapy to achieve
potency comparable to soluble anti-CD40+CpG therapy, while still avoiding systemic

inflammation that might be augmented by the addition of soluble CpG. Therefore, we tested the
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anti-tumor efficacy of soluble or liposomal combination anti-CD40/CpG in the B16 tumor
model. Mice received 4 intratumoral injections, given every other day starting on day 8 post-
tumor inoculation, of either soluble agent alone, soluble anti-CD40 + CpG, anti-CD40-only
liposomes, or anti-CD40/CpG liposomes, at equivalent doses of 40 pg anti-CD40 and 20 ug CpG
per injection. As shown in Figure 4.4a, 3/13 mice treated with soluble anti-CD40+CpG
exhibited “complete responses”, defined as apparent cures of the animals and lack of tumor
progression or new tumor nodule formation over 45 days. The remaining mice showed a delay
in tumor growth compared to untreated animals but eventually all succumbed (Figure 4.4b); we
quantified this delay in tumor growth as a time to progression (time to tripling of initial tumor
size from the start of therapy) (Figure 4.4c). Such a mixture of complete and partial responses to
immunotherapy has previously been reported and has been correlated with the tumor size at the
start of treatment.’ In the current study, however, the initial tumor burden of the three mice
showing the strongest anti-tumor responses was only slightly smaller than that of the remaining
mice. The addition of soluble CpG to soluble anti-CD40 provided only a modest enhancement
over soluble anti-CD40 alone, which induced 1/8 complete responses and showed a slightly more
rapid time to progression for the remaining tumors (Figure 4.4b).

In comparison, liposomal anti-CD40/CpG elicited no complete responses (0/13), but instead
showed a significant increase in the time to progression for partial responders compared to the
equivalent soluble therapy (p = 0.04), from a mean of 27.8 + 1.4 days for soluble treatment to
33.4 + 1.8 days for liposomal anti-CD40/CpG (Figure 4.4a-c). Anti-CD40/CpG liposome
therapy significantly prolonged the survival of tumor-bearing mice compared to PBS-treated
controls (Figure 4.4b, p<0.0001 by log-rank test), and induced a mean survival benefit

comparable to soluble immunotherapy regimens (p>0.05, not significant). Furthermore,
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combinatorial liposome therapy demonstrated a substantial increase in potency over liposomal
anti-CD40 alone (Figure 4.4a-b), suggesting a synergistic effect in the particle-mediated co-

delivery of both immunostimulants.
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Figure 4.4. Potent inhibition of B16 subcutaneous tumors by anti-CD40/CpG combination
liposomes. A) Individual tumor growth curves (n=11 to 13 per group), combined from three
independent experiments. Mice were treated intra-tumorally on days 8/10/12/14 with 40pg anti-
CD40 and 20ug CpG per injection, either in soluble (red) or liposome-coupled formulations
(blue). B) Overall survival of B16 tumor-bearing mice; arrows indicate days of therapy. Mice
were euthanized when tumor burden exceeded 100mm? C) Time to tumor progression for
partial responders to therapy, defined as the day at which tumor burden reached 3x the initial
tumor size at the start of therapy. Complete responders that received soluble therapy were
omitted in this analysis. *p=0.04, **p=0.004

Thus, though liposomal therapy showed the loss of a minority of complete responses seen with

soluble immunostimulatory ligands, the majority of animals actually exhibited longer times to
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progression following liposomal therapy compared to the soluble treatment regimens. Further
understanding of the change in therapeutic outcome obtained with liposomal delivery compared
to soluble therapy (loss of a minor complete response population but gain in overall time to
progression) represents a key area for future study and improvement of this approach. Notably,
modifying the liposome-coupled treatment regimen so that eight injections were administered
(every 2d from day 9 to day 23), each at half the dosage of the originally described four-injection
regimen, yielded no significant improvements in therapeutic efficacy or overall survival benefit
(not shown).

To determine whether the therapeutic effect of anti-CD40/CpG liposomes was still achieved
with minimized systemic side effects, overall weight loss and circulating serum inflammatory
markers were monitored following locally-administered therapy. The addition of soluble CpG to
soluble anti-CD40 intratumoral therapy greatly exacerbated the weight loss of animals through
the entire course of treatment (Figure 4.5a vs. Figure 3.5a), showing statistically significant
differences versus PBS-treated animals from day 9 through day 16 (p<0.04). In contrast, anti-
CD40/CpG-liposomes showed a mild, transient effect that reached statistical significance only on
day 10 (mean 4% weight loss at this time point, p=0.04) (Figure 4.5a). Serum levels of hepatic
ALT enzyme were significantly elevated in mice at 24 hr after the first injection of soluble anti-
CD40 + CpG, indicative of inflammatory hepatic damage (Figure 4.5b), while mice treated with
anti-CD40/CpG liposomes showed a barely detectable increase above background levels that did
not reach significance (p=0.07, n.s.). Similarly, serum levels of the pro-inflammatory cytokines
IL-6 and TNF-a were greatly increased in mice that received soluble anti-CD40/CpG, but not in
mice- that received liposome-anchored agonists (Figure 4.5c). Taken together, these data

demonstrate that dual-agonist immunotherapy employing liposomal delivery was capable of
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stimulating a potent local anti-tumor immune response, without inducing the systemic toxicity

elicited by an equivalent dose of locally-administered soluble agonists.
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Figure 4.5. Minimal systemic toxicity induced by locally injected anti-CD40/CpG liposomes in
comparison to soluble anti-CD40 + CpG. A) Weight loss following intra-tumoral soluble (red)
or liposome-coupled (blue) anti-CD40/CpG therapy. Statistical significance was calculated
relative to PBS controls by unpaired t-test at each time oint: *p<0.04. B) Serum level of hepatic
ALT enzyme at 24hr following first dose of soluble of liposome-coupled therapy. **p=0.004. @)
Serum circulating levels of inflammatory cytokines at 24hr following first dose of soluble of
liposome-coupled therapy. *p<0.0001, **p<0.0001. D,E) Systemic exposures to anti-CD40 and
CpG at timepoints following an intra-tumoral dose of soluble or liposome-coupled therapy.
*p<0.001, **p=0.002.

To determine whether the lack of systemic inflammation following liposome-anchored
aCD40/CpG delivery was achieved as a result of lowered systemic exposure to both of these
agents, we collected blood serum at various time points following intratumoral injections.

Consistent with the in vitro release data, negligible levels of anti-CD40 could be detected in
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serum at 6 or 24 hr after local liposome-anchored aCD40/CpG therapy (Figure 4.5d, or later
times, not shown), indicating that lipid anchoring effectively prevented dissemination of the
antibody to the systemic circulation. In contrast, locally-administered soluble anti-CD40+CpG
or anti-CD40 alone resulted in high levels of circulating antibody within 6 hr post-injection
(Figure 4.5d and data not shown). The release of liposome-inserted CpG-lipid from combination
liposomes occurred much more rapidly than the release of lipid-anchored anti-CD40 in vitro
(Fig. 4.3b), so a similar trend was expected in vivo. Figure 4.5¢ shows that fluorescently-labeled
CpG from combination liposome delivery could be detected in serum at 5 hr following intra-
tumoral injection, and also remains present at a measurable level in serum up to 20 hr post-
injection.  However, the level of circulating CpG following liposomal delivery was
approximately half that attained following intratumoral soluble anti-CD40+CpG therapy at both
time points (p=0.0008 and p=0.002, respectively, Figure 4.5¢). Thus, liposome-anchored CpG

delivery lowered the systemic exposure to this agent as well.

4.4.3. Local and systemic biodistribution analyses of anti-CD40 and CpG following
liposome-coupled intra-tumoral delivery

Low levels of anti-CD40 and CpG in the serum following liposomal delivery could either
reflect preferential retention of the nanoparticle-anchored agonists in the tumor site/tumor
draining lymph nodes or more rapid clearance/degradation of the particle-delivered agonists. We
thus performed histological analysis on cryosections of tumors and tumor-draining lymph nodes,
to directly visualize the local retention and proximal draining of intratumorally-injected
immunostimulatory ligands. Established B16 tumors were given a single intratumoral injection

of PBS, soluble unlabeled anti-CD40 + FAM-labeled CpG, or rhodamine-tagged liposomes
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conjugated with anti-CD40 and FAM-labeled CpG-lipid. Figure 4.6 shows representative
cryosections of tumors excised at 48hr following soluble or combination liposome therapy.
Liposomes (red) were retained at a high level at the tumor for over 48 hr post-injection, while
secondary anti-rat IgG staining (yellow) against anti-CD40 co-localized closely with the
liposomes, confirming that anti-CD40 remained coupled to the liposome carrier in vivo. FAM-
labeled CpG-lipid (green) was also highly retained at the tumor site for at least 48hr following
liposomal delivery, but was more dispersed through the local dermal and subcutaneous tissue.
This was consistent with the release of CpG-lipid from liposomes that had been observed in the

presence of serum in vitro.
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Figure 4.6. Histological analysis of anti-CD40/CpG biodistribution at the injected tumor,
following soluble or liposome-coupled therapy. Immunofluorescent staining of tissue
cryosections shows rhodamine-labeled liposomes (left panels, red); anti-CD40 (middle, yellow);
and CpG (right, green overlaid with brightfield). Edges of tumor sections are outlined in white.
Tissues were excised 48hr following a single intra-tumoral injection.
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Tumors that received soluble anti-CD40+CpG therapy also showed significant levels of CpG
remaining in the tumor site at 24 and 48hr, consistent with earlier reports of the nonspecific

interactions of phosphorothioate-backbone CpG with tissue matrix proteins.'?%1%

However,
significantly lower amounts of anti-CD40 remained within the tumor mass following soluble
therapy, (Figure 4.6), indicating rapid draining away from the injection site.

The initiation of antigen-specific anti-tumor responses requires the interactions of activated
APCs and T-cells in the tumor-proximal lymph node. Since this is also the collection site for
lymphatic draining from the tumor, we examined whether anti-CD40 and CpG reached the
tumor-proximal LN following soluble or liposomal delivery. At 24 hr following treatment with
anti-CD40/CpG liposomes, a low level of rhodamine-labeled lipid (Figure 4.7) was observed,
primarily at the subcapsular and intermediate sinus areas, co-localized with secondary staining
for anti-CD40 (yellow). As with the tumor cryosections, FAM-labeled CpG-lipid (green)
appeared to be distributed in a more dispersed pattern than the liposomes/anti-CD40. By 48hr,
fluorescent signals from rhodamine-liposomes, FAM-CpG, or secondary anti-CD40 staining in
the tumor-proximal LN of liposome-treated mice were greatly diminished, though still detectable
above PBS-treated background levels. By comparison, mice that received soluble anti-
CD40+CpG therapy showed surprisingly low levels of CpG in the tumor-draining LN, at both
24hr (Figure 4.7) and 48hr (not shown). Soluble anti-CD40, however, was readily detected in a
diffuse pattern in the tumor-proximal LN at both timepoints, consistent with the tumor-site and
serum observations that locally-administered soluble anti-CD40 drains rapidly from the injection

site into lymphatic or systemic circulation.
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Figure 4.7. Histological analysis of anti-CD40/CpG biodistribution at the tumor-proximal lymph
node. Immunofluorescent staining of tissue cryosections shows rhodamine-labeled liposomes
(left panels, red); anti-CD40 (middle, yellow); and CpG (right, green overlaid with brightfield).
Tissues were excised 24hr following a single intra-tumoral injection.

Given the persistence of liposomal anti-CD40/CpG in the tumors and draining lymph node,
and the observed colocalization of anti-CD40 with liposomes but dispersion of CpG-lipid, we
used flow cytometry to separately trace the binding/uptake of CpG and liposomes by cells at
these sites following local therapy. A variety of leukocytic cell populations have previously
been implicated in mediating the anti-tumor effects of anti-CD40 and CpG therapies. TLR9
expression is found predominantly in APCs such as dendritic cells, macrophages, and B cells,
and the activation of any of these cells by TLR9 stimulation is known to potentiate antigen cross-
priming, the production of Ty1-skewed cytokines, and the induction of potent CTL and NK-cell

31

responses. ! Although the mechanisms of anti-CD40 tumor inhibition are currently less well

defined, various studies’®**!32 have implicated DCs, macrophages, B cells, or combinations
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thereof as the primary cells responsible for priming potent CTL or NK-cell activity or T-cell
independent immune responses.44"'5’75’84’133"135 Therefore, we examined the ability of liposome-
coupled anti-CD40 and CpG to contact and bind to APCs present in the local tumor environment,
as well as APCs in the tumor-draining lymph node, where the adaptive immune response is
primed.

Established B16 tumors were injected once intratumorally with PBS, soluble anti-CD40 +
FAM-labeled CpG, or combination liposomes carrying anti-CD40 + FAM-labeled CpG-lipid +
fluorescent rhodamine-lipid. At 24 or 48 hr post-injection, the tumor tissues, distal and tumor-
proximal lymph nodes, and spleens were harvested and processed into cell suspensions for
analysis. Cells were gated on CD45 expression (common leukocyte marker), CD11c (marker for
dendritic cells), and F4/80 (macrophages), since these antigen-presenting cells express both the
CD40 receptor and the TLR9 receptor for CpG, and represent primary targets of this
immunotherapy. Figure 4.8a shows representative flow cytometry histograms of excised tumor
samples at 48 hr post-injection, illustrating that the majority of tumor-infiltrating DCs
(CD45°CD11c¢") and macrophages (CD45'F4/80") were positive for rhodamine-labeled
liposomes (with their coupled anti-CD40 cargo) and FAM-labeled CpG. As summarized in
Figure 4.8b, this high level of uptake by tumor-infiltrating APCs was consistently observed at
both 24 and 48 hr post-injection, indicating that liposomally delivered anti-CD40/CpG therapy

had reached its intended targets for local immunomodulation.
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Figure 4.8. Flow cytometry analysis of anti-CD40/CpG biodistribution following intra-tumoral
soluble or liposome-coupled therapy. A) Representative histograms of excised tumor tissues at
48 hr following a single intratumoral injection of anti-CD40/CpG liposomes, showing the uptake
of rhodamine-labeled liposomes (left) and FAM-labeled CpG (right) by the majority of dendritic
cells (top, CD45+CD11c+ staining) or macrophages (bottom, CD45+F4/80+ staining). Filled
histograms = liposomal therapy; open histograms = background controls. B) Bar graph summary
of the flow cytometry analysis depicted in (A), showing the percentage of dendritic cells (top) or
macrophages (bottom) positive for thodamine-liposomes or FAM-CpG in excised tumor tissues.
C) Flow cytometry analysis of distal and tumor-proximal lymphoid organs following a single
dose of liposomal anti-CD40/CpG therapy, indicating preferential drainage of rhodamine-labeled
liposomes to the tumor-proximal lymph node, with minimal leakage to distal lymph nodes or the
spleen. P-values determined by unpaired t-test: *p=0.03, **p=0.14(N.S.). D) Flow cytometry
analysis showing preferential local drainage of FAM-labeled CpG, analogous to part (c);
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*p<0.0001, **p=0.03. E) Co-staining of rhodamine-labeled liposomes or FAM-labeled CpG
with dendritic cells (left, CD45+CD11c+) and macrophages (right, CD45"F4/80") in the tumor-
proximal lymph node, following a single intra-tumoral liposomal injection. (F) Mean fluorescent
intensity (MFI) of FAM-labeled CpG in CD45" leukocytes in the tumor-proximal lymph node
following intra-tumoral soluble or liposomal anti-CD40/CpG treatment. *p<0.0001, **p=0.02.

Consistent with the histological data, flow cytometry analysis of proximal and distal
lymphoid organs following intratumoral injection confirmed that a small fraction of leukocytes
in the tumor-proximal LN took up liposomes (Figure 4.8c) and ~10% of these cells took up
CpG-lipid (Figure 4.8d). As expected, barely detectable levels of either component were
observed in spleens or contralateral lymph nodes, consistent with the elimination of systemic
toxicity via liposomal coupling and local retention. CD1lc" dendritic cells and F4/80"
macrophages in the tumor-draining LN both took up rhodamine-labeled liposomes and FAM-
labeled CpG by 24hr post-injection (Figure 4.8e), suggesting the successful delivery to APCs in
the draining LN, and fluorescent CpG could still be detected at 48 hr post-injection. Whether the
co-localization of fluorescent signals with these APCs resulted from the direct draining of
therapeutics to the proximal LN, or the lymphatic migration of tumor-resident APCs that had
bound or taken up therapeutics, was not explicitly investigated.

In addition, higher overall levels of FAM-labeled CpG were observed in the proximal LN
following combination liposome delivery than following soluble delivery, as quantified by mean
fluorescent intensity in cells at both time points (Figure 4.8f). This suggests that the CpG-PEG-
lipid conjugate achieved enhanced draining to the proximal lymph node compared to free soluble
CpG, although the diminished level of co-localizing rhodamine-lipid fluorescence suggests that

this did not occur via the draining of intact liposomes, but rather by the draining of released

CpG-lipid micelles. Whether the enhanced draining relative to free CpG was mediated by the
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micellar nature of the released CpG-lipid, and/or the presence of the PEG linker in the CpG-lipid

conjugate, was not investigated in this thesis.

4.4.4. Elucidating the mechanisms of the anti-tumor response mediated by anti-CD40/CpG
combination liposome therapy

The previous experiments demonstrated that anti-CD40/CpG therapy could induce the potent
inhibition of B16 tumor growth. However, in a large majority of mice, tumors eventually
progressed (with some delay) following the cessation of therapy. To improve on these
therapeutic results, we first attempted to gain a more complete understanding of the mechanisms
responsible for the observed anti-tumor responses. Previous studies in a variety of mouse
models have reported that anti-CD40 and CpG therapy inhibit tumor growth via the priming of
tumor-specific cytotoxic CD8" T-cells }3844677678IILI3 = A qditionally, CD8" T cell-mediated
responses have also been shown to be essential in the induction of anti-tumor immunity
specifically in the B16 tumor model, following a variety of immunotherapeutic treatments.'>¢'*!
Therefore, we evaluated the efficacy of soluble or liposome-coupled anti-CD40/CpG therapy in
CD8-depleted mice.

Subcutaneous tumor-bearing mice were depleted of CD8-expressing cells by intra-peritoneal
injection of an anti-CD8a antibody (clone 2.43) on days 6/11/14/17. Flow cytometry analysis
confirmed the >98% elimination of CD8" T cells in tumors, lymph nodes, spleen, and

circulation. Mice then received intra-tumoral therapy with either soluble or liposome-coupled

anti-CD40 + CpG, on days 8/10/12/14 as previously described.
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Figure 4.9. Anti-tumor efficacy of anti-CD40/CpG therapy in mice depleted of CD8" T cells. A)
Individual tumor growths (n=3 to 5 per group) in mice treated with soluble (red) or liposome-
coupled (blue) anti-CD40/CpG combination therapy, without depletion (top row) or with CD8"
CTL depletion (bottom row). Mice received intra-tumoral therapy on days 8/10/12/14, as
previously described. Solid vertical lines represent average times at which tumors escaped
immune inhibition and began to rapidly progress. B) Overall survivals of treated mice with the
depletion of CD8" CTLs (solid lines), compared to undepleted mice (dashed lines). Mice were
euthanized when tumor burden exceeded 100mm”.

As shown in Figure 4.9, CD8 depletion had no effect on tumor growths in control untreated
mice. As expected, the efficacy of anti-CD40/CpG therapy (either soluble or liposome-
conjugated) was significantly reduced in the absence of CDS8" cells, demonstrating the
importance of the CTL-mediated immune response in this model. Nevertheless, CD8-depleted
mice that received anti-CD40/CpG treatment also showed a modest delay in tumor growth and a
moderate benefit in overall survival time compared to control mice, indicating the presence of a
CTL-independent response in addition to CTL-mediated anti-tumor effects. These results
suggested that besides the expected adaptive CD8" T cell response, innate immune effectors such

as directly stimulated macrophages or NK cells may have contributed significantly to the anti-

tumor response induced by anti-CD40/CpG therapy.  The apparent importance of innate
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effectors observed in this study is consistent with previous reports by Buhtoiarov et al and
Rakhmilevich et al that illustrated the ability of anti-CD40 and CpG combination therapy to
potently stimulate macrophages and induce T cell-independent anti-tumor effects.®%1!8:13

Since the primary site of adaptive immune priming is expected to be the tumor-proximal
lymph node, we next examined whether intra-lymph node injections of anti-CD40/CpG therapy
could prime an effective anti-tumor response. It is generally believed that constitutive priming
of tumor-specific T cells occurs in the draining lymph node as a result of either direct draining of
tumor antigens, or the trafficking of APCs from the tumor site that have endocytosed tumor-
specific antigens.'”® In the absence of immunotherapy, this constitutive priming may be
insufficient for anti-tumor immunity due to local immunosuppression at the tumor site and/or the
elicitation of tolerized tumor-specific T cells by tolerogenic APCs. We hypothesized that intra-
lymph node stimulation of tumor antigen-bearing APCs via anti-CD40/CpG therapy might
enable the priming of non-tolerized CTLs and subsequent CTL homing to the tumor to effect
tumor cell killing.

Using a non-surgical, non-invasive technique developed by Jewell et al'?®

in the Irvine Lab,
we compared the efficacy of intra-nodal versus intra-tumoral injections of anti-CD40/CpG
liposomes. Mice were inoculated with subcutaneous B16 tumors and treated with intra-tumoral
therapy on days 8/10/12/14 as previously described (Chapter 4.3.3), or with intra-nodal therapy
on days 8/10/12/14/16. Due to the volume limitation of intra-lymph node injections, the dose per
intra-nodal injection was restricted to 1/5 of the dose per intra-tumoral injection (8ug anti-CD40
+ 4ug CpG, compared to 40pg anti-CD40 + 20ug CpG). Nevertheless, flow cytometry analysis

performed on day 18 (2 days following final injection) confirmed significantly increased levels

of fluorescently labeled liposomes and CpG-lipid in the tumor-proximal lymph node following
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intra-nodal injection, compared to the low levels detected following intra-tumoral injection and
subsequent lymphatic draining (not shown). Despite the potent stimulation of APCs in directly
injected lymph nodes (including observations of lymphomegaly), the overall therapeutic
response to intra-nodal therapy was markedly weaker in comparison to intra-tumoral therapy, as
indicated by the individual tumor growth curves and overall survival (Figure 4.10). Therefore, it
was concluded that lymph node priming alone is not sufficient for effective anti-tumor immunity,
and that the stimulation of local (tumor-resident) innate effectors is likely required for the full

therapeutic benefit of anti-CD40/CpG liposomes.

A Intra-lymph node Intra-tumoral
PBS control anti-CD40/CpG liposomes anti-CD40/CpG liposomes
150+ 150+ 150+
- - F
E [ E
E 400 E 100 E 400!
@ : @ P ]
2] L 8
E at E o0 g so0d
El 5 1 E
E = ] -
0 10 20 3 4 %0 . 1 20 30 40 50 T m R i
Days post-tumor inoculation Days post-tumor inoculation Days post-tumor inoculation

B Overall survival

100-

EL&—L

4 60
Days post-tumor inoculation

Percent survival

o

-— PBS control
-~ |ntra-LN liposomes
== |ntra-tumoral liposomes

Figure 4.10. Therapeutic efficacy of intra-lymph node injections versus intra-tumoral injections
of anti-CD40/CpG liposomes. A) Individual tumor growths (n=4 or 6 per group) in mice
receiving saline control, intra-lymph node, or intra-tumoral injections of liposome-coupled anti-
CD40/CpG therapy. Mice received 5 doses, on days 8/10/12/14/16, at the same dose as
previously described. B) Overall survival of mice receiving intra-lymph node or intra-tumoral
administration of combination therapy.
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4.4.5. Assessing the induction of systemic and memory anti-tumor immunity by primary
anti-CD40/CpG liposome therapy

The above experiments performed with CD8 depletion or with the intra-lymph node injection
of therapy suggested that the anti-tumor response to anti-CD40/CpG liposomes was mediated by
a combination of both innate and adaptive immune effectors. We hypothesized that if an
adaptive, tumor-specific immune response had been successfully primed, the systemic
dissemination of tumor-specific CTL effectors should enable the inhibition or rejection of a
distal, identical tumor inoculation. Importantly, the parental B16F10 tumor line is considered to
be weakly immunogenic due to the absence of exogenous or foreign transfected antigens. As a
result, control mice that did not receive primary immunotherapy would not be expected to
develop effective, tumor-specific adaptive immunity. Therefore, to test for the development of
tumor-specific adaptive immunity, we performed a secondary re-challenge experiment, in which
primary B16 tumor-bearing mice were treated locally with anti-CD40/CpG therapy in soluble or
liposome-conjugated formulation, and then subsequently inoculated with fresh B16 tumor cells
on the opposite flank.

As shown in Figure 4.11a, the weak immunogenicity of B16 tumors was confirmed by 100%
progression of the secondary tumor inoculation in untreated, primary tumor-bearing mice
(administered on day 18 of primary tumor growth). In contrast, secondary distal inoculations
(day 18 post-primary tumor, equal to 3 days after the final therapeutic dose) in mice treated with
either soluble or liposome-coupled anti-CD40/CpG resulted in complete rejection of the
secondary tumor in 2 of 6 mice in each group (Figure 4.11c). The rejection of the secondary
tumor was durable in these mice, with no observable tumor growth from the secondary challenge

for over 10 weeks post-inoculation. Simultaneously, naive mice that received primary tumor
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inoculations displayed 100% tumor progression in the absence of immunotherapy, confirming
the viability of the particular batch of tumor cells used in this challenge (Figure 4.11a).
Furthermore, ELISA analysis of serum collected immediately prior to the secondary inoculation
confirmed that there were no detectable levels of anti-CD40 or CpG remaining in circulation,
which might have impacted the ability of the secondary tumor to establish (not shown).
Interestingly, the two mice in each therapy group exhibiting secondary tumor rejection correlated
with the strongest inhibition of the primary treated tumor growths (Figure 4.11b). The ability to
resist a secondary tumor challenge is an extremely promising result for the demonstration of
clinical relevance and applicability, as it indicates that the anti-tumor immune response primed
by local anti-CD40/CpG therapy may be able to prevent tumor recurrence or to potentially target
metastatic outgrowths.

Conversely, the remaining 4 mice in both treated groups (soluble or liposome-coupled)
showed rapid tumor progression without any evidence of immune-mediated inhibition; the
average growth kinetics of these progressing tumors was statistically indistinguishable from
control untreated tumors (Figure 4.11d). This all-or-nothing response to the secondary tumor
challenge suggests that only a small fraction of mice developed a B16-specific adaptive immune
response, enabling secondary tumor rejection. In the remainder of the treated mice, local innate
effectors such as macrophages might have been primarily responsible for the inhibition of the
primary tumor, while lacking the homing or targeting specificity to act on the distal secondary

tumor inoculation.
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Figure 4.11. Secondary challenge of primary tumor-bearing mice on the distal flank, to assess
systemic and memory anti-tumor immunity following primary anti-CD40/CpG therapy. A)
Individual tumor growths in control mice: secondary tumor challenge in untreated tumor-bearing
mice (top), and simultaneous primary tumor inoculations in naive mice (bottom). Highlighted
numbers indicate fraction of progressing tumors in each group. B) Primary tumor growths in
mice receiving soluble (top) or liposome-coupled anti-CD40/CpG therapy, according to the
treatment regimen previously described. C) Secondary tumor growths in mice treated with anti-
CD40/CpG therapy at their primary tumors only (same mice as shown in part b). Highlighted
numbers indicate fractions of progressing or rejected tumors in each group. Secondary
challenges were inoculated on day 18 of primary tumor growth. D) Average growths of the
progressing secondary tumors shown in part ¢, following primary soluble or liposome-coupled
therapy. E) Day 90 re-challenge of the mice that had rejected the day 18 secondary challenge
(fraction shown in part c), following primary anti-CD40/CpG therapies. n=3 for initial
liposome-coupled therapy at primary tumor (blue); n=2 for initial soluble therapy (red).
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To assess the long-term memory response of mice treated with anti-CD40/CpG therapy, the
survivors of the previously described secondary challenge experiment were re-challenged by an
additional tumor inoculation on day 90. By this timepoint, only mice that had completely
rejected the day 18 secondary challenge remained alive; the anti-tumor responses in this limited
number of mice had also successfully controlled the growth of all initial primary tumors.
Surprisingly, all 3 out of 3 mice that had initially received liposome-coupled therapy (2 mice
primary tumor + d18 challenge, 1 mouse primary only) were unable to reject the day 90
secondary re-challenge (Figure 4.11e). This indicated that even in the fraction of liposome-
treated mice that had initially developed effective tumor-specific responses, an effective level of
anti-tumor adaptive immunity could not be maintained long-term. On the other hand, 2 out of 2
mice that had initially received soluble anti-CD40/CpG therapy retained the ability to reject the
late-time secondary re-challenge (Figure 4.11¢). Given the clear superiority of soluble therapy in
this challenge model, it was apparent that further optimization of local liposome-delivered
therapy would be necessary in order to elicit long-lasting and systemically protective anti-tumor
immunity.

As a potential alternative to using local intra-tumoral therapy for the priming of systemic
immunity, we tested in a separate experiment whether intravenously injected anti-CD40/CpG
liposomes could accumulate in established subcutaneous B16 tumors, via the enhanced
permeability and retention (EPR) effect of tumors. If successful, a systemic injection would
enable the targeting of therapy to multiple distant tumors, allowing a local immune response to
be primed at each site of tumor growth and removing the need for the systemic dissemination of
local anti-tumor immunity. Therefore, fluorescently labeled anti-CD40/CpG liposomes were

injected intravenously via tail-vein, and whole-animal imaging was performed at 24 hours post-
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injection. The majority of intravenously injected liposomes were shown to accumulate in the
liver, spleen, and lungs, with minimal fluorescence detectable in the subcutaneous tumor (Figure
4.12). This clearly indicated that the anti-CD40/CpG liposomes developed in this study would
not be amenable to systemic delivery, thus confirming the need to improve the systemic potency

of intra-tumorally delivered liposome therapy.

Figure 4.12. Distributions of intravenously injected anti-CD40/CpG liposomes. Pseudo-color
images showing fluorescently labeled liposomes accumulating mainly in the liver, lungs, and
spleen, and not in subcutaneous flank tumors (middle and right mice). Minimal background
fluorescence was observed in uninjected mice (left). Dashed blue circles denote approximate
locations of subcutaneously implanted tumors.

4.5. Summary and Conclusions
In this section of the thesis, we successfully coupled CpG DNA to anti-CD40-liposomes by
spontaneous membrane insertion. Liposomal surface coupling of both ligands caused local

retention at a high level in the tumor and surrounding tissue following intra-tumoral injection,
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allowing them to be presented to APCs at the tumor and the tumor-draining lymph node while
restricting them from entering systemic circulation or reaching distal lymphoid organs. As a
result, liposome-coupled anti-CD40/CpG therapy induced potent local anti-tumor responses
against subcutaneous B16 tumors, comparable to those elicited by soluble combination therapy
and with significantly greater efficacy than anti-CD40-liposomes alone, but without any
observable evidence of systemic toxicity. Future studies will be needed to elucidate the
underlying mechanisms governing differences in the therapeutic outcome of liposomal vs.
soluble therapy. Nevertheless, the results described here suggest that nanoparticle anchoring can
used to block systemic toxicity while maintaining anti-tumor effects for two distinct
immunostimulatory agonists, and underscore the versatility and combinatorial capacity of the
liposome-coupled delivery strategy developed in this study.

The ultimate objective of locally delivered anti-tumor immunotherapy is to prime an
effective, long-lasting, systemic immune response that is capable of the disseminated targeting of
multiple lesions, tumor recurrences, and/or metastases. Preliminary experiments to assay for the
development of systemic or memory anti-tumor immunity following intra-tumoral anti-
CD40/CpG liposome therapy proved only moderately successful: the majority of treated mice
were unable to reject a secondary B16 tumor challenge only 3 days after the cessation of therapy,
and the few long-term survivors of the initial secondary challenge were unable to maintain
effective anti-tumor immunity when re-challenged at a later time (day 90). A CD8 depletion
study and a trial therapy using intra-lymph node injections of anti-CD40/CpG liposomes
suggested that a CTL-mediated adaptive response only partly contributed to local tumor
inhibition, and that tumor-resident innate effectors such as macrophages were also stimulated by

anti-CD40/CpG therapy and subsequently involved in the anti-tumor response. While
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macrophages, neutrophils, and other innate effectors may be capable of potent local anti-tumor
effects, it is generally believed that these populations lack the persistence lifetime, antigen-
specificity, and migratory capacity to exert inhibitory effects at distal tumor sites; conversely,
tumor-specific CTL-mediated responses have been shown in a variety of pre-clinical and clinical
settings to satisfy these criteria. Therefore, we sought to direct the subsequent work in this thesis
towards the delivery of T cell-stimulatory agents, in an effort to concomitantly induce local,

systemic, and memory anti-tumor immune responses against an established solid tumor.
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CHAPTER 5
Potent stimulation of local, systemic, and memory anti-tumor immune responses via local

liposome-anchored anti-CD137 + IL-2 therapy

5.1. Abstract

Earlier work conducted in this study had developed and validated our strategy of local
liposome-anchored delivery, for the combinatorial anti-CD40 + CpG therapy of established solid
tumors. Although the growth of primary treated B16 tumors was significantly inhibited, only a
small fraction of mice developed fully curative responses or resistance against a secondary tumor
challenge. Therefore, we sought to apply our liposome-coupled delivery strategy to the intra-
tumoral administration of two highly potent, T cell-targeted immunomodulatory agents: anti-
CD137 (anti-4-1BB) antibody and IL-2 cytokine. We hypothesized that the direct stimulation of
cytotoxic T cells (which express both CD137 and IL-2R) would improve the efficacy of local,
systemic, and memory anti-tumor immune responses in comparison to anti-CD40/CpG therapy,
by priming a stronger tumor-specific adaptive response. As expected, intra-tumoral liposome-
anchored anti-CD137 + IL-2 successfully inhibited the growth of primary treated tumors and
induced complete cures in >50% of mice. Importantly, measurements of systemic exposure and
toxicity following anti-CD137 + IL-2 therapy confirmed that our strategy of liposome-coupled
delivery had restricted their bio-distribution and eliminated the inflammatory side effects
associated with soluble delivery. In addition, 100% of mice that received primary anti-CD137 +
IL-2 liposome therapy were able to reject a secondary tumor challenge on the opposite flank,
inoculated ~1.5 weeks after the cessation of therapy, confirming the development of an anti-

tumor memory response. Most strikingly, when mice bearing subcutaneous tumors
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simultaneously on both flanks were treated in a single flank only, a significant delay in the
progression of the distal untreated tumor was observed in all mice, as well as distal tumor
rejection in a small fraction of animals, indicating the presence of disseminated, systemic tumor-
specific immunity. By each of these measures, anti-CD137 + IL-2 liposome therapy provided a
substantial improvement over the efficacy of the previously described anti-CD40/CpG liposome
therapy

Analysis of tumor-infiltrating leukocyte (TIL) populations was performed in both the treated
and distal untreated tumors to elucidate mechanisms by which these potent anti-tumor responses
had been achieved. The successful inhibition of tumor growth was correlated with elevated
levels of tumor-infiltrating CD8" CTLs, and decreased levels of regulatory T cells (Tregs).
Furthermore, anti-CD137 and IL-2-conjugated liposomes were found to bind specifically to
CD8" CTLs in the treated tumor, suggesting the stimulation of a potent CTL-mediated immune
response. The depletion of CD8 cells prior to therapy confirmed that CD8" CTLs were essential
in priming an effective anti-tumor response, while the depletion of NK cells (which can also
express both IL-2R and CD137) had no distinguishable impact on therapeutic efficacy. Future
studies will be aimed at achieving a 100% rejection rate of the treated and/or the distal untreated
tumor, potentially by the combination with additional immunostimulatory agents. Nevertheless,
the highly effective anti-tumor responses generated by locally administered, liposome-coupled
anti-CD137 + IL-2 provided a potent illustration of the versatility and clinical relevance of the

liposome delivery strategy developed over the course of this thesis.
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5.2. Introduction
5.2.1. Motivation for the delivery of T cell-targeted immunomodulatory agents

We previously developed a strategy for the liposome-conjugated delivery of combinatorial
anti-CD40/CpG therapy via intra-tumoral administration.  The liposome-coupled anti-
CDA40/CpG therapy of subcutaneously established B16 tumors demonstrated the induction of
potent local anti-tumor immune responses concurrent with the elimination of systemic
inflammatory toxicity, but was unable to reproducibly elicit an effective systemic or memory
anti-tumor response, as measured by the progression of distal secondary tumor challenges (refer
to Chapter 4.4). Preliminary mechanistic experiments suggested only a weakly adaptive T cell-
mediated response following anti-CD40/CpG therapy, consistent with the direct stimulation of
local (tumor-resident) innate effectors such as macrophages by these two immuno-agonists,
leading to an innate immune-dominated anti-tumor response (Chapter 4.4). Therefore, in order
to develop a more potent and long-lasting adaptive immune response, we hypothesized that
immunomodulatory agents that directly bind and activate tumor-specific cytotoxic T cells
(CTLs) might prove more efficacious than anti-CD40 and CpG therapy.

T-cell immunomodulatory therapy has received particular focus for the treatment of
advanced metastatic melanoma. In the clinical setting, the frequently disseminated nature of
melanoma lesions (rendering surgery unfeasible), the documented presence of antigen-specific
tumor-infiltrating lymphocytes in melanomas, and the isolation of clearly defined tumor-
expressed antigens have combined to make melanoma an attractive candidate historically for
both adoptive T cell therapies (ACT) and the use of immunotherapeutic agents aimed at
stimulating endogenous T cells.'**'*” Indeed, the clinical approvals of ipilimumab (anit-CTLA-

4) and Proleukin (IL-2) for the treatment of metastatic melanoma represent the most successful
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examples of T cell-targeted immunotherapies to date, and ongoing studies combining anti-
CTLA-4 therapy with melanoma antigen vaccination strategies have already yielded promising
results in preliminary clinical evaluations.'®!*®

Similarly, in the pre-clinical B16 murine melanoma model, a number of recent studies have
implicated the requirement for CTL-mediated responses, following a wide variety of anti-tumor
immunotherapy strategies. Despite the weak immunogenicity of parental B16 tumors, tumor-
infiltrating CD8" T cells that are reactive against self-antigens expressed in B16 melanoma have
previously been reported, and are capable of mounting an effective anti-tumor response once the

tolerance to self-antigens has been broken via immunostimulatory therapy.'**'*® For example,

anti-CTLA-4 blockade in combination with GM-CSF therapy or with tumor antigen

4,137,141 136,138,139

vaccination; regulatory T cell depletion; and other regimens of
immunomodulatory antibody therapies'’*'>? have all provoked increased infiltration and
enhanced effector function of cytotoxic T cells in the B16 melanoma model. Therefore, we
sought to achieve similarly efficacious priming of a B16-specific, CTL-mediated response, by

choosing the appropriate immunostimulatory agents for liposome-coupled intra-tumoral delivery.

5.2.2. The use of anti-CD137 in cancer immunotherapy

Antibodies against the surface receptor CD137 (also known as 4-1BB) have demonstrated
potent induction of anti-tumor immune responses in a variety of pre-clinical and early clinical
studies.?*!315*  Although initially discovered as a co-stimulatory receptor that is upregulated
upon TCR activation in T cells, recent reports have indicated that CD137 is actually broadly
expressed on a variety of immune cell populations, including activated and memory T cells (both

CD4" and CD8"), natural killer (NK) cells, natural killer T (NKT) cells, DCs, and regulatory T

93



cells, although its cognate ligand, CD137L, is restricted to expression on activated antigen-
presenting cells such as macrophages, B cells, and DCs. 133154 Triggering of CD137 by agonistic
antibodies can thus compensate for the loss of CD137L signaling in the immunosuppressed
tumor environment, directly providing a co-stimulatory signal to tumor antigen-specific CTLs or
to the other aforementioned immune subsets and thereby inducing increases in activation,
proliferation, resistance to apoptosis, and effector cytokine production.'”"*” Clinical trials of
anti-CD137 therapy against melanoma, renal cancer, and ovarian cancer have reached Phase II in
the US (Bristol Meyers Squibb),**!*® while pre-clinical studies have demonstrated the efficacy of
anti-CD137 immunotherapy against numerous murine models, including breast carcinoma,
melanoma, lymphoma, renal carcinoma, thymoma, and colon cancer, whether alone or in
combination with additional immunotherapeutics such as CpG, anti-CTLA-4, and

137,150,159-165

others. Furthermore, systemic or memory anti-tumor immunity has been

demonstrated in a number of the aforementioned studies, including the ability to resist secondary

161,162,164,165

tumor challenges, or the measurement of tumor antigen-specific T cell responses

following in vitro re-stimulation."””'”

Therefore, anti-CD137 appears to be an attractive
candidate for our strategy of using local liposome-coupled delivery to prime a systemically
disseminated, tumor-specific immune response.

In the reports discussed above, the therapeutic activity of anti-CD137 has been primarily
attributed to the direct stimulation of tumor-infiltrating CD8" or CD4" T cells, in keeping with
the known expression profile of CD137 among leukocyte subsets. However, recent studies have
also described two novel mechanisms of anti-CD137 activity: Kohrt et al observed that anti-

CD137 significantly enhanced the ADCC functionality of CD137-expressing NK cells

previously primed by encounter with rituximab-bound lymphoma cells or trastuzumab-bound
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breast cancer cells, while Palazon et al discovered that anti-CD137 therapy stimulated tumor
endothelium to induce the recruitment of activated T cells in a subcutaneously implanted colon
carcinoma model.'**'® Ongoing pre-clinical and clinical research studies have continued to

investigate these potentially pleiotropic anti-tumor effects of anti-CD137.251¢7

5.2.3. Systemic toxicity associated with anti-CD137 therapy

Agonists against the CD137 receptor have been shown to cause systemic inflammatory
effects, consistent with its broadly immunostimulatory activity and similar to those previously
described for anti-CD40 (refer to Chapter 3.2.1). For example, liver inflammatory damage,
splenomegaly and lymphadenopathy, hematologic abnormalities such as lymphopenia and
anemia, and diverse disruptions in lymphocyte trafficking have been observed in mice following
systemic anti-CD137 injection.'®"'"! Dose-dependent symptoms of liver toxicity, ranging from
moderate to severe, have also been detected in human clinical trials with anti-CD137 therapy,
accompanied by elevations in serum cytokines and other adverse events associated with systemic

. . . 26,158,172
inflammation, such as fatigue. 615817

Due to the broad expression profile of the CD137
receptor, studied have not yet determined conclusively whether these inflammatory toxicities are
induced by the stimulation of particular leukocyte subsets, either systemically or differentially in
particular organs, and/or by the binding to endothelial cells throughout the vasculature.

Nevertheless, these findings present a clear motivation for liposome-anchored local delivery of

this potent immuno-agonist.
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5.2.4. IL-2 in cancer immunotherapy: established clinical efficacy and severe toxicity
Interleukin-2 (IL-2) is an immunostimulatory cytokine that binds to the IL-2 receptor (IL-2R)
primarily expressed by T cells and NK cells. The binding of IL-2 stimulates the growth,
proliferation, resistance to apoptosis, and differentiation of both CD4" and CD8" T cells. Asa
result of its potent immunostimulatory properties, the efficacy of IL-2 cytokine therapy has been

well-established in a wide variety of pre-clinical murine tumor models.'”

After promising
results were achieved in early clinical studies for the treatment of advanced cancers, IL-2
(Proleukin/Aldesleukin) was approved for the clinical immunotherapy of advanced metastatic
melanoma and metastatic renal carcinoma.'”*'%’

Surprisingly, despite its extensive record of pre-clinical success, recombinant IL-2 therapy
has only achieved clinical responses, partial or complete, in approximately 15% of treated

patients. 146,181

This can be attributed in part to the severity of the systemic side effects
experienced by patients during intravenous IL-2 therapy, which limits the dosage and/or duration
of therapy that can be administered.'¥*'¥2!183 The most common and significant toxicity caused
by IL-2 therapy is known as capillary leak syndrome (CLS): the leakage and extravasation of
plasma proteins and fluid into the extravascular space.184 CLS can lead directly to hypotension,
reduced organ perfusion, and pulmonary edema, and can result in fatality. To date, no
alleviating treatments for CLS have yet been developed, and these symptoms of toxicity can only
be reversed by the cessation of IL-2 therapy. Moreover, due to the potential lethality of these
side effects, in-patient supervision and administration of IL-2 therapy is required, which
substantially raises the overall expense of therapy for cancer patients.

More recently, various studies have examined alternative dosing regimens or administration

6,46,180,182,185,186

routes for IL-2 therapy, as well as combination therapies with additional immuno-
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agonists such as anti-CD40 and other immunostimulatory antibodies,*%7*:10516L187.188 A . mon
objective of these efforts has been to improve on the narrow therapeutic window afforded by the
anti-tumor efficacy and severe concurrent toxicity elicited by IL-2 administration. Although
these various studies have all demonstrated significant increases in therapeutic potency relative
to systemically infused IL-2 alone, none have clearly identified a strategy capable of completely
abrogating the toxicity of systemic IL-2. Furthermore, previous biomaterial-based delivery
strategies for IL-2 have all attempted to use the controlled release of vehicle-encapsulated IL-2

as a means to reduce systemic exposure and toxicity.®*%%9%18

As illustrated by the
biodistribution analyses described earlier in this thesis, the local release or delivery of protein
therapeutics still results in systemic draining, exposure, and toxicity, so any pre-clinical safety
profile based on therapeutic dosing in mice may not be translatable upon scale-up to human
patients. Most recently, Levin et al have reported the development of a novel engineered IL-2
“superkine”, capable of inducing potent anti-tumor responses in mice while significantly
reducing pulmonary edema (a common symptom associated with IL-2-mediated inflammatory
toxicity).'* Again, whether these promising results can be directly translated into human
patients remains to be determined. Taken together, these considerations clearly established that

IL-2 would be a suitable candidate immunotherapy to be tested using our proposed strategy of

locally-injected liposome-anchored delivery.

5.2.5. Bivalent IL-2 / Fc fusion protein for antibody-like conjugation to liposomes
In order to facilitate the conjugation of IL-2 cytokine to liposomes, we received a bivalent
IL-2/Fc fusion protein from the laboratory of Dane Wittrup at MIT. The complete structure and

sequence of the fusion protein is noted in Appendix 1. Briefly, a fusion protein was constructed
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by Annie Gai et al (unpublished), in which wild-type murine IL-2 is expressed C-terminally of a
murine IgG2a Fc sequence. The fusion protein was originally designed for the purpose of
prolonging the circulation time of IL-2 following intravenous injection, and thus included a
mutation (D265A) in the Fc portion to minimize binding interactions with low affinity IgG Fc
receptors (FcyRIIB and FcyRII), while binding to neonatal Fc receptor (FcRn) was not
disrupted. The presence of disulfide bonds that link two IL-2/Fc chains at the hinge region into a
bivalent structure (as in a native antibody) suggested that we should be able to couple the protein
to liposome surfaces using a similar technique as our previously described conjugation protocol
for anti-CD40 (Chapter 4.3.1). We also hypothesized that conjugating the IL-2/Fc fusion protein
in this manner would ensure that the bioactive IL-2 portion would not be blocked or denatured,
either during or after the liposome coupling process. Finally, we expected that the larger size of
the bivalent IL-2/Fc (~90kDa) relative to free IL-2 cytokine (17.2kDa) could facilitate any

purification and preparation required for the liposome coupling reaction.

5.3. Methods
5.3.1. Production of IL-2/Fc¢ fusion protein using HEK293 Freestyle mammalian cells
HEK293 Freestyle (“293F”) mammalian cells, generously donated by the Wittrup Lab, were
used for the expression and production of the murine wild-type IL-2/Fc fusion protein. First, the
IL-2/Fc DNA expression plasmid was transfected into DH5-alpha E. coli cells. After the growth
of bacterial colonies on agar, plasmids were purified from bacterial lysates by Qiagen Mega-Prep
plasmid purification kit, complexed with polyethyleneimine (PEI), and transfected into 293F
mammalian cells for transient expression and secretion. Following 7 days of culture,

supernatants were collected and the IL-2/Fc protein was isolated by gravity flow/elution through
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protein A-linked agarose resin columns. Total protein was quantified by colorimetric BCA
assay, while the quantification of IL-2 equivalence was performed by ELISA. In some
experiments, a mutant IL-2/Fc fusion protein containing an E76G affinity mutation (for
abrogated IL-2Ra binding) was prepared and used for liposome-coupled delivery. An identical
protocol was used for the 293F production of mutant IL-2/Fc as for the wild-type IL-2/Fc

described above.

5.3.2. Preparation and quantification of anti-CD137-liposomes and IL-2/Fc-liposomes
Liposomes were synthesized as described in Chapter 3.1, with a composition of cholesterol /
DOPC / maleimide-PEG(2000)-DSPE / methoxy-PEG(2000)-DSPE. For anti-CD137 or rat
IgG2a isotype antibody coupling, liposomes with a composition of 35/60/2.5/2.5 (by mol %)
were used; for IL-2/Fc coupling, liposomes with a composition of 35/62.5/2.5/0 were prepared
(methoxy-PEG-DSPE omitted). Prior to coupling, anti-CD137 (clone LOB12.3, Bio X Cell) or
rat IgG2a isotype antibodies were concentrated to approximately 25-30mg/ml, while IL-2/Fc was
concentrated to 12-18mg/ml (by total protein), equivalent to approximately 4-6mg/ml effective
IL-2. Each agent was mixed with 1.8mM of dithiothreitol for 20min at room temperature,
causing the reduction of hinge-region disulfide bonds and exposing of free reactive thiols.
Following passage through desalting columns for the removal of DTT, antibodies or IL-2/Fc
were immediately mixed with previously prepared, maleimide-functionalized liposomes in the
presence of 10mM EDTA, at a conjugation ratio of lmg Ab : 1.4umol liposomes, or 1mg
(effective) IL-2 : Sumol liposomes. (Using the lipid compositions noted above, 1umol of
liposomes is roughly equivalent to 0.7mg of total lipid.) The maleimide-thiol coupling reaction

was allowed to proceed overnight at room temperature; liposomes were then pelleted and washed
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of unbound antibody or IL-2 by table-top or high-speed airfuge centrifugation. Finally,
liposomes were syringe-extruded through 200nm polycarbonate membranes prior to use,
resulting in a mean diameter of 150-190nm as measured by dynamic light scattering, which is
comparable to the size of the anti-CD40/CpG liposomes developed in Chapter 4. The
conjugation of mutant (E76G) IL-2/Fc to liposomes was performed exactly as for wild-type IL-
2/Fc.

Quantification of liposome-coupled anti-CD137 or IL-2 for dose equilibration was performed
by first dissolving liposomes in a 0.5% solution of the surfactant Tween 20. Solubilized
antibody was then measured by a sandwich ELISA similar to that used in the previous
quantification of anti-CD40: plates were coated with anti-human IgG, followed by the use of a
recombinant CD137/human Fc fusion protein as the capture agent, HRP-conjugated anti-rat IgG
as the detection agent, and an HRP-sensitive substrate for colorimetric reading. Solubilized IL-2
was detected using routine sandwich ELISA (R&D Systems).

Liposome-coupled IL-15 super-agonist (IL-15 cytokine + IL-15Ra) was also prepared for an
early experiment. A commercially bought IL-15Ra/Fc fusion (R&D Systems) was treated with
DTT reduction and coupled to maleimide-functionalized liposomes, according to the protocol
described above. After washing to remove unbound IL-15Ra, soluble IL-15 cytokine was added,
and captured onto liposome-coupled IL-15Ra. Quantification of conjugated IL-15 super-agonist

was measured by dissolving liposomes and performing a sandwich ELISA against IL-15.

5.3.3. Assessing in vitro bioactivity of anti-CD137-liposomes and IL-2/Fc-liposomes
To confirm that the bioactivity of anti-CD137 and IL-2/Fc was not lost following liposomal

coupling, liposomes were incubated with primary murine splenocyte cultures and assayed for T
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cell binding and stimulation. For the testing of anti-CD137-liposomes, splenocytes were
obtained from naive mice and stimulated with concavalin A and IL-7 for two days for non-
specific T cell blasting, followed by 10ng/ml of IL-2 for an additional two days. After the
combined four days of culture, cultures consisted of over 85% T cells (combined CD4" and
CD8"). Anti-CD137-liposomes or soluble anti-CD137 were then added to a final effective
concentration of 5 pg/ml for the indicated times, either as a pulse/wash or in continuous
incubation for up to 24 hours. The binding of fluorescently labeled anti-CD137-liposomes was
imaged by confocal microscopy (after washing and re-plating cells in fresh medium), while the T
cell-stimulatory capacity of anti-CD137-liposomes versus soluble anti-CD137 was assayed by
the measurement of IFNy secretion into culture supernatants. The internalization of liposomes
was probed using a trypan blue fluorescence quenching assay, in which cells were incubated
with anti-CD137-liposomes for 4hr or 24hr (as above), then analyzed by flow cytometry before
or after a 2min pulse of 0.2% Trypan Blue used to quench any extracellular fluorescence (from
non-internalized membrane-bound liposomes).

For the testing of IL-2/Fc liposomes, splenocytes were again obtained from naive mice and
stimulated with concavalin A and IL-7 for two days. Soluble IL-2 or IL-2/Fc liposomes were
then added to the splenocytes cultures for an additional two days, at a final effective
concentration of 20ng/ml. Binding of fluorescently labeled IL-2/Fc liposomes to T cells was
detected by confocal microscopy and by flow cytometry, while IL-2 stimulatory activity was
confirmed by measuring the proliferation of CD4" and CD8" T cells in response to the indicated

dosages.
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5.3.4. Intra-tumoral therapy of primary subcutaneous B16 tumors using anti-CD137-
liposomes and IL-2/Fc-liposomes

Female C57BL/6 mice (6 or 7 weeks) were implanted subcutaneously with 50,000 B16F10
cells on either hind flank. Tumors were allowed to establish for 9 or 10 days prior to the start of

2. Mice then received intra-tumoral

therapy, at which point the average tumor area was ~15mm
or intra-peritoneal injections of anti-CD137 and IL-2/Fc therapy (or other agents as indicated),
either in combination or as monotherapies, in soluble or liposome-coupled form. Three doses
were administered in total over the course of one week (3 or 4 days between injections), at
equivalent dosages of 100ug of anti-CD137 + 20ug of IL-2 (effective) per injection, unless
otherwise noted. Tumor growths were monitored for up to 60 days post-tumor inoculation, and
mice were euthanized if tumors exceeded 100 mm?, per institutional guidelines. In some mice,
serum was collected at various timepoints by retro-orbital bleeding.

Weight changes, normalized to the first therapeutic dosage, were tracked daily as a
measurement of overall body condition and systemic toxicity. In addition, the collected serum
samples were analyzed by sandwich ELISA for circulating levels of anti-CD137 or IL-2 (refer to
Chapter 5.3.2), as well as markers of inflammatory toxicity such as systemically released TNFa,
IL-6, or the hepatic enzyme alanine transaminase.

Where noted, an antibody against the TRP-1 protein (clone TA99, Bio X Cell) expressed on
the surface of B16 melanoma cells was added to the regimen of intra-tumoral liposome-coupled
anti-CD137 + IL-2/Fc therapy. TA99 was administered via intra-peritoneal injection in doses of
50ug or 250pg per injection, either alone or in combination with intra-tumoral liposome therapy,

according to the same treatment schedule of 3 doses over the course of one week.
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5.3.5. Secondary and distal tumor challenges to assess systemic and memory anti-tumor
immune responses

To test the persistence and memory of anti-tumor responses primed by anti-CD137 + IL-2/Fc¢
therapy, surviving mice received a secondary tumor challenge of 50,000 B16F10 cells on the
opposite flank, on day 27 post-primary tumor inoculation. This corresponds to at least 10 days
following the cessation of primary tumor therapy, ensuring the complete clearance of any
residual, systemically circulating levels of either therapeutic agent. Secondary tumor
inoculations were left untreated, and subsequently monitored along with the primary tumors. In
mice where the day 27 secondary challenge failed to grow into a visible or palpable tumor, an
additional secondary challenge of 50,000 B16F10 cells was administered 4 weeks later, on day
55. Mice were euthanized if either primary or secondary tumor growths exceeded 100mm? in
area.

To test for the systemic dissemination of anti-tumor immunity primed by local anti-CD137 +
IL-2/Fc therapy at the primary tumor, mice were initially inoculated with 50,000 B16F10 cells
simultaneously on each hind flank. Tumors were allowed to grow for 9-10 days on both flanks,
and mice were removed from therapeutic analysis if tumors failed to establish visible masses on
both flanks. Tumors on one flank received intra-tumoral, liposome-coupled anti-CD137 + IL-
2/Fc therapy according to the dosage regimen described above in Chapter 5.3.4, while the
opposite tumor was left untreated. Mice were euthanized if tumor growths on either flank
exceeded 100mm? in area.

Where indicated, the intra-tumoral liposome-coupled therapy of 2 tumor-bearing mice was
combined with various doses of soluble anti-CD137 + IL-2/Fc, which were administered

systemically via intra-peritoneal injection. Systemic soluble injections were performed
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simultaneous with intra-tumoral liposome therapy (one flank only) according to the same
treatment schedule. Control mice received systemic soluble therapy in the absence of intra-

tumoral liposome therapy.

5.3.6. Depletion studies to determine contributions of CD8+ T cells and NK cells

We had previously validated the use of depletion antibodies to eliminate over 98% of CD§"
and CD4" expressing cells in tumors, lymphoid organs, and circulation (Chapter 4.3.3). A
similar antibody regimen was used to deplete CD8" cells and NK1.1" cells (including NK cells
and NKT cells). 400ug per dose of anti-CD8a (clone 2.43, Bio X Cell) or anti-NK1.1 (clone
PK136, Bio X Cell) was injected intra-peritoneally on days 7, 12, and 16 post-tumor inoculation,
in mice bearing 2 simultaneously implanted subcutaneous B16 tumors. Intra-tumoral liposome-
coupled anti-CD137 + IL-2/Fc therapy was then carried out on one flank on days 9, 12, and 16,
according to the treatment regimen described above (Chapter 5.3.4). Control mice received

depletion antibodies without any intra-tumoral immunotherapy.

5.3.7. Analysis of tumor-infiltrating leukocyte (TIL) populations following liposome-
coupled anti-CD137 + IL-2/Fc therapy

For the analysis of tumor-infiltrating leukocyte (TIL) populations and their changes in
response to anti-CD137 + IL-2/Fc liposome therapy, mice were inoculated with either one or two
simultaneous tumors and treated according to the dosing regimen described above for therapy
experiments (Chapter 5.3.4). The fluorescent dye DiD was incorporated (at 0.1%) into
liposomes to track the binding and distribution of anti-CD137-liposomes and IL-2/Fc liposomes

or control IgG-liposomes in vivo. At various timepoints before, during, or after the course of
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treatment, mice were euthanized and the tumors, spleens, and draining (inguinal) lymph nodes
were harvested. Tissues were mechanically dissociated and filtered to obtain single-cell
suspensions, and then stained with antibodies against CD45 (common leukocyte antigen), CD3,
CD8, NK1.1, CDl1lc, or F4/80 for analysis by flow cytometry, to compare the levels of tumor-
infiltrating CD3"CD8" T cells, NK cells, dendritic cells, and macrophages following injections of
therapeutic or control IgG liposomes. CD45 expression was used to separate leukocyte subsets
from tumor cells and any other non-leukocyte populations such as stromal or endothelial cells.
In some samples, staining antibodies against CD25 (IL-2Ra) and CD137 were included in the
flow cytometry analysis to compare the changing expression levels of these receptors over the
course of therapy. Co-localization of the fluorescent liposome label with these various immune
subsets was also examined, in both treated and distal tumors, the spleen, and the draining and
distal lymph nodes, to determine the specificity of anti-CD137 and IL-2/Fc liposome binding
compared to control IgG liposomes.

Tumor-infiltrating levels of regulatory T cells (CD4 Foxp3™) were also examined, either
before, during, or after the course of treatment. Tissues were harvested as above, processed into
cell suspensions, and surface stained with anti-CD4 antibody. Cells were then fixed and
permeabilized prior to intracellular staining using an anti-Foxp3 antibody, and analyzed by flow
cytometry. Defined volumes of cell suspensions were used to enable the calculation of total cell
counts within an entire tumor mass, according to the gated populations measured by flow

cytometry.
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5.3.8. Histological analysis of anti-CD137-liposome and IL-2/Fc-liposome biodistributions
in vivo

For the histological analysis of liposome biodistribution, B16 tumors were implanted on both
flanks and treated intra-tumorally (one flank only) with a single dose of DiD-labeled anti-
CD137-liposomes and IL-2/Fc-liposomes. 24 hours post-injection, the treated and distal tumors,
as well as the draining and distal lymph nodes, were harvested and snap-frozen in liquid nitrogen
for cryosectioning. Tissue slices were obtained and imaged directly by confocal microscopy to

investigate the distribution of injected liposomes.

5.4. Results and Discussion
5.4.1. Screening candidate immunotherapies for the priming of potent adaptive anti-tumor
immunity

In the preceding chapters of this thesis, we developed a strategy for the local liposome-
anchored delivery of anti-CD40 + CpG therapy for the treatment of established B16 tumors.
Although this combination therapy induced the potent inhibition of primary tumor growth
(Figure 4.4), the majority of mice were unable to reject a secondary tumor challenge, indicating
the insufficient priming of an adaptive anti-tumor immune response (Figure 4.11). Therefore, we
performed a pilot screen of additional candidate immunotherapies, to test their ability to
stimulate protective immunity against a secondary tumor challenge as well as their suitability for
liposome-coupled delivery.

Since anti-CD137 has previously been reported to mediate highly potent anti-tumor
responses, via direct stimulation of tumor-specific CD8" T cells,’”” we decided to test the

liposome-conjugated delivery of this antibody for B16 tumor therapy. As shown in Figure 5.1a,
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a short regimen of intra-tumoral therapy with anti-CD137-coupled liposomes (2 doses only, at
~70ug per dose) provided only a modest inhibition of primary B16 tumor growth, with the
majority of tumors progressing rapidly by about three weeks post-inoculation. Surprisingly, the
addition of anti-CD40-coupled liposomes, prepared as described previously in Chapter 4, did not
yield any significant therapeutic benefit above anti-CD137-liposomes alone (Figure 5.1a).

Liposomes bearing surface-coupled IL-15 superagonist (IL-15Ra pre-complexed with IL-15
cytokine) were also prepared as described in Chapter 5.3.2., and combined with anti-CD137-
liposomes for a pilot regimen of intra-tumoral therapy. IL-15 superagonist has been shown in a
variety of pre-clinical tumor models to potently stimulate the proliferation and effector functions
of CTLs and NK cells.””"'*? However, due to the low efficiency of coupling (<5%), only a total
of ~10pg/dose of IL-15 superagonist could be administered following liposome conjugation,
representing a substantially lower dose than has previously been used for local therapies against
B16 tumors.’' As a result, the combination of liposome-coupled IL-15 superagonist with anti-
CD137 was also unable to consistently induce a potent anti-tumor immune response, even at the
primary treated tumor (Figure 5.1a). Given the small fraction of effective responses observed,
and the low number of overall long-term surviving mice, secondary challenge studies were not
carried out subsequent to the primary liposome-coupled therapies described above.

We next investigated the use of IL-2 cytokine in the intra-tumoral treatment of subcutaneous
B16 tumors. Similar to IL-15 superagonist, IL-2 has previously been well-established as a potent
stimulant for CTL and NK cell activity and proliferation (as introduced in Chapter 5.2.4).
Furthermore, the donation of the IL-2/Fc¢ fusion protein from the Wittrup Lab (refer to Chapter
5.2.5 or Appendices) provided a convenient means by which the cytokine could theoretically be

conjugated to the surface of liposomes at a high efficiency. Therefore, we tested the use of the
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IL-2/Fc fusion, either alone or in combination with anti-CD137, for the primary inhibition of
B16 tumors and the subsequent induction of secondary tumor rejection. For this experiment, a 2-
dose regimen of therapy was administered intra-tumorally in soluble form, for the purpose of

expediting the screening process.
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Figure 5.1. Pilot screens of candidate immunotherapies for improved priming of adaptive anti-
tumor immune responses. A) Individual tumor growths (n=3 or 4) of mice treated with 2 intra-
tumoral injections of liposome-coupled anti-CD137 only, liposomal anti-CD137 + anti-CD40, or
liposomal anti-CD137 + IL-15-superagonist (SA), on days 8 and 14. B) Individual growths
(n=4) of the primary treated tumors in mice receiving 2 intra-tumoral injections of soluble IL-
2/Fc or soluble IL-2/Fc + anti-CD137, on days 8 and 12. C) Corresponding growths of
secondary tumors inoculated in mice following primary intra-tumoral therapy with soluble IL-
2/Fe or IL-2/Fc + anti-CD137. Secondary challenges were inoculated into all surviving mice at
day 27 of primary tumor growth.
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As shown in Figure 5.1b, soluble IL-2/Fc alone provided a significant, but inconsistent,
inhibition of the primary treated tumor growth, while the combination of soluble IL-2/F¢ + anti-
CD137 further enhanced the delay in tumor progression, in the majority of treated tumors.
Strikingly, when the surviving mice were re-challenged with a secondary inoculation (50,000
B16F10 cells) on day 27 post-primary inoculation, all mice (4 of 4) that had received the
combination of soluble IL-2/Fc¢ + anti-CD137 therapy were able to reject the secondary tumor
(Figure 5.1¢). Conversely, of the mice that had received soluble IL-2/Fc therapy alone, only 1
out of 3 initial primary survivors demonstrated protective immunity against the secondary
challenge. Based on these preliminary results, we decided to focus subsequent experiments on
developing and optimizing the liposome-coupled delivery of anti-CD137 + IL-2/Fc combination
therapy. Our principal objective, as previously stated, continued to be the use of liposome-
anchored delivery to achieve similarly efficacious anti-tumor responses, while eliminating any

inflammatory toxicities induced by this potent combination of immunostimulatory agonists.

5.4.2. Synthesis and in vitro bioactivity of anti-CD137-liposomes and IL-2/Fc liposomes
Having previously developed and validated a strategy for the maleimide-thiol coupling of
anti-CD40 to the surface of liposomes (Chapters 3-4), we adapted this technique for the
conjugation of both anti-CD137 and the IL-2/Fc fusion protein. Briefly, anti-CD137 and IL-2/Fc
were separately treated with 1.8mM DTT to reduce disulfide bonds in the Fc chain hinge region,
exposing free thiols for reaction with maleimide-functionalized liposomes. The reaction of each
therapeutic agent with previously prepared liposomes was also performed separately. Coupling
efficiencies of approximately 10-15% for anti-CD137 and 20-25% for IL-2/Fc were achieved,

corresponding to a final conjugation of 100-150pug anti-CD137 per mg of total lipid, and 57-71pg
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IL-2 (effective) per mg of lipid. Following syringe extrusion through a 200nm membrane, anti-
CD137-liposomes and IL-2/Fc-liposomes were recovered with mean diameters of 150-190nm by
dynamic laser scattering measurement. Prior to in vivo injection for anti-tumor therapy, the two
species of liposomes were simply mixed together, for a final effective dose of 100pg anti-CD137
+20ug IL-2 per injection.

Mixed primary splenocyte cultures from naive C57BL6 mice (untreated and tumor-free)
were used to first confirm the bioactivity of either liposome-coupled anti-CD137 or IL-2/Fc in
vitro. For anti-CD137-liposomes, naive splenocytes were activated in culture for 2d using
concavalin A and IL-7, followed by incubation with soluble recombinant IL-2 cytokine for 2d, to
stimulate T cell proliferation, resulting in cultures that consisted of over ~85% T cells (including
CD4" and CD8" cells) by day 4. Anti-CD137-liposomes or soluble anti-CD137 were then added
at an effective final concentration of 5ug/ml, in a pulse of 2hr or 6hr, or continuous incubation
over 24hr. After a total of 24hr, the culture supernatants were collected and analyzed by ELISA
for IFNy levels, as a measure of T cell stimulation. Figure 5.2a shows that the addition of anti-
CD137-liposomes at this dose induced a significant increase in IFNy secretion compared to
untreated or control IgG-liposome treated cultures, and that the level of IFNy production
increased in correlation with a greater incubation time of anti-CD137-liposomes. Interestingly,
anti-CD137-liposomes in this in vitro assay induced an even more potent I[FNy response than an
equivalent dose of soluble anti-CD137 (Figure 5.2a), in either the pulsed or continuously
stimulated cultures. This clearly confirmed that the coupling of anti-CD137 to liposome surfaces
via maleimide-thiol conjugation had not caused any detectable loss in the stimulatory activity of

the agonistic antibody.
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Figure 5.2. In vitro binding and bioactivity of anti-CD137-coupled liposomes on primary
stimulated splenocyte cultures. A) Secretion of IFNy by in vitro activated splenocyte cultures
following the addition of soluble or liposome-coupled anti-CD137 (anti-4-1BB). Naive
splenocytes were activated for 2d with concavalin A + IL-7, then additionally stimulated for 2d
with IL-2, resulting in cultures consisting of >85% T cells. On day 4, anti-CD137 was added for
the indicated pulses, and supernatants were collected after 24hr for the measurement of IFNy by
ELISA. B) Confocal imaging of T cells incubated for 24hr with anti-CD137-liposomes, showing
specific binding and aggregation of fluorescently labeled liposomes (red) on T cells (green). C)
Flow cytometry analysis showing the quenching of extracellular fluorescence from cell surface-
bound liposomes by addition of Trypan Blue. Activated T cells were incubated with labeled anti-
CD137-liposomes for 24hr as in parts a-b, then measured by flow cytometry (open histograms),
before (left) or after (right) the addition of the quenching agent. Filled histograms represent
background fluorescence of cells in the absence of liposome incubation.

Confocal imaging of splenocytes after Shr (not shown) or 24hr (Figure 5.2b) of continuous

incubation with anti-CD137-liposomes indicated that both CD4" and CD8" T cells were able to
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bind anti-CD137-coupled liposomes. Importantly, liposomes were capable of efficient binding
in the presence of complete serum-containing medium, which includes proteases and lipases that
could hypothetically degrade or hamper the specificity of antibody-coupled liposomes.
Furthermore, a large proportion of fluorescently labeled liposomes appeared to remain attached
to the surface of T cells in membrane-localized, aggregated “patches” of fluorescence, even after
a full 24hr of culture. We speculated that this occurred via the antibody/liposome-mediated
crosslinking of CD137 receptors on the cell surface, due to the multivalent nature of anti-CD137
conjugated on the surfaces of liposomes. In turn, this might have restricted the ability of T cells
to internalize either the CD137 receptor itself or the agonistic antibody when presented on
liposomes, thereby resulting in continual stimulation and the induction of unexpectedly potent
levels of IFNy production that surpassed the response to soluble anti-CD137 (Figure 5.2a).We
validated this hypothesis by performing a Trypan Blue fluorescence quenching assay, in which
cells were incubated with labeled anti-CD137-liposomes for 4hr or 24hr, then analyzed by flow
cytometry with or without the addition of a pulse of Trypan Blue to quench any extracellular
fluorescence. The addition of Trypan Blue serves to quench any fluorescence from non-
internalized, membrane-bound liposomes; therefore, any remaining fluorescent signal following
Trypan Blue quenching represents the level of previously internalized liposomes. As shown in
Figure 5.2c, there was a substantial loss of detectable fluorescence following quenching,
indicating that a large of fraction of anti-CD137-liposomes had indeed remained membrane-
bound on the surface of T cells, and thus had avoided internalization and subsequent degradation.

Similarly, for the in vifro confirmation of liposome-coupled IL-2/Fc bioactivity, we again
used primary mixed splenocyte cultures, activated for 2d by concavalin A + IL-7. On day 2,

either soluble free IL-2 or IL-2/Fc-liposomes were added to the cultures at a final effective
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concentration of 20ng/ml, and the proliferation of CD4" and CD8" T cells was quantified by flow
cytometry two days later. Figure 5.3a illustrates that IL-2/Fc-liposomes were able to induce a
comparable amount of T cell proliferation as soluble IL-2 (baseline normalized to live cell counts
in the absence of IL-2 stimulation), confirming that the bioactivity of IL-2 was not abrogated by
the presence of the Fc fusion chains nor by the conjugation to liposomes. The slightly lower
level of liposome-induced CD4" and CD8" T cell proliferation relative to soluble IL-2 treated
cultures might reflect imprecise quantification of the amount of IL-2 coupled to liposomes, since
increasing the amount of IL-2/Fc-liposomes added to the cultures resulted in a dose-dependent

increase in proliferation for both T-cell compartments (not shown).
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Figure 5.3. In vitro binding and bioactivity of IL-2/Fc-coupled liposomes on primary stimulated
splenocyte cultures. A) Proliferation of CD4" and CD8" T cells from primary splenocyte
cultures, activated with concavalin A + IL-7 on d0 and stimulated with soluble (open bars) or
liposome-coupled (solid bars) IL-2/Fc from d2 to d4. Cell counts were obtained by flow
cytometry and normalized to the level of viable T cells in the absence of IL-2 (dotted line). B)
Confocal imaging demonstrating specific binding of IL-2/Fc liposomes to CD4" (green) or CD8"
(blue) T cells, following Shr of incubation on d2 of in vitro splenocyte culture, as described for
part (a).
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In addition, confocal microscopy was performed to directly image the binding of IL-2/Fc-
liposomes to both CD4+ and CD8+ cells, as shown in Figure 5.3b. T-cell specific binding could
be observed after less than 2 hours of incubation in the presence of serum-containing medium,
followed by the washing and re-plating of cells in fresh medium. Contrary to the imaging of
anti-CD137-liposomes in splenocyte cultures (Figure 5.2b), only a limited amount of
fluorescently labeled liposomes could be detected on the surface of any given T cell, and
considerable internalization of IL-2/Fc liposomes was observed. Differences between the T cell-
binding capacities of the two liposome-coupled agents may simply reflect differences in the
surface expression levels of CD137 and IL-2Ra. Nevertheless, taken together, these in vitro
splenocyte culture assays convincingly demonstrated that the bioactivity of both
immunostimulatory agonists was maintained following their conjugations onto liposomes for

delivery.

5.4.3. Potent inhibition and cure of primary tumors with minimal systemic toxicity via
intra-tumoral liposome-coupled anti-CD137 + IL-2/Fc¢ therapy

We then proceeded to test the anti-tumor efficacy of anti-CD137-liposomes and IL-2/Fc-
liposomes in vivo. C57BL/6 mice (6-8 weeks old, female) were inoculated on one flank with
50,000 B16F10 tumor cells, and tumors were allowed to establish for 9-10 days, reaching an
average size of ~15mm? prior to the start of therapy. Mice were treated with 3 injections of intra-
tumoral therapy over the course of one week (days 9/12/16 or 10/13/17), using saline control
(PBS), rat isotype IgG-liposomes, anti-CD137-liposomes only, IL-2/Fc-liposomes only,
combined liposomes, or combined soluble anti-CD137 + IL-2/Fc, at a dosage of 100pug anti-

CD137 and 20pg effective IL-2 per injection. Figure 5.4a illustrates the individual tumor
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growths in response to the various liposome-delivered therapies. As expected, liposome-coupled
monotherapies (anti-CD137 or IL-2/Fc alone) induced only a modest delay in tumor progression
compared to PBS-treated controls, although 1 of 4 mice treated with IL-2/Fc-liposomes alone
was able to achieve a completely curative response. These results were comparable to the anti-
tumor responses described earlier following soluble IL-2 or anti-CD137 monotherapies (Figure
5.1b). On the other hand, the combination of anti-CD137-liposomes + IL-2/Fc-liposomes
successfully stimulated highly potent anti-tumor immune responses at the primary treated tumor
(Figure 5.4a): 9 out of 14 mice achieved durable tumor regression and cures, where tumors
remained undetectable for over 50 days or until the cessation of monitoring. Furthermore, the
remaining 5/14 mice treated with liposome combination therapy all showed significant delays in
tumor progression, indicating the priming of at least a transiently effective anti-tumor immune
response. Anti-tumor responses to combined anti-CD137 and IL-2/Fc liposome therapy were
compiled from multiple independent experiments, confirming the robustness of the current
delivery strategy. Overall, the efficacy of liposome-coupled anti-CD137 + IL-2/F¢ therapy
constituted a substantial improvement over the primary responses achieved by intra-tumoral anti-

CD40/CpG liposome therapy (Figure 4.4, Chapter 4.4.2).
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Figure 5.4. Highly potent inhibition of primary treated B16 tumors in the absence of systemic
toxicity, via intra-tumoral liposome-coupled anti-CD137 + IL-2/Fc therapy. A) Individual
growths of primary tumors treated with PBS, isotype-coupled liposomes, anti-CD137-liposomes
only (n=5), IL-2/Fc-liposomes only (n=4), or combined anti-CD137-liposomes + IL-2/Fc
liposomes (n=14). Mice received intra-tumoral treatments on days 9/12/16 or 10/13/17, at
equivalent doses of 100ug anti-CD137 and/or 20ug IL-2 per injection. Bracketed numbers
indicate fractions of delayed progressing tumors versus complete cures. B) Individual weight
changes, represented as a ratio to the pre-treatment weight, in mice treated with intra-tumoral
therapy as described for part (a).
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Weight changes of mice treated with liposome-coupled anti-CD137 + IL-2/Fc were also
tracked over the course of therapy, as an overall measure of body condition and systemic
inflammatory toxicity. As shown in Figure 5.4b, no detectable symptoms of systemic toxicity
were observed in liposome-treated mice compared to saline control mice, whether in response to
combination anti-CD137 + IL-2/Fc therapy or to either agent alone. This suggested that
liposome-coupled delivery had again successfully eliminated systemic inflammatory side effects,
as expected based on the previous results obtained using anti-CD40/CpG liposome therapy
(Figure 4.5, Chapter 4.4.2).

For comparison, B16 tumor-bearing mice were also treated with soluble anti-CD137 + IL-
2/Fc combination therapy, according to the same dosing schedule of three injections within one
week. In separate experiments, intra-tumoral or systemic (intra-peritoneal) injections were
administered at an equivalent full dose of 100ug soluble anti-CD137 + 20pg (effective) soluble
IL-2/Fc per injection. The individual tumor growths and weight changes in response to soluble
intra-tumoral therapy are shown below in Figure 5.5. Although equivalent full doses of soluble
intra-tumoral therapy proved to be highly efficacious at inducing primary tumor regression,
resulting in complete cures in 100% of treated mice (Figure 5.5a), extremely severe or lethal
inflammatory toxicities were observed in all mice (Figure 5.5b). Significant weight losses were
measured in the majority of mice (>10% of initial weight in some mice), beginning one or two
days after the first injection and continuing throughout the treatment regimen, along with a
variety of side effects including fatigue, sluggishness, shivering, severe local tissue
ulceration/necrosis, and local limb paralysis. In all, 2 out of 8 mice that received full doses of
soluble intra-tumoral therapy perished during or after the treatment course, despite having

completely eliminated any visible tumor burden at the injected site (Figure 5.5b). Not
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surprisingly, systemic (intra-peritoneal) injections of soluble therapy at the full dose of 100pg
anti-CD137 + 20pg effective IL-2 proved to be even more lethal, with 3 out of 5 treated mice
perishing from inflammatory toxic effects even before the completion of the three-dose regimen

(data not shown).

Soluble anti-CD137 + IL-2/Fc (full) Soluble anti-CD137 + IL-2/Fc (half)
1501 1501
& &
E £
E 100 £ 100
[ ]
N N
] »
G % s
E a E
3 3 1
Foo S
0 20 40 60 0 20 40 " 60
Days post-tumor inoculation Days post-tumor inoculation
Soluble anti-CD137 + IL-2/Fc (full) Soluble anti-CD137 + IL-2/Fc¢ (half)
1'27 1.2]

1.1 1.14

1.04

Weight

(ratio to pre-treatment)
Weight

(ratio to pre-treatment)

1.04
0.9 0.9
-3 L] A \J \J \J AJ v 1 -: Ll AJ v ¥ A A\ A Ad
8 10 12 14 16 18 20 22 24 8 10 12 14 16 18 20 22 24
Days post-tumor inoculation Days post-tumor inoculation

2/8 mice died from
treatment-related toxicity

Figure 5.5. Potent therapeutic efficacy concurrent with severe or lethal systemic toxicity induced
by intra-tumorally injected, soluble anti-CD137 + IL-2/Fc combination therapy. A) Individual
tumor growths in mice receiving soluble intra-tumoral therapy on days 9/12/16 or 10/13/17, at a
full dose of 100pg anti-CD137 + 20ug IL-2/Fc per injection (left panels, n=8) or at half of that
dose per injection (right panels, n=4). B) Weight changes in mice treated with soluble intra-
tumoral therapy as described for part (a), demonstrating severe inflammatory toxicities,
including lethality.

To determine whether locally injected soluble anti-CD137 + IL-2/Fc therapy could be titrated
to achieve an appropriate therapeutic window of efficacy and reduced toxicity, a group of mice

was treated with half-doses of combination therapy (50ug anti-CD137 + 10pg IL-2/Fc per
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injection), according to the same treatment schedule. Although no toxicity-induced fatalities
occurred, significant weight losses up to ~10% of the initial weight could still be detected, for
several days through the course of therapy (Figure 5.5b). However, at this reduced dose of
soluble therapy, only 2 of 4 mice achieved completely curative responses, while the other 2 mice
eventually succumbed to tumor progression, albeit with a substantial delay compared to
untreated controls (Figure 5.5a compared to Figure 5.4a). Taken together, these results clearly
illuminate the advantage of controlling the bio-distribution of such potent immunostimulatory
agents, thereby providing a therapeutic window by which effective anti-tumor immune responses
can be induced without causing highly toxic systemic inflammatory effects.

To confirm that liposome-coupled delivery had indeed minimized the leakage and systemic
exposure of anti-CD137 and IL-2 following intra-tumoral injection, blood samples were
collected at 18hr post-injection (single dose). Acellular plasma fractions were then analyzed by
ELISA for the circulating levels of each immunotherapeutic agent. Figure 5.6 shows that
liposome-anchored delivery almost completely eliminated the drainage of both anti-CD137
(5.6a) and IL-2/Fc (5.6b) into systemic circulation, consistent with the aforementioned absence
of observable systemic toxicity as measured by overall weight loss (Figure 5.4b). In contrast,
intra-tumoral injections of soluble combined anti-CD137 + IL-2/Fc resulted in a high level of
systemic exposure to both agonists, which was correlated with the severe and sometimes fatal
symptoms of toxicity described above (Figure 5.5b). The respective systemic levels attained
with soluble or liposome-coupled anti-CD137 + IL-2/Fc therapy matched our expectation that
liposome-mediated delivery would be able to locally sequester these agonists, based on our
previous experience using anti-CD40 + CpG combination therapy in soluble or liposome-

coupled form (Chapter 4.4).
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Figure 5.6. Systemic circulating levels of anti-CD137 and IL-2/Fc following the soluble or
liposome-anchored intra-tumoral injection of combination therapy. A,B) Serum measurements of
anti-CD137 or IL-2 by ELISA at 18hr post-injection (n>4 per group), illustrating the ability of
liposome-coupled delivery to locally restrict the in vivo bio-distribution of these potent agonists
and minimize systemic exposure.

5.4.4. Rejection of secondary tumor challenge and inhibition of simultaneous distal tumors
following primary anti-CD137 + IL-2/Fc liposome therapy

Having established the potency of local liposome-coupled anti-CD137 + IL-2/Fc therapy at
the primary treated tumor, we next examined whether an adaptive anti-tumor immune response
had been effectively primed. Since anti-CD137 and IL-2/Fc have been shown in previous
studies to induce the activation of tumor-specific cytotoxic T cells (refer to Chapter 5.2), we
hypothesized that a CTL-mediated response would be able to disseminate systemically and
inhibit the growth of distal identical tumors. Therefore, we tested the potency of the
systemically disseminated immune response in two contexts: 1) the secondary inoculation of a
distal tumor post-primary tumor therapy, as a measure of memory anti-tumor immunity and as a
model of tumor recurrence or metastatic outgrowth; and 2) the simultaneous inoculation of a

distal tumor that remains untreated while the primary tumor receives anti-CD137 + IL-2/Fc
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therapy, to mimic the clinical setting of multiple disseminated tumor lesions (as frequently found
in melanoma patients).

To assess the ability of local anti-CD137 + IL-2/Fc therapy to inhibit a secondary distal
tumor challenge, mice were inoculated with a primary tumor and treated intra-tumorally
according to the same dosages and schedule (days 9/12/16) as described earlier. On day 27 post-
primary inoculation, all surviving mice that had received anti-CD137 + IL-2/Fc therapy, either in
soluble or liposome-conjugated form, were inoculated on the distal flank with 50,000 B16F10
tumor cells.  Strikingly, in two independent experiments, 100% of primary treated mice
completely rejected the secondary tumor challenge, regardless of whether anti-CD137 and IL-
2/Fc had been administered as soluble (4 out of 4 mice) or liposome-coupled (7 out of 7 mice)
therapy. Mice were monitored until at least 28 days post-secondary inoculation, and in all mice,
the secondary challenge was completely unable to establish and grow into any detectable tumor
mass (Figure 5.7). Importantly, inoculations performed in naive mice (no primary tumor or
immunotherapy), using the same batch of tumor cells, established progressing tumors in 100% of
mice, confirming the viability of these tumor cells at the time of inoculation (Figure 5.7).
Similarly, previous experiments had also shown that secondary tumor challenges in untreated
primary tumor-bearing mice result in 100% secondary progression as well (Figure 4.11a). An
additional distal tumor challenge was then performed on day 55, on mice that had rejected the
day 27 secondary challenge and had not yet succumbed to primary tumor progression. The day
55 re-challenge was again completely rejected in 100% of inoculated mice, including 3 out of 3
animals that had initially received liposome-coupled primary therapy. Taken together, these
results demonstrated that local liposome-coupled anti-CD137 + IL-2/F¢ therapy had successfully

primed an adaptive immune response capable of targeting distal tumor cells.
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Figure 5.7. Rejection of distal secondary tumor challenge in mice, following local anti-CD137 +
IL-2/Fc primary therapy in soluble or liposome-coupled form. Mice received primary intra-
tumoral injections of combination therapy on days 9/12/16, as previously described. Secondary
tumor challenges in the distal flank were inoculated on all surviving mice at day 27 of primary
tumor growth (n=7 for liposome-treated, n=4 soluble-treated).  Simultaneous primary
inoculations into naive mice yielded 100% tumor progression (right panel).

Somewhat surprisingly, symptoms of melanin-associated autoimmunity such as vitiligo were
not consistently observed in mice that had been treated with either soluble or liposome-coupled
anti-CD137 + IL-2/Fc therapy, despite the clear indications of a systemically disseminated
immune response against B16 tumors. While previous reports have described a correlation
between autoimmune vitiligo and effective anti-tumor immunity in the B16 tumor model,"**'%
unpublished observations in our work and in the Wittrup Lab have suggested that the presence or
absence of vitiligo is not a reliable indication of the efficacy of therapy. These conflicting
conclusions may simply reflect slight differences in the tumor model setting used in the various
studies.

We speculated that the secondary tumor rejection described above was most likely mediated
by the systemic dissemination of tumor-specific CTL effectors, capable of recognizing and
directly killing tumor cells at the site of secondary inoculation before a solid tumor mass can be

established, with its plethora of immuno-suppressive mechanisms. With this in mind, a model of

2 simultaneous tumor inoculations (in which only one tumor site is treated) presents the most
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difficult challenge for local therapy, as it requires a locally primed immune response to not only
target and infiltrate the distal tumor, but to also overcome the established immuno-suppressive
microenvironment at the distal tumor.

To test the proximal and distal efficacy of liposome-coupled anti-CD137 + IL-2/Fc therapy
in this highly challenging setting, 50,000 B16F10 cells were simultaneously inoculated on both
hind flanks and first allowed to establish for 9-10 days. Mice then received intra-tumoral anti-
CD137 + IL-2/Fc liposome therapy on one flank only, on days 9/12/16 or 10/13/16, at 100ug
antibody + 20ug IL-2 per dose. Figure 5.8a shows the average growths of treated and distal
tumors following liposome-coupled therapy, compiled from three independent experiments,
while Figure 5.8b illustrates the individual growth kinetics of distal untreated tumors. Consistent
with previous experiments (Figure 5.4a), progression of the treated tumor was either significantly
delayed or completely cured. Notably, distal tumor growths were also consistently inhibited
following local liposome-coupled therapy, achieving a significant delay in progression compared
to control mice (Figure 5.8a,b). Although the majority of treated mice did eventually succumb to
progression of the distal tumor, a small fraction (2 out of 9) appeared to successfully reject the
distal tumor, with no observable tumor growth for over 50 days post-inoculation (Figure 5.8b).
Furthermore, Figure 5.8c shows that intra-tumoral liposome therapy provided a significant
improvement in overall survival compared to control mice, in this 2-tumor setting. Thus we
have clearly demonstrated that liposome-delivered anti-CD137 + IL-2/Fc is capable of eliciting
highly potent local as well as systemic anti-tumor immune responses, despite the weakly

immunogenic and aggressive nature of the B16 melanoma model.
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Figure 5.8. Inhibition of simultaneous distal tumors following liposome-coupled anti-CD137 +
IL-2/Fc therapy at a primary tumor site. A) Average growths of the primary treated tumor
(squares) or the distal untreated tumor (triangles) in mice receiving intra-tumoral liposome-
coupled combination therapy, on one flank only. Mice were inoculated with simultaneous
tumors on both flanks, and treated on one side on days 9/12/16 or 10/13/16 as previously
described. Distal tumors were significantly inhibited compared to PBS-treated controls (circles).
B) Individual growth curves (n=9 in total) of simultaneous distal (untreated) tumors in mice that
received intra-tumoral therapy at the primary tumor. C) Overall survival of mice bearing 2
simultaneous tumors, following anti-CD137 + IL-2/Fc¢ liposome therapy (solid line) or PBS
control treatment (dashed line) on one flank only, as for parts a-b. Mice were euthanized if any
individual tumor on either flank exceeded 100mm>.

It should be noted that by using intra-tumoral liposome-coupled delivery, we have ensured

that any tumor-inhibitory effects at the distal site have occurred via the dissemination of the

immune response from the local priming site, as opposed to the systemic leakage of soluble
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therapeutic agents reaching the distal tumor. The ability to reject a simultaneously growing
distal tumor without requiring a systemically administered therapy, even if only in a small
fraction of mice, represents an extremely promising development for potential translation into
the clinical treatment of patients bearing multiple disseminated lesions. By maintaining the local
sequestration of therapy, via our strategy of liposomal coupling or a comparable delivery vehicle,
highly potent immunotherapeutic agents (such as the anti-CD137 and IL-2 used in this study)
could potentially be administered to a single lesion for the induction of anti-tumor responses

throughout multiple malignant sites.

5.4.5. Modified therapies and combination treatments for the potential enhancement of
anti-tumor efficacy

The previous experiments using liposome-coupled anti-CD137 + IL-2/Fc therapy had
demonstrated the induction of potent local and systemic anti-tumor immunity, as indicated by the
large proportion of complete cures attained at primary treated tumors and the inhibition of
simultaneous distal untreated tumors. We sought to further enhance the efficacy of liposome-
coupled therapy with the dual goals of consistently obtaining 100% rejection of primary tumors,
and improving the anti-tumor responses at the distal tumor so as to achieve a greater delay in
tumor progression or a greater percentage of complete cures.

We first investigated the use of a mutated IL-2/Fc fusion protein, developed by Gai et al
(Wittrup Lab), in place of the wild-type IL-2/Fc fusion administered previously. The mutant IL-
2/Fc, containing an E76G point mutation, had been shown to induce greater levels of T and NK
cell proliferation in vivo relative to the wild-type IL-2/F¢ fusion, despite having an extremely

weak (or near-zero) binding affinity for the IL-2Ro chain (CD25) (data not shown). We
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hypothesized that the increased stimulation of CTL and NK cell proliferation via mutant IL-2/Fc
might enhance the overall efficacy of our liposome-coupled therapy, relative to wild-type IL-
2/Fc. Therefore, we tested the use of mutant IL-2/Fc-liposomes, in combination with anti-
CD137-liposomes as described earlier, for the local treatment of B16 tumors. Mice received 3
doses of intra-tumoral liposome-coupled therapy, consisting of 100pg anti-CD137 (as before) +
approximately 8-10ug mutant IL-2/Fc per dose, on days 10/13/17. A substantially lower dose of
mutant IL-2/Fc was injected compared to previous experiments with wild-type IL-2/Fc, due to
the relatively poor conjugation efficiency of the mutant to liposomes. Disappointingly, the use
of mutant IL-2/Fc-liposomes did not provide any additional therapeutic benefit compared to
wild-type IL-2/Fc (Figure 5.9a), with only 2 of 4 treated mice showing completely curative
responses. Moreover, when challenged with a secondary tumor on the distal flank (day 27), 1 of
3 surviving mice showed visible progression of the secondary inoculation into a palpable tumor
mass, indicating the insufficient priming of a memory anti-tumor immune response. The lack of
improvement in therapeutic efficacy, when substituting the E76G mutant for wild-type IL-2, was
consistent with other results obtained in parallel by Gai et al (Wittrup Lab). Consequently, the

use of the mutant IL-2/Fc¢ was not further pursued in this thesis.
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Figure 5.9. Modified therapeutic regimens fail to significantly improve on the efficacy of
liposome-coupled anti-CD137 + IL-2/Fc treatment. A) Individual tumor growths (n=4) in mice
treated intra-tumorally with liposome-coupled anti-CD137 + mutant IL-2/Fc (E76G). Mice
received intra-tumoral injections on days 10/13/17, at 100ug anti-CD137 + 8-10pg mutant IL-
2/Fc per dose. B) Individual tumor growths (n=4) in mice receiving intra-peritoneal TA99
antibody therapy, in addition to intra-tumoral liposome-coupled anti-CD137 + IL-2/Fc (wild-
type) combination therapy. Mice were treated on days 10/13/17 with 250pug TA99 per intra-
peritoneal dose, and local liposome therapy as previously described. C) Average tumor growths
(n=4 per group) of mice receiving intra-peritoneal TA99 antibody therapy alone on days
10/13/17, illustrating lack of efficacy at 50pg (squares) or 250pg (triangles) per dose. Average
tumor growth in PBS-treated mice is overlaid (circles).

Another potential strategy for enhancing the response to immunomodulatory tumor therapies
is to combine the use of a tumor cell-binding antibody, capable of directly eliciting antibody-
dependent cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC) against

the targeted tumor cells. Antibodies that target tumor-expressed antigens for the induction of
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ADCC and CDC have been developed and used in a wide variety of pre-clinical and clinical
settings, including the targeting of EGFR, ERBB2, EpCAM, CD20, CD30, and many
others.'*17>1% In the case of the murine B16 melanoma model, the anti-TRP-1 antibody TA99
has previously demonstrated the ability to induce tumor cell apoptosis in vivo.' 1% Therefore,
we investigated whether the addition of TA99 therapy to our established regimen of anti-CD137
+ IL-2/Fc¢ therapy could result in an improved, or potentially synergistic, anti-tumor response at
the primary treated site.

B16 tumors were allowed to establish on one flank for 10 days prior to the start of therapy.
On days 10/13/17, mice received intra-peritoneal injections of soluble TA99 antibody, at 50ug
(low-dose) or 250ug (high-dose) per injection. Systemic delivery of the soluble TA99 was used
to more closely mimic the clinical administration of tumor-targeting antibodies; since TA99 does
not exhibit immunomodulatory effects, the resulting systemic exposure to the antibody did not
induce any detectable inflammatory toxicities. In addition, some mice received intra-tumoral
injections of liposome-coupled anti-CD137 + (wild-type) IL-2/Fc therapy, also on days 10/13/17,
a similar regimen as had previously been used in our immunotherapy experiments (Chapter
5.4.3). As shown in Figure 5.9b, the combination of high-dose TA99 with liposome-coupled
immunotherapy did not induce any significant delays in primary tumor progression compared to
immunotherapy alone (Figure 5.4, Chapter 5.4.3), nor did it increase the percentage of complete
cures achieved. In fact, the systemic administration of TA99 antibody had a negligible effect on
directly inhibiting the rate of B16 tumor growth, as illustrated by comparing the average tumor
sizes in untreated mice to mice that received TA99 alone, without immunotherapy (Figure 5.9¢).
It is likely that the dosages and timepoints of TA99 therapy administered in this study were

simply unable to achieve sufficient levels of infiltration in the established B16 solid tumors, and
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thus could not reach the critical local antibody concentration necessary for any detectable
therapeutic activity.

Finally, we investigated the possibility of incorporating a low dose of systemic soluble
immunotherapy (anti-CD137 + IL-2/Fc) in combination with our strategy of locally injected
liposome-coupled immunotherapy. Since the principal concern with soluble immuno-agonist
therapy is the extent to which it can cause systemic inflammatory toxicities, we attempted to
determine a therapeutic window in which a sufficiently low dose of systemic soluble therapy
could induce a slight delay in tumor progression without eliciting any toxic side effects. Given
that local liposome-coupled therapy had not been able to consistently cure distal tumors, in the
setting of the simultaneous 2-tumor model (Chapter 5.4.4), we further hypothesized that a low
dose of systemic soluble immunotherapy might transiently inhibit the progression of multiple
tumors on both flanks, and that the adaptive immune response primed by a full regimen of local
liposome-coupled therapy might subsequently succeed at completely rejecting the distal tumor.

To assess this hypothesis, mice were inoculated with B16 tumors on both flanks, and therapy
was administered on days 9/12/16. Intra-tumoral liposome-delivered therapy consisted of 100ug
anti-CD137 + 20ug IL-2/Fc per injection as before, while the low-dose systemic soluble therapy
was injected intra-peritoneally on the same days at doses of 10ug anti-CD137 + 2ug IL-2/Fc per
injection. At this dose of soluble therapy, with or without local liposome therapy, no observable
symptoms of inflammatory toxicity were elicited, as indicated by the weight changes in treated
mice (Figure 5.10a). However, the administration of low-dose systemic soluble therapy also
provided no detectable improvement in anti-tumor efficacy over local liposome-coupled therapy
alone. As shown in Figure 5.10b, neither the average kinetics of tumor progression nor the

percentage of complete cures achieved was enhanced by the addition of systemic soluble therapy
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at this dose, whether at the primary tumor (i.e. the site of liposome-coupled treatment) or at the
distal tumor (refer to Figures 5.4a and 5.8b for comparison). When the systemic soluble dose
was increased to 20ug anti-CD137 + 4ug IL-2/Fc, symptoms of inflammatory toxicity began to
be observed regardless of the inclusion of local liposome therapy (Figure 5.10c). Overall, we
concluded from these results that the addition of systemically delivered soluble therapy did not
provide any practical therapeutic advantage over the use of intra-tumoral liposome-anchored

therapy alone.
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Figure 5.10. Lack of an effective therapeutic window for the addition of systemic soluble anti-
CD137 + IL-2/Fc therapy to the established regimen of local liposome-coupled therapy. A)
Weight changes in mice receiving a low non-toxic dose of systemic soluble anti-CD137 + IL-
2/Fc therapy. Mice were treated with soluble intra-peritoneal doses of combination therapy
(10pg anti-CD137 + 2pg IL-2/Fc per dose) on days 9/12/16, with or without full doses of local
liposome-coupled combination therapy as previously described. B) Individual growth curves of
mice that received a non-toxic dose of systemic soluble anti-CD137 + IL-2/Fc¢ therapy
(respectively 10pg + 2ug per dose) in addition to intra-tumoral liposome-coupled therapy (full
doses as previously described) on days 9/12/16. Mice were simultaneously inoculated with
tumors on both flanks; intra-tumorally injected tumors are shown in the left panel, and distal
tumors shown in the right panel. C) Weight changes in mice receiving moderately toxic doses of
systemic soluble anti-CD137 + IL-2/Fc therapy (20ug anti-CD137 + 4ug IL-2/Fc per injection)
on days 9/12/16, with or without a full regimen of intra-tumoral liposome-coupled combination
therapy.

5.4.6. In vivo distribution of anti-CD137-liposomes and IL-2/Fc-liposomes and specificity of
binding following intra-tumoral therapy

The preceding series of experiments confirmed that locally injected anti-CD137-liposome +
IL-2/Fc-liposome therapy, without any further addition, remained the most effective strategy for
eliciting local and systemic anti-tumor immunity in the complete absence of systemic toxicity.
Therefore, for the remainder of this thesis, we focused on gaining a fuller understanding of the
immunological mechanisms by which these potent anti-tumor responses had been induced by
this liposome-delivered therapy.

As reviewed in Chapters 5.2.2 and 5.2.4, anti-CD137 and IL-2 have been shown to stimulate
effective anti-tumor responses primarily via the activation of cytotoxic CD8" T cells, in a variety

- .. . 4,180,182
of pre-clinical models and clinical settings.'*®-13%134180.

Given the potent level of local,
systemic and memory immune responses attained in the current thesis, we speculated that CTLs
were the principal effectors being primed by liposome-coupled anti-CD137 and IL-2/Fc¢ therapy.

In order to test this hypothesis, the in vivo bio-distribution of fluorescent DiD-labeled liposomes

bearing anti-CD137 and IL-2/Fc was examined in detail, following intra-tumoral administration.
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Mice were inoculated with subcutaneous B16 tumors on both flanks, then treated with 2 doses of
local liposome-coupled therapy (100ug Ab + 20ug IL-2 as before) on days 10 and 13 post-
inoculation. On days 15 or 16, the treated and distal tumors, the proximal and distal lymph
nodes, and the spleen were harvested from mice; processed into single-cell suspensions; stained
for a variety of immunological cell populations; and finally analyzed by flow cytometry, for the
co-localization of liposomes with various immune cell subsets. Isotype rat IgG2a-conjugated
liposomes were compared to anti-CD137 or IL-2/Fc liposomes, to determine the binding
specificity of the therapeutic liposomes via their intended receptors, relative to levels of non-
specific Fc-mediated binding or uptake by phagocytic antigen-presenting cells (APCs).

Figures 5.11a and 5.11b illustrate the binding specificity of DiD-labeled anti-CD137 and IL-
2/Fc liposomes for CD8" T cells in locally treated tumors. The majority of CTLs in the injected
tumor were positive for DiD in therapeutic liposome-treated mice (mean 67+6%), while a
significantly lower percentage of CTLs were DiD" in mice receiving IgG liposomes (mean
21+3%). Similarly, the overall geometric mean fluorescent intensity (geo-MFI) of DiD on the
CTLs recovered from treated tumors was substantially higher following therapeutic liposome
treatment (mean 3100+1400 RFU), compared to IgG liposome treatment (mean 79+16 RFU).
Thus, therapeutic liposomes had successfully bound to local (tumor-infiltrating) CDS8" T cells at
a much greater extent than IgG liposomes, as we had expected given the known expression levels
of the receptors CD137 and IL-2Ra. on these cells. Conversely, no detectable levels of DiD
fluorescence were found on CTLs in the distal tumors, whether in therapeutic or IgG liposome-
treated mice, confirming that locally injected liposomes were unable to drain into systemic

circulation and directly access the distal tumor (Figure 5.11a).
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Figure 5.11. Binding specificity of anti-CD137-liposomes and IL-2/Fc liposomes to CD8" CTLs
at the treated tumor and proximal LN. A) Percentage of tumor-resident CD8" CTLs positive for
the fluorescent DiD label incorporated into IgG control or anti-CD137 and IL-2/Fc-coupled
liposomes. Mice bearing 2 simultaneous tumors received intra-tumoral injections of labeled
IgG-liposomes or combination therapeutic liposomes into one tumor, on days 10 and 13 (n=8 per
group); the treated and distal tumors were recovered on days 15 or 16 and analyzed by flow
cytometry. B) Geometric mean fluorescent intensity (MFI) of DiD signal on all CD8" CTLs
recovered from primary treated tumors. Mice received intra-tumoral injections of labeled IgG-
hposomes or combination therapeutic hposomes as described for part (a). C) Percentage of
CD8" CTLs positive for DiD fluorescence in various lymphoid organs. Mice received intra-
tumoral injections of DiD-labeled IgG-liposomes or combination therapeutic liposomes as
described for part (a) (n=5 per group); spleens and tumor-draining inguinal lymph nodes
(proximal to the treated tumor, or on the distal flank) were excised on days 15 or 16 and
analyzed by flow cytometry.
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Measurements of DiD co-localization with CTLs in proximal and distal lymphoid organs
demonstrated a similar pattern of binding specificity, with significantly higher levels of CTL
binding in the proximal lymph node by therapeutic anti-CD137 and IL-2/Fc liposomes than by
IgG isotype liposomes (mean 114£2% vs. 3.6+£0.4%, Figure 5.11c). Whether DiD-labeled
liposomes had accessed the proximal lymph node via direct lymphatic draining, or via cell-
mediated trafficking, was not explicitly determined in this experiment. Analysis of the distal
lymph node and the spleen again confirmed the minimal systemic exposure to locally injected
liposomes, as negligible levels of DiD fluorescence could be detected in these distal tissues
(Figure 5.11c¢). Overall, these results clearly established the ability of therapeutic anti-CD137
and IL-2/Fc liposomes to directly target and bind to CTLs for the local stimulation of potent,
tumor-specific immune responses.

In addition to the analysis of CTLs at tumors and lymphoid organs, we decided to investigate
other immune subsets that might also be capable of binding or taking up therapeutic liposomes,
both specifically (via the intended receptors) or non-specifically (via Fc-mediated interactions or
phagocytosis). NK cells were analyzed because of their reported ability to respond to both anti-
CD137 and IL-2 stimulation,">*'®*!*7 while dendritic cells (DCs) and macrophages (MPs) were
analyzed because of their phagocytic capabilities, Fc receptor expression, and known infiltration
into solid tumor masses.>'*® Figures 5.12a and 5.12b illustrate respectively the percentages of
DiD fluorescent co-localization with each of these immune subsets at the local injected tumor,
and the overall geometric MFI of DiD in each of these subsets. Only the analysis from the
treated tumor is shown, as no observable DiD fluorescence was detected at the distal tumor.

As expected, local tumor-infiltrating NK cells bound a significantly greater level of

therapeutic liposomes than IgG liposomes (Figure 5.12a, mean 60+6% vs. 224+2%), suggesting
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that liposome-coupled anti-CD137 and IL-2/Fc therapy may have been able to target NK cells
and induce NK cell-mediated effects in addition to a CTL-mediated response. A similar increase
in specific binding was measured by quantifying the geometric MFI of DiD fluorescence in NK
cells at the treated tumor (Figure 5.12b). Somewhat surprisingly, the DiD fluorescence from
therapeutic liposomes also co-localized with DCs and macrophages at the treated tumor at a
higher percentage than IgG liposomes (Figure 5.12a, mean 48+6% vs. 28+2% for DCs and mean
64+£7% vs. 35+3% for macrophages). Although we had expected that therapeutic and IgG
liposomes would co-localize equally with these subsets of APCs, due to non-specific and
possibly Fc-mediated interactions, the expression of CD137 has in fact been reported on

activated DCs and macrophages.'>

Therefore, it is possible that anti-CD137-liposomes may
have exhibited preferential targeting for DCs and macrophages as well. However, differences
between therapeutic and IgG treatments in the overall geometric DiD MFI of these two cell
populations remained either modest or statistically insignificant (Figure 5.12b). Finally, the
percentage of DiD" co-localization with NK cells, DCs, or macrophages in the proximal lymph
node was statistically indistinguishable between therapeutic and IgG treatments (Figure 5.12c¢).
Taken together, these results suggested that while anti-CD137-liposomes and IL-2/Fc liposomes
may have exhibited some degree of specific binding to each of these immune populations, it is

likely that in addition to CTLs, only NK cells were directly stimulated by therapeutic liposomes

to contribute significantly to the locally primed anti-tumor immune response.
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Figure 5.12. Specific binding or non-specific uptake of therapeutic vs. IgG liposomes by NK
cells, DCs, and macrophages, at the treated tumor and proximal LN. A) Percentages of tumor-
resident NK cells, DCs, and macrophages positive for the fluorescent DiD label incorporated into
IgG control or anti-CD137 and IL-2/Fc-coupled liposomes. Mice received intra-tumoral
injections of labeled IgG-liposomes or combination therapeutic liposomes on days 10 and 13
(n=3 or 5 per group), and the treated tumors were recovered on days 15 or 16 and analyzed by
flow cytometry. B) Geometric mean fluorescent intensity (MFI) of DiD signal on immune
subsets recovered from primary treated tumors. Mice received intra-tumoral injections of
labeled IgG-liposomes or combination therapeutic liposomes as described for part (a). C)
Percentage of NK cells, DCs, and macrophages positive for DiD fluorescence in the tumor-
proximal lymph node. Mice received intra-tumoral injections of DiD-labeled IgG-liposomes or
combination therapeutic liposomes as described for part (a), and the tumor-draining inguinal
lymph node proximal to the treated tumor was excised on days 15 or 16 and analyzed by flow
cytometry.
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5.4.7. Changing the balance of tumor-infiltrating leukocyte populations via intra-tumoral
liposome-coupled anti-CD137 + IL-2/Fc¢ therapy

While the flow cytometry analysis described above had shown the specificity of liposome
targeting, it did not distinguish the exact mechanisms by which tumor progression was either
completely halted or transiently inhibited, in the injected or distal tumors respectively. Therefore
we analyzed the population levels of various tumor-infiltrating leukocytes in either the treated or
distal tumors, to elucidate whether anti-CD137 + IL-2/Fc liposome therapy had successfully
skewed the tumor environment from a tumor-induced immuno-suppressive phenotype towards
an immune-activated, tumor-inhibitory balance.

Since anti-CD137 and IL-2 are known to stimulate the activation and proliferation of CD§"
CTLs, we first investigated whether the level of CTL infiltration was enhanced following
liposome-coupled therapy. The infiltration of CTLs into solid tumors has been shown to
correlate with improved overall prognosis, in both pre-clinical tumor models and human patients.
Tumors were inoculated on both flanks of mice, and therapeutic or IgG-coupled liposomes were
injected intra-tumorally on days 10 and 13, followed by the analysis of excised tumor tissues by
flow cytometry on days 15 or 16. As shown in Figure 5.13a, the intra-tumoral administration of
anti-CD137 + IL-2/Fc liposomes induced a dramatic increase in the concentration of CD8" T
cells (normalized to the total tumor volume) within the treated tumor by day 15 or 16, reaching a
mean level of 1100+260 CTLs per mm’ of tumor. This increase in CTL density within the
therapeutically treated tumors correlated with the strong inhibition of tumor growth, as we had
previously shown in Figure 5.4 (Chapter 5.4.3). In contrast, the injection of control IgG-coupled
liposomes had no observable effect on CD8" CTL infiltration, yielding a mean level of only

90+55 CTLs/mm?® tumor, which was not a statistically significant increase above the mean level
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of CTLs (74+27 cells/mm® tumor) in non-injected mice (Figure 5.13a). Correspondingly, IgG-
treated tumors progressed at a rapid rate similar to untreated mice. Clearly, this illustrated that
the liposome-coupled anti-CD137 + IL-2/Fc therapy had primed a potent tumor-specific CTL
response, at least at the locally injected tumor. Whether the increased concentration of CTLs in
treated tumors was a result of enhanced tumor infiltration by CTLs, increased proliferation of
CTLs already present within the tumor (which might previously have been impaired or
tolerized), or a combination of both mechanisms, was not explicitly determined.

A slight increase in CTL levels was also observed in the distal tumors of therapeutic
liposome-treated mice (Figure 5.13a), up to a mean of 640+300 CTLs/mm’ tumor. Although this
did not represent a statistically significant increase above the CTL levels measured in non-
injected or IgG-treated mice (p=0.089 by unpaired t-test, Figure 5.13a), it appeared to correlate
with a modest inhibition of tumor progression, consistent with the results obtained previously in
our simultaneous 2-tumor therapy experiments (Figure 5.8, Chapter 5.4.4). The high degree of
variability in CTL levels at the distal tumors of individual mice might account for the similar
amount of variability observed in the therapeutic inhibition of distal tumor growths (Figure
5.8b). Since no amount of fluorescent labeled liposomes was observed attached to these CTLs at
the distal tumor (Figure 5.11a), and we had previously established that liposome-delivered intra-
tumoral therapies could not directly access the distal tumor, it is unlikely that increases in CTL
levels at the distal tumor of therapeutically treated mice was the direct result of proliferation by
CTLs already resident in that tumor. Instead, these results suggested that a tumor-specific
adaptive immune response had in fact been successfully primed at the primary treated tumor
and/or its tumor-proximal lymph node, and had subsequently disseminated systemically in order

to target and attack distal tumor growths, as per our initial hypothesis (Chapter 5.4.4).
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Figure 5.13. Liposome-coupled anti-CD137 + IL-2/Fc therapy induced an increase in tumor-
infiltrating CTLs, but not NK cells, at the treated and distal tumors. A) Tumor-infiltrating levels
of CD8+ CTLs in response to liposome-coupled anti-CD137 + IL-2/Fc therapy. Mice bearing 2
simultaneous tumors received intra-tumoral injections of IgG-coupled liposomes or combination
of anti-CD137 + IL-2/Fc-coupled liposomes in one tumor only, on days 10 and 13 (n=5 to 7 per
group); treated and distal tumors were then harvested on day 15 or 16 for flow cytometry
analysis. CD8+ CTL counts were normalized to the tumor volume measured at the time of
excision. B,C) Tumor-infiltrating levels of NK cells in response to liposome-coupled anti-
CD137 + IL-2/Fc therapy. Mice bearing 2 simultaneous tumors were treated intra-tumorally in
one tumor on days 10 and 13 as described for part (a) (n=3 or 5 per group), then analyzed on day
15 or 16. NK cell counts are plotted as the total number recovered in excised tumors (B), or
normalized to the tumor volume at excision (C).
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As previously discussed in Chapters 5.2.2 and 5.2.4, anti-CD137 and IL-2 therapies have also
been shown to target NK cells, resulting in increased proliferation and anti-tumor effector
functions. Therefore, we performed a similar analysis on the infiltrating levels of NK cells at
day 15, following 2 doses of liposome-delivered therapy on days 10 and 13. As shown in
Figures 5.13b-c, anti-CD137 + IL-2/Fc liposome therapy did not significantly enhance the
infiltrating levels of NK cells in either the treated or distal tumors (with the exception of a single
outlier), compared to non-injected or IgG-liposome treated mice (p=0.3 by unpaired t-test). Even
though the bio-distribution analysis of fluorescently labeled liposomes had shown that anti-
CD137 and IL-2/Fc-coupled liposomes could bind to NK cells already present at the treated
tumor (Figure 5.12a), there was no apparent stimulation of NK cell proliferation or increased
recruitment into the tumor tissue. Nevertheless, these results do not rule out the possibility that
anti-CD137 and IL-2/Fc liposome therapy had affected the functional phenotype of tumor-
resident NK cells, thereby inducing a more potent level of anti-tumor activity.

A common characteristic of tumor-induced immunosuppression is the substantial recruitment
and infiltration of regulatory T cells (Tregs), which can hamper or induce the tolerization of a
variety of different immune effector cells.>'*¢'*® Moreover, the depletion of Tregs has been
shown to induce potent tumor inhibition or regression, specifically in the B16 tumor model as
well as in other murine tumors.*¢1*%13%1% T¢ investigate whether our strategy of liposome-
coupled anti-CD137 + IL-2/Fc therapy had succeeded in counteracting tumor-induced
immunosuppressive mechanisms, we quantified the tumor-infiltrating levels of Tregs by flow
cytometry on day 16 post-inoculation, following intra-tumoral therapeutic-liposome or IgG-
liposome treatments on days 10 and 13 as before. Figure 5.14a shows the absolute counts of

Tregs (CD4 Foxp3” cells) isolated from the treated or distal tumors. Anti-CD137 + IL-2/Fc
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liposome therapy caused an enormous reduction in total Treg levels within the treated tumor,
with a mean level of 720 + 130 Tregs per tumor, compared to 24,000 £ 7000 Tregs in IgG-
treated tumors and 25,000 + 7000 Tregs in non-injected mice. As expected, this dramatic
decrease in Treg levels correlated with the potent inhibition of primary tumor progression in
therapeutically treated mice, while the elevated levels of Tregs in IgG-treated or non-injected
mice correlated with continual tumor progression. Interestingly, no significant reductions in
Treg levels were observed in the distal tumors of therapeutically treated mice (Figure 5.14a,
mean count 23,000 + 7000 Tregs). This finding is consistent with our previous analyses
indicating that locally injected liposome therapies were restricted from systemic draining and
thus could not directly access the distal tumor. As a result, this suggested that liposome-coupled
therapies administered intra-tumorally at the primary tumor were unable to impact the immuno-

suppressive environment already established at the distal tumor.
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Figure 5.14. Reduced infiltration of regulatory T cells and the overall priming of increased
CTL:Treg ratios in therapeutic liposome-treated tumors. A) Tumor-infiltrating levels of
regulatory T cells (Tregs) following intra-tumoral therapy with control IgG-liposomes or
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combination anti-CD137 + IL-2/Fc liposomes (n=4 per group). Mice bearing 2 simultaneous
tumors were injected at one tumor only on days 10 and 13, and the treated and distal tumors were
excised for flow cytometry analysis on day 16. Tregs were defined by CD4+Foxp3+ expression,
via intracellular staining. Total Treg counts recovered from the excised tumors are plotted. B)
Ratio of tumor-infiltrating counts of CTLs to Treg cells following liposome-coupled anti-CD137
+ IL-2/Fc therapy, as a measure of the immuno-activatory versus immuno-suppressive balance in
the tumor environment. Mice were treated intra-tumorally as described in part (a), and the
treated and distal tumors were excised on day 16 for flow cytometry measurement of Treg and
CTL counts.

By combining our analyses of the tumor-infiltrating levels of CTLs (Figure 5.13a) and
regulatory T cells, a plot of CTL:Treg ratios (by total cell count) was then constructed to provide
an overall measure of the balance of immune-activating versus immunosuppressive mechanisms
in the tumor environment. As shown in Figure 5.14b, intra-tumoral therapy using liposome-
coupled anti-CD137 + IL-2/Fc primed a substantial increase of the CTL:Treg ratio (mean of
17.4+£2.5) at the treated tumor, indicating a dramatic shift in the balance of tumor-infiltrating
lymphocytes towards an activated immune response. This represented a statistically significant
increase compared to the CTL:Treg ratios measured in either IgG-treated tumors or non-injected
mice (Figure 5.14b). In the distal tumors of therapeutically treated mice, the CTL:Treg ratio was
also significantly enhanced (mean ratio of 7.1+0.4) compared to IgG-treated tumors or untreated
mice. This immune priming effect, however, was not as potent as in primary therapeutically-
treated tumors, since only an increase in CTLs was observed in the distal tumors without a
concurrent decrease in Tregs. Overall, these trends matched the therapeutic results previously
observed in the local liposome-coupled treatment of mice bearing 2 simultaneous tumors (Figure
5.8): the highly potent skewing of TIL phenotypes towards immune activation in primary treated
tumors correlated with significant tumor inhibition and completely curative responses, while the

comparatively modest shift of TIL phenotypes in distal tumors led to more moderate and

inconsistent levels of tumor growth inhibition.
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5.4.8. CD8 and NK cell depletion studies to elucidate mechanisms of effective anti-CD137 +
IL-2/Fc liposome therapy

The analyses of liposome bio-distribution in vivo (Chapter 5.4.6) and the changes in tumor-
infiltrating leukocyte (TIL) populations (Chapter 5.4.7) had implicated CD8" CTLs as the
principal immune effectors involved in the anti-tumor response following anti-CD137 + IL-2/Fc
liposome therapy. In order to conclusively demonstrate the priming of a CTL-mediated
response, depletion studies were performed to test the therapeutic efficacy of liposome-delivered
anti-CD137 and IL-2/Fc on both treated and distal tumors, in the absence of CD8" T cells.
Additionally, since previous reports have described the stimulation of NK cells via anti-CD137

and IL-2 ‘[herapy,l67’l97’199

and our distribution analysis had shown the binding of therapeutic
liposomes to tumor-resident NK cells, the efficacy of liposome-delivered therapy was also
examined in mice depleted of NK cells. The depletions of these two respective subsets was
carried out by the systemic (intraperitoneal) administration of anti-CD8a or anti-NK1.1
antibodies on days 7/12/16, thus encompassing the start of anti-tumor liposome-coupled therapy
and continuing throughout the course of the therapeutic regimen (intra-tumoral liposomes on
days 9/12/16, as described in Chapter 5.3.4). Validation of the depletion schedule had previously
been performed (refer to Chapter 4.4.4), ensuring >98% depletion of the targeted population in
lymphoid organs, systemic circulation, as well as peripheral tissues such as subcutaneous tumors.

Figure 5.15a shows the individual tumor growths in mice depleted of CD8-expressing cells,
while Figures 5.15¢ and 5.15d contain the average growth rates of treated and distal tumors
respectively, with or without subset depletion. In the absence of any intra-tumoral liposome

therapy, tumor growths in CD8-depleted mice progressed as rapidly as in non-depleted mice,

indicating that the depletion regimen did not have any intrinsic effects on the growth of B16
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tumors (refer to Figure 5.4a for comparison). Notably, when CD8-depleted mice were treated
with liposome-coupled anti-CD137 + IL-2/Fc, both the treated tumors and distal tumors
continued to rapidly progress, at nearly the same rate as in control, non-treated mice (Figures
5.15a,c,d). Only a slight delay in tumor progression was observed at the treated tumor in CD8-
depleted mice, without any long-term curative responses. This dramatic loss in therapeutic
efficacy convincingly demonstrated the absolute requirement for CD8" T cells, in mediating the

anti-tumor immune response primed by local anti-CD137 + IL-2/Fc liposome-coupled therapy.
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Figure 5.15. Requirement for CD8" CTLs, but not NK cells, in the priming of an effective anti-
tumor immune response via liposome-coupled anti-CD137 + IL-2/Fc therapy. A,B) Individual
tumor growths (n=3 to 5 per group) in CD8-depleted mice (A) or NK1.1-depleted mice (B),
bearing 2 simultaneous tumors. Mice received depleting antibodies prior to the start of therapy,
and continuing through the treatment regimen. Intra-tumoral injections were administered on
days 9/12/16 in one tumor only, consisting of PBS control (left panels) or anti-CD137 + IL-2/Fc-
coupled liposomes (middle and right panels, showing the primary treated tumor and distal tumor
respectively). C) Average tumor growths on the primary liposome-treated flank of non-depleted
mice (thick black line), CD8-depleted mice (red line), or NK1.1-depleted mice (blue line) (n=3
to 5 per group). Mice bearing 2 tumors were intra-tumorally treated on one flank as described
for parts a-b. Control mice (thin black line) received neither immunotherapy nor any depletion
regimen. D) Average tumor growths on the distal untreated flank of non-depleted mice (thick
black line), CD8-depleted mice (red), or NK1.1-depleted mice (blue), corresponding to the
liposome-treated mice shown in part (c).

In complete contrast to the lack of therapeutic responses observed in CD8-depleted mice, no
loss of efficacy was detected in NK-depleted mice compared to non-depleted mice following
liposome-anchored anti-CD137 + IL-2/Fc therapy, as shown in Figures 5.15b-d. In this
particular experiment, all 3 of the treated tumors in NK-depleted mice exhibited durable
complete cures, while distal tumors were also either significantly inhibited or completely
rejected (Figure 5.15b). Control NK-depleted mice that did not receive any liposome therapy
showed rapid tumor progression as expected. Therefore, the therapeutic response following
liposome-coupled immunotherapy in NK-depleted mice was at least as potent as the anti-tumor
responses primed by the treatment of non-depleted mice (Figure 5.15c¢,d), demonstrating that NK
cells were not an essential component in the priming of anti-tumor immunity by anti-CD137 +
IL-2/Fc liposomes. In fact, there even appeared to be a slight enhancement in the inhibition of
the distal tumor in NK-depleted mice (n=3) compared to non-depleted mice (averages shown in
Figure 5.15d), although conclusively determining whether or not this was a real phenomenon

will require this experiment to be repeated using larger groups of mice. We speculated that even

though therapeutic liposomes had bound to tumor-resident NK cells at a high level following
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intra-tumoral delivery (Figure 5.12), the relatively low number of NK cells compared to tumor-
infiltrating CTLs might explain the insignificance of NK-mediated effects in the overall anti-
tumor response. Taken together, the results of lipsosome-coupled anti-CD137 + IL-2/Fc therapy
in either CD8-depleted or NK-depleted mice clearly illustrated that a CTL-mediated response
was required for effective local and distal tumor inhibition, consistent with our hypothesis of a
locally primed adaptive immune response leading to the systemic dissemination of potent anti-

tumor immunity.

5.5. Summary and Conclusions

The third aim of this thesis focused on the optimization and characterization of a highly
potent combination of liposome-delivered therapy, for the local treatment of established B16
tumors in mice. By adapting the liposome-coupled delivery strategy previously developed in the
first two sections of this study (Chapters 3-4), a combination of anti-CD137-liposomes and IL-
2/Fc-liposomes was administered via intra-tumoral injection to induce the priming of local,
systemic, and memory anti-tumor immunity. Anti-CD137 + IL-2/Fc liposome therapy
stimulated the potent inhibition of primary treated tumors, including durable complete cures in
fhe majority of mice, while significantly delaying the progression of simultaneous distal tumors
as well. Secondary tumor re-challenges were also rejected in 100% of liposome-treated mice,
confirming the priming of protective anti-tumor immunity that persisted for at least 8 weeks.
Importantly, systemic exposure to these potent immuno-agonists and the associated
inflammatory toxicities were minimized by the use of liposome-coupled delivery, enabling the
spatially restricted administration of therapeutic dosages that proved to be severely toxic and

even lethal when injected in freely soluble form, despite being administered intra-tumorally.
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A series of mechanistic experiments was conducted to elucidate the primary effectors of the
activated anti-tumor immune response. Given the apparent ability of the locally primed anti-
tumor response to target either simultaneous or secondary distal tumors, we speculated that anti-
CD137 + IL-2/Fc therapy had primarily activated a CTL-mediated adaptive immune response.
Although anti-CD137-liposomes and IL-2/Fc-liposomes were observed to bind to both CD8"
CTLs and NK cells within the primary treated tumor, subsequent depletion studies confirmed
that only CTLs were essential for the efficacy of this therapy, at both the treated and distal
tumors. Furthermore, analysis of tumor-infiltrating immunological populations showed that the
local liposome delivery of anti-CD137 and IL-2/Fc resulted in significantly elevated levels of
CTLs while reducing levels of Tregs in primary treated tumors, consistent with the highly potent
inhibition of tumor growth. On the other hand, distal tumors exhibited more modest and variable
increases in CTL levels and no detectable decrease in Treg levels, and therefore achieved only
moderate delays in tumor progression. Nevertheless, these combined results successfully proved
our hypothesis that the use of liposome-anchored anti-CD137 and IL-2, two immunomodulatory
agents that directly target and stimulate CTLs, would be capable of generating a stronger
adaptive immune response against B16 tumors than the previous regimen of anti-CD40/CpG
liposome therapy.

In the greater context of translating liposome-delivered immunotherapies into a clinical
setting, the anti-tumor responses and minimal toxicity achieved here via the combination of anti-
CD137 + IL-2/Fc liposomes illustrated that local liposome-coupled delivery can actually provide
a significantly broader therapeutic window than the direct injection of soluble agents. By simply
applying the previously established strategy of liposome surface coupling to these two highly

potent immunotherapeutics, we also demonstrated the versatility of such a strategy in general, for
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the delivery of any antibody or protein therapeutic against cancer. Given the wide range of
immunostimulatory agonists currently being tested in pre-clinical and clinical phase trials, the
therapeutic liposome conjugation strategy described in this chapter represents a promising tool
that could be used to substantially improve the clinical prospects and applicability of many such

compounds.
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CHAPTER 6: Overall Conclusions and Future OQutlook

6.1. Ongoing and future studies

Certain analyses of the immunological mechanisms of the anti-tumor response remain
ongoing. For example, a complete understanding of the mechanism by which distal tumor
growth is inhibited by local liposome-coupled anti-CD137 + IL-2/Fc therapy has not yet been
attained. It is possible that tumor antigen-specific CTLs that have been activated by local
therapy are able to migrate from the primary treated tumor and home to the distal tumor site to
enact a cytotoxic response. Alternatively, de novo tumor-specific CTL effectors capable of
accessing the distal tumor may have been primed at the tumor-draining lymph node on the
treated flank, due to an increase in tumor antigen release from the treated tumor and/or the
enhanced activation of tumor antigen-bearing APCs, following liposome-delivered
immunotherapy. In addition, the ability of primary treated mice to completely reject a distal
secondary tumor challenge at both 11 and 39 days post-therapy (days 27 and 55 in total) implies
the long-lived persistence of tumor-specific CTLs that are capable of targeting and destroying a
new tumor inoculation in peripheral tissues. Whether these CTLs are of a central memory or
effector memory phenotype (i.e. whether they remain circulating, peripherally located, or
lymphoid-resident) has not yet been determined. Obtaining a fuller understanding of the
mechanisms for distal or secondary tumor inhibition might enable further improvements or
optimization of the therapeutic regimen, in order to achieve a consistent rejection of multiple
disseminated tumors.

The tumor antigen specificity of the CTL-mediated response following anti-CD137 + IL-2/Fc

therapy has also not been examined. For instance, peptide-specific tetramer staining of CTLs
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following liposome-coupled immunotherapy could be used to determine the breadth of the anti-
tumor immune response. An analysis of the CTL responses in individual treated mice might
illustrate differences between mice that successfully attained complete cures of the primary
tumor (representing the majority of anti-CD137 + IL-2/Fc treated mice) or even complete cures
of the simultaneous distal tumor, compared to mice that eventually succumbed to primary tumor
progression in a delayed fashion. In turn, this could illuminate whether antigenic variation in the
primary tumor might be responsible for the long-term immune evasion observed in this minority
of liposome-treated mice that displayed sub-optimal therapeutic efficacy.

Finally, the liposome-coupled delivery strategy described in this thesis has only been tested
in subcutaneously implanted B16 tumors to date. If the local and systemic therapeutic potency
of this strategy could be shown in additional murine tumor models, it would convincingly
demonstrate the broad applicability of this delivery for clinical translation. While the use of anti-
CD137 and IL-2 may not necessarily provide the maximal level of efficacy in other pre-clinical
tumor models or in clinical human patients, additional immunotherapeutic agents (such as anti-
CTLA-4, anti-PD-1, IL-12, IL-15, and many others) could be tested either in addition to, or in
place of these agonists, given the versatility of the reaction scheme and the liposome carrier
described here. Conventional cancer treatment modalities such as chemotherapy, local radiation,
and surgical intervention could also be investigated in combination with the liposome-coupled
delivery of potent immunotherapy, as a potential strategy to treat well-established, large bulky

tumor lesions in either ectopic or orthotopic models of cancer.
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6.2. General conclusions and scope of thesis

The overall objective of this study was to develop and characterize a nanoparticle-based
delivery strategy, as a conceptual framework for the local administration of immunostimulatory
agents in the treatment of established solid tumors. Over the course of this thesis, we have
demonstrated the use of a versatile and reproducible conjugation technique for the stable
coupling of multiple immuno-agonists to polymeric and liposomal nanoparticles; we have
validated the local sequestration of nanoparticle-delivered therapeutic agents following intra-
tumoral administration in vivo, enabling the minimization of systemic exposure and elimination
of inflammatory toxicities; and we have achieved the successful priming of highly potent local
and systemic anti-tumor immune responses via this nanoparticle-mediated therapeutic strategy.
Although there are already a wide variety of immunomodulatory antibodies and cytokine
therapies being investigated in pre-clinical and clinical studies, a common obstacle to their
clinical translation remains the frequent induction of significant dose-limiting toxicities, resulting
in a narrow or completely ineffective therapeutic window for treatment. Thus, the liposome-
coupled delivery method that was developed and optimized in this thesis represents a
generalizable strategy that could potentially improve the clinical applicability of many such
therapies for cancer treatment.

In the clinical patient setting, accessible solid tumors are most likely to be resected or treated
with local radiation, while the use of immunomodulatory agents usually represents either a neo-
adjuvant therapy or post-surgical treatment to combat minimal residual disease. However, a
major unmet need in many types of human cancers is the capability to diagnose, treat, and/or
prevent tumor recurrences and metastatic outgrowths. Therefore, an essential consideration for

the clinical translation of any cancer immunotherapy is the ability to target secondary or distal
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sites of tumor growth, via the systemic dissemination and durable persistence of an adaptive,
tumor-specific immune response. In this current study, our initial formulation of liposome-
coupled, combinatorial anti-CD40+CpG therapy did not consistently induce an effective level of
systemic anti-tumor immunity, despite having achieved the potent local inhibition of primary
treated tumors. This motivated the switch to the delivery of anti-CD137 and IL-2 combination
therapy, which was subsequently found to be highly successful in controlling or rejecting the
growths of primary tumors, secondary tumor challenges, and simultaneous distal untreated
tumors. Notably, these therapeutic results were attained using the highly aggressive, poorly
immunogenic B16F10 melanoma model, which does not express any foreign (non-murine) or
transduced antigens that could be targeted more easily by an endogenous immune response in
these mice. As such, the use of the BI6F10 tumor model mimics the clinical setting of many
types of human cancers that similarly lack the expression of non-self-antigens, and are thus
extremely challenging to target via tumor-specific immune responses. Nevertheless, the ability
of liposome-coupled anti-CD137 + IL-2 combination therapy to induce such effective anti-tumor
responses in the current study illustrates that the administration of potent immunostimulatory
agents remains a highly promising strategy for cancer therapy, if accompanied by an appropriate
delivery method for the reduction of associated toxicities.

In a broader sense, the developments and results described in this thesis represent an
amalgamation of engineering principles with a highly relevant, clinically-targeted biological
outcome. The design, in vitro and in vivo characterizations, and optimization of the liposome-
mediated delivery strategy were carried out systematically in order to attain the desired
therapeutic results, followed by detailed mechanistic analyses of the observed biological

responses. Taken together, a strong understanding of both the immunological and biomaterial-
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associated aspects of this project was developed, laying the foundation for further improvements

to the clinical applicability of this work.
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APPENDICES

Appendix 1: Structure and sequence of IL-2/Fc fusion protein (DNA plasmid donated by
Annie Gai, laboratory of Dane Wittrup, MIT)

bivalent
Total Number of Residues: 397 Fc / IL-2
M.W.:44783 g/mol (one strand; bivalent around 90 kDa)
Extinction Coefficient (Secreted Protein): 38555 cm M
Extinction Coefficient (Cytosolic Protein): 37930 cm” M

WitlIL2

Fc D265A mutation: ?
No interaction with low affinity IgG Fec receptor (FcyRIIB, FeyRIII)
Ala 19 Asx 0 Cys 10 Asp 1Y
Glu 25 Phe 16 Gly 15 His 14
Ile 16 Lys 22 Leu 37 Met
Asn 15 Pro 28 Gln 30 Arg 17
Ser 36 The 28 Val 29 Trp
Tyr o Glx 0

Peptide Sequence:
EPRVPITONPCPPLKECPPCAAPDLLGGPSVFIFPPKIKDVLMISLSPMVTCVVVAVSEDDPDVQISWFVNNVEVHT
AQTQTHREDYNSTLRVVSALPIQHODWMSGKEFKCKVNNRALPSPTEKTISKPRGPVRAPQVYVLPPPAEEMTKKEF
SLTCMITGFLPAEIAVDWTSNGRTEQNYKNTATVLDSDGSYFMYSKLRVQKSTWERGSLFACSVVHEGLHNHLTTKT
ISRSLGKGGGSAPTSSSTSSSTAEAQQQQOQQQQOOQHLEQLLMDLQELLSRMENYRNLKLPRMLTFKFYLPKQATE
LKDLOCLEDELGPLRHVLDLTQSKSFQLEDAENFISNIRVTVVKLKGSDNTFECQFDDESATVVDFLRRWIAFCQST
ISTSPQHHHHHH

DNA sequence:
gWIZ - D265A Fc - wt IL2

- human LC leader - D265A mIgG2a Fc - GGGS linker - wt mIL2 -
HHHHHH tag - STOP -
ATGAGGGTCCCCGCTCAGCTCCTGGGGCTCCTGCTGCTCTGGCTCCCAGGTGCACGATGTGAGCCCAGAGTGCCCATAACACAGAA
CCCCTGTCCTCCACTCAAAGAGTGTCCCCCATGCGCAGCTCCAGACCTCTTGGGTGGACCATCCGTCTTCATCTTCCCTCCAAAGA
TCAAGGATGTACTCATGATCTCCCTGAGCCCCATGGTCACATGTGTGGTGGTGGCCGTGAGCGAGGATGACCCAGACGTCCAGATC
AGCTGGTTTGTGAACAACGTGGAAGTACACACAGCTCAGACACAAACCCATAGAGAGGATTACAACAGTACTCTCCGGGTGGTCAG
TGCCCTCCCCATCCAGCACCAGGACTGGATGAGTGGCAAGGAGTTCAAATGCAAGGTCAACAACAGAGCCCTCCCATCCCCCATCG
AGAAAACCATCTCAAAACCCAGAGGGCCAGTAAGAGCTCCACAGGTATATGTCTTGCCTCCACCAGCAGAAGAGATGACTAAGAAA
GAGTTCAGTCTGACCTGCATGATCACAGGCTTCTTACCTGCCGAAATTGCTGTGGACTGGACCAGCAATGGGCGTACAGAGCAAAA
CTACAAGAACACCGCAACAGTCCTGGACTCTGATGGTTCTTACTTCATGTACAGCAAGCTCAGAGTACAAAAGAGCACTTGGGAAA
GAGGAAGTCTTTTCGCCTGCTCAGTGGTCCACGAGGGTCTGCACAATCACCTTACGACTAAGACCATCTCCCGGTCTCTGGGTAAA
GGAGGGGGCTCCGCACCCACTTCAAGCTCCACTTCAAGCTCTACAGCGGAAGCACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCACCTGGAGCAGCTGTTGATGGACCTACAGGAGCTCCTGAGCAGGATGGAGAATTACAGGAACCTGAAACTCCCCAGGATGC
TCACCTTCAAATTTTACTTGCCCAAGCAGGCCACAGAATTGAAAGATCTTCAGTGCCTAGAAGATGAACTTGGACCTCTGCGGCAT
GTTCTGGATTTGACTCAAAGCAAAAGCTTTCAATTGGAAGATGCTGAGAATTTCATCAGCAATATCAGAGTAACTGTTGTAAAACT
AAAGGGCTCTGACAACACATTTGAGTGCCAATTCGATGATGAGTCAGCAACTGTGGTGGACTTTCTGAGGAGATGGATAGCCTTCT
GTCAAAGCATCATCTCAACAAGCCCTCAACACCATCACCACCATCACTGATAA
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Appendix 2: Selected experimental protocols
A2-1. Cell culture protocols

a) B16F10 cell culture and tumor inoculation:

Source: ATCC
Culture media: High-glucose DMEM, supplemented with 10% FCS and Pen/Strep.

Cell culture:

Cells were cultured in 25¢cm? or 75cm?” tissue culture flasks, and split every 2-3 days. To passage
cultures, cells were rinsed with serum-free medium, then incubated with Trypsin/EDTA until all
adherent cells had detached. Cells were washed once in complete DMEM, then re-plated at a
dilution of approximately 1:10 to 1:15.

Tumor inoculation:

Cells were detached from culture flasks, and washed once in complete DMEM. Cells were then
washed 3x in serum-free HBSS, prior to counting and final re-suspension in HBSS at ~0.5x10°
cells/ml. For each tumor inoculum, 50000 cells were used, or ~100pl of cell suspension.

Mice were shaved prior to the preparation of tumor cells, to minimize the time of cells being kept
on ice before injection. Subcutaneous injections were performed in the lower back/hind flank
region, on either side or on both sides, as indicated for various experiments.

b) HEK293-Freestyle cell transfection for IL-2/Fc¢ production:

Source: Invitrogen, via Wittrup Laboratory
Culture media: 293 Freestyle medium (Invitrogen), no supplement required.

Cell culture:

Cells were cultured in round-bottom TC flasks, on shaker in incubator, and split every 2-3 days,
when cell density reached ~1-2x10° cells/ml. Media was pre-warmed, then cells were diluted
into fresh media to ~0.4x10° cells/ml.

IL-2/Fc plasmid transfection into 293F cells:

1. Count and dilute 500 million cells, to concentration of 1 million cells/ml. Transfer to
large 2L roller bottle (pink cap), max 500ml per bottle. Make sure if you lay the bottle on
its side, the media inside isn’t enough to reach the filter on the cap.

2. Warm up 20ml of Opti-Pro serum-free transfection medium to room temp. Thaw out PEI

3. Add 1ml of PEI to 9ml of Opti-Pro media. Mix gently, sit at room temp for 10min.

4. Meanwhile, add 0.5mg of IL-2 DNA plasmid to 10ml of Opti-Pro media. Mix gently.
Sterile-filter using syringe filter, but don’t use needle.

5. Add DNA to PEI mix gently, sit at room temp another 10min.

6. Add DNA/PEI mixture dropwise (20ml total volume) to the batch of 500 million cells.
Swirl bottle around while adding, for immediate mixing.

7. Incubate in incubator, flat on a roller, for 7 days, for IL-2 production.
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IL-2/Fc recovery and purification:

1.

2.
3.

13.

14.

15.

16.

After 7 days of roller culture, centrifuge entire volume 15min at 1600rpm, 4degC, to
pellet out the cells.

Sterile-filter the supernatant by pouring through bottle-top vacuum filter, in TC hood.
Add 1/10th volume of sterile 10x PBS, to the recovered SN (e.g. 50ml of 10x PBS to one
batch of 500ml culture supernatant). This is to equilibrate pH and osmolarity with the
purification resin/columns, which are going to be rinsed with 1x PBS. Supernatant can be
stored at 4C, up to a couple of weeks, if not doing column purification immediately.
Prepare columns with 3-4ml of protein A-linked agarose bead resin (Millipore).

Rinse columns 3-4x with 25-30ml of 1x PBS.

Gently add the culture supernatant, and try to minimize disturbing the beads at the bottom
of the column. After filling column, let sit 5-10 min to let beads settle a bit, before
opening valve to start flowthrough.

Open valve very slightly to allow liquid to drip through slowly.

Take flow-through and repeat passage through column one more time.

Rinse columns with 25-30ml of 1x PBS. (pre-elution rinse)

. Add 30ml of IgG elution buffer (Pierce) to each column. Let beads settle 5-10min, then

allow flow-through. This elution should contain the purified IL-2/Fc.

. Rinse columns again with 25-30ml of 1x PBS. (post-elution rinse)
. Meanwhile, add 3-4ml of 1M Tris buffer (approx. pH 8), per 30ml of recovered elution

volume, to bring pH of the recovered IL-2 back to neutral, then store recovered IL-2 in
fridge.

After final rinse of columns, add 4ml of PBS + 0.05% NaN3 for storage, then store
columns at 4degC.

Concentration of IL-2/Fc¢ post-recovery: Rinse 3 or 4 centrifuge spin filter tubes
(Amicon, 30kDa MWCO) with 10-12ml PBS, by spinning down 5min at 6000rpm.
Remove any PBS that didn’t spin through. Add 15ml of recovered IL-2/Fc solution per
tube. Spin 20min at 5000rpm, 15degC. Recover concentrated IL-2 solution, which
shouldn’t spin through (IL-2/Fc construct is above the 30kDa MWCO). Protein tends to
stick a bit to the membrane filter, so make sure to pipet up/down a few times against the
membrane when recovering the concentrated solution. Repeat until all recovered IL-2/Fc
solution has been concentrated.

Should be able to concentrate one batch of supernatant (initial 500ml in culture) to about
2.5-4ml final volume, with a final yield of about 6-8mg of total protein (by BCA assay).
Once concentration is finished, sterile-filter IL-2/Fc solution using Costar 0.22um
membrane filter tubes. Spin 1min at 12000g. Store IL-2/Fc at 4degC, or -80degC for
long-term.

¢) DH5-alpha bacterial cell transformation for production of IL-2/Fc plasmid:

1
2.
3

4.
5.

. Thaw transformation-competent DH5a cells on ice.

Mix ~3ug IL-2/Fc plasmid with 30ul TE buffer.

. Add 7ul of DNA to 50ul of DH5a cells. Leave on ice for 30min. Heat-shock in 40degC

water bath for 42 seconds, then return to ice for 2min.

Add 500ul SOC medium and shake at 220pm in 37degC, for 1hr.

Plate and streak 10-20ul cells onto 1.5% agar LB with kanamycin (50ug/ml final
antibiotic concentration). Incubate plates at 37degC.
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6. 18hr post-plating, pick colony and inoculate starter culture in Sml of LB-kanamycin.
After 6-8hr culture (220rpm at 37degC), inoculate batch cultures.

7. After 24hr culture, pellet cells at 7500g for 15min, then discard supernatant.

Proceed to DNA plasmid purification from bacterial cell pellets, according to Qlagen

Maxi-Prep (Mega/Giga) instructions.

o0

A2-2. Preparation of anti-CD40/CpG liposomes
Anti-CD40: clone FGK4.5 from Bio-X-Cell

1) Liposome preparation:
composition (mol%) = 55/35/5/5
= DOPC/cholesterol/maleimide-PEG2000-DSPE/methoxy-PEG2000-DSPE (Avanti Lipids)

per 5 umol batch of liposomes:

202ul DOPC (10.68mg/ml stock)

680ul cholesterol (1mg/ml stock)

134ul maleimide-PEG2k (5.53mg/ml stock)
280ul empty PEG2k (2.5mg/ml stock)

- Vacuum-dry lipids

- Re-suspend by vortexing in sterile PBS at 15umol/ml. Sonicate with ice bath for ~4-5min at
alternating 6-8 Watts.

- Centrifuge at 16000g for 1-2min, to pellet any debris from sonicator tip. Keep supernatant
containing liposomes.

- Extrude liposomes (optional). Without extrusion, the sonicated liposomes should already be
down to <200nm.

- Use ~2.5umol liposomes per starting mg of antibody to be conjugated.

2) Antibody preparation (recommended for higher efficiency binding):

- Add 1ml PBS into Amicon 10k or 30k MWCO centrifugal filter column, spin through at
5000rpm for 7min to rinse membrane. Use centrifuge at 15-25 degC. Remove any PBS that
didn’t spin through.

- Add anti-CD40 into column, spin at 5000rpm for 10-12min, collect concentrated Ab solution.
Repeat if necessary, until reaching an antibody concentration of 15-20mg/ml.

3) Antibody reduction for free thiols:

- Add EDTA (final concentration of 10mM) to concentrated antibody solution

- Add 10x molar excess of DTT (relative to antibody), or a maximum of 1.8mM DTT (final
concentration), and mix by pipetting to minimize air bubbles. Let sit 20-25min at room temp.

4) Mixing reactive antibody with liposomes:

- Simultaneously prepare Zeba desalt columns (7k MWCO, Pierce) by rinsing/spinning 3-4x
with 10mM EDTA in PBS (spin 1min at 1000g), and prepare the previously synthesized
maleimide-functionalized liposomes by adding EDTA to a final concentration of 10mM.
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- When antibody reduction is finished, pass through Zeba column to remove DTT (spin 2min at
1000g).

- Mix reduced Ab immediately with liposomes, allow conjugation to proceed overnight or a
minimum of 8 hours.

- Liposome + Ab mixture may turn cloudy (aggregation), if conjugation is happening at high
efficiency, but not necessarily. May depend on the antibody/protein being conjugated.

5) Washing and purification:

- After conjugation, wash liposomes 3x with PBS. If liposomes have aggregated visibly, use
tabletop centrifuge: spin at 18000g at 4 degC for Smin. Otherwise, if liposomes have not visibly
aggregated/precipitated, use the airfuge to pellet liposomes: spin at max speed for 20-30min.

- After washing, re-suspend conjugated liposomes in PBS at about 10umol/ml.

6) Add CpG-lipid conjugate to washed anti-CD40-coupled liposomes:

- Mix approximately 3nmol CpG-lipid (FAM-labeled) per 1umol starting liposome amount. Let
sit at room temp for at least 1-2hr.

- Insertion efficiency should be ~80-90%. To wash, pellet liposomes again by tabletop
centrifuge (max speed, Smin), and rinse 3x with PBS.

- Re-suspend in PBS in desired volume for injection, ~150ul per ~lumol liposome dose (per
mouse).

7) Size re-extrusion of aCD40/CpG liposome aggregates:

- Use 200nm filter membranes to extrude (syringe extrusion, equipment from Avanti Lipids),
which results in liposomes that are ~150nm in diameter by DLS.

- If the liposome suspension is concentrated, the liposomes can re-aggregate again after the size
extrusion, especially if stored at 4degC.

- If liposomes need to be stored at 4C for a while before injection, recommend doing the size re-
extrusion just prior to injection, and then do not put them back in 4degC or into ice, to avoid re-
aggregation.

- Alternatively, re-wash the liposomes after storage, before re-extruding, to remove any
additional CpG that has leaked off the liposomes (since the CpG is just inserted and not actually
conjugated like the antibody). Generally, if stored at 4C in PBS, there should be minimal loss of
either the Ab or CpG.

8) Quantification:

- Perform size re-extrusion of anti-CD40/CpG liposomes prior to quantification

- Remove a sample of re-extruded liposomes and dilute 1:10 into PBS + 1% BSA, followed by
additional dilution 1:100 into PBS + 0.5% Tween 20, for liposome disruption.

- Measure the solubilized anti-CD40 by sandwich ELISA, as described in Chapter 3.3.

A2-3. Preparation of anti-CD137-liposomes and IL-2/Fc-liposomes

Anti-CD137: clone LOB12.3 from Bio-X-Cell
IL-2/Fc: produced in-lab as described in Appendices 1 and A2-1b
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1) Liposome preparation as described in Appendix A2-2 for anti-CD40 conjugation

For anti-CD137-liposomes: use composition (mol%) = 60/35/2.5/2.5

= DOPC/cholesterol/maleimide-PEG2000-DSPE/methoxy-PEG2000-DSPE (Avanti Lipids)
For IL-2/Fc-liposomes: use composition (mol%) = 62.5/35/2.5

= DOPC/cholesterol/maleimide-PEG2000-DSPE (Avanti Lipids)

2) Prepare anti-CD137 or IL-2/Fc by DTT reduction, similar to anti-CD40 preparation:

- Concentrate antibody to ~25-30mg/ml and IL-2/Fc to ~13-18mg/ml (total protein) by
centrifugation in Amicon filter columns (30kDa MWCO), as described in Appendix A2-2.

- Add EDTA (final concentration of 10mM) to concentrated protein solutions

- Add DTT to a final concentration of 1.8mM DTT, and mix by pipetting to minimize air
bubbles. Let sit 20-25min at room temp.

- After DTT reduction, desalt using Zeba columns (7kDa MWCO, Pierce)

- Mix with prepared maleimide-functionalized liposomes in presence of 10mM EDTA, and allow
reactions to proceed overnight or at least 8 hours, at room temperature.

Conjugation ratios:
1.4umol liposomes per starting mg of anti-CD137
Sumol liposomes per starting mg of IL-2 (effective), equivalent to ~3mg of total IL-2/Fc protein

3) Washing and purification / membrane re-extrusion / quantification:
- All can be performed identically as with anti-CD40-coupled liposomes (described in Appendix
A2-2)

A2-4. Harvesting and processing of tissues for flow cytometry analysis and histology

Extract spleen and lymph nodes as usual, and store in RPMI medium with 10% FCS, on ice.
Extract tumors from subcutaneous space by cutting back surrounding skin, then using razor blade
to slice or scrape away the tumor mass. Avoid including the outer layer of skin, as this will
produce a lot of non-cellular debris in later processing and analysis. Store tumor tissues in RPMI
medium with 10% FCS as well, on ice.

For histology (cryosectioning):

Fill plastic moulds with appropriate volume of OCT embedding compound. Place and orient the
desired tissue into the OCT, and snap-freeze using liquid nitrogen. Store intact samples at -80
degC until cryosectioning, and store cryosectioned slices at -20degC or colder. Antibody
staining of cryosections was performed using the same dilutions as listed below (for flow).

For flow cytometry analysis:

1. Optionally, add collagenase to intact tissue samples, to facilitate subsequent processing of
tissues and cell recovery. Digest for a maximum of 15-20min at 37degC, to avoid inducing cell
death.

2. Mechanically dissociate all tissues into single-cell suspensions by grinding with syringe
plungers through 40um or 70um nylon cell strainers, and rinsing through with complete RPMI
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medium. Use of complete medium enhances cell viability after dissociation and re-suspension.
Keep tissues and cell suspensions on ice as much as possible.

3. For spleens, pellet cells and then re-suspend in ACK Lysis Buffer (4ml per spleen), for 3-
4min, at room temperature, in order to remove red blood cells. When finished, add an equal
volume of complete medium to wash cells; pellet, re-suspend, and pass through nylon cell
strainers again to ensure removal of aggregates and cell debris.

4. Wash all samples 2x with flow cytometry staining buffer (PBS + 1% BSA), then proceed to
staining.

5. Cell staining for FACS analysis

Cells were stained with the following antibodies at the indicated dilutions, for 30-60min at
4degC or on ice.

- purified anti-CD16/32 (Fc block), 1:100

- CD45 (common leukocyte marker), 1:50

- CDl11c, 1:50 - F4/80, 1:50
- CD3, 1:100 - CD8, 1:100
- CD4, 1:100 - NK1.1, 1:50

6. For intracellular staining of Foxp3, the kit from eBioscience was used, containing anti-Foxp3
antibody, and all fixation and permeabilization buffers. All procedures were carried out
according to the manufacturer’s instructions.

7. Gating of flow cytometry data: tumor-infiltrating leukocytes were first gated by forward and
side scatter, and then by CD45+ expression, according to comparison with spleen and lymph
node samples. Of the CD45+ cells, CD8+ CTLs were gated by CD3+CD8+ expression;
macrophages were gated by F4/80+ expression; (conventional) dendritic cells were gated by
CD11c+F4/80- expression; NK cells were gated by NK1.1+F4/80- expression; regulatory T cells
were gated by CD4+Foxp3+ expression (including both CD25+ and CD25- cells).

A2-5. Sandwich ELISA for antibody quantification

1. Coat 96-well plates overnight using goat anti-human IgG (R&D Systems), at concentration of
2ug/ml in PBS.

2. Wash plate 3-4x using PBS + Tween20

3. Add 200ng/ml recombinant mouse CD40/human Fc fusion protein, or recombinant mouse
CD137/human Fc fusion protein (both from R&D Systems), for 2hr. Wash as in step 2.

4. Add samples and 2-fold dilution standard curve, with maximum standard point of 10ng/ml
anti-CD40 or anti-CD137. Incubate 2hr, then wash as in step 2.

5. Add 160ng/ml of HRP-conjugated goat anti-rat IgG (eBioscience), and incubate 2hr. Wash as
in step 2.

6. Develop plate using HRP-sensitive colorimetric substrate.
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