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Abstract
Tumor-mediated immune evasion and suppression can be prohibitive to successful cancer
treatment and recovery. A defining trait of cancer progression is when tumor cells develop the
ability to evade detection by the immune system. Advanced tumors can suppress the presentation

of antigens to effector immune cells by secreting regulatory cytokines and by downregulating the

expression of major histocompatibility complex I (MHC I) receptors on the surface of tumor
cells. Effective anti-tumor immunity requires the processing and persistent presentation of tumor

antigens to effector cells. The cells responsible for this are antigen presenting cells (APCs),

which initiate the immune response against cancer by engulfing and presenting tumor antigens to
effector immune cells. APCs present tumor antigens, which provide specific targets for helper T

cells and cytotoxic T lymphocytes, allowing the immune system to distinguish cancer cells from
noncancerous cells. There are many different types of tumor antigens, and the increased effort to
sequence reactive epitopes and establish a database makes tumor antigen immunotherapy a

promising avenue for treatments and vaccines. Immunotherapies have been developed to restore

the immune response against tumors without the toxic side effects of chemotherapeutic drugs.
This research describes a promising cancer immunotherapy utilizing a liposome nanoparticle that
binds to endogenous complement C3 proteins in serum and is internalized by APCs through the

complement C3 receptor, resulting in direct delivery of encapsulated compounds. APCs were

shown to internalize C3-bound liposomes containing ovalbumin (OVA), a model antigen,
resulting in a significant increase in activated T cells that recognize OVA, reduced tumor growth

in all mice (n=5), and complete elimination of both treated and distal tumors in two out of five
mice (40%). Blood from treated mice had lower percentages of immunosuppressive cells, higher
percentages of B cells, and increased anti-OVA IgG1. Collectively, treatment with OVA C3-

liposomes is able to induce the activation of both cell-mediated and humoral immune responses.
C3-liposomes encapsulating a melanoma tumor antigen, TRP-2, were able to reduce and

eliminate established tumors in a melanoma tumor model in 6 out 7 mice (86%), with the
addition of checkpoint blockade, anti-CTLA-4, improving the results (tumor reduction in all

mice; n=3). C3-liposomes were also able to induce expression of costimulatory molecules and
the production of proinflammatory cytokines and factors in targeted APCs. These results indicate
that C3-liposome delivery of tumor antigens to APCs initiates a potent and systemic antitumor

immune response.
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Chapter 1: General Introduction

Immunology is the study of the body's reaction and defenses to infection. The immune system is

split into two branches: the innate immune system and the adaptive immune system. The innate
immune system consists of barriers, proteins, and cells that react quickly and broadly to an

infection, while the adaptive immune system takes longer, but is much more specific when
eliminating infections. A targeted immune response by the adaptive immune system relies on
direct interaction with the cells and processes of the innate immune system1,2.

An immune response occurs in several phases, starting with anatomic and chemical barriers,
such as the epithelial and mucosal surfaces which possess a variety of antimicrobial proteins. If
these barriers are breached, antibodies and complement proteins come together to lyse,
inactivate, and opsonize pathogens, which primes them for phagocytosis by innate immune cells.

Macrophages, dendritic cells, and granulocytes are all phagocytic cells that respond quickly to

pathogens and inflammatory signals. These signals include pathogen components that are

specific to bacteria or viruses (pathogen associated molecular patterns; PAMPs), products
released from host cells including dead, dying, and stressed cells, as well as tumor cells (danger

associated molecular patterns; DAMPs), and other compounds that are not usually found in the

extracellular and interstitial spaces3-6. These reactions occur rapidly, within minutes of exposure
to foreign particles, and can last for several days. In contrast, the adaptive immune response can

take hours to initiate and days for pathogen-specific effector cells to respond to a threat. These

effector cells contain antigen-specific receptors, which enable the adaptive immune cells to

respond to virtually any pathogen epitope. The effects of an adaptive immune response can last
for weeks and may progress into life-long immunity and protection against re-infection1,2.

1.1 Antigen presenting cells

The cells of the innate immune system coordinate a rapid defense and, if necessary, prompt the

slower reaction of the adaptive immune cells. This is accomplished by the processing and
presentation of antigenic targets to effector cells of the adaptive immune system, mainly B cells
and T cells, leading to stimulation, proliferation, and differentiation of antigen-specific cells that
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can efficiently eliminate pathogens. The cells responsible for activating the antigen-specific T

and B cells are named antigen presenting cells (APCs). These cells include dendritic cells and
macrophages, which are of myeloid lineage, as well as lymphoid B cells3-5. Macrophages are

tissue-resident cells that are the primary conductors of an immune response. They engulf and

destroy foreign particles, release cytokines, chemokines, and other inflammatory mediators, as

well as present antigen to the adaptive immune cells. Dendritic cells also perform phagocytic

functions and specialize in antigen presentation to other immune cells, in particular T cells of the
adaptive immune system7,8. Antigen-specific cytotoxic T cells are thought to be the primary

effector cells responsible for cancer regression and immunotherapies. Activating a robust and
diverse repertoire of these cells is vital for treatment success and a critical correlate of cancer

prognosis and responsiveness9. Therefore, developing therapies that target specific cancer
epitopes, known as tumor antigens, to APCs is an essential avenue for cancer immunotherapy

research. There are several therapies aimed at directing the nature of immune responses by
exploiting APCs, such as ex vivo antigen-loading, expansion of immunostimulatory dendritic

cells, nanoparticle vaccines, and artificial APCs10-12, given the critical need of antigen delivery

for an antitumor immune response.

Of the APCs, dendritic cells have garnered the most interest and attention, mainly for their

ability to present antigens to both CD4+ T cells (via MHCII) and CD8+ T cells (via MHCI), as
well as for their migratory capabilities13,14. Upon activation, DCs express high levels of CCR7, a
chemokine that increases their migration to secondary lymphoid organs, where activation of

antigen-specific T cells occurs7,8. Dendritic cells are a diverse group of APCs with a
specialization in activating and modulating the adaptive immune response. Notably, dendritic

cells are able to cross-present external antigens onto MHCI molecules, thus giving them the

ability to activate CD8+ cytotoxic T cells, a trait that is vital for an effective immune response
against cancer. Macrophages are another important APC involved in antitumor immunity,
although their presence in the tumor microenvironment is often correlated with a poor cancer

prognosis15. Macrophages in the tumor microenvironment are capable of being distorted by
suppressive signals from cancer cells, resulting in changes to a suppressive phenotype called

tumor associated macrophages (TAMs), which stimulate cancer cell proliferation, angiogenesis,
as well as suppress T cell recruitment and activation15-17. Because macrophages are critical
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modulators of immune responses, can be abundant in the tumor microenvironment, and have a
large impact on the success of treatments and cancer prognosis, targeting this cell type is an
important aspect of cancer immunotherapy18.

1.2 Tumor antigens and anti-tumor immunity

Tumor antigens are tumor-derived peptides that are presented on MHC molecules and
recognized by antigen-specific T cells. They are broadly categorized as tumor-specific antigens
and tumor-associated antigens19. Tumor-specific antigens arise from mutations and result in a

novel gene product that is foreign to the immune system20. This yields new immunogenic peptide

targets for T cells, called neoantigens19,21. Tumor cells exhibit high levels of genetic instability,
and this often results in irregular expression of proteins. This second category describes tumor-

associated antigens that are normal self-proteins with abnormal expression levels on tumor cells,

such as over- or under-expressed compared to their normal counterparts. For example,
HER2/neu, an epidermal growth factor, is overexpressed in many cancers, notably breast and

ovarian cancers20,22. Differentiation antigens are a type of tumor-associated antigen which arise

from genes expressed in specific pathways and tissues. An example of this type of antigen is the
tyrosinase-related proteins, TRP-1 and TRP-2, which are involved in the melanin production

pathway and are commonly overexpressed in melanoma. Besides the three categories mentioned

here, other tumor antigen categories include cancer-germline/cancer-testis antigens (e.g., MAGE
antigens), antigens produced from post-translational and transcriptional modifications (e.g.,
MUC1, also overexpressed in many cancers), and onco-viral proteins (e.g., HPV protein E7)
20,22,23. While it was previously thought that only cytotoxic CD8+ T cells were involved in the

elimination of tumors, it has become apparent that antigens to CD4+ T cells are equally as
important22. Therefore, it is critical to include antigenic targets for both CD4+ and CD8+ antigen
specific T cells that can kill tumor cells directly, orchestrate an immune response, and induce

lasting memory responses19,22.

There are three phases of tumor growth and immune escape, universally known as “the three E's
of immunoediting”20,24. These phases are the ‘elimination phase,' the ‘equilibrium phase,' and
the ‘escape phase.' During the elimination phase, the immune system is able to recognize and

eliminate tumor cells. The next phase, equilibrium, occurs when the immune system fails to
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destroy all of the tumor cells, and the tumor survives because it escapes selective pressure from
the immune system. Finally, during the escape phase, the tumor cells evade the immune system,

grow rapidly, and become detectable as tumors20,24.

There are several mechanisms employed by tumors to avoid immune surveillance and
recognition. For example, tumors may have low immunogenicity due to lack of mutations that

produce new tumor antigens, a reduction in the presence of antigens recognized by T cells, or by
downregulating the expression of MHC molecules20. Additionally, tumor antigens presented by

APCs in the absence of costimulatory molecules will induce tolerance in the antigen-specific T
cells instead of activating them, leading to the tumor being treated as self. Antigenic modulation

is the driving factor behind the equilibrium phase and occurs when the immune system
recognizes and eliminates tumor cells, but in response, the growth of variant tumor cells lacking

immunogenic antigens is promoted24. In addition to altering mechanisms of tumor antigen
presentation, tumors secrete factors that influence the immune responses towards the tumor cells.

Tumor-mediated immune suppression is generated through the production of molecules, factors,

and enzymes by the tumor cells to inhibit T cells directly (e.g., TGF- β, IL-10, IDO, PD-L1) or to

recruit cell types that can be exploited to induce an overall suppressive environment (e.g., T

regulatory cells, MDSCs, TAMs). Lastly, tumor cells can secrete factors that create physical
barriers to immune cells, such as collagen20.

In addition to APC and T cell mediated recognition and elimination of tumor cells, natural killer

cells play an important role in tumor surveillance and rejection. When a tumor is no longer
recognized by T cells, due to a lack of immunogenic antigen presentation, the cancer may still be
vulnerable to natural killer cells. Natural killer cells have inhibitory receptors that bind to MHCI

molecules, a mechanism called ‘missing-self recognition.' Consequently, a lack of MHCI

expression on tumor cells will activate natural killer cells25,26.

Exposure to immunogenic tumor antigens could be an effective way to develop prophylactic

cancer vaccines, but this strategy is often hindered by tolerance and low immunogenicity of

tumor antigens, as well as the risk of autoimmunity21. With a growing library of known tumor
antigens available, this method is becoming more reasonable and practical. For example, several
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cancers have known tumor antigens that can be used as targets for cytotoxic T cells (e.g., HPV),
but many spontaneous tumors may not have easily identifiable antigens, or may have antigens

that are unique to that patient19. This can be countered through the identification and inclusion of

multiple tumor antigens in a single vaccine or vaccines. The addition of vaccine adjuvants, such
as TLR agonists, is also required in most cases to enhance immunogenicity of tumor antigens

and overcome tolerance20.

1.3 Toll-like receptors

Antigen presentation by APCs occurs in secondary lymphoid organs where activated APCs

present antigen to naïve antigen-specific T cells. The antigen-specific primary immune response
establishes not only the initial reaction to pathogen exposure, but also the quantity and quality of

the secondary memory response. There are several steps and multiple signals involved in the

development of an antigen-specific effector cell. The absence of costimulatory signals from
APCs prevents this progression, leading to immune tolerance and T cell anergy4,5,27. APCs are
activated through the recognition of pathogen-associated and danger-associated molecular
patterns (PAMPs and DAMPs, respectively) via pattern recognition receptors (PRRs). This

family of receptors includes toll-like receptors (TLRs) and inflammasomes. TLRs are
endogenous intracellular and extracellular molecules that bind to ligands with conserved

pathogen-associated traits28,29. To date, there are thirteen identified TLRs in mammals (TLR1-

TLR13), classified by the type of ligand to which they bind, such as double-stranded viral RNA
(TLR3) or bacterial cell surface lipopolysaccharides (TLR4)28-30. The binding of ligands to TLRs

results in the induction of signaling pathways that ultimately lead to the activation of innate
immunity and inflammatory responses. TLR stimulation on APCs leads to upregulation of

several important costimulatory molecules, such as CD40, CD80 (B7.1), and CD86 (B7.2). TLR

signaling is broadly categorized into two different pathways depending on the type of TLR
involved. All TLRs, except for TLR3, utilize the MyD88-dependent pathway which leads

primarily to the activation of NF-kB. TLR3 and TLR4 utilize the TRIF-dependent pathway
which also results in activation of NF-kB. Depending on the cell type and type of TLR, various

other transcription factors and molecules can be activated, such as IRF3, MAPK, JNK, p38, and
ERK. With regard to APCs, uptake of antigen and binding of pathogen components to TLRs

results in migration to secondary lymphoid organs where antigen presentation to antigen-specific
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naïve T cells occurs. TLRs also facilitate the production of proinflammatory cytokines and the
upregulation of costimulatory molecules on APCs required for activation of T cells28-30.

Numerous TLR agonists are in clinical trials as monotherapies or components of vaccines and

drug formulations, and three are currently approved for use in humans. Monophosphoryl lipid A

(MPLA), a TLR4 agonist, is a component of several vaccines, notably the HPV vaccine,
Cervarix®31,32. Imiquimod, a TLR7 agonist, is approved for use against basal cell carcinoma,

skin conditions, and multiple viral diseases31-33. The Bacillus Calmette-Guerin (BCG) vaccine,
developed from Mycobacterium bovis, is composed of a mixture of TLR agonists that stimulate

TLR2, 3, 4, and 9, and is approved for use against bladder cancers33.

Although numerous studies use TLR agonists as adjuvants to activate APCs, there is evidence
that prolonged TLR activation causes downregulation of costimulatory molecules and a decrease

in antigen presentation34-38. TLR dysregulation has also been documented in multiple
autoimmune diseases and Alzheimer's disease34,35. This tolerance to TLR agonists fits within the
context of a normal immune response where the production of proinflammatory cytokines is a
process that must be tightly regulated in order to prevent damage to surrounding tissues36-38.

However, the tolerance to TLR agonists is not well understood. An example of excessive TLR
activation dampening the immune response is a study which demonstrated that constant TLR7

stimulation resulted in a state of tolerance and a significant decrease in cytokine production,

which lasted for several days36. This same study showed that an initial stimulation of TLR3

followed by stimulation of TLR7 24 hours later resulted in the highest level of cytokine
production, repeated at five-day intervals. This highlights the importance of timing of treatment
and an understanding of the underlying mechanisms of TLR stimulation.

A further complication in understanding the immune response to TLR agonists results from the

presence of TLR agonists on additional cell types other than APCs39. In particular, T cells also
carry TLRs, and depending on the subset, TLR binding may result in increased regulatory
functions, decreased proliferation of antitumor effector T cells, and, potentially, increased tumor

growth. Tumor cells have also been documented to express TLRs39,40. Given this

multidimensional aspect, tolerance to TLR induced activation, whether it be due to type of TLR,
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type of cells, or timing of treatments, should be kept in mind when designing experiments,
vaccines, and cancer immunotherapies.

1.4 Suppression of the immune system

As cancers grow and evolve, they polarize the tumor microenvironment towards an
immunosuppressive phenotype, thereby evading immune detection and elimination. In their 2011

article, Hanahan and Weinberg outline the 6 hallmarks of cancer and several emerging hallmarks
41. Included in these new hallmarks is the description of numerous mechanisms by which cancers

evade detection and destruction by the immune system and initiate invasion and metastasis,
largely centered around the myeloid cell populations, particularly macrophages and immature
myeloid cells. The tumor microenvironment takes advantage of the plastic nature of these cell

types by producing signals which polarize them towards tumor-associated macrophages (TAMs)
and myeloid derived suppressor cells (MDSCs), as well as immature dendritic cells (iDCs)18,42447/23/2021 9:24:00 PM. Recent literature and clinical trials have documented that patients with

progressive and non-responsive cancers, as well as conditions associated with chronic
inflammation and stress, have increased percentages of MDSCs, compared to healthy
individuals45-49. Inflammation is a central innate immune function and is important for immune

cell recruitment, but chronic inflammation can lead to inflammation-induced carcinogenesis and
negatively affects the anti-tumor immune response50. These suppressive myeloid cell phenotypes

represent an important obstacle for cancer immunotherapies to overcome. Several therapies aim
to alleviate myeloid induced immune suppression, including STAT3 inhibitors, COX-2

inhibitors, PDE-5 inhibitors, as well as elimination via several chemotherapeutic drugs (e.g., alltrans-retinoic acid, gemcitabine, 5-fluorouracil)46,51,52. Expression of inhibitory receptors can also

lead to tolerance and immune suppression (e.g., CTLA4, PD1/L1)4,5,27. Combination with
checkpoint blockade has shown promising results in relieving suppression and enhancing T cell
responses, and has been approved for treatment of numerous cancers20,21. These therapies aim to
alleviate immune suppression by blocking inhibitory and regulatory mechanisms that prevent

anti-tumor immune responses53,54. Ipilimumab (anti-CTLA-4), pembrolizumab (anti-PD-1), and
nivolumab (anti-PD-1) are checkpoint blockade therapies approved by the FDA for use against

metastatic melanoma, non-small cell lung cancer, and numerous other types of cancers, as well
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as for patients that did not respond to previous treatments55. There are ongoing clinical trials for

the therapies mentioned, as well as for others targeted to PD-L1 and PD-L255.

1.5 APC targeted liposomes

Although there are many drugs which alleviate the immune suppression of myeloid cells, there
are drawbacks which reduce their efficacy in patients. Several challenges for these potential

therapeutic drugs are their low solubility, low bioavailability, and toxicity at beneficial doses, all
of which limit their clinical practicality. Encapsulation within lipid nanoparticles provides a

convenient solution to overcome many of these obstacles. Many nanoparticle formulations exist,

including micelles, nanogels, organic and inorganic nanoparticles, virus-like particles and
virosomes, liposomes, and PGLA formulations56,57. These numerous types of nanoparticles have

been developed to improve the delivery of antigens, drugs, chemotherapeutics, and other
compounds for the treatment of cancer. Of these nanoparticle formulations, this project focuses
on the use of lipid nanoparticles, specifically liposomes, which can be formulated with non-toxic

naturally occurring phospholipids, allowing them to be metabolized with limited toxicity. In
addition, liposomes provide a means for the encapsulation of both hydrophobic and hydrophilic

compounds; the aqueous lumen of the liposomes allows for the encapsulation of water-soluble
immune activating compounds and antigens, and the lipid membrane enables the encapsulation

of many natural drugs that are highly hydrophobic and have limited bioavailability58. As well as

improving solubility, liposomes provide protection to the encapsulated compounds, increasing
their bioavailability and circulation time57,59. Targeting compounds can be conjugated to the

surface of liposomes, allowing for specific delivery and reduced systemic delivery to off target
cells, thereby decreasing toxicity as well as cost. Liposomes are highly customizable; the lipid

composition, charge, surface ligands, contents, and size can be easily tailored to the type of
treatment or desired response. Liposomes were the first nanoparticles to receive FDA approval,

and there are numerous formulations as cancer therapies that are undergoing clinical trials, and

several that are currently approved by the FDA for use in humans. Notable examples include
Doxil, a PEGylated liposome encapsulating the chemotherapeutic drug, Doxorubicin, for the

treatment of Karposi's sarcoma, ovarian cancer, multiple myeloma, and metastatic breast

cancer60,61, Vyxeos, a liposomal formulation containing the chemotherapeutic drugs,
daunorubicin and cytarabine, for treatment of acute myeloid leukemia62, and Onivyde, a
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liposomal topoisomerase I inhibitor for second line treatment of metastatic pancreatic cancer60.

These liposome formulations rely on passive targeting, without the addition of targeting ligands,
and have demonstrated success in increasing distribution to the tumor site, mainly through the

EPR effect (enhanced permeability and retention; i.e., leaky vasculature) and through the

addition of PEGylated lipids63.

There is a wide range of targeting strategies employed to direct liposomes and their contents to
the myeloid cells of the immune system for both the delivery of tumor antigens and activating
compounds. These strategies include cationic liposomes, mannose and other C-type lectin

ligands, Fc receptor/antibody targeted, DC-specific targeted liposomes, and numerous other

categories56,64. These formulations have had various degrees of success, but often have the

drawback of requiring complex targeting molecules or antibodies that present challenges to
large-scale production and storage, as well as drawbacks from varying levels of toxicity, most

often attributed to accumulation of positively charged lipids. Overall, liposomes are an attractive
option for drug delivery and are the most commonly utilized nanoparticle due to their safety,
customization, efficient delivery of contents, as well as immune adjuvant activity themselves.

The following sections introduce some of the recent literature surrounding liposomal

formulations actively targeted to APCs, although other methods do exist which will not be

discussed in detail, including inorganic liposomes, natural/plant-derived liposomes, parasite
antigen targeted liposomes, autoimmune/tolerance inducing liposomes, archaesomes, pHresponsive liposomes, the AS01 adjuvant system, and phototherapy/radiotherapy-triggered
liposomes.

1.5.1 Cationic liposomes

Cationic liposomes are favored due to their ability to form stable structures with negatively
charged nucleic acids and are a popular choice for liposomal RNA and DNA vaccines. Their
composition includes at least one positively charged lipid, such as dioleoyl PE, 1, 2-dioleoyl-3-

trimethylammonium-propane (DOTAP) and N-[1-(2,3-dioleoyloxy) propyl]-N,N,N-trimethylammonium methyl sulfate, dioleoylphosphatidyl ethanolamine (DOPE). Their overall positive

charge promotes interaction with negatively charged surfaces, such as nucleic acids, cell
membranes, and endosomal membranes. Of the liposome formulations mentioned here, cationic
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liposomes are the most widely used platform for APC targeting, including tumor-derived nucleic

acid vaccines and gene therapies.

There have been several studies aiming to formulate tumor vaccines derived from tumor-specific
RNA, TLR ligands, and other DNA or RNA compounds. In a series of studies, cationic
liposomes bound to tumor-derived RNA generated personalized RNA-nanoparticles (RNA-NPs),

which activated APCs and increased expansion of antigen-specific T cells. These RNA-NPs
were able to elicit potent anti-tumor immune responses in a radiation/temozolomide resistant

invasive murine glioma65. This same group recently expanded this research to include a
liposomal formulation with personalized RNA-NPs using whole transcriptome untargeted tumor
RNA, with similar levels of activation and safety, when used in combination with immune

checkpoint inhibitors to treat a canine spontaneous malignant glioma66. Lipo-polyplex-RNA

nanoparticles are another common nucleic acid vaccine, with RNA bound and encapsulated
within a positively charged liposome formulation. Lipo-polyplex OVA mRNA was used to treat
metastatic B16-OVA tumor-bearing mice, with a reduction of over 90% of tumor lung nodules67.
Another study conjugated a mannose ligand to a mRNA lipo-polyplex which maintained a

similar level of T cell activation, while simultaneously decreasing dose-limiting toxicities often
associated with RNA vaccines through interferon production and inflammation68. Cationic
liposomes are often complexed with DNA, frequently CpG oligonucleotides, which are potent

innate immune activators through TLR938. In a study using cationic liposomes with calcein
encapsulated as a tracer, liposomal CpG enhanced both uptake and activation of phagocytes in

the lungs69. Additional studies using cationic liposomes with an encapsulated antigen showed

that addition of CpG promoted cytokine production and enhanced immune activation70,71.

1.5.1.2 Cationic liposome vaccines for SARS-CoV-2
There has been significant research and progress detailing the use of mRNA in therapies and
vaccines, the most recent of which being the SARS-CoV-2 vaccines to prevent coronavirus

disease 2019 (Covid-19) after rapid global transmission of the virus. This led to the development
of prophylactic vaccines to prevent infection and illness. Several of the prevailing vaccine

formulations utilize nanoparticles to deliver viral spike protein-encoding mRNA72,73 and the
spike protein itself74. The BNT162b2 vaccine (BioNTech/Pfizer), which uses a cationic lipid
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formulation, elicited high levels of virus-neutralizing antibodies, as well as antigen-specific T

cells, boasting 95% efficacy in preventing Covid-1972. The mRNA-1273 vaccine (Moderna) is

composed of an ionizable lipid nanoparticle encapsulating a similar spike protein-encoding

mRNA. It was found to elicit robust neutralizing antibodies and antigen-specific T cell
responses, with a reported 94.1% efficacy at preventing illness73.

Cationic liposomes are the prevailing liposomal formulation selected for targeting APCs,

especially in RNA and DNA vaccine systems, but when injected systemically, they often
aggregate and accumulate almost entirely in the lung and liver64,75-77. Depending on the liposome

formulation, they may cause a depot effect at the site of injection, which can be detrimental to

treatment success75,76. Recent strategies to reduce toxicity from cationic lipids include the

addition of ionizable lipids to improve endosomal escape, and diffusible PEG to improve uptake,

endosomal escape, and reduce anti-PEG immune responses. These strategies were effectively
utilized in two markedly successful mRNA vaccines to prevent illness from Covid-1972,73.
Moreover, they can be customized with targeting ligands to direct uptake, PEGylated lipids to

improve circulation time, and ionizable lipids to improve endosomal escape78.

In addition to the FDA approved liposomal formulations listed previously, there are several

cationic liposome formulations in clinical trials, including PKN3 siRNA liposomes to treat

pancreatic cancer79, RB94 DNA liposomes to treat solid tumors80, p53 DNA liposomes with
checkpoint blockade (anti-PD-1) to treat glioblastoma, pancreatic cancer, and solid tumors78, and
liposomes containing NY-ESO-1, MAGE-A3, tyrosinase, and TPTE RNAs to treat melanoma81.

1.5.2 C-type lectin targeted liposomes
C-type lectins are a large and diverse group of over 1000 proteins, and have many functions in

immunity, development, homeostasis, cell death, and autoimmunity. They are a family of both

soluble and membrane-bound proteins that recognize a vast diversity of ligands, and are

characterized by a lectin domain that binds carbohydrates. Most of the liposomal formulations
that target APCs do so through the use of a ligand to C-type lectin receptors (CLRs) which are

expressed on macrophages and dendritic cells82.
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One of the more prevalent surface modifications for specific targeting of liposomes to APCs is
the addition of mannose, which is recognized by macrophage mannose receptors (MMRs) and

mannose-binding lectin (MBL) on macrophages and dendritic cells83,84. These receptors are
important for the recognition of glycans and glycosylated proteins, which are often encountered

in bacteria and other pathogens, and function similarly to pattern recognition receptors. There are
numerous groups studying liposomes targeted with mannose, including but not limited to

oligomannose-coated liposomes85, liposomes coated in mannotriose residues86, curdlan
derivative liposomes with mannose residues87, mannose oligosaccharides88, mannose and CpG

with tumor antigens89, and RNA lipo-polyplexes targeted with mannose90.

Langerin is a CLR specifically expressed on Langerhans cells, which are specialized dendritic
cells and tissue-resident macrophages that populate the epidermis. Several groups have
formulated liposomes to target langerin and have shown rapid and specific internalization by
Langerhans cells91,92. An additional langerin ligand, lipo-Lewis Y, has shown specific targeting
and internalization by Langerhans cells when conjugated to liposomes93.

Lycium barbarum polysaccharides (LBP) are used by several groups to target APCs. These
ligands are a mixture of highly branched polysaccharides and proteoglycans which are composed

of mannose, rhamnose, arabinose, glucose, galactose, xylose, and galacturonic acid. LBP
liposomes activated dendritic cells and enhanced antigen uptake, and when used with OVA,

induced antigen-specific CD4+ and CD8+ T cell proliferation and antibody production94,95.

The dendritic cell immunoreceptor (DCIR) and dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin receptor (DC-SIGN) are other highly utilized and specific
dendritic cell targets. Liposomes targeted to the DCIR encapsulating a TLR7 agonist showed
high targeting specificity and dendritic cell activation via antitumor cytokine secretion96. A DC-

SIGN receptor-targeted liposome vaccine formulation, against metastatic melanoma, showed

safety and targeting efficacy in a phase I study, although there was no detected immunogenicity

from the treatment97.
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APCs are also targeted through the phosphatidylserine (PS) receptor. The presence of PS on the

membranes of liposomes makes them appear similar to apoptotic bodies, priming them for
uptake into scavenger cells that clear dying cells (mainly macrophages). PS-targeted liposomes
encapsulating the STING agonist, cGAMP, induced interferon production, controlled lung
metastases, and conferred protection against repeated tumor challenge98. Immunization with PS-

targeted liposomes encapsulating TB antigens combined with a TLR3 agonist resulted in
proliferation of memory T cells and reduction of bacterial load in the lungs after challenge with
Mycobacterium tuberculosis99.

Overall, ligands to C-type lectin receptors are an efficient means of APC targeting, due to the
abundance of CLRs on innate immune cells and their involvement in antigen presentation and
immune activation. CLRs are a type of pattern recognition receptor, and the CLRs present on

APCs recognize specific glycan signatures, which is important for both pathogen recognition and

in many cancer types with glycosylated protein antigens100.

1.5.3 Fc receptor targeted liposomes
Fc receptors (FcRs) are found on the surface of many cell types, including all three professional

APCs (macrophages, dendritic cells, and B cells), as well as T cells and natural killer cells. These

receptors recognize the Fc region of antibodies, and one of their functions is to bind to antibodies
that have opsonized a pathogen, inducing phagocytosis and destruction of the pathogen, although
the type of receptor and function depends on the type of antibody that it binds (e.g., IgM, IgG)101.

Fc receptor targeted nanoliposomes encapsulating TLR agonists showed specific uptake and
dendritic cell activation102. There are several other antibody-conjugated liposomes targeted to the

Fc receptor, including anti-rhamnose antibodies with the tumor antigen, MUC1. These liposomes
enhanced both antibody production and antigen-specific T cell proliferation in a mouse
model103,104.

In addition to their well-known role of binding and opsonizing antigens, antibodies also interact

with immune cells through their Fc receptors and influence their activation state. For example,

FcγRs, which bind IgG antibodies, effect the maturation of dendritic cells and impact whether or
not they will induce tolerance or immune activation towards an antigen. Another important
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feature of FcR targeting is the inclusion and activation of B cells, a type of APC that is often
overlooked in the field of APC-targeted liposomes105.

1.5.4 CD169 targeted liposomes
CD169 (Siglec-1) is an adhesion molecule involved in cell-cell adhesion and interaction with
pathogens, and is found highly expressed in tissue-resident macrophages in lymphoid organs,
particularly the lymph nodes and spleen106,107. Several groups have targeted liposomes to

CD169+ splenic macrophages using the CD169 binding ligand, ganglioside GM3108-111. Co

delivery of a TLR agonist and tumor antigens using CD169 targeted liposomes resulted in

significant activation of antigen-specific cytotoxic T cells, as well as internalization by 169+
dendritic cells in cancer patients108. CD169 targeted liposomes encapsulating OVA showed

robust antigen-specific T and B cell responses, as well as delayed tumor growth when used to

immunize B16-OVA tumor bearing mice110.

CD169+ macrophages play a significant role in anti-tumor immunity, due to their abundance in

secondary lymphoid organs, especially in the lymph nodes, which are important sites for antigen
presentation and activation of antigen-specific effector cells112. Targeting and activating this cell
type could be an important mechanism for enhancing anti-tumor immunity through the induction

of CD8+ cytotoxic T cells in the tumor-draining lymph nodes.

1.5.5 DDA liposomes

The Statens Serum Institut (SSI) developed the Cationic Adjuvant Formulation (CAF) platform,

a liposomal adjuvant system recognized and utilized by researchers worldwide. The main
component of CAF liposomes is N,N-dimethyl-N,N-dioctadecylammonium (DDA); it has been
extensively used in liposomal formulations and was found to have potent activation of both Th1

and Th2 immune responses113. There are numerous liposome formulations utilizing this platform,
with varying CLR ligands and TLR agonists added to alter targeting, uptake, and immune
activation. Resiquimod, a TLR 7/8 agonist, was coupled to a cationic DDA/TDB liposome

(TDB: immunostimulatory glycolipid trehalose 6,6' - dibehenate). These liposomes were used to

deliver an influenza antigen, intranasally, and resulted in more efficient uptake into dendritic

cells and enhanced expression of activation markers. Vaccination of mice resulted in increased
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levels of nasal IgA and serum IgG antibodies114. Cationic DDA/TCB liposomes encapsulating a
TB antigen and conjugated to resiquimod resulted in a depot at the site of injection (SOI), when
injected intramuscularly115. Another group observed this same depot effect with a similar

liposome formulation; when injected subcutaneously or intramuscularly, cationic DDA
liposomes coupled with MMG (monomycoloyl glycerol analogue 1) and a TLR3 agonist,
resulted in a depot at the site of injection. This depot effect was avoided via intraperitoneal

injections, and resulted in strong cytotoxic T cell responses when encapsulating the model
antigen, ovalbumin (OVA)75,76. Another method used by the same research group to counter the
SOI depot effect was the formation of nanoemulsions. Cationic DDA/MMG liposomes with a
TLR3 agonist were compared to nanoemulsions based on the same active components, using

OVA as a model antigen. Subcutaneous injection with the nanoemulsions resulted in enhanced
OVA specific cytotoxic T cell responses, compared to the liposomes, which formed a depot at
the SOI116. Cationic DDA liposomes were also coupled to a TLR4 agonist and injected along

with a TB antigen that binds to TLR2 (Rv3628). Treatment resulted in generation of antigen

specific T cell responses, increased cytokine production, and significant reductions in bacterial
counts, after challenge with a hyper-virulent strain of TB117.

The CAF family of liposomal adjuvants was developed to provide clinically available adjuvant

formulations for vaccines and therapies. This system, which uses a variety of ligands including
CLRs and TLRs, has been shown to effectively activate both CD4+ and CD8+ antigen-specific T

cells. Two of the CAF family of adjuvants are currently undergoing human clinical trials. These
liposome formulations, CAF01 and CAF09, are being evaluated as personalized neoantigen

cancer therapies (NeoPepVac) and for the development of prophylactic and therapeutic vaccine
platforms (TransVac2)113.

1.5.6 Peptide ligands
Peptide ligands are also used to target APCs, although they are not as plentiful as lectin,
polysaccharide, or antibody targeting methods. An exception to this is virus-like particles and
virosomes, which incorporate viral components as targeting ligands, and are covered in the next

section. A liposome conjugated to the KALA peptide

(WEAKLAKALAKALAKHLAKALAKALKA), an α-helical cationic peptide, was used to
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deliver encapsulated DNA or RNA to the cytoplasm of DCs and enhance cross-presentation.

When injected with OVA, there was a significant increase in expression of MHCI, an indication
that the liposomes escaped to the cytoplasm and the cargo was cross-presented onto MHCI

molecules118. Vaccination with OVA-encoding RNA induced antigen-specific T cell

proliferation and significant antitumor responses119. Notably, a liposomal formulation has been
developed that is targeted to APCs via the complement system, similar to our C3-targeted

liposomes. These liposomes bind to activated complement proteins through a hydroxy-PEG lipid
in the liposome membrane. Encapsulated OVA was specifically delivered to splenic marginal
zone B cells, and induced antigen-specific antibody production120. The NovaVax vaccine, for the

prevention of Covid-19 illness, NVX-CoV2373, is composed of their proprietary saponin-based
nanoparticle formulation, Matrix-M, adjuvanted together with the full-length spike protein.

While not within the liposome nanoparticle category, these recombinant protein nanoparticles are
worth mentioning based on their ability to promote immune cell recruitment to draining lymph

nodes, as well as their similarity to the influenza hemagglutinin vaccine74,121.

There are many peptide-targeted liposome formulations, most of which are targeted to the tumor

cells themselves using ligands and receptors that are often overexpressed on tumor cells, such as
folate and HER2. While there are not as many recent examples of liposomes targeted to APCs

using peptide ligands, peptides are a vital aspect of cancer immunotherapies and vaccines. The
majority of vaccines use inactivated or attenuated pathogens, and the majority of cancer vaccines

use tumor antigens, all of which involve peptide targets for antigen-specific effector cells122.

1.5.7 Virosomes
Liposomes containing viral components are a common mechanism for APC targeting, with the
added benefit of functioning as vaccine adjuvants due to their viral components. Liposomes

coated with heavily glycosylated HIV antigens were internalized by CLRs, and were shown to

induce rapid complement-dependent migration to follicular dendritic cells and increase antibody
responses123. Cationic liposomes with recombinant HPV lipoproteins (rlipoproteins) targeted
dendritic cells via TLR2 signaling. HPV rlipoprotein-liposomes with DOTAP delayed tumor

growth, and when used in conjunction with encapsulated CpG, activated dendritic cells, induced

antigen-specific T cell proliferation, enhanced antitumor immune responses, and relieved tumor-
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mediated immune suppression124. There are several studies which incorporate components from
the influenza virus into the liposome membrane, including fractions of the viral envelope,
hemagglutinin, and neuraminidase. The influenza virosomes, as opposed to liposomes without

viral components, were internalized more efficiently, and when coupled to OVA, enhanced
antigen-specific T cell responses125,126. When used in a tissue culture system modeling the human
airway, these virosomes showed increased uptake, activation, and cytokine production127. A
similar virosome particle, with components from the hepatitis B virus envelope, also showed

efficient uptake, specifically through phagocytosis by macrophages128. The development of
virus-like particles and virosomes are a promising mechanism to improve both prophylactic

vaccines and cancer immunotherapies, and are currently being researched as potential vaccines
for influenza, HIV, and cancers with HER-2/neu overexpression129-131.

1.5.8 Liposome PEGylation

Liposome formulations are frequently opsonized by complement proteins and antibodies,
priming them for uptake by phagocytes, and resulting in rapid clearance132. Although this

occurrence is mostly seen as unfavorable, some studies (including the research described in this

dissertation) have taken advantage of the increased phagocytic uptake and have tailored the
liposome formulations for macrophages and dendritic cells133-135. In order to avoid some of the
effects of opsonization (e.g., aggregation, size enlargement, instability, pre-mature drug release),
PEGylated lipids are included in the liposome formulations. Attaching polyethylene glycol
(PEG) chains covalently to the liposomes forms a steric shield, reduces unwanted protein

binding, and increases in vivo circulation time57,59. While PEGylated liposomes are supposed to

form “stealth” liposomes and are generally considered non-immunogenic, there is increasing
evidence of PEG-directed immune responses after treatment with PEGylated nanoparticles.

Several reports document both pre- and post-treatment anti-PEG antibodies, which accelerate the
clearance of PEGylated nanoparticles, especially upon repeated exposure136,137. Recent strategies

to reduce toxicity from anti-PEG immune responses include the incorporation of PEG

alternatives, such as natural polymers that offer comparable shielding effects, and PEG that
diffuses from the nanoparticles over time138.
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1.6 Concluding remarks
While most systems have been developed to target macrophages and dendritic cells, there are
few available options that include the targeting of MDSCs, neutrophils, and B cells. To

overcome these shortcomings and challenges, we have designed a liposome that is internalized

by these cell types through complement-mediated targeting135,139. These liposome nanoparticles
are composed of neutral lipids and endogenous serum proteins, thereby reducing both toxicity

from cationic lipids and foreign serum proteins, while also decreasing expense associated with
targeting antibodies and ligands. These liposomes contain a PEGylated lipid with an external
orthopyridyl disulfide group (OPSS) that forms disulfide bonds with the exposed sulfhydryl

groups on activated complement C3 proteins. Complement C3 proteins are an abundant

component of blood that coat pathogens, marking them for uptake and destruction by APCs via
the complement receptor140. By virtue of covalently bound complement proteins, C3-liposomes

can specifically target a range of immune cells that carry the receptors for activated complement
C3 derivatives. These receptors are expressed primarily by myeloid cells, including macrophages

and dendritic cells, as well as by B cells. We have shown that C3-liposomes are internalized by

cell types expressing the complement C3 receptors, providing a unique delivery device to all

three professional APCs135. Unlike many other liposome formulations, C3-liposomes are able to
target and activate B cells, enabling them to induce a humoral immune response, in addition to a

T-cell mediated cellular immune response. C3-liposomes are also internalized by myeloid

derived suppressor cells (MDSCs). This introduces the possibility of relieving and reversing

systemic immune suppression, which is especially prevalent in cancers and is a major limitation
to current immunotherapies15,42,44. This system utilizes small molecules that would allow for

scaling up and storage, binds to endogenous C3 proteins which would cut down on toxicities,
and targets a wide variety of immune cells that regulate the antitumor immune response.

In summary, targeted liposomes are a promising avenue for vaccines and therapies, cancer and
otherwise. They can be targeted to numerous cell types, provide protection from degradation and

rapid clearance, and enable the use of previously unavailable and impractical compounds with

low bioavailability. As described here, liposomes are highly customizable, can be tailored to

specific environments, and are readily internalized and metabolized with relatively low toxicity.
In addition to targeting APCs, liposomal systems have been developed to target other cell types,
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including targeting to tumor cells using ligands such as transferrin, folate, EGFR, HER2/neu, or
environmental triggers (e.g., pH-sensitive liposomes)56,57,63. Our targeted C3-liposomes are

unique because they are targeted to all three professional APCs (macrophages, dendritic cells,
and B cells) and use endogenous serum proteins. They are particles coated in complement C3

proteins, which makes them appear as a foreign pathogen, priming them for uptake by APCs.
C3-liposomes can be altered to encapsulate or incorporate immune activating compounds, tumor
antigens, and other therapeutic compounds. This liposomal system is able to specifically target

APCs and successfully polarize them to an activated phenotype. Through the activation of APCs,
C3-liposomes are able to increase the number of antigen-specific T cells and alleviate

suppression in the tumor microenvironment, leading ultimately to tumor reduction and lasting
anti-tumor immunity. The research outlined in the following chapters serves as an important

model of the potential of liposomes to translate into clinical cancer immunotherapies and tumor
antigen vaccines.
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Chapter 2: Complement C3-dependent uptake of targeted liposomes into human macrophages, B
cells, dendritic cells, neutrophils, and MDSCs12

2.1 Abstract

Antitumor immunity in cancer patients is heavily modulated by cells of the innate immune

system. Antigen-presenting cells, including dendritic cells, macrophages, and B cells, initiate
immune recognition of tumor antigen by displaying antigen to effector cells. Countering this
immune stimulation are immunosuppressive cells which include M2 macrophages, N2

neutrophils, and myeloid-derived suppressor cells (MDSCs). To create effective cancer

immunotherapies, it is critical that we can target these important cell types of the immune system
with immunostimulatory compounds. A commonality of these cell types is the complement

receptor, which recognizes pathogens that are bound to activated complement C3 in human
blood. To target the complement receptor, we have created a liposome that has a small molecule,

orthopyridyl disulfide (OPSS), conjugated to its surface. OPSS forms a disulfide bond with

activated complement C3, which then targets liposomes for uptake by dendritic cells,
macrophages, B cells, MDSCs, and neutrophils in human blood. Internalization is efficient and

specific to cells that display the complement receptor. Liposomes are a versatile drug delivery
device. Possible applications for this system include delivery of toll-receptor agonists or tumor

antigen to antigen-presenting cells and delivery of immunostimulatory drugs to M2, N2, and

MDSC immunosuppressive cells.

2.2 Introduction
Dendritic cells, B cells, macrophages, neutrophils, and myeloid-derived suppressor cells

(MDSCs) are all involved in regulation of the immune response against cancer.1,2 The first step

in an adaptive immune response against a tumor is carried out by antigen-presenting cells
(APCs), which include the dendritic cells, B cells, and macrophages .1,3 After engulfing tumor
cells, endocytic processing in APCs results in antigen presentation by major histocompatibility
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complexes to helper and cytotoxic T-cells. Opposing this immunostimulatory action are

immunosuppressive cells. The tumor microenvironment recruits and promotes the production of
numerous suppressive cell types, including protumor M2 macrophages, N2 neutrophils, and

MDSCs, which produce suppressive cytokines such as IL-10 and TGF-β, reactive oxygen

species, nitric oxide synthetase, and arginase to inhibit cytotoxic T-cells.4,5 Whether targeting
antigen to APCs or delivering drugs to relieve immunosuppression, cancer immunotherapies
could benefit from a nanoparticle delivery system to both cell types. We have therefore
developed a system that targets the receptor for complement C3, which is a commonality among
dendritic cells, B cells, macrophages, neutrophils, and MDSCs.6,7

Various strategies have been employed in the nanoparticle field to target macrophages and
dendritic cells including cationic, mannose, Fc-targeted, CD11c-targeted, and DC-SIGN-targeted

liposome carriers.8,9 These have had various degrees of success, but often have the drawback of

requiring complex targeting molecules or antibodies that present challenges to large-scale
production and storage. An exception is the mannose targeting system that utilizes a mannose

sugar to target the macrophage mannose receptor and is a robust and simple system.10 Cationic
liposomes appear attractive for targeting cells, but when injected systemically, they aggregate

and accumulate almost entirely in the lung and liver.11 While many systems have been developed
to target macrophages and dendritic cells, there are few available options for the targeting of

MDSCs, neutrophils, and B cells.9 To overcome these shortcomings and challenges, we have
designed a system that utilizes the patient's own endogenous complement C3.7 The liposomes

would bind to C3 after injection, resulting in targeting to cell types that have the receptor for C3.

The system utilizes small molecules that would allow for scaling up and storage, binds to
endogenous C3 which would cut down on toxicities, and targets a wide variety of immune cells

that regulate the antitumor immune response.

Complement C3 is a protein that is present in normal human blood and is activated in the

presence of a pathogen or foreign molecule.6 Cleavage of C3 protein results in active C3b with a
thioester domain that can react with antigens or with water to yield a free sulfhydryl group. The

activated fragments bind to pathogen surfaces that are then recognized by APCs for
phagocytosis, destruction, and antigen presentation.12,13 The liposome system we have developed

contains lipid bound to an orthopyridyl disulfide (OPSS) moiety, which forms a disulfide bond
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with the exposed sulfhydryl group of activated C3 protein present in normal serum. OPSSliposomes coated in C3 proteins are targeted for phagocytosis by the innate immune system. In a
previous study, we have shown that liposomes containing OPSS bind to complement C3 in
mouse serum, resulting in uptake by immune cells that have the receptor for complement.7 We

went on to show that upon systemic administration into tumor-bearing mice, liposomes were

taken up by MDSCs which infiltrated the spleen and tumor.7
The goal of the current study was to establish if the liposomes also bound to human complement

C3, and if so to fully characterize the cell types in human blood that engulf C3 bound liposomes
using flow cytometry analysis. Possible uses of complement C3-bound liposomes include

delivery of tumor antigen or immunostimulating molecules to APCs, and delivery of drugs that
can reprogram immunosuppressive MDSCs, macrophages, and neutrophils to an

immunostimulatory phenotype.

2.3 Materials and Methods
2.3.1 Reagents

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene

glycol)-2000] (DSPE-PEG(2000)), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N[PDP-poly(ethylene glycol)-2000] (DSPE-PEG(2000)-PDP) used for liposome preparation were

purchased from Avanti Polar Lipids (Alabaster, AL, USA). Fluorescently tagged lipid,
Lissamine rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine

(RhodaminePE), was purchased from Life Technologies (Grand Island, NY, USA). Size
exclusion chromatography utilized CL-4B Sepharose gel, purchased from Sigma-Aldrich (St

Louis, MO, USA). Red blood cell lysis buffer was purchased from eBioscience (San Diego, CA,
USA). Goat anti-human complement C3 was obtained from MP Biomedicals (Solon, OH, USA).
Secondary donkey anti-goat 800 IgG was purchased from Li-Cor Bioscience (Lincoln, NE,

USA). Normal human serum complement and C3-depleted human serum were obtained from
Quidel Corporation (Athens, OH, USA). Flow cytometry antibodies, PE/Cy7 anti-human CD16,

Brilliant Violet 605 anti-human CD33, Brilliant Violet 650 anti-human CD20, and Brilliant
Violet 785 anti-human CD56 (NCAM), were purchased from BioLegend (San Diego, CA, USA).
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Flow cytometry antibodies, APC-Alexa Fluor 700 anti-human CD11c, APC-Alexa Fluor 750

anti-human CD11b, PC5.5 anti-human HLA-DR, FITC anti-human CD45, ECD anti-human
CD3, Pacific Blue anti-human CD15, and APC anti-human CD14, were purchased from
Beckman Coulter (Brea, CA, USA). All other chemicals and reagents were purchased from

Thermo Fisher Scientific (Pittsburgh, PA, USA).

2.3.2 Liposome preparation
Liposomes were prepared using the film hydration-extrusion method as previously described.7,14
Liposomes containing DSPE-PEG(2000)-PDP are referred to as OPSS-liposomes; liposomes
containing DSPE-PEG(2000) are referred to as control-liposomes. To produce OPSS-liposomes,

DPPC/DSPC/DSPE-PEG(2000)-PDP/DSPE-PEG(2000)/RhodaminePE in chloroform were
briefly mixed at a molar ratio of 83:12:1:3:1). For control-liposomes, DSPE-PEG(2000) was
substituted for DSPE-PEG(2000)-PDP to maintain the same ratio of DSPE-PEG. Lipids were

dried under a nitrogen stream for 1 hour to remove any chloroform residue. The lipid film was
rehydrated in 0.7 mL of filtered water and extruded 9 times through a 200-nm polycarbonate
membrane filter at 47°C. Liposomes were column purified using a CL-4B Sepharose column
hydrated in 1× PBS, pH 7.4. Liposome fraction was diluted to a concentration of 0.875 mg

lipid/mL. The amount of OPSS-liposome and control-liposome in each sample was normalized

using a NanoDrop 2000 UV-Vis Spectrophotometer. Liposome size was obtained using a
Malvern Zetasizer Nano-S (Malvern Instruments, Malvern, UK). Control-liposome diameter was

measured as 141.8±47.29 nm, and OPSS-liposome diameter was 140.4±43.76 nm. The diameter
of OPSS-liposomes incubated in serum for 1 hour was determined to be 165±89 nm.

2.3.3 Liposome binding of activated C3

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot
techniques were used to determine if liposomes bind activated C3 when exposed to complete

human serum. A 1:1 sample of OPSS-liposomes or control-liposomes with human serum was
incubated for 1 hour at 37°C. Liposomes were isolated from the serum by centrifuging in
Beckman 5×41 mm ultraclear tubes in a SW50.1 rotor at 200,000× g for 10 minutes at 4°C in a
Beckman L8-70 ultracentrifuge. Liposomes were centrifuged and rinsed three times in 1× PBS
before being rehydrated in 1× PBS. Samples were mixed 1:1 with a 2× reducing sample loading
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buffer and heated at 95°C for 4 minutes. Samples were then run on a precast 10% SDS-PAGE
gel (Bio-Rad Laboratories, Hercules, CA, USA) for 1 hour at 120 volts. After electrophoresis

was complete, the gel was soaked in transfer buffer (25 mM Tris-base, 192 mM glycine) for 15
20 minutes to equilibrate before transfer. The proteins were then electroblotted onto Immobilon

PVDF membrane (Sigma-Aldrich) at 12 volts overnight. Total proteins associated with the
liposomes were identified by colloidal gold staining of the blot. C3 proteins associated with the
liposomes were detected with goat anti-human complement C3 at a 1:1,000 dilution and

secondary donkey anti-goat 800 IgG at a 1:10,000 dilution and visualized with a Li-Cor infrared
scanner with Odyssey software (West Henrietta, NY, USA).

2.3.4 In vitro uptake of liposomes
An in vitro analysis of liposome uptake was performed to determine which cell types take up
liposomes in human blood. Peripheral blood mononuclear cells were isolated from whole blood

in heparinized tubes obtained from five healthy human volunteers. The protocol for blood draw

was approved by the University of Alaska Anchorage Institutional Review Board, in accordance
with the U.S. Department of Health and Human Services requirements for the protection of

human research subjects (45 CFR 46 as amended/revised), and all volunteer donors provided
written informed consent. Immediately after drawing, the blood was incubated in red blood cell
lysis buffer for 10-15 minutes. The samples were then centrifuged at 500× g for 5 minutes in an

Eppendorf 5804 centrifuge. Samples were rinsed in 1× PBS and resuspended in Roswell Park
Memorial Institute media. Cells were aliquoted into a 96-well V-bottom plate with 80 μL per

well to achieve a concentration of approximately 160,000 cells per well (2×106 per mL). OPSSliposomes and control-liposomes were incubated for 1 hour at 37°C with an equal volume of

normal human serum or serum that had been depleted of complement C3. Twenty microliters of
the liposomes + serum sample was added to the 80 μL of cells in each well to bring the final

volume in each well up to 100 μL with a concentration of 10% serum. Cells were exposed to
liposomes for 2 hours before collection and analysis by flow cytometry.

2.3.5 Flow cytometry analysis
Cells were analyzed by flow cytometry to determine the populations of cells that were positive

for rhodamine-labeled liposomes. Collected cells were centrifuged in a 96-well V-bottom
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polystyrene microplate at 2,000 rpm in a Sorvall T6000D centrifuge for 3 minutes and
resuspended in 100 μL FACS buffer (1× PBS +1% bovine serum albumin) containing 1 μL each
of anti-human antibodies against CD45, CD3, HLA-DR, CD16, CD14, CD11c, CD11b, CD15,

CD33, CD20, and CD56. Cells were incubated in the dark with the staining buffer at 4°C for 20

minutes. After staining, cells were centrifuged (as mentioned earlier) and resuspended in 200 μL
of FACS buffer and analyzed using a Beckman Coulter CytoFLEX flow cytometer with

CytExpert software (Beckman Coulter, Brea, CA, USA). After gating to find cell populations,
the percentage of rhodamine-liposome positive cells was determined, averaged for the five

patients, and presented as mean ± standard error (n=5).

2.3.6 Fluorescent microscopy
Cells were treated for 2 hours with OPSS- or control-liposomes that had been incubated in

complement C3-containing or depleted human serum, as described earlier. Cells were

centrifuged at 500× g for 5 minutes and rinsed twice with PBS before resuspension and transfer
to a flat bottom Falcon microtest 96-well assay plate, black/clear bottom (Becton Dickinson

Labware, Franklin Lakes, NJ, USA). Cells were imaged with a Leica DMI6000B inverted

fluorescence microscope (Leica Microsystems, Buffalo Grove, IL, USA), and photos were taken
using a 10× objective utilizing Leica Application Suite, version 3.7.0 software (Leica

microsystems Inc., Wetzlar, Germany).

2.4 Results
2.4.1 OPSS-liposomes bind complement C3 in normal human serum

The ability of OPSS-liposomes to bind complement protein C3 was determined by SDS-PAGE
and Western blot analysis (Figure 1). When complement C3 protein in normal serum is cleaved,

C3a is released and C3b undergoes a conformational change resulting in an exposed sulfhydryl
group on the activated C3b fragment. The OPSS group on the PEGylated lipid binds to these

activated fragments and forms the C3 bound liposomes (C3-liposomes), which are taken up by

cells that have receptors for activated complement C3. OPSS-liposomes and liposomes lacking
the OPSS group (control-liposomes) were incubated in normal human serum containing all the

complement proteins to test the specificity toward complement C3, one of the most abundant
complement proteins in serum. After incubation with serum, the liposomes were pelleted by
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ultracentrifugation and rinsed thoroughly to remove the serum before analysis by SDS-PAGE gel

electrophoresis and Western blot. As shown in the anti-C3 immunoblot, control-liposomes
lacking the OPSS group did not bind complement C3, while the OPSS-liposomes bound

complement C3 and its activated fragments (Figure 1).15 A duplicate Western blot was stained
with colloidal gold to detect all proteins that were associated with the liposomes. The overlap in

bands between the colloidal gold stain and the anti-C3 blot shows that binding of C3 to the
liposomes with the OPSS group is specific and does not occur in control-liposomes without the
OPSS group. It is likely that the interaction of C3b with liposomes will lead to the formation of

larger complement complexes including C3bBb, C3bBbC3b, and C3bBbP.16,17 These higher
molecular weight bands that are apparent on the Western blot are therefore labeled as
complement C3 complexes.

2.4.2 White blood cells internalize OPSS-liposomes
OPSS-liposomes were incubated in human serum that had functional complement C3 to create
C3-bound liposomes (C3-liposomes). Controls included OPSS-liposomes incubated in C3-

depleted serum as well as control-liposomes incubated in both C3+ serum and C3-depleted
serum. These liposomes were then administered to white blood cells isolated from human blood,

and uptake of liposomes was observed via a fluorescent rhodamine probe incorporated into the

liposomal membranes. Members of the complement receptor family that are found on white
blood cells include complement receptors 1, 2, and 3 (CR1, CR2, and CR3). CR3 can be

identified by the surface marker CD11b and is the major complement receptor of the myeloid
cell populations. These receptors are expressed on the surface of cells and bind and internalize
particles attached to complement proteins. Fluorescent microscopy and flow cytometry analysis

showed that OPSS-liposomes incubated in C3-containing serum were readily taken up by
CD11b+ cells (71.87%±2.5%), while control-liposomes showed very little uptake (5.06%±1.9%

of cells) (Figure 2). OPSS-liposomes and control-liposomes incubated in serum depleted of

complement C3 (C3-) also displayed little internalization into CD11b+ cells (OPSS:
1.98%±0.7% of cells, Control: 1.74%±0.9% of cells) demonstrating the importance of both the

OPSS group and the bound activated-C3 protein in the targeting mechanism (Figure 2). The

CD11b-negative cells that had taken up OPSS-liposomes in C3-positive serum (lower right
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quadrant of left panel, Figure 2) were identified as B cells (data not shown), known to contain
CR2 receptors (CD21) that can bind activated complement C3 fragments .18

2.4.3 Liposome uptake by MDSCs and neutrophils

MDSCs are a heterogeneous population of cells that express complement receptor CR3
(CD11b+), enabling C3-bound OPSS-liposomes to target both monocytic MDSC (M-MDSC) and
granulocytic MDSC (G-MDSC). Normal human white blood cells were stained with antibodies

against several cell surface markers to identify the MDSCs by flow cytometry. M-MDSCs were
identified according to their cell surface marker phenotype: CD33+/hi, CD11b+, HLA-DR-/low,
and CD14+/hi. G-MDSCs were characterized by: CD33+/low, CD11b+, HLA-DR-/low, CD14-, and
CD15+ (Figure 3). The gating strategy used to distinguish M-MDSCs and G-MDSCs can be seen

in Figure 3. Using the same gating strategy, neutrophils were identified as CD33mid/low,
CD15+ (Figure 3, lower right panel).

2.4.4 Liposome uptake by APCs
APCs (macrophages, dendritic cells, and B cells) were also identified by flow cytometry and
analyzed for uptake of rhodamine-labeled liposomes. Singlets were first selected that were

positive for the common leukocyte antigen, CD45. These cells were then selected by size and
internal complexity (side scatter vs forward scatter) to separate the monocyte/granulocyte

population from the lymphocytes (Figure 5). B cells were identified from the lymphocyte
population by the surface markers HLA-DR and CD20. Macrophages were identified from the
monocyte/granulocyte population by the presence of HLA-DR and CD14 surface marker

expression. Myeloid dendritic cells were isolated from the same population by expression of
HLA-DR, low expression of CD14, and high expression of CD11c (Figure 5).

2.4.5 Liposome uptake by lymphocytes
T-cell, natural killer (NK) cell, and B cell populations were analyzed for their uptake of

rhodamine-labeled liposomes. The lymphocyte population was selected by CD45 and by size and
internal complexity (side scatter vs forward scatter). This population was further divided to

identify CD20+ B cells, CD3+ T-cells, and CD56+ NK cells. The T-cell, and NK cell populations
showed minimal uptake of OPSS-liposomes and control-liposomes incubated in either C3-
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positive or C3-depleted serum with less than 2% of T- and NK cells positive in all conditions. In
contrast, 90%±2% of B cells took up OPSS-liposomes incubated in C3-positive serum, while

less than 3% took up OPSS-liposomes incubated in C3-depleted serum or control-liposomes
incubated in either C3-positive or C3-depleted serum (Figure 7). These data show that among the

different leukocyte populations, B cells are the only population targeted by C3-bound liposomes.

2.4.6 C3-liposome uptake varies between white blood cell types
Isolated white blood cells were exposed to rhodamine-labeled C3-liposomes and analyzed for
levels of uptake via flow cytometry. Relative fluorescence intensity was determined for each cell

population. Macrophages and M-MDSC showed the highest levels of rhodamine-labeled
liposomes, followed by the rest of the myeloid cell populations displaying similar but lower

levels of liposome uptake. T-cells and NK cells showed the lowest levels of rhodamine

fluorescence (Figure 8).

2.5 Discussion
APCs and immunosuppressive cells play an important role in cancer progression and immune

evasion.1,18 Strategies for promoting an antitumor immune response would benefit from a

nanoparticle system that can target these cells, all of which display the receptor for complement

C3.3,9,19 Liposomes were therefore formulated with a lipid-attached OPSS group, which can form

a disulfide bond with activated complement C3. After binding complement, we show that these
liposomes are taken up by human macrophages, M-MDSCs, G-MDSCs, neutrophils, dendritic

cells, and B cells. By utilizing this targeting mechanism, the C3-bound OPSS-liposomes should

allow the delivery of tumor antigen or immunostimulatory drugs to these various cell types.

Complement C3 is a major component of our blood that is inert but can be activated to C3b,
exposing a thioester group capable of forming a disulfide bond with OPSS.6,7 Western blot

analysis reveals that incubation of OPSS-liposomes in serum for 1 hour allows conjugation of

C3b to the liposomes and that this binding is relatively specific with little other protein attached.
C3b targets the complement CR1 receptor, but can be further metabolized to iC3b and C3dg,
which can target CR2 (iC3b, C3dg), CR3 (iC3b), CRIg (iC3b), and CR4 (iC3b) receptors.6 Most
of the cells targeted by C3-bound OPSS-liposomes have the CR3 receptor (CD11b), including
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macrophages, neutrophils, dendritic cells, and MDSCs. However, B cells, which express the CR2

receptor also readily engulf liposomes, implying that the liposomes can target through the iC3b
or C3dg breakdown products. Indeed, the Western blot shows that, on the basis of molecular
weight, iC3b is part of the complex that is conjugated to our liposomes. While all cells of
myeloid lineage internalize C3-bound OPSS-liposomes, presumably due to the presence of the
myeloid CR3 receptor, the lymphocyte population of cells shows limited uptake of liposomes,

with the exception of B cells.

MDSCs show a high level of uptake of activated C3-bound OPSS-liposomes. MDSCs do not
take up liposomes readily when liposomes are formulated without OPSS or when serum is
depleted of complement C3, demonstrating the importance of both the liposomal OPSS group

and complement C3 for targeting. MDSCs are a heterogeneous population of immature cells that
include granulocytic and monocytic subtypes.2,20 Both types are targeted by C3-liposomes in

human blood. In cancer patients, the population of MDSCs expands in number in response to
cytokines, such as GM-CSF, released from the tumor and are critical to creating

immunosuppressive conditions.2,21,22 The overall number of MDSCs correlates directly with

cancer stage and level of metastasis. Being able to target this cell population and reverse the
suppression would significantly improve treatments and therapies.23-25 Reprogramming of

MDSCs has been shown using all-trans retinoic acid, vitamin D, and CpG oligonucleotides, but
techniques for specific delivery of these compounds are still lacking.23,24 Our targeted liposomal

system provides a means to target MDSCs and test different treatments, which could relieve the
suppression and possibly revert MDSCs toward their non-suppressive phenotype.

C3-liposomes are also taken up in a complement-dependent pathway by all three types of APCs:
dendritic cells, macrophages, and B cells. The first step in creating a robust adaptive immune

response against cancer cells requires efficient presentation of tumor antigen by APCs to the
effector cells of the immune system.1,3 APCs present antigen to T helper cells via MHCII

molecules. Additionally, dendritic cells and B cells have been shown to cross-present antigen via
MHCI molecules, allowing for the stimulation of cytotoxic T-cells.26,27 Techniques to improve

antigen presentation include ex vivo strategies such as adoptive T-cell transfer and in vivo
strategies such as nanoparticle antigen delivery.8,9,19,28 Drawbacks of ex vivo techniques include
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high cost and lack of a memory T-cell population after inoculation into the patient.29,30

Nanoparticle delivery systems have had some success, but often they are targeted only to

macrophages and dendritic cells, and most targeted systems require costly antibodies or peptides
that are difficult to store and scale up to pharmaceutical quantities.8,9 The advantage of using

OPSS-liposomes is that OPSS is a small low-cost molecule that binds endogenous complement
C3 and targets all three APCs, including B cells. OPSS-liposomes could encapsulate tumor

antigen or activating oligonucleotides to improve antigen presentation to effector cells. In
addition, to provoke a B cell antibody response, it is critical that B cells are stimulated through

their complement receptor, thereby lowering the stimulation threshold at which they produce
antibody by approximately 1,000-fold.18,31,32 By targeting antigen to all three APC cell types via
the complement system, C3-liposomes could activate T-cells and increase antibody production

by B cells, leading to a robust and enduring antitumor immune response.

C3-liposome delivery may activate the complement system, leading to initiation of the
complement cascade, possibly leading to systemic cytokine release or the formation of the
membrane attack complex.33,34 While overactivation of the complement system is a concern,
preliminary studies in mice with systemic administration of C3-liposomes did not appear to

cause any signs of distress.7 The tumor microenvironment causes an overall suppression of the
immune system, so there is a possibility that activation of immune cells upon binding of the

complement receptor could be beneficial.18,35 More experimentation will be done to characterize
the response of immune cells to C3-liposomes.

These experiments show a new technique for targeting immune cells that play a key role in

cancer progression, including MDSCs, neutrophils, macrophages, dendritic cells, and B cells.
Since these data were obtained using the blood of healthy human volunteers, it is important to

remember that the number and phenotypes of immune cells will presumably be different in

cancer patients. It remains to be seen if the C3-bound liposomes can target M2 macrophages, N2
neutrophils, suppressive MDSCs, and APCs that have been exposed to immunosuppressive
cytokines released by tumors. Future studies will evaluate the targeting potential of our
liposomes using blood samples donated by cancer patients. In addition, in vivo studies will be

done to determine the biodistribution of C3-bound liposomes in a tumor mouse model. If
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targeting to tumors is accomplished, these liposomes could be a potent tool for specific delivery

of tumor antigens and immune-stimulating drugs, with the goal of creating a robust antitumor
immune response.
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2.7 Figures

Figure 2.1: OPSS-liposomes specifically bind complement C3 proteins.
Notes: OPSS-liposomes (OPSS) and control-liposomes (Control) were exposed to serum
containing complement C3. Colloidal gold stain shows all serum proteins bound to liposomes
(left panel). Immunodetection with anti-C3 antibody (right panel) shows that OPSS-liposomes
bind complement C3 and its activated fragments, while control-liposomes do not. The migration
of molecular weight markers is indicated on the left side of the blot.
Abbreviation: OPSS, orthopyridyl disulfide.
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Figure 2.2: OPSS-liposomes are internalized by white blood cells with CR3.
Notes: Uptake of liposomes was detected by the presence of rhodamine in the cells. Binding of
complement C3 to OPSS-liposomes directs internalization into cells via CR3 (CD11b). NonOPSS-liposomes (control) display limited internalization by cells. OPSS-liposomes and control
liposomes are not readily internalized into cells when incubated in serum depleted of
complement C3 (C3-), demonstrating the necessity of the C3-OPSS complex for internalization.

Abbreviations: CR3, complement receptor 3; OPSS, orthopyridyl disulfide.
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Figure 2.3: Flow cytometry gating strategy for isolating MDSCs.
Notes: Leukocytes were selected as CD45+. M-MDSCs were identified based on the phenotype:
CD33+/Hi, CD11b+, HLA-DR-/low, and CD14Hi. Identification of G-MDSCs was based on:
CD33+/low, CD11b+, HLA-DR-, CD14-, and CD15+. Neutrophils were identified as CD33mid/low,
CD15+.
Abbreviations: FSC, forward scatter; G-MDSCs, granulocytic myeloid-derived suppressor cells;
M-MDSCs, monocytic myeloid-derived suppressor cells; SSC, side scatter.
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Figure 2.4: MDSCs and granulocytes internalize OPSS-liposomes.
Notes: M-MDSC show high uptake of rhodamine-labeled OPSS-liposomes. G-MDSC also
display high uptake of rhodamine-labeled OPSS-liposomes. In contrast, both M-MDSC and GMDSC showed limited uptake of control-liposomes or OPSS-liposomes incubated in serum
depleted of complement C3 (C3-). A high percentage of both neutrophils and eosinophils
internalize OPSS-liposomes incubated in serum containing C3, while less than 8% of
granulocytes internalize liposomes when either the OPSS group, complement C3, or both are
absent. Data are expressed as mean ± standard error (n=5).
Abbreviations: G-MDSC, granulocytic myeloid-derived suppressor cell; M-MDSC, monocytic
myeloid-derived suppressor cell; OPSS, orthopyridyl disulfide.
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Figure 2.5: Flow cytometry gating strategy for isolating APCs.
Notes: B cells were isolated based on SSC vs FSC and on the phenotype: HLA-DR+, CD20+.
Macrophages were identified as HLA-DR+, CD14+/Hi. Myeloid dendritic cells were detected as
HLA-DR+, CD14Low/neg, CD11c+.
Abbreviations: APC, antigen-presenting cell; FSC, forward scatter; SSC, side scatter.
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Figure 2.6: APCs take up OPSS-liposomes.
Notes: Rhodamine-labeled OPSS-liposomes incubated in serum with complement C3 are
internalized by APCs, whereas control-liposomes incubated in C3+ serum are not readily
internalized. OPSS-liposomes and control-liposomes incubated in serum depleted of complement
C3 (C3-) show little uptake into APCs. Data are expressed as mean ± standard error (n=5).

Abbreviations: APC, antigen-presenting cell; OPSS, orthopyridyl disulfide.
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Figure 2.7: Lymphocyte internalization of liposomes.
Notes: Rhodamine-labeled C3-liposomes are not internalized readily by T-cells or NK cells. B
cells show a high degree of internalization of C3-bound OPSS-liposomes, but limited
internalization of OPSS-liposomes incubated in C3 depleted serum (C3-). Control-liposomes
incubated in C3+ or C3 depleted serum have limited uptake into all lymphocytes. Data are
expressed as mean ± standard error (n=5).

Abbreviations: NK, natural killer; OPSS, orthopyridyl disulfide.
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Figure 2.8: Relative rhodamine fluorescence intensity of white blood cell populations.
Notes: White blood cells were isolated from whole human blood and exposed to rhodaminelabeled C3-liposomes. Cell populations were identified via flow cytometry, and relative
rhodamine fluorescence intensities were determined for each cell population. Data are expressed
as mean ± standard error (n=5).

Abbreviations: G-MDSC, granulocytic myeloid-derived suppressor cell; M-MDSC, monocytic
myeloid-derived suppressor cell; NK, natural killer.
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Chapter 3: Intratumoral Delivery of Antigen with Complement C3-bound Liposomes Reduces
Tumor Growth in Mice2*

3.1 Abstract

Antigen presenting cells (APCs) initiate the immune response against cancer by engulfing and

presenting tumor antigen to T cells. Our lab has recently developed a liposomal nanoparticle that
binds complement C3 proteins, allowing it to bind to the complement C3 receptors of APCs and

directly deliver antigenic peptides. APCs were shown to internalize and process complement C3bound liposomes containing ovalbumin (OVA), resulting in a significant increase in activated T

cells that recognize OVA. Mice bearing A20-OVA lymphoma tumors were treated with OVAloaded C3-liposomes, which led to reduced tumor growth in both treated and distal tumors in all

mice. Peripheral blood from treated mice had a lower percentage of immunosuppressive myeloid

derived suppressor cells (MDSCs), a higher percentage of B cells, and increased anti-OVA

IgG1 levels compared to control mice. These results indicate that C3-liposome delivery of tumor
antigen to APCs initiates a potent and systemic antitumor immune response.

3.2 Background
Tumor antigens are proteins that provide specific targets for CD8+ T cells (cytotoxic T
lymphocytes: CTLs), allowing the immune system to distinguish cancer cells from noncancerous

cells.1-3 Tumor antigens can be mutated peptides, proteins expressed by genes which are
normally silent, cancer-germline antigens, which are only present on tumor cells, or viral
epitopes, present on virus-associated tumors.1, 4 Alternatively, they can be normal proteins

expressed at a higher degree on tumor cells, but still present in normal tissue (overexpressed or
differentiation antigens).1, 4 Regardless of the type of antigen, antigenic activation is essential for
the success of cancer immunotherapies.

The goal of a tumor vaccine is to improve T cell recognition of tumor antigens. Tumor vaccines
can be derived from a single tumor antigen, an antigenic epitope, or multiple antigens for a given
2
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tumor.1, 3-6 Using multiple antigenic epitopes is advantageous due to the occurrence of
immunoediting, whereby cancer cells limit the expression of certain antigens in order to hinder
immune surveillance and allow for immune escape.7, 8 The presence of multiple lineages of CTLs

with receptors specific for different antigens creates a persistent attack on tumor cells, even in

the presence of tumor-mediated antigen downregulation.

T cells must encounter a certain threshold of antigen presentation to overcome the natural

tolerance mechanisms in place to prevent autoimmunity and acute inflammation.9-11 This is
especially relevant when working with tumor antigens derived from over-expressed or

differentiated antigen variants, due to their expression in normal tissue.4, 5 Targeted liposome

nanoparticles are an effective means of increasing the amount of antigen delivered as well as

increasing the specificity of delivery to APCs.12, 13 In addition, liposomes can encapsulate
multiple antigens simultaneously to strengthen the immune response against a tumor.1, 4, 14 Other
strategies for effective tumor vaccines often involve ex vivo proliferation and treatment of
autologous dendritic cells (DCs), followed by re-infusion into the patient, akin to adoptive T cell
transfers. In contrast, targeted liposomes would allow for in vivo delivery of antigenic peptides
to APCs without the need for costly ex vivo culturing and re-infusion into the patient.15-17

Many liposome systems have been developed to target antigen presenting cells, such as cationic,
mannose, Fc-targeted, CD11c-targeted, and DC-SIGN-targeted liposomes.13, 18 Many of these
systems require complex targeting molecules, antibodies or cationic lipids which can be
associated with high levels of toxicity.12, 13 We have developed a liposome nanoparticle (C3-

liposomes) that utilizes neutral lipids and endogenous serum proteins, thereby reducing both

toxicity from cationic lipids and immunogenicity of foreign proteins while decreasing expense
associated with targeting antibodies and ligands.19, 20 Most importantly, C3-liposomes contain a

pegylated lipid with an exposed orthopyridyl disulfide (OPSS) group that can disulfide bond
with the unique sulfhydryl group on complement C3b, which is exposed when complement C3

protein is activated to C3b. 21 By virtue of covalently-bound complement proteins, C3-liposomes
can specifically target a range of immune cells that carry the receptors for activated complement
C3 derivatives. These receptors are expressed primarily by myeloid cells, including macrophages
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and dendritic cells, as well as by B cells.22-24 We previously showed that C3-liposomes are

internalized by all myeloid cell types, providing a unique delivery device to APCs.19, 20

To assess the potential of using C3-liposomes with encapsulated antigen as a tumor vaccine, we

tested the ability of C3-liposomes to deliver the mock tumor antigen ovalbumin (OVA) to APCs
and activate DO11.10 T cells in vitro. OVA, a protein in egg whites, is commonly used as a

mock antigen to study antigen-specific immune responses in mouse models. Reporter DO11.10 T

cells express GFP and fluoresce green upon binding OVA peptide-MHCII complexes presented

by APCs 25. These studies were followed by in vivo experiments in mice with A20-OVA tumors,
whereby C3-liposomes with encapsulated OVA were shown to deliver tumor antigen, activate an
antigen-specific immune response, and reduce growth of established tumors.

3.3 Methods

3.3.1 Reagents
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene
glycol)-2000] (DSPE-PEG(2000)), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N[PDP-poly(ethylene glycol)-2000] (DSPE-PEG(2000)-PDP) for liposome preparation were

purchased from Avanti Polar Lipids (Alabaster, AL). Consistent with our previous publications,
we use the term OPSS to refer to the PDP group. Fluorescently tagged lipid, Lissamine

rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (RhodaminePE), was
purchased from Life Technologies (Grand Island, NY, USA). Size exclusion chromatography
used CL-4B Sepharose gel, purchased from Sigma-Aldrich (St. Louis, MO, USA). Human serum

with complement C3, and serum depleted of complement C3 were obtained from Quidel

Corporation (Athens, OH, USA). Anti-human antibodies, PE/Dazzle 594 CD3, PerCP/Cy5.5
HLA-DR, APC CD14, Alexa Fluor 700 CD11c, APC/Cy7 CD11b, Pacific Blue CD15, Brilliant
Violet 650 CD20, Brilliant Violet 605 CD33, Brilliant Violet 785 CD56, and anti-mouse

antibodies, FITC CD45, PE CD25, PE/Dazzle 594 CD19, PerCP Ly-6G, PE/Cy7 CD11c, APC
CD3, Alexa Fluor 700 CD11b, APC/Cy7 CD8b, Brilliant Violet 421 FOXP3, Brilliant Violet

510 Ly-6C, Brilliant Violet 605 IA/IE, Brilliant Violet 650 F4/80, Brilliant Violet 785 CD4,
were purchased from BioLegend (San Diego, CA, USA). Anti-human antibody, PC7 CD45, was
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purchased from Beckman Coulter (Brea, CA, USA). All other chemicals, reagents, and kits were
purchased from Thermo Fisher Scientific (Pittsburgh, PA, USA).

3.3.2 Cell lines

The A20-OVA cell line was kindly provided by Dr. Gang Zhou (Augusta University, Atlanta,
Georgia). This lymphoma tumor cell line was stably transfected with a construct coding for

membrane-bound ovalbumin as a mock tumor antigen 26. The reporter T cell line, I-Ad-restricted
OVA-specific murine T cell hybridoma DO11.10, was a generous gift from Dr. David Underhill

(UCLA, Los Angeles, CA). Tumor cells and T cells were cultured in culture medium (RPMI,
10% heat inactivated FBS, 1% penicillin/streptomycin) supplemented with 0.05 mM 2-

mercaptoethanol and incubated at 37°C in 5% CO2.

3.3.3 Liposome preparation

Liposomes were prepared using a previously described film hydration method.20, 27 OPSS
liposomes were made by mixing DPPC/DSPC/DSPE-PEG(2000)-PDP/DSPEPEG(2000)/RhodaminePE in chloroform at a molecular ratio of 83:12:1:3:1. Control-liposomes

were made following the same procedure, substituting DSPE-PEG(2000)-PDP with DSPE-

PEG(2000). Lipid mixtures were dried under nitrogen stream for 1 hour, followed by rehydration

of the film with 0.7 mL of filtered water for non-protein encapsulated liposomes. Liposomes
containing ovalbumin (OVA) were rehydrated with 0.7 mL 80 mg/mL ovalbumin solution and

liposomes containing fluorescent DQ-OVA were rehydrated in 0.7 mL of 1 mg/mL DQ-OVA

solution. Liposomes were extruded 9 times through a 400 nm polycarbonate membrane filter at
47°C. Extruded liposomes were column purified using a CL-4B sepharose column hydrated in

1× PBS, pH 7.4. The concentrations of control- and OPSS-liposome samples were normalized

using a NanoDrop 2000 UV-Vis spectrophotometer, observing the rhodamine peak and diluting
to a lipid concentration of 0.875 mg lipid/mL. Liposome size was determined using a Malvern

Zetasizer Nano-S (Malvern Instruments, Malvern, UK); (control-liposomes: 262.1 ± 65.74 nm,
OPSS-liposomes: 265.4 ± 101.6 nm). Encapsulation efficiency was determined by encapsulation
of Alexa Fluor 488-OVA (1 mg/ml) and OVA (79 mg/ml) for a final concentration of 80 mg/ml.

After column purification, rhodamine fluorescence was used to determine liposomal

concentration in the peak collected fraction and Alexa Fluor 488 fluorescence intensity was used
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to determine the level of OVA encapsulation. Encapsulation efficiency was estimated at 5.5%.

The peak fraction of collected liposomes had a 1:240 dilution of OVA compared to the

rehydration solution, and this dilution was used to match control levels of non-encapsulated
OVA in experimentation.

3.3.4 In vitro analysis of antigen processing and presentation

Human whole blood, obtained from healthy volunteers, was collected in heparinized tubes. The
blood draw protocol was approved by the UAA Institutional Review Board, in accordance with
the U.S. Department of Health and Human Services requirements for the protection of human

research subjects (45 CFR 46 as amended/revised), and all donors provided written informed
consent. Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using
Ficoll-paque gradient separation. Isolated PBMCs were re-suspended in serum-free RPMI and
plated at 1.6×105 cells per well in a 96-well V-bottom plate.

For fluorescence microscopy, monocytes were isolated from PBMCs to enrich for antigen

presenting cells. Monocyte isolation was performed by negative selection using a monocyte
enrichment kit (Becton Dickinson, San Jose, CA, USA).

Antigen processing by cells was analyzed using DQ-OVA (Molecular Probes), which fluoresces

green after proteolytic degradation. 10 μL of rhodamine labeled OPSS- and control-liposomes,
containing DQ-OVA, were incubated in 10 μL of C3-positive and -negative serum for 1 hour

prior to addition to either PBMCs or enriched monocytes. Liposomes and serum were added to
cells (final serum concentration of 10%) and incubated for 3 hours at 37°C, 5% CO2. Cells were

centrifuged at 500×g for 5 minutes and rinsed twice in 1× PBS. Cells were analyzed by
fluorescence microscopy and flow cytometry for liposome internalization (rhodamine) and
antigen processing and presentation (DQ-OVA).

3.3.5 Fluorescence microscopy
Cells were transferred to a V-bottom plate, centrifuged 500×g 5 minutes, and rinsed twice with

1× PBS before transfer to a Falcon flat-bottom 96-well plate, black/clear bottom (Becton
Dickinson Labware, Franklin Lakes, NJ, USA) for imaging. Photos were taken using a Leica
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DMI6000B inverted fluorescence microscope (Leica Microsystems, Buffalo Grove, IL, USA)
and a 10× objective utilizing Leica Application Suite, version 3.7.0 software (Leica

Microsystems Inc., Wetzlar, Germany).

3.3.6 Flow cytometry analysis

Cellular internalization of rhodamine labeled liposomes was determined by mean fluorescence
intensity (MFI) of rhodamine, detected on the PE channel. Antigen processing and presentation
of DQ-OVA were determined by MFI, detected on the FITC channel. Cell types were
determined by fluorescence of specific cell marker antibodies, and staining protocol and cell type

selection method was followed as previously described.19

3.3.7 Generation of bone marrow derived dendritic cells

Bone marrow was extracted from adult BALB/c mice and plated at a density of 2×106 cells in
culture medium. Granulocyte-macrophage colony stimulating factor (GM-CSF) and Interleukin-

4 (IL-4) were added at 40 ng/mL and 20 ng/mL, respectively. Cells were incubated at 37°C and
medium (including cytokines) was replenished after 3 days. On day 6, non-adherent and looselyadherent cells were harvested by pipetting and re-suspended in culture medium.

3.3.8 T cell activation

10 μL of OPSS- and control-liposomes containing OVA, and free OVA matching the amount
encapsulated in OPSS-liposomes, were incubated in 10 μL C3-positive and -negative serum for 1

hour at room temperature prior to addition to 1.6×105 bone marrow-derived dendritic cells in

RPMI (1% penicillin/streptomycin) in a U-bottom plate (final serum concentration was 10%).
Cells were incubated with liposomes or controls for 24 hours at 37°C, 5% CO2. Cells were

rinsed twice in RPMI to remove any non-internalized liposomes and re-suspended in culture
medium. A reporter T cell line, I-Ad-restricted OVA-specific T cell hybridoma DO11.10, was

added to the dendritic cells at a 1:1 ratio and incubated for 24 hours. These reporter T cells are
activated only by APCs presenting OVA peptides and express GFP when activated. The co
cultures were then analyzed for T cell activation (GFP fluorescence) by fluorescence microscopy
and flow cytometry.
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3.3.9 A20-OVA tumor inoculation and mouse model

Female and male 6-10 week old BALB/c mice were obtained from The Jackson Laboratory
(Sacramento, CA, USA) and housed in the University of Alaska Anchorage (UAA) vivarium. All

experiments were approved by the UAA Institutional Animal Care and Use Committee. A20-

OVA cells were rinsed twice in 1× PBS. Mice were shaved and received subcutaneous injections
in their left and right flanks, 1.5×106 A20-OVA cells in 25 μl of PBS per injection; injections
were given under anesthesia using isoflurane. Treatments were started when tumors became

palpable (approximately 10-14 days). Mice were separated into groups of 4-5 and received local
subcutaneous injections of 100 μL of either 1× PBS, non-encapsulated OVA equal to the
encapsulated amount, control-liposomes containing OVA, OPSS-liposomes containing OVA, or

OPSS-liposomes without OVA. Mice received treatment on one side only. The tumor on the
opposite side was measured to document systemic response to treatment. Injections were given
on days 1, 2, 4, 6, 8, 10, and 12 (day 1 being the first injection). Tumor measurements were made

before all injections and for 4 days after the final injection, using a digital caliper. Volumes were

reported as mm3: [(4∕3)π(length*width*minimum)∕8]. Mice were monitored daily for signs of
discomfort and distress.

3.3.10 Analysis of mouse blood

Mice were euthanized following therapy, 4 days after the last injection, and blood was collected

in heparinized tubes via cardiac puncture. Plasma was separated from blood via centrifugation at
500×g for 15 minutes and frozen at -80°C for subsequent analysis. Red blood cell lysis buffer
(eBioscience) was added to the blood for 5-10 minutes at room temperature. Samples were then

prepared for flow cytometry analysis or frozen in culture medium supplemented with 10%
dimethyl sulfoxide for later use.

3.3.11 Liver toxicity levels
Mouse plasma levels of aspartate transaminase (AST) and alanine transaminase (ALT) were
determined using kits purchased from BioAssay Systems (Hayward, CA, USA). Plasma samples

were diluted 1:1 in assay buffer prior to addition to a Falcon flat-bottom 96-well plate,

black/clear bottom (Becton Dickinson Labware, Franklin Lakes, NJ, USA). Absorbance was
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measured at 340 nm at 5 and 10 minutes using a BioTek Synergy HT plate reader utilizing Gen5
software, version 2.01., and enzyme activity was calculated according to the protocol.

3.3.12 ELISA

Mouse plasma levels of anti-OVA IgG1 were determined by ELISA using a kit purchased from
Cayman Chemicals (Ann Arbor, MI, USA). Plasma samples were diluted 1:2000 in assay buffer
prior to assay, and the provided kit procedure was followed. Absorbance was measured at 450
nm using a BioTek Synergy HT plate reader.

3.3.13 Statistical Analysis

Data is presented as mean +/- standard error (n=4-5). Differences among groups were
determined using an unpaired two-tailed Student's t test for tumor volume measurements, and

the Mann-Whitney-U test for samples with a non-normal distribution. P values of less than 0.05
were considered significant and are indicated by an asterisk over the data.

3.4 Results
3.4.1 APCs internalize C3-liposomes and process antigen
Liposomes that contain an OPSS group have the ability to form a disulfide bond with activated

complement C3 proteins, leading to uptake by antigen presenting cells (APCs) through their
complement receptors.19, 20, 28, 29 To determine if such liposomes could deliver antigen and
enhance antigen presentation compared to control liposomes without OPSS, both sets were

formulated to contain an encapsulated antigen, DQ-OVA. APC uptake of liposomes was
determined via a fluorescent rhodamine lipid incorporated into the membranes of both OPSS-

and control-liposomes. Antigen processing of DQ-OVA was observed through production of

FITC fluorescence that occurs as the self-quenched DQ-OVA undergoes proteolytic degradation
to peptides in the endosome for antigen presentation.

OPSS liposomes were incubated in human serum, containing complement C3 proteins, to

produce targeted C3-bound liposomes (C3-liposomes). Liposomes lacking the OPSS group
(control-liposomes) were incubated in human serum simultaneously; these liposomes do not

form bonds with complement C3, creating a control, non-targeted liposome19. Additional
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controls included both OPSS- and control-liposomes incubated in human serum depleted of

complement C3 protein, and non-encapsulated free DQ-OVA administered at the same

concentration as that encapsulated in liposomes. Each treatment type was administered to Ficollisolated white blood cells from whole human blood.

Flow cytometry analysis of rhodamine fluorescence revealed extensive uptake of C3-liposomes

by the three APC types, macrophages (CD11b+CD14+), dendritic cells(CD11c+) and B

cells(CD19+) (Figure 1), confirming our previously reported results.19 In addition, DCs and
macrophages showed intense FITC fluorescence, indicating proteolysis of delivered DQ-OVA
(Figure 1A and 1B). Interestingly, B cells bound high levels of C3-liposomes but did not show
evidence of antigen processing (Figure 1C). The high level of rhodamine and FITC in APCs was

only observed when DQ-OVA antigen was delivered by C3-liposomes incubated in complete

human serum. Control-liposomes without the OPSS-group and liposomes incubated in C3depleted serum exhibited relatively low uptake by APCs. Based on these results showing the

necessity of both complement C3 in serum and the OPSS group on liposomes, uptake of
liposomes is attributed to complement C3 proteins bound to the liposomal OPSS-groups, which
target complement receptors on the plasma membranes of APCs.

Importantly, based on FITC intensity, uptake of DQ-OVA C3-liposomes resulted in a 91-fold

increase in processed DQ-OVA in macrophages and a 54-fold increase in dendritic cells, when
compared to non-targeted free DQ-OVA at the same concentration (Figure 1). This difference in

antigen delivery is confirmed by fluorescent microscopy, which shows isolated human
monocytes exposed to rhodamine labeled C3-liposomes or control-liposomes that contain DQ-

OVA, or to free DQ-OVA at the same concentration (Figure 2). The intense red rhodamine
fluorescence shows the high uptake of C3-liposomes by monocytes, and the DQ-OVA antigen

processing shown in green is remarkably higher when targeted within C3-liposomes.

3.4.2 Delivery of antigen to APCs with C3-liposomes leads to T cell activation
To evaluate the ability of C3-liposomes to deliver OVA antigen to APCs and activate an antigen

specific T cell response, OVA was delivered to bone marrow-derived dendritic cells (BMDCs),
and then co-incubated with the OVA-specific reporter T cell line DO11.10. The T cell receptor
on DO11.10 T cells recognizes antigenic epitopes of OVA peptides when presented by APCs. In
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response to APC presentation of OVA epitopes and stimulation of the T cells, GFP is expressed

at a high level within the T cells, allowing for a direct measurement of OVA-specific T cell
activation. GFP fluorescence was observed by means of both fluorescence microscopy and flow

cytometry (Figure 3).

Co-cultures after treatment with OVA-encapsulated C3-liposomes (OVA C3-liposomes) resulted

in the highest percentage of T cell activation (68.7 ± 2.7%) (Figure 3). Controls, including
cultures treated with PBS, OVA-encapsulated control-liposomes (OVA control-liposomes) and
the equivalent non-encapsulated free OVA displayed significantly lower levels of T cell

activation, (OVA control-liposomes: 18.0 ± 1.3%; free OVA: 14.4 ± 0.8%; PBS: 11.3 ± 0.1%).
These results confirm that C3-bound liposomes improve antigen (OVA) presentation by APCs
and that OVA epitopes are specifically recognized by OVA-specific T cells which are thereby

activated.

3.4.3 Treatment with OVA C3-liposomes leads to reduced tumor growth in mice

To evaluate if C3-liposomes could deliver tumor antigen (OVA) and activate an antigen-specific
immune response in vivo, OVA C3-liposomes were used to treat established A20-OVA

lymphoma tumors in male and female BALB/c mice. A20-OVA cells express OVA as a mock
tumor antigen and can be used to determine if OVA vaccination leads to reduction in tumor

growth. Each mouse received a local subcutaneous injection of a specific treatment at only one
tumor site while the other tumor was left untreated to gauge the systemic response to therapy.

Treatment groups included PBS, OVA C3-liposomes, OVA control-liposomes, non-encapsulated
free OVA, or C3-liposomes without OVA.

Mice receiving OVA C3-liposome treatments had reduced tumor growth in both the injected and

distal tumors and complete rejection of the injected tumors in three out of five mice. In addition,
two of these three mice eliminated both the injected and distal tumors and were cancer free at the

end of the experiment (Figure 4). The reduction in tumor growth in both the injected and distal
tumors indicates an effective systemic anti-tumor immunity in response to antigen delivery with

C3-liposomes. All other treatment groups exhibited continuous tumor growth, with no significant

difference from PBS treated mice in either the injected or the distal tumor (Figure 4). The
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significant reduction in tumor growth in mice treated with C3-liposomes containing OVA
indicates that both the OPSS group and the tumor-specific antigen are needed to elicit an
effective anti-tumor immune response.

To assess treatment toxicity, liver enzymes aspartate transaminase (AST) and alanine
transaminase (ALT) were measured in mouse plasma, since elevated levels of AST and/or ALT

in blood are indicators of liver damage. Results from treatment groups are within normal ranges,
with no significant differences between treatment groups (Table 1).

3.4.4 OVA C3-liposomes decrease MDSC percentages and increase circulating B cell
percentages

Two weeks following initial treatment, mice were euthanized and blood was collected for

analysis of circulating immune cells. OVA C3-liposome treated mice had significantly lower

levels of systemic CD11b+Ly6chi myeloid-derived suppressor cells (MDSCs), compared to mice

treated with OVA control-liposomes, C3-liposomes without OVA, free OVA, or PBS (Figure
5A). Furthermore, mice that eliminated at least one tumor in response to treatment had the lowest

level of MDSCs. OVA C3-liposome treated mice that had eliminated a tumor had elevated

percentages of CD19+ B cells, compared to all other treatment groups (Figure 5B). No significant
differences in blood T cell numbers were found between treatment groups (Figure 5C), but this

may be due to the length of time between tumor reduction and analysis of white blood cell
numbers.

3.4.5 Treatments increase anti-OVA IgG1

Plasma was collected from mouse blood samples to determine the level of circulating anti-OVA
IgG1 between treatment groups. ELISA analysis of plasma samples revealed significant

increases in anti-OVA IgG1 in all treatment groups compared to the PBS-treated mice (Figure 6).
These results indicate that mice exposed to OVA antigen produced a humoral immune response
to OVA within 14 days following the first injection. Of note, was that empty C3-liposomes also

provoked a low-level antibody based immune response to OVA, indicating possible adjuvant

activity of C3-liposomes.
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3.5 Discussion
Antigen presenting cells (APCs) initiate an immune response by processing antigens and

presenting antigenic epitopes complexed with MHC class II molecules to T cells. Tumor
vaccines aim to deliver tumor antigens to APCs to bolster antigen presentation and thereby
enhance the immune response against cancer.1-3, 5, 12 As a result of patient tumor sequencing,

there is a growing library of identified tumor antigens and an increasing need for technologies
that can deliver tumor antigens directly to APCs.12, 30 For this purpose, we have designed
liposomes with lipid-attached OPSS groups which form covalent bonds with activated

complement C3 proteins and, as a result, are phagocytosed by APCs with receptors for C3
fragments such as iC3b, C3d, and C3dg.27-29

C3-liposomes with encapsulated tumor antigen resemble complement-coated pathogens and are

taken up by all three types of APCs, resulting in efficient antigen delivery and processing in
macrophages and dendritic cells.19 Compared to non-targeted antigen, C3-liposomes greatly

improve uptake and proteolytic cleavage of the model antigen DQ-OVA, the first steps in
initiating an adaptive immune response. Complement receptors are not generally associated with

clathrin-coated pits and have been shown to internalize through a macropinocytotic pathway that
depends on both receptor cross-linking and microfilaments. 31 Upon internalization, the vesicles
are routed for antigen processing and result in presentation of phagocytosed proteins by MHCII

complexes. Interestingly, B cells take up high levels of C3-liposomes with DQ-OVA but do not
process the encapsulated antigen. Further experimentation will be needed to determine why

antigen is not processed in B cell endosomes. BMDCs targeted by C3-liposomes loaded with
antigenic OVA activate T cells that display the receptor for OVA. This activation is dependent
on liposome encapsulation of OVA and delivery mediated by C3 targeting. Taken together, these

in vitro results show the ability of C3-liposomes to enhance antigen delivery to APCs, with

subsequent T cell activation.

Intratumoral treatment with OVA C3-liposomes leads to tumor growth reduction that is greater

than other treatments, resulting in elimination of three out of five injected tumors. To evaluate if

there was a systemic immune response, tumor growth was measured at the distal site that did not
receive injections. C3-liposome delivery of antigen is the only treatment that results in a
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systemic response, leading to reduced tumor growth and complete elimination of distal tumors in
two out of five mice. Surgical subcutaneous analysis of rejected tumor sties revealed no evidence
of tumor lesions or angiogenic vessels, and skin appeared healthy in all regards.

If APCs are not properly activated to provide positive co-stimulation to T cells, they can trigger
an upregulation of T regulatory cells, immune evasion, and tolerance to tumor antigens. 32, 33 In
our study, the observed reduction in tumor growth in response to OVA C3-liposomes implies

that the C3-liposome delivery system is activating APCs. Additionally, mice treated with empty
C3-lipsomes have a low-level antibody response against OVA, albeit about 10-fold lower than

mice treated with OVA C3-liposomes, indicating an antigen-specific immune response. Previous

work by others has shown that complement C3 receptor stimulation leads to increased activation

in macrophages and a 1000-fold reduced threshold for activation in B cells. 34-36 It is possible
that when C3-liposomes deliver OVA, they are also activating APCs through a complement

dependent mechanism.

Mice treated with OVA containing C3-liposomes have decreased levels of MDSCs, immature

cells that expand in number in response to signals and cytokines released from the tumor.37, 38
Our previous work showed the ability of C3-liposomes to target MDSC, and it could be that

delivery of antigen with C3-liposomes results in decreased MDSC 19. Alternatively, the decrease

in MDSCs could be due to a reduction in overall tumor burden in mice treated with OVA C3liposomes. Another possibility, is that mice with inherently low levels of MDSCs are more
responsive to treatment, given that the mice observed with complete tumor rejection had the
lowest level of MDSCs. Further experimentation will be needed to fully elucidate the
relationship between C3-liposome treatment and MDSC levels. In cancer patients, MDSCs are a

key cell type responsible for promoting immunosuppression, such that elevated systemic levels
correlate with cancer progression and poor prognosis.39, 40 If C3-liposomes can impact MDSC

immunosuppression, they could provide an important mechanism for improving immunotherapy.

Even with successful antigen delivery to APCs and subsequent T cell activation by C3liposomes, the effectiveness of an immune response could be limited by T regulatory cells,

MDSCs and tumor cell expression ofPD-L1. Therefore, treatment with C3-liposomes may be
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most effective if used in combination with existing immunotherapies. Two antibody-based
cancer immunotherapies, anti-PD-1 and anti-CTLA-4, have had success in treating melanoma,
among other cancers.41, 42 CTLA-4 is a receptor located on T regulatory cells and is responsible

for blocking the interaction between APCs and T cells.43 PD-1 is a receptor located on T cells
that results in T cell anergy or apoptosis when bound by its ligand (PD-L1), which is commonly

upregulated in tumor cells.42, 44 The combination of increased antigen presentation and reduced

number of MDSCs resulting from C3-liposome treatment, along with reduction of T regulatory

cells by anti-CTLA-4 and less T cell anergy due to anti-PD-1 treatment, could result in a
powerful anti-tumor immune response.

Immunotherapies are often limited by autoimmunity and other toxicities associated with the
treatment. C3-liposomes are composed of neutral lipids and have a polyethylene glycol layer that
reduces aggregation and results in minimal toxicity, as revealed by normal AST and ALT liver
enzymatic levels and by no evidence of pulmonary distress after treatment. C3-liposomes bind to
endogenous complement C3 in the blood, thereby negating unwanted immunogenicity due to

foreign targeting ligands. In addition, C3-liposomes could provide a cost-efficient means of
treatment, without the need for labor intensive ex vivo cultures, expensive patient-specific

reagents, or immunoglobulin-based targeting.

The results described here demonstrate the potential of C3-liposomes for improving antigen

delivery and T cell activation. Further in vivo treatment of tumors with C3-liposomes will focus
on delivering tumor antigens derived from spontaneous mutations in mouse tumor cell lines and
on testing C3-liposome treatment in combination with anti-CTLA-4 and anti-PD-1

immunotherapies. With a growing library of known tumor antigens, C3-liposomes may provide

an important technology for enhancing cancer immunotherapy.
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3.7 Figures

Figure 3.1: C3-liposomes improve antigen delivery to monocytic APCs.
Rhodamine-labeled OPSS-liposomes containing DQ-OVA incubated in human serum containing
complement C3 (C3-liposomes) are taken up by (A) macrophages, (B) dendritic cells, and (C) B
cells. Rhodamine-labeled control-liposomes (liposomes that contain DQ-OVA but without
OPSS) and OPSS-liposomes lacking complement C3 are not taken up by cells. When compared
with an equal amount of non-encapsulated DQ-OVA (Free DQ-OVA), C3-liposomes improve
uptake and processing of DQ-OVA in macrophages and dendritic cells. B cells internalize C3liposomes, but do not process DQ-OVA. Data are expressed as mean ± standard error (n=3). *pvalue < 0.05, compared to Free DQ-OVA.
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Figure 3.2: C3-liposomes increase delivery and processing of DQ-OVA.
Human monocytes were incubated with rhodamine-labeled C3-liposomes, control-liposomes
containing DQ-OVA, or free DQ-OVA for 3 hours. Monocytes were rinsed and imaged for
rhodamine-labeled liposomes and for DQ-OVA, which fluoresces as FITC when processed for
presentation. DQ-OVA C3-liposomes show high uptake into monocytes (rhodamine) and
improved delivery of DQ-OVA compared to DQ-OVA control-liposomes (without OPSS) and
non-encapsulated DQ-OVA at the same concentration (DQ-OVA Free).
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Figure 3.3: C3-liposomes targeting BMDCs increase T cell activation.
Bone marrow-derived dendritic cells were incubated with rhodamine-labeled C3-liposomes
containing OVA for 24 hours (OVA C3-liposomes). Dendritic cells were rinsed, and T cells
engineered to express GFP when presented with OVA epitopes were co-cultured with the
dendritic cells for 24 hours. C3-liposome treatment resulted in increased T cell activation,
compared to control-liposomes containing OVA (OVA control-liposomes) or an equivalent
amount of non-encapsulated OVA (free OVA). Data are expressed as mean ± standard error
(n=3). *p-value < 0.05, compared to PBS.
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Figure 3.4: OVA C3-liposomes result in reduced tumor volume of both treated and distal
established tumors.
Established A20-OVA tumors were treated by intra-tumor injections on days 1 & 2, and then
every other day for a total of 7 injections. Tumor measurements were made before all injections,
showing (A) Injected tumor volume, and (B) Non-injected distal tumor volume (mm3). By day 8,
and through the end of the study, only OVA C3-liposomes significantly reduced injected and
distal tumor volumes (*p-value < 0.05, compared to PBS). No other treatment groups resulted in
significant reduction of tumor volume compared to PBS. Injected and distal tumors treated with
OVA C3-liposomes are significantly smaller (p-value < 0.05) than those treated with free OVA
and OVA control-liposomes (w/o OPSS) from day 8 onward, but for the sake of clarity this is not
shown in the figure. Data are expressed as mean ± standard error (n=4-5).
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Figure 3.5: OVA C3-liposome treatments result in a lower percentage of MDSCs and a higher
percentage of B cells.
Mice from the tumor treatment groups were euthanized and peripheral blood collected.
Percentages of MDSCs (CD11b+, Ly6Chigh), B cells (CD19+), and T cells (CD3+) were analyzed
by flow cytometry. Cell populations are displayed as percentages of the total number of white
blood cells. Data are expressed as mean ± standard error (n=4-5). *p-value < 0.05, compared to
PBS.
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Figure 3.6: Treatments result in higher circulating levels of anti-OVA IgG1.
Mice from the tumor treatment groups were euthanized and plasma collected. Anti-OVA IgG1
levels were analyzed via ELISA. Data are expressed as mean ± standard error (n=4-5). *p-value
< 0.05, compared to PBS.

3.8 Tables
Table 3.1: Liver enzyme activity in mouse plasma samples.
Treatment
Group

ALT*
(U/L)

AST†
(U/L)

Control-liposomes

71.7 ± 23.8

88.4 ± 40.9

C3-liposomes

60.3 ± 19.5

171.0 ± 42.6

Free OVA

51.2 ± 34.7

110.4 ± 25.6

PBS

40.6 ± 26.4

82.6 ± 18.5

Normal range ‡

15-84

54-298

Data are presented as mean + SD (n=3)
* alanine transaminase
† aspartate transaminase
‡ normal plasma liver enzyme activity for healthy BALB/c mice 24,25
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3.9 Appendix

3.9.1 Graphical abstract
OPSS (orthopyridyl disulfide) groups within liposome membranes bind activated complement

C3 serum proteins, forming C3-bound liposomes. C3-liposomes are specifically targeted to
immune cells that carry the receptor for C3 proteins, such as antigen presenting cells (APCs).

APCs internalize C3-liposomes through C3 receptors, which are then transported to endosomes
for processing. Encapsulated antigens (ovalbumin) are cleaved into peptide fragments and loaded

onto major histocompatibility complexes (MHC) for presentation on the external cell surface.
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Chapter 4: Delivery of toll-like receptor agonists by complement C3-targeted liposomes activates
immune cells and reduces tumour growth3

4.1 Abstract

Activation of antigen presenting cells (APCs) is necessary for immune recognition and

elimination of cancer. Our lab has developed a liposome nanoparticle that binds to complement
C3 proteins present in serum. These C3-liposomes are specifically internalised by APCs and

other myeloid cells, which express complement C3-binding receptors. Known immune
stimulating compounds, toll-like receptor (TLR) agonists, were encapsulated within the C3-

liposomes, including monophosphoryl lipid A (MPLA), R848, and CpG 1826, specific for

TLR4, TLR7/8, and TLR9 respectively. When recognised by their respective TLRs within the
myeloid cells, these compounds trigger signal cascades that ultimately lead to increased

expression of inflammatory cytokines and activation markers (CD80, CD83, CD86 and CD40).
RT-PCR analysis of murine bone marrow cells treated with C3-liposomes revealed a significant

increase in gene expression of pro-inflammatory cytokines and factors (IL-1β, IL-6, IL-12, TNFα, IRF7, and IP-10). Furthermore, treatment of 4T1 tumour-bearing mice with C3-liposomes
containing TLR agonists resulted in reduced tumour growth, compared to PBS treated mice.

Collectively, these results demonstrate that C3-liposome delivery of TLR agonists activates

APCs and induces tumour-specific adaptive immune responses, leading to reduced tumour
growth in a breast cancer model.

4.2 Introduction
The innate immune system is the first line of defense against pathogens and results in an
immediate but non-specific immune response. Antigen presenting cells (APCs) are critical for
the establishment of an innate immune response against bacteria, viruses, and cancer, and play a

crucial role in the initiation, regulation and the subsequent direction of an adaptive immune
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response. APCs include cell types of myeloid lineage (monocytes, macrophages, and dendritic
cells), as well as lymphoid B cells [1-3]. Due to the gatekeeping role of APCs in regulating how

the immune system responds to an infection or to cancer, there are several therapies
that aim to exploit their function, such as ex vivo antigen-loading, expansion of

immunostimulatory dendritic cells (DCs), nanoparticle vaccines, and artificial APCs [4-6].

APCs respond to pathogen-associated and danger-associated molecular patterns (PAMPs and

DAMPs, respectively) through pattern recognition receptors (PRRs), which include toll-like
receptors (TLRs). TLRs are endogenous intracellular and extracellular molecules that bind to
ligands with conserved pathogen-associated traits. The binding of ligands to specific TLRs
triggers signalling pathways that result in enhanced production of inflammatory cytokines and

upregulation of costimulatory molecules on APCs, required for activation of T cells [7,8]. There
are numerous TLR agonists in clinical trials as monotherapies or as components of vaccines and

drug formulations, but there are only three that are currently approved for use in humans.

Monophosphoryl lipid A (MPLA), a TLR4 agonist, is a component of the human papillomavirus

(HPV) vaccine, Cervarix®, and several other vaccines [9,10]. Imiquimod, a TLR7 agonist, is
approved for use against basal cell carcinoma, several skin conditions, and viral diseases [9-11].

The Bacillus Calmette-Gu_erin (BCG) vaccine, developed from Mycobacterium bovis, is
composed of a mixture of TLR agonists that stimulate TLR2, 3, 4, and 9, and is approved for use

against bladder cancers [11].

Our lab has developed a liposome nanoparticle targeted to myeloid cells, specifically APCs [12].
These liposomes are bound to complement component 3 (C3), a central member of the

complement system, which works alongside the innate immune system in the initial defense

against pathogens. C3 actively binds to and coats foreign particles, priming them for uptake into
myeloid cells through the complement receptors. Previous publications from our lab have

described the formulation, targeting specificity, and usage of these C3-liposomes to deliver

antigens directly to APCs in order to increase antigen presentation to effector cells [13-15].

While having a specific immunogenic tumour antigen is ideal for cancer treatment, there may not
always be one readily available, depending on the cancer type, mutational burden, variability
between cancers/patients, and availability/cost of sequencing patient samples. Therefore, this
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study aims to evaluate the use of C3-liposomes to deliver TLR agonist compounds, in the
absence of specific tumour antigens, to activate APCs. We selected three TLR agonists, MPLA
(recognised by TLR4), R848 (recognised by TLR7/8), and CpG 1826 (recognised by TLR9),

based on their use in other cancer vaccine studies, their ability to activate innate immunity, and

their ability to break immunosuppression and tolerance [16,17]. Furthermore, we utilised the 4T1

breast cancer mouse model, which is known to have tumours infiltrated with myeloid cells that
are polarised towards tumour-associated macrophages and myeloid derived suppressor cells

(TAMs and MDSCs, respectively) [18,19]. Using a combination of in vitro and in vivo
experiments we tested the ability of C3-liposomes containing TLR agonists to activate APCs and

induce tumour-specific adaptive immune responses.

4.3 Materials and Methods
4.3.1 Reagents

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoylsn-glycero-3-

phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene

glycol)-2000] (DSPEPEG(2000)), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamineN-[PDP-poly(ethylene glycol)-2000] (DSPE-PEG(2000)-PDP) for liposome preparation were

purchased from Avanti Polar Lipids (Alabaster, AL). Consistent with our previous publications,
we use the term OPSS to refer to the PDP group [13]. Fluorescently tagged lipid, Lissamine

rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (RhodaminePE), was
purchased from Life Technologies (Grand Island, NY, USA). CL-4B sepharose gel was used for

size exclusion chromatography (Sigma-Aldrich, St. Louis, MO, USA). BALB/c mouse serum
with complement C3 was purchased from Innovative Research (Novi, MI, USA). MPLA was

purchased from Innaxon (United Kingdom), R848 from InvivoGen (San Diego, CA), and CpG
1826 from TriLink Biotechnologies (San Diego, CA). Fluorescent anti-mouse antibodies, FITC
CD45 (#103107), PerCP Ly-6G (#127616), PerCP CD40 (#124623), PE/Cy7 CD80 (#104729),
PE/Cy7 CD11c (#117317), APC CD3 (#100236), APC CD83 (#121509), Alexa Flour 700

CD11b (#101222), BV421 CD86 (#105031), BV421 CD127 (#135023), BV510 Ly-6C
(#128033), BV605 I-A/I-E (#107639), BV650 F4/80 (#123149), BV785 CD4 (#100551), BV785
Ly-6G (#127645), APC/Cy7 CD8b (#126619), and APC/Cy7 CD103 (#121431) were purchased

from BioLegend (San Diego, CA, USA). TRIZOL reagent was purchased from Life
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Technologies (Carlsbad, CA), and the iScript cDNA Synthesis kit and SYBR green from Bio

Rad (#1725150) (Hercules, CA). All other chemicals, reagents, and kits were purchased from
Thermo Fisher Scientific (Pittsburgh, PA, USA).

4.3.2 Cell lines
The 4T1 cell line was purchased from ATCC (ATCCVR CRL-2539TM). Tumour cells were
cultured in complete growth medium (RPMI, 10% heat-inactivated foetal bovine serum (FBS),

1% penicillin/streptomycin) and incubated at 37°C in 5% CO2.

4.3.3 Liposome preparation

Liposomes were prepared using a previously described film hydration method [13]. OPSSliposomes were made by mixing DPPC/DSPC/DSPE-PEG(2000)-PDP/DSPE-

PEG(2000)/RhodaminePE in chloroform at a molecular ratio of 150:40:25:25:3. OPSSliposomes are referred to as C3-liposomes when bound to complement C3. Control-liposomes

were made following the same procedure, but substituting DSPE-PEG(2000)-PDP with DSPE-

PEG(2000). Lipid mixtures were dried under nitrogen stream for 1-2 h, followed by rehydration

of the film with 0.7 ml of filtered water for non-TLR agonist encapsulated liposomes. Liposomes
containing TLR agonists were rehydrated with 0.7 ml TLR agonist solution. Control and OPSSliposomes containing TLR agonists, used in both in vitro and in vivo studies, encapsulated three

different TLR agonists: CpG 1826, R848, and MPLA. MPLA (150 μL at 1 mg/mL) was
incorporated into the liposomal bilayer, while CpG 1826 and R848 were encapsulated within the
aqueous core with a final concentration of 5.97 mg/mL and 1.43 mg/mL, respectively.

Liposomes were extruded 7-9 times through a 400nm polycarbonate membrane filter (Avanti) at
47°C. Extruded liposomes were column purified using a CL-4B sepharose column hydrated in 1x
PBS, pH 7.4. The concentrations of control- and OPSS-liposome samples were normalised using

a NanoDrop 2000 UV-Vis spectrophotometer, observing the rhodamine peak and diluting to a
lipid concentration of 0.875mg lipid/mL. Liposome size was determined using a Malvern
Zetasizer Nano-S (Malvern Instruments, Malvern, UK); (control-liposomes: 89.57 ± 42.73 nm,
OPSS-liposomes: 156.9 ± 203.1 nm).
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4.3.4 Generation of bone marrow derived dendritic cells
Bone marrow was extracted from adult BALB/c mice and dendritic cells were generated as

previously described [20,21]. Bone marrow-derived dendritic cells were plated at a density of
2x106 cells/mL culture medium [RPMI, 10% heat-inactivated foetal bovine serum (FBS), 1%

penicillin/streptomycin]. Granulocyte macrophage colony stimulating factor (GM-CSF) and
Interleukin-4 (IL-4) were added at 40 ng/mL and 20 ng/mL, respectively. Cells were incubated at
37°C, 5% CO2 and the culture medium (including cytokines) was replenished after 3 days. On
day 6, non-adherent and loosely adherent cells were harvested by pipetting and re-suspended in

culture medium (without cytokines) for use in experiments.

4.3.5 Flow cytometry analysis
Thawed bone marrow cells were distributed into a 96-well round-bottom plate (Corning), with

100,000 cells per well. Each well was treated with 1 mL of either PBS, control-liposomes, or C3liposomes containing TLR agonists, followed by incubation at 37°C and 5% CO2. Treatment

groups were preincubated for 1 h in mouse serum that had not been heat-inactivated, allowing
binding of complement C3 to the OPSS group on liposomes. Treatments were added to the 96-

well plate so that the final serum concentration in the media was 10%. After 24 h, cells were

rinsed with FACS buffer (1x PBS, 1% BSA), centrifuged at 400xg, and resuspended in 100 μL/
well of a master antibody mix for detecting myeloid cell activation markers. Cells were stained
with CD11b, MHCII, CD40, CD80, and CD86 antibodies (Biolegend) diluted at 1:100 for 30

min in the dark at 4°C, then centrifuged for 5 min at 1600 rpm, resuspended in 250 mL FACS
buffer, and analysed using a Cytoflex flow cytometer (Beckman Coulter Life Sciences,
Indianapolis, IN). The live cell population was selected using forward and side scatter, followed

by myeloid cell selection with CD45 and CD11b. Activation of myeloid cells was determined by
levels of MHCII, CD40, CD80, and CD86 expression. Cellular internalisation of rhodamine
labelled liposomes was determined by mean fluorescence intensity (MFI) of rhodamine, detected
on the PE channel.

4.3.6 RT-PCR analysis
Bone marrow derived dendritic cells were cultured as described above and distributed into a 24-

well plate (Corning) at a concentration of 1x106 cells/mL. Treatment groups were preincubated
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in serum and added to the cells as described under the flow cytometry experiments. After
treatment for 24 h, RNA was isolated from each well of cells using 200 μL TRIZOL reagent

(Life Technologies), following the manufacturer instructions. RNA was resuspended in nucleasefree water, and RNA concentration and purity were determined using the Nanodrop 2000 UV-

Vis spectrophotometer (Thermo-Scientific). cDNA was synthesised from RNA using the iScript
cDNA Synthesis kit (Bio-Rad). For quantitative RTPCR, cDNA was amplified with SYBR green

(Bio-Rad) using forward and reverse primers. The following murine primers from Integrated
DNA Technologies were used for the following cDNAs: IRF7, IP-10, IL-1b, IL-6, IL-12, and

TNF-a (Table 1).

4.3.7 4T1 tumour inoculation and mouse model
Female and male BALB/c mice were obtained from The Jackson Laboratory (Sacramento, CA,

USA) and housed in the University of Alaska Anchorage (UAA) vivarium. All experiments were
approved by the UAA Institutional Animal Care and Use Committee. Experiments utilising mice

were designed and conducted to minimise the number of animals used, to reduce pain and

discomfort, and to minimise anxiety and distress to mice, with mice monitored daily. Before
injections, 4T1 cells were rinsed twice in PBS. Mice were shaved and received subcutaneous
injections in their left and right flanks of 5x104 4T1 cells in 30 μL of PBS per injection.

Injections were given under anaesthesia using isoflurane. Treatments were started when tumours
became palpable (approximately 10-12 days, 2-4 mm). Mice were separated into groups of

3-4 and received local subcutaneous injections of 150 mL of either PBS, control-liposomes
containing TLR agonists, or C3-liposomes containing TLR agonists. Liposomes were not

preincubated with mouse C3-positive serum as endogenous C3 binds to the OPSS-liposomes
after injection. Mice received treatment on one side only. The tumour on the opposite side was

measured to document any systemic response to treatment. Injections were given every other day
for 7 days. Tumour measurements were made before all injections, using a digital calliper, and

volumes were reported as mm3.

4.3.8 Analysis of immune cell tumour infiltrate

Following treatment, mice were euthanised by CO2 asphyxiation followed by cervical
dislocation. Both injected and distal tumours were collected and digested in collagenase (1
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mg/mL) for 30 min at 37°C. Following digestion, samples were passed through 100 mm cell

strainers and resuspended in complete media (RPMI, 10% heat-inactivated FBS, 1%

penicillin/streptomycin). Samples were then spun at 400xg for 5 min in a Sorvall Legend X1R
centrifuge and resuspended in FACS buffer (1x PBS, 1% BSA) for flow cytometry analysis, or
resuspended in freezing media (90% FBS, 10% dimethyl sulfoxide) and stored in liquid nitrogen
for later use.

4.3.9 Statistical analysis

Data is presented as mean ± standard error. Differences among groups were determined using an
unpaired two-tailed Student's t test. p Values of less than .05 were considered significant and are

indicated by an asterisk over the data or over a bracket between samples.

4.4 Results
4.4.1 Liposomal delivery of TLR agonists increases levels of activation markers in myeloid cells

To determine if treatment with liposomes containing TLR agonists could activate monocytes,
bone marrow cells were treated in vitro with targeted C3-liposomes versus control liposomes,
with both containing TLR agonists. Bone marrow cells were isolated from healthy mice and

treated with either PBS, C3-liposomes or control-liposomes, both containing the 3 TLR agonists,
for 24 h. Following treatment, the levels of activation markers (MHCII, CD40, CD83, CD86) on
the cells were analysed by flow cytometry (Figure 1). Treatment with either C3-liposomes or

control-liposomes containing MPLA, R848, and CpG 1826 resulted in a significant upregulation
of all activation markers, compared to PBS-treated cells. While results from C3-liposome
treatment with the three TLR agonists trended towards a slightly greater increase in all markers,

only the difference in CD86 expression was significant between the two liposome groups.

Previous research has shown that monocytes upregulate CD86 expression in response to

inflammatory stimuli and thereby overcome the regulatory/tolerance mechanisms in place [22].
These results indicate that delivery of targeted and non-targeted TLR agonists, encapsulated in
liposomes, leads to monocyte activation and upregulation of activation markers, which are
essential for an antigen-specific T cell response.
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4.4.2 Targeted C3-liposomes with encapsulated TLR agonists induce expression of inflammatory
cytokines in myeloid cells

The ability of APCs to sense and amplify inflammatory signals leads to subsequent interactions
with an array of immune cells. Here we investigated if C3-liposome encapsulation of TLR

agonists resulted in increased expression of pro-inflammatory cytokines and factors in APCs in

vitro. Bone marrow-derived cells were treated with either PBS, control-liposomes, C3liposomes, control-liposomes with encapsulated TLR agonists, or C3-liposomes with
encapsulated TLR agonists. Three different TLR agonists were encapsulated: CpG 1826 (specific

for TLR9), R848 (specific for TLR7/8), and MPLA (specific for TLR4). After treatment of cells
for 24 h, RNA was extracted, subjected to RT-PCR with specific primers, and the relative

amplification of mRNAs analysed. Treatment with C3-liposomes encapsulating the three TLR
agonists resulted in significant increased expression of IRF7, IP-10, IL-1b, IL-6, IL-12, and

TNF-a (Figure 2), cytokines that are important for innate, adaptive and an antitumor immune
response.

4.4.3 Treatment with C3-liposomes containing encapsulated TLR agonists leads to reduced
tumour growth in mice

To determine if C3-liposomes activate APCs in vivo and induce an anti-tumour immune

response, liposomes encapsulating TLR agonists (CpG 1826, R848, MPLA) were used to treat
BALB/c mice with established 4T1 breast cancer tumours. Each mouse with two established

tumours (about 2-4mm) received a local subcutaneous injection of either PBS, control-liposomes
with 3 TLR agonists, or C3-liposomes with 3 TLR agonists at one tumour site while the other

tumour site, referred to as the distal tumour, was left untreated to evaluate the systemic response
to therapy. Treatment with C3-liposomes resulted in reduced tumour growth in the injected
tumours, but no observable reduction or slowed growth in the distal tumours (Figure 3). By day 8
and until the end of the study, only C3-liposome treatment resulted in a significant reduction in

tumour volume compared to PBS (Figure 3(A)). In contrast, there was no significant difference
in the volume of injected tumours between PBS and control-liposome treatments. Finally, as can
be seen in Figure 3(B), neither C3-liposome nor control-liposome treatment of injected tumours
had an effect on the volume of untreated distal tumours.
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4.4.4 C3-liposome treatment does not result in differences in activation markers or T-cell levels
in immune cell infiltrates of 4T1 tumours

Following the completion of the tumour study, mice were euthanised, and the tumours were
collected for analysis of immune cell infiltrate. Tumours were digested and processed for flow

cytometry analysis of immune activation markers and T cell markers (Figure 4). Because 4T1
tumours are known to have high levels of tumour-associated macrophages [18,19], activation

markers on macrophages (CD11b+, F4/80+) within the tumours were specifically analysed. No
significant differences were observed between treatment groups in the percentages of
macrophages expressing activation markers MHCII, CD40, CD83 (Figure 4(A)). However,
there was a significant decrease in CD86 expression in macrophages in both control- and C3liposome-treated tumours, compared to PBS-treated tumours (Figure 4(A)). Finally, with respect
to CD3+ T cells, there were no significant differences in the percentages of helper (CD4+) versus

cytotoxic (CD8+) T cells found within the tumours injected with PBS, control-liposomes, or
C3-liposomes (Figure 4(B)).

4.5 Discussion
TLR agonists have been shown to induce acute inflammation when used as adjuvants in
treatments that may otherwise be non-immunogenic (e.g. peptide/protein-based cancer vaccines)
[23] . TLR agonists mimic pathogen (PAMPs) and danger signals (DAMPs), thus activating a

robust chain of inflammatory reactions that can often be detrimental to the immune response,

surrounding tissues, and the overall organism (e.g. chronic/pathological inflammation and sepsis)
[24] . By encapsulating TLR agonists within C3-liposomes, it may be possible to negate
systemic/off-target effects and directly target the treatments to APCs, thereby inducing the

expression of costimulatory molecules and cytokines that are essential for T cell activation and

antitumor immunity.

Monocytes and macrophages are important immunomodulatory cells in the tumour
microenvironment that are often distorted towards a suppressive phenotype. The presence of
tumour-associated macrophages in the tumour microenvironment is generally correlated with a
poor cancer prognosis, and their numbers are often elevated in solid tumours [19]. Delivery of

TLR agonists in C3-liposomes to bone marrow derived APCs resulted in upregulated gene
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expression of IRF7, IP-10, IL-1b, IL-6, IL-12, and TNF-a. IRF7 and IP-10 are involved in type I
and II interferon responses. These cytokines are important for both innate and adaptive cell
activation and promote anti-tumour immune responses [25,26]. Increased levels of IL-1b, IL-6,

IL-12, and TNF-a expression in cells treated with C3-liposomes containing TLR agonists
indicate increased monocyte and macrophage activation [27-30]. Notably, the levels of cytokine

expression were not significantly increased in non-targeted control-liposomes with TLR
agonists, suggesting that increased uptake of C3-liposomes into bone marrow cells induced
activation through binding of the TLR agonists to their endosomal TLRs. These results provide

valuable information on specific targeting that may promote the differentiation of these
influential myeloid cell types towards an antitumor phenotype.

In this study, mice were treated with C3-liposomes containing TLR agonists every other day for

14 days, resulting in regression of the injected tumour, but no response from the tumour distal to

the injection site. The constant exposure and extensive treatment timeline may have been
detrimental to the establishment of a systemic immune response, and it is possible that we may

have induced tolerance to subsequent treatment. There is mounting evidence that continuous

binding to TLRs may cause downregulation of costimulatory molecules and a decrease in
antigen presentation [31-35]. TLR dysregulation has also been documented in multiple
autoimmune diseases and Alzheimer's disease [31,32]. TLRs activate APCs to produce

proinflammatory cytokines, a process that is tightly regulated in order to prevent damage to

surrounding tissues, and temporary tolerance to a second exposure is often seen [33-35]. A study
examining systemic TLR agonist treatment and tolerance showed that constant TLR7 stimulation

(R848 ligand) resulted in a state of tolerance and a significant decrease in cytokine production,

which lasted for several days [33]. This same study showed that an initial stimulation of TLR3

followed by stimulation of TLR7 24 h later resulted in the highest level of cytokine production,
repeated at five-day intervals. This highlights the importance of timing of treatment and an
understanding of the underlying mechanisms of TLR stimulation. With the constant exposure of
TLR agonists, as used in our injection pattern, it is possible that the tumour-infiltrating myeloid

cells were pushed towards a TLR-tolerant phenotype. Therefore, it may be beneficial to stop
TLR treatment earlier in the study and/or space out treatments in order to avoid tolerance.

91

In conclusion, targeted C3-liposomes with encapsulated TLR agonists provide a promising

avenue for cancer treatment. Delivery of TLR agonists to APCs in vitro resulted in upregulation
of activation markers and cytokines, indicating that APCs are reprogrammed to an activated

phenotype. An activated phenotype is essential for promoting both innate and adaptive antitumor
immune responses. Significantly, in vivo treatment of tumours with C3-liposomes containing

TLR agonists resulted in a decrease in growth of injected tumours. However, the lack of efficacy

at a non-injected tumour indicates that C3-liposome delivery of TLR agonists alone will not be
sufficient for treatment of metastatic cancer. Optimisation of injection pattern and co-treatment

with tumour antigens or checkpoint blockade could possibly improve the antitumor immune

response seen with delivery of TLR agonists by C3-liposomes.
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4.7 Figures

Figure 4.1: Liposomal delivery of TLR agonists increases levels of activation markers in myeloid
cells.

Murine bone marrow cells were treated with PBS, C3-liposomes with 3 TLR agonists, or
control-liposomes with 3 TLR agonists for 24 h before analysis by flow cytometry. Data are
expressed as mean ± standard error (n=3). *p Value < .05, compared to PBS. Bracket indicates
significant difference between C3-liposomes and control-liposomes.
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Figure 4.2: C3-liposomes encapsulating TLR agonists increase expression of inflammatory
cytokines in myeloid cells.

Murine bone marrow derived cells were treated with PBS, control-liposomes, C3-liposomes,
control-liposomes encapsulating TLR agonists (+Adj.), or C3-liposomes encapsulating TLR
agonists (+Adj.) for 24 h. RT-PCR was used to analyse the relative expression of IRF7, IP-10,
IL-1b, IL-6, IL-12, and TNF-a mRNAs in response to treatments. Data are expressed as mean ±
standard error (n=3) and normalised to PBS controls. *p Value < .05.
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Figure 4.3: C3-liposome treatment results in reduced tumour volume of treated established
tumours.
Established 4T1 tumours were treated by subcutaneous peritumoral injections of PBS or
liposomes encapsulating TLR agonists starting on day 0, and every other day for a total of 7
injections. Tumour measurements were made before all injections, showing (A) injected tumour
volume, and (B) distal non-injected tumour volume (mm3). By day 8, and through the end of the
study, only C3-liposomes significantly reduced injected tumour volumes (*p Value < .05,
compared to PBS). Data are expressed as mean ± standard error (n=3-4).
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Figure 4.4: Analysis of immune cell tumour infiltrate.
Mice were euthanised, injected tumours digested, and cells analysed by flow cytometry. (A)
Percentages of macrophages (CD11b+, F4/80+) expressing activation markers (MHCII, CD40,
CD83, CD86), and (B) percentages of CD3+ T cells (either CD4+ or CD8+) in injected tumours
treated with PBS, control-liposomes, or C3-liposomes. Cell populations are displayed as
percentages of the total number of white blood cells. Data are expressed as mean ± standard error
(n=3-4). *p Value < .05, compared to PBS.
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4.8 Tables

Table 4.1: Primers used in RT-PCR analysis.
Primer Sequence (5'->3')

Forward

Genes

Reverse

MF7

Ctggagccatgggtatgca

Aagcacaagccgagactgct

IP-10
IL1 β
iL6
IL12
TNF ϰ

TCATCCTGCTGGGTCTGAGTGG
TGGAGAGTGTGGATCCCAAGAAAT

CGCTTTCATTAAATTCTTGATGGTC

aagaaatgatggatgctacc

GAGTTTCTGTATCTCTCTGAAG

TGATGATGACCCTGTGCCTTGGTA

Ttcagctcctccagtgtacg
AccactctccCTTTGcagaactca

Tctcatgcaccaccatcaaggact

Tgcttgtgaggtgctgatgtacca
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Chapter 5: Complement C3-liposome delivery of a melanoma tumor antigen, TRP-2, improves
the activation of antigen-specific T cells and reduces tumor growth in mice4

5.1 Abstract
Antigen presenting cells (APCs) initiate the immune response against cancer by engulfing and

presenting antigens to effector immune cells. Tumor antigens provide specific targets for helper
T cells and cytotoxic T lymphocytes (CTLs), allowing the immune system to distinguish cancer

cells from noncancerous cells. Antigen presentation and immune cell activation is essential for
the success of cancer immunotherapies. There are many different types of tumor antigens, and
the increased effort to sequence immunogenic epitopes and establish a database makes tumor
antigen immunotherapy a promising avenue for treatments and vaccines. Our lab has developed a

targeted liposome nanoparticle that binds to APCs through the complement C3 receptor and
directly delivers encapsulated antigens. These liposomes bind to activated complement C3
proteins in serum, resulting in internalization by cells that have complement receptors. APCs

were shown to internalize C3-bound liposomes containing ovalbumin (OVA), a model antigen,

resulting in a significant increase in activated T cells that recognize OVA, reduced tumor growth
in mice, and complete elimination of both treated and distal tumors in two out of five mice.

Blood from treated mice had lower percentages of immunosuppressive cells, higher percentages

of B cells, and increased anti-OVA IgG1 levels compared to controls. A peptide of tyrosinaserelated protein 2 (TRP-2181-188), identified as a highly reactive epitope to CTLs, is overexpressed

in the melanoma tumor cell line, B16-F10. The TRP-2 peptide was encapsulated within C3liposomes and used to treat melanoma tumor-bearing mice. Treatment with C3-liposomes

containing TRP-2, in combination with TLR agonists and checkpoint blockade therapy, was
effective at activating an antigen-specific response and shrinking tumors in mice.
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5.2 Introduction
A defining trait of cancer progression is the ability to evade detection and elimination by the
immune system. Tumors are able to escape immune surveillance through the modification of

tumor antigen presentation to effector immune cells1,2. This can be accomplished by expressing a
limited number of immunogenic antigens, and by downregulating the expression of major
histocompatibility complex I (MHC I) on the surface of tumor cells3,4. Effective anti-tumor
immunity requires persistent presentation of tumor antigens to effector cells and simultaneous
immune cell activation4,5. Antigen presenting cells (APCs) are the main antigen processors and

presenters of the innate immune system, and coordinate the generation of an antigen-specific
adaptive immune response6. Our targeted nanoparticle delivery system is able to specifically
target APCs, enhance antigen processing and presentation, and improve antigen-specific T cell

activation7. These liposomes contain an orthopyridyl disulfide group (OPSS) on the external

surface of the liposomal membrane, facilitating the binding of activated complement C3 proteins
present in serum. This enables specific targeting to immune cells that express receptors for

complement C3, primarily myeloid cells, including macrophages, dendritic cells, and
neutrophils, as well as by lymphoid B cells. We have previously shown that C3-liposomes are
efficiently internalized by these cell types, making it a unique delivery device to APCs8. Current
dendritic cell treatments often involve ex vivo proliferation and treatment of autologous dendritic

cells, followed by re-infusion into the patient. Targeted liposomes represent a promising avenue
for immunotherapies, as antigenic peptides can be delivered in vivo to dendritic cells and other

APCs without the need for costly ex vivo culturing and re-infusion9,10. Many liposome systems
have been developed to target APCs, such as cationic liposomes, mannose-targeted, FcRtargeted, CD11c-targeted, and DC-SIGN-targeted nanoparticles11,12. Most of these systems

require complex targeting molecules, antibodies, or cationic lipids and many are associated with
relatively high levels of toxicity and expense11,13. Our liposome nanoparticle utilizes neutral

lipids and endogenous serum proteins, thereby reducing toxicity from cationic lipids and foreign
proteins while decreasing expense associated with targeting antibodies and ligands. The tumor

antigen delivery strategies that we have described could significantly improve antigen delivery to
the main effector cells of the immune system, resulting in a much more robust reaction to

tumors. This would likely alleviate symptoms of toxic systemic chemotherapy, increase

effectiveness of immunotherapies, and improve immune system recovery in patients.
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Targeted C3-liposomes provide an effective and practical method to increase the amount of

antigen delivered, as well as increase the specificity of delivery to APCs. Previously, APCs were
shown to internalize complement C3-bound liposomes containing ovalbumin (OVA), a model

tumor antigen, resulting in a significant increase in activated T cells that recognize OVA. Mice

bearing A20-OVA tumors injected with C3-liposomes encapsulating OVA showed significantly
reduced tumor growth of established tumors. Peripheral blood from treated mice had lower

percentages of immunosuppressive myeloid derived suppressor cells (MDSCs), higher
percentages of B cells, and increased anti-OVA IgG1 levels compared to control mice7. These

results indicate that C3-liposome delivery of antigen to APCs initiates a potent and systemic
antigen-specific immune response and demonstrates the potential of C3-liposomes to improve
tumor antigen delivery and T cell activation. In this study, to quantify the specific T cell response
after delivery of C3-liposomes containing a peptide antigen, we encapsulated OVA within the
C3-liposomes and vaccinated healthy mice. We showed that C3-liposomes are able to induce a

significant antigen-specific immune response, and this response was further improved by the
addition of TLR agonists. We have chosen to test the capability of C3-liposomes to deliver a

known immunogenic melanoma-specific tumor antigen, TRP-2181-188, for the treatment of B16-

F10 melanoma tumor-bearing mice. TRP-2181-188 is a peptide of tyrosinase related protein-2, and
is found to be overexpressed in the B16-F10 melanoma cell line. This cell line was selected due

to its wide use in immunotherapy research, and the large library of identified immunogenic
tumor antigens in C57BL/6 mice14,15. Preliminary results testing C3-liposomes containing TRP-

2181-188 on tumor-bearing mice demonstrated that specific delivery of this tumor antigen via C3liposomes shrinks tumors, increases the amount of circulating TRP-2 specific CTLs, and

enhances overall survival. Furthermore, this treatment was significantly enhanced by the addition

of TLR agonists and anti-CTLA-4 checkpoint blockade therapy.

5.3 Materials and Methods
5.3.1 Reagents

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoylsn-glycero-3phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethylene
glycol)-2000] (DSPEPEG(2000)), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
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[PDP-poly(ethylene glycol)-2000] (DSPE-PEG(2000)-PDP) for liposome preparation were

purchased from Avanti Polar Lipids (Alabaster, AL). We use the term OPSS to refer to the PDP
group. Fluorescently tagged lipid, Lissamine rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine (RhodaminePE), was purchased from Life Technologies (Grand Island,
NY, USA). CL-4B sepharose gel was used for size exclusion chromatography (Sigma-Aldrich,

St. Louis, MO, USA). MPLA, R848, and poly(I:C) were purchased from InvivoGen (San Diego,

CA) and CpG 1826 from TriLink Biotechnologies (San Diego, CA). All other reagents were
purchased from Thermo Fisher Scientific (Pittsburgh, PA, USA).

5.3.2 Liposome preparation
Liposomes were prepared using a previously described film hydration method16. OPSSliposomes were made by mixing DPPC/DSPC/DSPE-PEG(2000)-PDP/DSPE-

PEG(2000)/RhodaminePE in chloroform at a molecular ratio of 150:40:25:25:3. OPSSliposomes are referred to as C3-liposomes when bound to complement C3. Control-liposomes

were made following the same procedure, substituting DSPE-PEG(2000)-PDP with DSPE-

PEG(2000). Lipid mixtures were dried under nitrogen stream for 1-2 h, followed by rehydration

of the film with 0.7 ml of 1mg/mL TRP-2181-188 peptide (Anaspec, Fremont, CA) in filtered

water.

5.3.3 Cell lines
The B16-F10 cell line was purchased from ATCC (CRL-6475). Tumor cells were cultured in
complete growth medium (DMEM, 10% heat-inactivated fetal bovine serum (FBS), 1%

penicillin/streptomycin) and incubated at 37°C in 5% CO2.

5.3.4 B16-F10 tumor inoculation and mouse model
Female C57BL/6J mice were obtained from The Jackson Laboratory (Sacramento, CA, USA)
and housed in the University of Alaska Anchorage (UAA) vivarium. All experiments were
approved by the UAA Institutional Animal Care and Use Committee. Experiments utilizing mice

were designed and conducted to minimize the number of animals used, reduce pain and

discomfort, and minimize anxiety and distress to mice, with mice monitored daily. Before
injections, B16-F10 cells were rinsed twice in 1x PBS. Mice were shaved and received
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subcutaneous injections in their left and right flanks of 2x104 cells per injection. Injections were

given under anesthesia using isoflurane. Treatments were started 6 days post tumor inoculation.
Mice were separated into groups of 5 and received local subcutaneous injections of 150 μL of
either PBS or C3-liposomes containing TRP-2. All groups received simultaneous subcutaneous
injections of TLR agonists 3 (50 μg), 7/8 (25 μg), and 9 (100 μg), and intraperitoneal injections

of the checkpoint blockade antibody, anti-CTLA-4 (10 μg). Mice received treatment on one side

only. The tumor on the opposite side was measured to document any systemic response to
treatment. Injections were given on days 6, 10, and 18 post tumor inoculation. Tumor

measurements were made before all injections, using a digital caliper, and volumes were

reported as mm3: [(4∕3)π(Length x Width x minimum)∕8].

5.3.5 ELISpot

Mice were euthanized following the tumor study, and spleens collected and digested to single
cell solutions. Levels of TRP-2 specific IFN-γ producing cells were determined by an ELISpot
assay, using a kit and following the protocol from ImmunoSpot (Cleveland, OH). Spleen cells
isolated from mice were incubated in a 96-well plate coated with anti-IFN-γ or anti-IL-4

antibodies and containing the TRP-2181-188 peptide. Each dot represents an IFN-γ producing cell.

5.3.6 Statistics
Data are analyzed using JMP® Pro, Version 15.2.0. SAS Institute Inc., Cary, NC, 1989-2021.
Differences among groups were determined using an unpaired two-tailed Student's t test and

Tukey-Kramer HSD for comparison of all pairs. p-values of less than 0.05 were considered
significant.

5.4 Results
5.4.1 C3-liposome delivery of a model antigen, OVA, results in an enhanced antigen-specific
immune response

Activation of APCs and their expression of co-stimulatory molecules is critical to mounting an
effective immune response and overcoming immune suppression in the tumor

microenvironment5. Injection of healthy mice with C3-liposomes containing OVA resulted in a

significant increase in OVA-specific T cells, compared to non-encapsulated OVA and non
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targeted liposomes, via ELISpot analysis of IFN-γ and IL-4 cytokine production (Figure 1). To
further evaluate the ability of C3-liposomes to increase the antigen-specific immune response,
C3-liposomes were formulated to encapsulate toll-like receptor (TLR) agonists along with OVA.

TLRs are receptors expressed on immune cells which specifically bind ligands resembling
invading pathogens. TLR agonist binding activates the cell and results in upregulation of
costimulatory markers and inflammatory responses17,18. TLR agonists are potent activators of

APCs and have been shown to enhance immunotherapies when used in combination with

checkpoint blockade19. The addition of TLR agonists to the C3-liposome treatment appeared to

increase the levels of activated antigen-specific T cells.

5.4.2 C3-liposome delivery of a tumor antigen, TRP-2, to antigen presenting cells results in an
enhanced immune response and reduced tumor burden in a melanoma mouse model

Checkpoint blockade is a first-line treatment option for metastatic melanoma, but is only
effective for a subset of patients20,21. With hopes of expanding this life-saving therapy to more

patients, a growing body of literature shows a clear benefit to combining checkpoint blockade
with tumor antigen delivery, particularly with respect to melanoma21,22. Given the ability of C3-

liposomes to efficiently deliver antigens to APCs and increase presentation and immune

activation, C3-liposome based vaccines could improve the anti-tumor immune response to
melanoma, when combined with checkpoint blockade.

Female C57BL/6 mice were inoculated with B16-F10 melanoma tumor cells. All mice received
tumor cell injections on both flanks, and each mouse received therapeutic treatments on one side

on days 6, 10, and 18 post tumor inoculation. All groups received simultaneous subcutaneous
injections of TLR agonists as adjuvants, and intraperitoneal injections of anti-CTLA-4

antibodies. These data show that treatment of established B16-F10 melanoma tumors, using C3-

liposomes to deliver TRP-2, synergistically combined with systemic checkpoint blockade (anti-

CTLA-4) and non-encapsulated TLR agonists, reducing tumor growth in all mice and

eliminating injected tumors in two out of three mice (Figure 2A). Isolated spleen cells from
treated tumor-bearing mice showed significant levels of TRP-2 specific T cells, via ELISpot

analysis of IFN-γ production, indicating that TRP-2 C3-liposome treatment is able to elicit a
potent antigen-specific T cell response (Figure 3). This was also demonstrated by the appearance
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of vitiligo at the injection site of one of the C3-liposome treated mice (Figure 2C). Vitiligo

occurs when T cells become reactive to melanocytes, and results in the clearing of pigment
(melanin) via melanocyte destruction23. TRP-2 is involved in the melanocyte differentiation

pathway, and the presence of vitiligo is an indication that C3-liposomes activated a TRP-2

specific T cell response. Additional studies analyzing tissue sections from the treatment area
would help to support the hypothesis that the vitiligo was due to a loss of pigmented
melanocytes, rather than melanocyte dysfunction. While these results show the capability of C3liposomes to deliver antigen and induce an antigen-specific immune response, treatment did not

reduce growth of distal tumors, revealing the need for an improved systemic immune response.

5.5 Discussion
The overall goal of this project is to improve tumor antigen presentation by antigen presenting

cells (APCs) and to increase the number of activated antigen-specific effector cells against
tumors, ultimately leading to tumor reduction and elimination. One mechanism that tumors
employ to evade detection is lack of tumor antigen presentation to immune cells. By delivering

tumor antigens directly to APCs via C3-liposomes, effector cells of the adaptive immune system
should be able to more efficiently identify and attack tumor cells. This treatment would help to
improve current immunotherapies and alleviate side effects associated with standard treatments.
Results from our previous research showed that APCs internalize complement C3-bound
liposomes containing ovalbumin (OVA), a model tumor antigen, resulting in a significant

increase in activated T cells that recognize OVA, and reduced tumor growth of established A20OVA tumors in mice7. Comparably, results from this study demonstrated that C3-liposomes
containing TRP-2 are able to activate and increase the number of antigen-specific T cells and

reduce the growth of B16-F10 melanoma tumors. Although this treatment showed promise in the
locally injected tumor, there was no response from a tumor distal to the injection site, indicating

a need to improve the systemic response to therapy, as well as methods to counter tumormediated immune suppression.

A limitation of using a single antigenic peptide for therapy is the possibility that the tumor cells

will escape immune detection and elimination through immunoediting3,24. Future studies will

incorporate multiple immunogenic tumor antigen peptides to create a more diverse immune
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response that will lead to an increased repertoire of antigen-specific T cells and B cells,
compared to a single-peptide formulation. In addition, combining C3-liposomes encapsulating

tumor antigens with multiple checkpoint blockade antibodies will improve treatment, compared
to combination with checkpoint blockade monotherapies. Studies have shown that the
combination of anti-CTLA-4 and anti-PD-1 therapies have additively increased the success of

both treatments, when compared to each as monotherapies21,25. A combination treatment strategy

could show reduced tumor growth through an activated T and B cell response, while
simultaneously decreasing immune suppression established by the tumor. Additional strategies to

incorporate multiple tumor antigens would be to deliver whole protein that can be processed into

multiple antigenic peptides within antigen presenting cells, or to encapsulate lysates of tumors
within C3-liposomes. Delivering whole proteins would enable APCs to process and present

multiple antigenic peptides, including both MHCI and MHCII epitopes, which would result in
the activation of CD4+ and CD8+ T cell responses. However, these methods impose the risk of

producing non-immunogenic antigens from full proteins, as well as effectively diluting the
amount of encapsulated immunogenic antigens. The immune response may also be restricted by
tumor-mediated immune suppression and through the development of myeloid derived

suppressor cells (MDSCs), tumor-associated macrophages (TAMs), and immature dendritic

cells. Furthermore, T cell exhaustion and dysfunction in the tumor microenvironment (TME) are
prevalent in cancers and detrimental to treatment26. As seen in Figure 2, Panel B, tumors display
rapid growth approximately two weeks after the initial treatment (approx. day 15). In addition to
analyzing the ability of T cells to produce anti-tumor effector cytokines (e.g., IFN-gamma, IL-2),

analysis of the transcriptional state and activation of T cells at this time point would inform

future treatments and regimens, including expression of TIGIT, LAG-3, TIM-3, and PD-1, which
have been positively associated with T cell dysfunction in the TME26,27. Additional methods to

characterize the immune response should also be included in future experiments, such as T and B
cell depletion to determine the type of anti-tumor response, followed by adoptive transfer of T or

B cells from treated mice to tumor-bearing mice.

In summary, C3-liposomes provide an effective means of delivering antigens specifically to

APCs, increasing antigen presentation and activation. Although C3-liposomes are able to induce

a robust antigen-specific T cell response and were able to successfully shrink and eliminate
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locally treated established tumors, they were not effective at reducing growth in tumors distal to
the injection site. With the addition of multiple tumor antigens, encapsulated TLR agonists, and

optimization of checkpoint blockade combinations, C3-liposomes may be able to induce a potent
systemic anti-tumor response.
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5.7 Figures

Figure 5.1: Vaccination with OVA C3-liposomes increase antigen-specific T cell response.
Male and female BALB/c mice were inoculated subcutaneously with non-encapsulated OVA,
C3-liposomes containing OVA, or non-targeted control-liposomes containing OVA (1ug OVA in
all treatments). At 1-week post-treatment, spleen cells were collected, and levels of OVAspecific T cells were determined by ELISpot analysis. Antigen-specific T cell activation was
measured via IFN-γ (blue) and IL-4 (red) cytokine production. Horizontal lines within the
boxplots represent median values (50th percentile) (n=4). p-values of less than 0.05 are
considered significant.
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Figure 5.2: TRP-2 C3-liposome treatment results in reduced tumor volume of injected tumors.
Established B16-F10 melanoma tumors in C57BL/6 mice were treated by intratumoral injections
of TRP-2 C3-liposomes and TLR agonists, and intraperitoneal injections of anti-CTLA-4
antibodies on days 6, 10, and 18 post tumor inoculation. Tumor growth was reduced in injected
tumors (A) but not in tumors distal to the injection site (B). One mouse that received TRP-2 C3liposomes showed complete regression of both tumors and had white fur growth (vitiligo) at the
injection site after treatment, indicating an antigen-specific immune response against
melanocytes (C). Data are expressed as mean ±SE (n =3-4). *p-values of less than 0.05 are
considered significant.

Figure 5.3: TRP-2 C3-liposomes increase the number of TRP-2 specific T cells.
An ELISpot assay was used to measure IFN-γ production in response to TRP-2 antigen exposure
in spleen cells isolated from treated tumor-bearing mice: (A) Untreated/naïïve; (B) PBS; (C) Non
encapsulated TRP-2 matching encapsulated concentration; (D) TRP-2 C3-liposomes; (E) TRP-2
C3-liposomes with a higher concentration of OPSS (more C3-bound to the liposomes). Each dot
represents an IFN-γ producing cell.
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Chapter 6: General Conclusion
6.1 Overview

Antigen presenting cells (APCs) initiate the immune response against cancer by engulfing and

presenting tumor antigens to effector immune cells1,2. Tumor antigens provide specific targets
for helper T cells and cytotoxic T lymphocytes, allowing the immune system to distinguish

cancer cells from noncancerous cells, and ultimately eliminate tumors3. Proper antigen
presentation by APCs is essential for the establishment of an antigen-specific immune response,
as well as for the success of cancer immunotherapies3,4. The increased effort to sequence

immunogenic tumor antigens and establish a database makes targeted tumor antigen
immunotherapies a promising avenue for cancer treatments and vaccines. In addition to

presenting tumor antigens, APCs must be activated to provide a costimulatory signal to effector
cells to avoid tolerance, T cell anergy, and the suppression of an immune response5. Cancer
immunotherapies are often hindered by the suppressive environment established by tumors. This
immune suppression is pervasive in many cancer types and is detrimental to treatment and

recovery6,7. The majority of immunotherapies aim to bolster the cytotoxic T cell responses and
block suppressive mechanisms exploited by tumors, but there are limited treatment options
available that target antigen presenting cells and are able to repolarize the suppressive myeloid

cell populations. By utilizing a complement-targeted liposomal delivery system, we hope to

provide a more efficient means of treatment via specific delivery to APCs. Our lab has developed

a liposomal nanoparticle that binds complement C3 proteins and is internalized through the
complement C3 receptors. C3-liposomes are specifically internalized by APCs, allowing for the
targeted delivery of compounds to these cell types which are vital for the immune response. C3liposomes can be used to activate APCs through TLR agonist delivery and for the development

of an adaptive immune response through the encapsulation of tumor antigens. The results
described here outline the potential of C3-liposomes to improve antigen delivery, APC

activation, and subsequent T cell activation through the targeting of APCs.

6.2 Chapter 2: Complement C3-dependent uptake of targeted liposomes into human
macrophages, B cells, dendritic cells, neutrophils, and MDSCs

A novel targeted liposome formulation was described that utilizes complement C3-mediated
targeting. The liposomal membranes contain an orthopyridyl disulfide group (OPSS) that forms
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covalent bonds with activated complement C3 proteins, an abundant component of serum found
throughout the tissues. C3-liposomes were shown to bind specifically to complement C3 and the

activated derivates. These C3-liposomes were shown to be internalized by cells expressing

complement receptors, which are the myeloid cells of the innate immune system. These cells
were further identified through flow cytometry analysis to be macrophages, dendritic cells, B
cells, neutrophils, and MDSCs. Macrophages and MDSCs showed the highest level of liposome
internalization, followed by neutrophils, dendritic cells, and B cells. The majority of the cells

targeted by the C3-liposomes express complement receptor 3 (CR3: CD11b), including
macrophages, dendritic cells, and MDSCs. B cells, however, express complement receptor 2

(CR2: CD21), which allows the complement system to affect their activation and maturation.
The fact that B cells also show significant internalization of C3-liposomes indicates that C3liposomes are internalized through both complement receptors 2 and 3, which bind several

components of activated complement C3 (C3b, iC3b, C3dg, C3d).

6.3 Chapter 3: Intratumoral delivery of antigen with complement C3-bound liposomes reduces

tumor growth in mice
In addition to specifically targeting APCs, it was shown that C3-liposome delivery of OVA

increased both antigen processing and presentation, leading to significant activation of antigen

specific T cells. Notably, C3-liposome delivery of a model antigen, ovalbumin (OVA), resulted
in a 91-fold increase of OVA presentation in macrophages and a 54-fold increase in dendritic
cells, when compared to non-encapsulated OVA at the same concentration. It was then shown

that C3-liposome delivery of OVA significantly increased the number of activated antigen

specific T cells when compared with non-encapsulated OVA and non-targeted liposomes that
contained OVA. Using a mouse model of cancer, C3-liposomes encapsulating OVA were an
effective treatment as a tumor antigen against A20-OVA lymphoma tumors. Mice treated with
C3-liposomes showed reduced tumor growth in both the locally injected tumor and the tumor

distal to the injection site, with complete tumor rejection in two out five mice. Blood from
treated mice had lower percentages of immunosuppressive cells, higher percentages of B cells,
and increased anti-OVA IgG1 levels, compared to controls. These results indicate that C3-

liposome delivery of tumor antigens to APCs initiates a potent and systemic antitumor immune
response.
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6.4 Chapter 4: Delivery of toll-like receptor agonists by complement C3-targeted liposomes
activates immune cells and reduces tumor growth

Many tumor types lack mutations that produce unique tumor antigens, making the identification
of an immunogenic tumor antigen for therapy challenging. Therefore, C3-liposomes were

formulated to encapsulate and incorporate toll-like receptor (TLR) agonists in the absence of

tumor antigens. TLRs are a type of pattern recognition receptor that bind to pathogen associated
molecular patterns, resulting in immune cell activation1. In vitro delivery of TLR agonists to

APCs resulted in upregulation of activation markers and cytokines, demonstrating that the cells
were reprogrammed to an activated phenotype. C3-liposome treatment resulted in upregulation
of costimulatory markers CD40, CD83, CD86, and MHCII, as well as increased expression of

pro-inflammatory cytokines and factors IP-10, IRF-7, IL-1β, IL-6, IL-12, and TNF-alpha,
indicative of a Th1 immune response8. In vivo treatment of tumors with C3-liposomes containing
TLR agonists resulted in reduced growth and elimination of the locally injected tumors.
However, the lack of efficacy at the non-injected tumor in these experiments indicates that C3-

liposome delivery of TLR agonists alone will not be sufficient for treatment of metastatic cancer.

Optimization of injection pattern and co-treatment with antigens or checkpoint blockade could
improve the antitumor immune response. Based on these findings, further in vivo treatment of
tumors with C3-liposomes should include tumor antigens in combination with TLR agonists, and
potentially anti-CTLA-4 and anti-PD-1 checkpoint blockade therapies to improve outcomes.

6.5 Chapter 5: Complement C3-liposome delivery of a melanoma tumor antigen, TRP-2,
improves the activation of antigen-specific T cells and reduces tumor growth in mice
In order to quantify the level of antigen-specific T cell activation following treatment, healthy

mice were vaccinated with C3-liposomes encapsulating the model antigen, OVA. C3-liposome
treatment resulted in a significant increase in OVA specific T cell activation, measured via IFN-y

and IL-4 production. The C3-liposome system was then evaluated using an immunogenic

melanoma tumor antigen, tyrosinase-related protein 2 (TRP-2181-188), in place of the model
antigen, OVA. C3-liposomes encapsulating TRP-2 were used to treat mice with established

melanomas. Results indicated that C3-liposomes containing TRP-2 were effective at activating
TRP-2 specific CTLs and shrinking tumors in mice. Treatment with C3-liposomes containing
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TRP-2 in combination with anti-CTLA-4 antibodies resulted in slowed tumor growth and
reduced tumor volume. Interestingly, mice treated with TRP-2 C3-liposomes developed vitiligo

at the injection site following treatment. Vitiligo occurs with the loss of epidermal melanocytes
(seen as a white patch of skin or fur/hair)9. TRP-2 is a part of the melanocyte differentiation
process and the development of vitiligo in response to treatment is an indication that treatment

with the TRP-2 C3-liposomes results in significant levels of TRP-2 specific T cell activation.

While local treatments of TRP-2 C3-liposomes reduced tumor growth, elimination of tumors
distal to the injection site did not occur. C3-liposomes containing TRP-2 and adjuvants will most

likely have a more profound decrease in tumor growth and we anticipate an increase in both local
and systemic immune stimulation, including T cell presence and activation, antibody response,
and lymph node activity.

6.6 Concluding remarks
In summary, C3-liposomes provide a promising avenue for APC targeted therapies. C3liposomes were shown to specifically target APCs, including myeloid macrophages and dendritic

cells, as well as B cells of lymphoid lineage. Treatment with C3-liposomes resulted in a

significant increase in antigen processing and presentation, and the subsequent activation of
antigen-specific T cells was significantly increased, using both a model antigen, OVA, and a

melanoma tumor antigen, TRP-2. In addition to peptide antigens, TLR agonists were delivered to
APCs via C3-liposomes, resulting in significant activation of targeted cells through the increased
expression of costimulatory molecules and pro-inflammatory factors and cytokines. Both antigen
presentation and an activated phenotype are essential for promoting both adaptive anti-tumor
immune responses and avoiding tolerance and T cell anergy. Future experimentation will

incorporate tumor antigens and TLR agonists within C3-liposomes to enhance both antigen
presentation and APC activation with the goal of eliciting a systemic immune response and
creating an immunotherapy that is effective in cancer patients.
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Appendix A: Liposome Delivery of Natural STAT3 Inhibitors for the Treatment of Cancer5
Abstract
In the tumor microenvironment, cytokines, growth factors, and oncogenes mediate constitutive

activation of the signal transducer and activator of transcription 3 (STAT3) signaling pathway in

both cancer cells and infiltrating immune cells. STAT3 activation in cancer cells drives

tumorigenic changes that allow for increased survival, proliferation, and resistance to apoptosis.

The modulation of immune cells is more complicated and conflicting. STAT3 signaling drives
the myeloid cell phenotype towards an immune suppressive state, which mediates T cell

inhibition. On the other hand, STAT3 signaling in T cells leads to proliferation and T cell
activity required for an anti-tumor response. Targeted delivery of STAT3 inhibitors to cancer
cells and myeloid cells could therefore improve therapeutic outcomes. Many compounds that
inhibit the STAT3 pathways for cancer treatment include peptide drugs, small molecule
inhibitors, and natural compounds. However, natural compounds that inhibit STAT3 are often
hydrophobic, which reduces their bioavailability and leads to unfavorable pharmacokinetics.

This review focuses specifically on liposome-encapsulated natural STAT3 inhibitors and their

ability to target cancer cells and myeloid cells to reduce tumor growth and decrease STAT3mediated immune suppression. Many of these liposome formulations have led to profound tumor
reduction and examples of combination formulations have been shown to eliminate tumors
through immune modulation.

Introduction

The signal transducer and activator of transcription 3 (STAT3) signaling pathway is often
constitutively activated in tumor cells of breast, colorectal, prostate, glioblastoma and other types

of cancers [1]. In the tumor microenvironment, cytokines and growth factors that are commonly

upregulated such as IL-6, IL-10, PGE2, GM-CSF, VEGF, and EGF and HGF family members

activate STAT3 by phosphorylation [2,3]. Oncogenic proteins, Src and Ras, and carcinogens
5
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such as tobacco, UVB and LPS have all been shown to activate STAT3 [4]. STAT3 constitutive

activity in tumors drives inflammation, apoptosis, cell survival, proliferation, cellular
transformation, angiogenesis, metastasis and epithelial to mesenchymal transition (EMT) in
cancer progression [5,6]. STAT3 has therefore emerged as a key therapeutic target in the

prevention and treatment of cancer [4,7,8].

In the tumor microenvironment, STAT3 activation can result in conflicting immune modulation

between myeloid cells and T cells [2,9]. With respect to myeloid cells, STAT3 activation induces
tolerogenic activities in tumor-associated myeloid cells such as myeloid derived suppressor cells

(MDSCs) and M2 macrophages [10]. STAT3 impairs myeloid cell differentiation, antigen
presentation, and promotes immunosuppressive and proangiogenic potential through the

secretion of cytokines (IL-10, TGF-B, VEGF) and modulation of metabolic processes (Reactive
Oxygen Species, Arginase 1, IDO-1) all which can interfere with T cell activity [11,12].
However, with respect to T cells, STAT3 activation corresponds with proliferation and is a
necessary component of a healthy T cell immune response [13,14]. Because of the necessity of

STAT3 signaling for an anti-tumor T cell immune response, the most effective delivery of
STAT3 inhibitors would be through a mechanism that targets tumor cells and myeloid cells,
without delivering to T cells. Nanoparticle delivery is one possibility for increasing specificity of

STAT3 inhibition to myeloid and tumor cells.

Because of the profound effect STAT3 activation has on tumor growth, there has been a focus

for the last 20 years on creating STAT3 inhibitors for the treatment of cancer [7]. Inhibitor drugs
fall into four groups; peptide, small molecule, natural compounds, and tyrosine kinase inhibitors

[15]. Many of these STAT3 inhibitors have high cytotoxic IC50 values and in particular the

natural compounds are restricted by their poor solubility in water and limited bioavailability,
which has prohibited further development. Thus, targeted delivery with nanoparticles has been
explored as a possible delivery mechanism to overcome the low bioavailability and to avoid or

eliminate adverse effects [16].

Many nanoparticle formulations exist for encapsulation of drugs, including micelles, gold
nanoparticles, silicon, liposomes and PGLA formulations. This review will focus on liposomes,
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which are the most commonly utilized nanoparticle and the only nanoparticle that has FDA
approved formulations [17]. Liposomes can be formed from phospholipids that are found
naturally in the body and therefore can be metabolized with limited toxicity. Liposomes contain

a lipid bilayer, allowing for the encapsulation of hydrophobic compounds, such as many of the
natural compound STAT3 inhibitors [18]. In addition, the aqueous lumen of the liposomes
allows for the encapsulation of immune activating compounds such as TLR agonists, CpG, poly
(I:C) and R848 [19]. Finally, liposomes can be easily modified with targeting ligands, sugars and
other moieties to allow for specific uptake into tumor cells or myeloid cells [20]. Therefore,
liposome delivery of STAT3 inhibitors directly to the tumor site could be an effective way to
target both tumor cells and suppressive myeloid cells, while reducing STAT3-specific toxicity in

normal tissues. In this review we will provide an analysis of studies that encapsulated STAT3
inhibitors into liposomes for the purpose of cancer treatment.

Overview of Liposomal STAT3 Inhibitors
Multiple therapeutic approaches have been tested to target and inhibit STAT3 signaling,

including peptide and small molecule inhibitors that have been formulated to target the SH2
domain of STAT3, thereby inhibiting STAT3 activation [21]. Many of these peptide and small

molecule drugs are in various stages of clinical trials, but none have been incorporated into
liposomal formulations for therapeutic delivery, and therefore will not be discussed here. The
majority of liposomal formulations available for targeting STAT3 are based on natural

compounds. For comparison, these natural compounds, the structure of each, the cancers treated,
and the significant findings are summarized in Table 1 below.

For each of the studies reviewed, the formulation of phospholipids, the cholesterol content and
the percentage of polyethylene glycol conjugated lipids differed. These differences can

significantly impact treatment efficacy by affecting pharmacokinetics of drug release and uptake
profiles into phagocytic cells [22]. However, given the limited number of studies on liposomal

delivery for each natural STAT3 inhibitor and the various cancer models that rarely match
between studies, it was not possible to evaluate the effect of liposome compositions on drug

efficacy. As more studies emerge on liposomal delivery of STAT3 inhibitors, hopefully the
effect of lipid composition on cancer treatment can be adequately addressed.
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Liposomal Formulation of Natural Compound STAT3 Inhibitors

The liposomal formulations of these natural compounds are reviewed below, providing a

summary of their activity for STAT3, liposomal encapsulation efficiency, and a discussion of the
treatment strategy and effectiveness for the various types of cancer.

i. Betulinic acid
Betulinic acid is a pentacyclic triterpene isolated from many fruits, vegetables, plants, and the

bark of birch, sycamore, and eucalyptus trees. Inhibition of STAT3 by betulinic acid occurs by
the blocking of nuclear translocation [52,53]. Given its poor water solubility (20 mg/L) and

proven efficacy against cancer, betulinic acid is an appropriate candidate for encapsulation in

liposomes. Betulinic acid was encapsulated within pegylated liposomes, with an encapsulation
efficiency of up to 95%. Mice bearing U14 cervical cancer tumors were treated intratumorally
with betulinic acid liposomes, which resulted in a significant tumor inhibition rate of 64%,
compared to non-encapsulated betulinic acid (31%). There was no evidence of toxicity as

measured by weight loss and behavior [23]. Another study by the same group examined the
encapsulation of betulinic acid into gold shell coated liposomes for the purpose of drug delivery
combined with photothermal therapy. When used to deliver betulinic acid and heat tumors

through near infrared irradiation, liposomes reduced tumor growth by 83% [24]. Although there
are limited studies on betulinic acid in liposomal formulations for the treatment of cancer, these

results show the possibility of enhancing cancer treatment with liposomal encapsulation and
direct administration to the tumor.

ii. Caffeic acid

Caffeic acid is a polyphenolic cinnamic acid derivative that is found in the majority of plants,
particularly in Eucalyptus globulus, Dipsacus asperoides, and plants of the genus Phellinus.

Caffeic acid and its synthetic derivative CADPE (3-(3,4-Dihydroxy-phenyl)-acrylic acid 2-(3,4-

dihydroxyphenyl)-ethyl ester) are both active STAT3 inhibitors. In vitro, caffeic acid has been
shown to directly inhibit NF-κB and phosphorylation of STAT3 in response to IL-6 [54]. Both

caffeic acid and CAPDE have been shown to reduce tumor growth and angiogenesis by
inhibiting the activity of STAT3, HIF-1α, and VEGF in a mouse xenograft model [55]. Caffeic
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acid has a water solubility of 650 mg/L, representing one of the less hydrophobic compounds of

the natural STAT3 inhibitors.

Perhaps because of its relatively high solubility, only one study investigated liposomal targeting

of caffeic acid in cancer [25]. Liposome encapsulation efficiency was 2%, which is much lower
than many of the drugs reviewed here, most likely because the drug does not partition as readily

into the hydrophobic bilayer. Researchers found that the liposome formulation did not result in
decreased growth of B16-F10 melanoma cells compared to control liposomes without caffeic

acid.

iii. Celastrol
Celastrol is a triterpenoid compound derived from the medicinal herb, Tripterygium wilfordii
[26.56] . It has been studied extensively for its anti-inflammatory and antioxidant activities and

has gained interest recently due to its potential anti-cancer effects in numerous cancer cell lines,

including breast, prostate, lung, glioma, myeloma, leukemia, melanoma, and pancreatic cancer
[26,27.56] . Celastrol exhibits anticancer activity through inhibition of a variety of biological
processes including NF-κB activation, constitutive and IL-6 dependent STAT3 signaling, and
VEGF receptor expression, among others [27,57-60]. Celastrol has also been documented as an

adjuvant therapy to doxorubicin and paclitaxel chemotherapeutic agents [61]. Clinical
application has been limited due to its low aqueous solubility and permeability, poor

bioavailability, and systemic toxicity, which necessitates the use of toxic solvents for
administration [62,63].

Several studies to date have shown that liposomal formulations of celastrol lower toxicity while

enhancing antitumor efficacy of treatments [26,27,56]. Celastrol has been encapsulated in several

types of liposome formulations, including pegylated [56,58], cholesterol [26], folate-targeted

[57], and microemulsions [64], as well as encapsulated with other drugs (irinotecan, sodium
tanshinone IIA sulfonate, and axitinib) [57,58,64]. The encapsulation efficiencies were all high
(ranging from 71.67% up to 99.9%), due to the hydrophobic nature of celastrol which allows it to

be contained within the lipid bilayer, or oil microemulsion [64].
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Improved cytotoxicity, anti-proliferative and anti-apoptotic activity from liposomal celastrol was
seen in vitro in several different cell lines, including prostate cancer, breast cancer, glioma,
neuroblastoma, and squamous carcinoma [27,56-58,64]. In vivo liposomal delivery of celastrol

using several types of xenograft mouse models reported promising results in regard to tumor

inhibition. The most impressive tumor inhibition rates were reported in mouse models of Lewis
lung cancer [26] and SHG-44 human glioma [27] (34.9% and 32.8%, respectively). These

studies demonstrate that celastrol can be effectively encapsulated into targeted and non-targeted
liposomes and act synergistically with other drugs to reduce tumor growth in several different in

vitro and in vivo cancer models.

iv. Cucurbitacin

Cucurbitacin is a triterpene found in many plants, including cucumbers and pumpkins, with
letters A through T denoting 18 variations of the compound. Cucurbitacin has been shown to

inhibit proliferation and induce apoptosis in many in vitro and in vivo cancer models as reviewed
elsewhere [65]. The anticancer and immunomodulatory effects of cucurbitacin have been linked

to its ability to downregulate STAT3 [66,67]. Cucurbitacin-I blocked IL-6 induced STAT3

activation at a concentration of 0.5 μmol∕L [68]. Interestingly, cucurbitacin-I also inhibited the

dephosphorylation of STAT1, showing that the compound could potentiate STAT1 activation,
which is important for immune stimulation. Cucurbitacin is hydrophobic, with a poor water

solubility of 25 mg/L and systemic toxicity at therapeutically relevant levels, which limit its

effectiveness.

Cucurbitacin has been encapsulated in liposomes with 85% encapsulation efficiency. Lipid
nanoparticle encapsulated cucurbitacin-B had uptake that was 1.94 times higher than free
cucurbitacin-B in liver cells, suggesting that encapsulating cucurbitacin could improve
biodistribution of the drug for anticancer treatment [28]. Cucurbitacin has also been encapsulated

in lipid nanoparticles to treat h22 murine hepatoma tumors with intravenous administration

resulting in 53.4% reduction in tumor growth, compared to 31.5% with non-encapsulated
cucurbitacin [28]. Polymeric micelles have also been used to encapsulate cucurbitacin to treat

B16-F10 tumors, which resulted in significant tumor regression [69]. Although there have been
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limited studies on cucurbitacin in liposome formulations, given its potent inhibition of STAT3
and potentiation of STAT1 signaling, it has potential for immunomodulation in cancer.

v. Curcumin

The polyphenol, curcumin, is the principle active component of turmeric and has long been used
as an herbal and dietary supplement. It has garnered interest in biomedical research due to its

anti-infectious, anti-inflammatory, antioxidant, cardio-protective, chemo-preventative, and

anticancer properties as well as its low toxicity. Curcumin acts through the modulation of
numerous cell signaling molecules and pathways, most notably NF-κB and STAT3, and others

such as MAPK, LOX, IL-1β, IL-6, Akt, bcl-2, COX-2. The STAT3 inhibiting properties of

curcumin have been well established, with reduction in tumor cell growth that is reversible with

the forced overexpression of STAT3 [70-76]. It has also been shown to strongly inhibit the

transcription factor NF-κB and related pathways [32,71,77,78]. Curcumin has a unique

immunomodulatory function and when delivered in a mouse model of metastatic breast cancer,
was shown to repolarize macrophages towards an M1 phenotype, leading to reduced tumor
growth [79]. Given the use of curcumin in cancer models and clinical trials, coupled with its poor
aqueous solubility (<0.125 mg/L), low bioavailability, light sensitivity, and rapid metabolism,
curcumin is an ideal candidate for liposomal encapsulation [71].

Of all the natural STAT3 inhibitors investigated, curcumin in liposomal formulations has been
the most extensively studied for the treatment of cancer, with over 140 publications and
extensive reviews elsewhere [71]. Briefly, curcumin liposomes have been ligand-modified
(vitamin A, folate, hyaluronic acid, epithelial growth factor, integrins, legumain) to direct
liposomes to specific receptors [72,74,80-83] or encapsulated with other therapeutic agents

(paclitaxel, cisplatin, resveratrol, C6 ceramide, doxorubicin, gemcitabine) to sensitize cancer

cells [31,75,84-88]. It is well-tolerated at high doses and has been encapsulated in multiple
liposomal formulations with efficiencies ranging from approximately 50-99%. Liposomal
curcumin has been used in clinical trials and against several different cancer cell lines, such as

lung, glioblastoma, cervical, prostate, breast, osteosarcoma, liver, and head and neck cancers
[71,89].
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Several studies have determined that curcumin acts through inhibition of STAT3
phosphorylation or related pathways. In a study by Mondal et al., curcumin was encapsulated in

a liposome targeted to the tumor vasculature through integrin receptors, with encapsulation
efficiencies ranging from 85% to 90% [74]. These liposomes showed significant anticancer

activity in endothelial and melanoma cancer cell lines. In a syngeneic melanoma mouse model,
tumor growth was inhibited by intravenous treatment with the targeted liposomes.

Immunohistochemistry analysis revealed that tumor growth inhibition was mediated by blocking

VEGF-induced STAT3 phosphorylation in the tumor endothelium [74]. In a study by Amano et
al., curcumin was encapsulated in liposomes and used to determine the effects on macrophages.

Intraperitoneal treatment of mice resulted in high uptake by macrophages and significant
reduction of IL-6 production [76]. In a study by Zhang et al., hydrazinocurcumin (HC), a

synthetic analog of curcumin, was targeted to macrophages with legumain. Previously, HC was
determined to be an effective inhibitor of STAT3 phosphorylation. Targeted liposomes were

successfully able to suppress STAT3 activity in tumor associated macrophages (TAMs) and re

polarize them to an anti-tumor M1-like phenotype. In vivo, treatment resulted in suppression of
tumor growth, metastasis, and angiogenesis [72].

Curcumin has been encapsulated in liposomes with several other phytochemicals,
chemotherapies, and compounds. A synthetic analog of curcumin, CDF, was encapsulated in a

liposome and used to treat cisplatin-resistant head and neck cancer. In a xenograft mouse model,
liposome and cisplatin treatment resulted in significant tumor reduction and growth inhibition, as
well as reduction of the expression of CD44 (cancer stem cell marker) [85]. Several studies have
shown that curcumin may benefit from addition of a chemotherapeutic agent. When used to treat

a mouse model of cervical cancer, liposomal curcumin alone did not have an antitumor effect.
However, when combined with paclitaxel, there was a synergistic effect that the authors

hypothesized was a result of curcumin downregulating anti-apoptotic survival signals, such as

NF-κB [32]. In a study by Sesarman et al., curcumin was encapsulated together with DOX in a
pegylated liposome formulation with an encapsulation efficiency of 87.48%. These liposomes
were used to treat murine colon carcinoma cells. Treatment resulted in increased anticancer

activity compared to single agents, and slightly increased compared to free curcumin and DOX
combined [88]. At least three in vivo studies have examined the possibility of co-encapsulating
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curcumin and resveratrol in a liposomal formulation for cancer treatment. Curcumin and
resveratrol liposomes were used to treat male prostate-specific PTEN knockout mice, a model for

human prostate cancer. In vitro, the liposome treatment resulted in inhibition of cell growth and
increased apoptosis. In vivo, treatment with the multidrug liposomes significantly reduced the
occurrence of prostate adenocarcinomas [31]. Alone, liposomal curcumin or resveratrol resulted

in approximately 50% reduction in growth, but when co-encapsulated, they reduced tumor
growth by close to 75%. When curcumin, resveratrol and epicatechin gallate were used to treat
glioblastoma, the tumors were eliminated due to a repolarization of the tumor associated

macrophages [30]. Using the same formulation, the authors treated tumors derived from HNSCC
cells, and again showed that increased STAT1 signaling and inhibition of STAT3 signaling

polarized macrophages to an M1 phenotype and corresponded with an 86% decrease in tumor
growth [90].

In a phase 1 study, 32 patients with metastatic cancer were treated with liposomal curcumin

(Lipocurc™). Although there was no observed tumor reduction, liposomal curcumin was
generally well tolerated and no dose-limiting toxicity was observed in 26 patients at doses

between 100 and 300 mg/m2 over 8 h [89].

These studies suggest liposome encapsulation provides an effective delivery system to enhance
and expand the therapeutic potential of curcumin by improving pharmacokinetics and
combination therapies.

vi. Honokiol

Honokiol is a polyphenol isolated from the bark and leaves of trees of the genus Magnolia. Used
in traditional Chinese and Japanese medicine, Honokiol is known to possess anti-thrombocytic,
antioxidant, antibacterial, anti-inflammatory, and antiproliferative effects. Honokiol has been
used to treat many types of cancers, with its anticancer activity attributed at least partially to its

potent inhibition of STAT3 phosphorylation [91,92]. Honokiol is hydrophobic and has a water

solubility of 53 mg/mL.
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Honokiol has been extensively studied in liposomal formulations for the treatment of
glioblastoma, colon cancer, breast cancer, ovarian cancer and non-small cell lung cancer
[33,34,93,94]. Many of these studies come from the same lab, which has combined liposomal

honokiol with chemotherapeutics such as cisplatin and epirubicin. When administered

intraperitoneally in combination with cisplatin, liposomal honokiol increased sensitivity to
treatment, resulting in 88% inhibition of tumor growth in a cisplatin-resistant ovarian cancer

model [34]. There was no evidence of toxicity as measured by weight loss, behavior, and H&E
histological staining of all major organs [34]. Another combinational therapy, encapsulating both

epirubicin and honokiol, was targeted to somatostatin receptors in non-small cell lung cancer
using the ligand octreotide [33]. This liposome formulation had an encapsulation efficiency of
96%. Treatment resulted in approximately 50% reduction in tumor growth, and mice showed no

signs of toxicity through weight and organ analysis. While there appeared to be a moderate

reduction in tumor growth with non-targeted liposomes that encapsulate epirubicin and honokiol,
the dramatic 50% growth reduction was dependent on the active targeting to cancer cells. These

studies show the potential of honokiol for cancer treatment when used in combination with
chemotherapies and the importance of active liposome targeting for increasing efficacy.

vii. Oleanolic acid

Oleanolic acid is a pentacyclic triterpenoid that is found ubiquitously in over 200 types of plants

[95]. Oleanolic acid has been shown to inhibit STAT3 and has been used for the treatment of
many types of cancer [96]. Furthermore, oleanolic acid was shown to inhibit STAT3 signaling in
macrophages, which blocked polarization towards an M2 phenotype as evidenced by decreased

CD163 expression and increased IL-10 secretion [97]. The therapeutic effectiveness of oleanolic

acid is limited due to its poor water solubility of 0.82 mg/L.

Due to the low bioavailability and low water solubility of oleanolic acid, several groups have
used liposomal formulations to improve delivery in cancer models. When encapsulated within

pegylated liposomes, encapsulation efficiency has been reported as high as 98%. In mice bearing
subcutaneous U14 cervical cancer tumors, oral treatment with oleanolic acid encapsulated
liposomes for 10 days led to a 76% reduction in tumor growth, compared to 61% after treatment

with non-liposomal oleanolic acid [35]. In another study, oleanolic acid was encapsulated in
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multivesicular liposomes and used to treat subcutaneous H22 hepatoma tumors via

intraperitoneal injection, leading to a 73% reduction in growth [36]. These studies show the
ability of encapsulated oleanolic acid to improve cancer treatments by reprogramming
macrophages, leading to reduced tumor growth.

viii. Paclitaxel
Paclitaxel is an FDA approved chemotherapeutic agent that was originally isolated from the

Pacific yew tree and is used to treat ovarian, breast, lung, cervical, pancreatic and other types of

cancers. Paclitaxel and other microtubule targeting chemotherapeutics have been shown to
disrupt the phosphorylation of STAT3 and also the interaction of STAT3 with tubulin, which is
associated with metastasis [98]. This inhibition of STAT3 seems to be unique to the microtubule

targeting chemotherapeutics. Paclitaxel is hydrophobic, with a water solubility of less than 0.5

mg/L.

Based on its poor solubility and effectiveness for treating many types of cancers, paclitaxel is an

ideal candidate for liposomal encapsulation, and it has been described in over 450 papers.
Liposomes have been shown to encapsulate paclitaxel with an efficiency of up to 94%. Multiple
liposome formulations have been developed in combination with paclitaxel and have been
extensively reviewed elsewhere [37]. Liposome encapsulation of paclitaxel reduces systemic

side effects of paclitaxel, including hematopoietic toxicity, acute hypersensitivity reactions and
cardiac irregularities in mouse models of cancer [99]. While liposomal paclitaxel has been used

successfully to target a wide range of cancers, on its own and co-encapsulated with other drugs,
there has been no research to our knowledge on whether the therapeutic effects of liposomal
paclitaxel are due to the immunomodulation of macrophages. Given the evidence of STAT3

inhibition by microtubule inhibitors, it would be interesting to determine the effect of liposomal
paclitaxel on macrophage differentiation [37].

ix. Phenethyl isothiocyanate
Isothiocyanates (ITCs) are naturally occurring compounds found in cruciferous vegetables, such
as watercress, radishes, and turnips [38,100]. There have been several studies showing that ITCs

sensitize human non-small cell lung cancer (NSCLC) cells to the chemotherapeutic compound,
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cisplatin. ITCs contain a side chain with a -N=C=S functional group, which was shown to be

important for sensitization to cisplatin through the ability to bind to and degrade β-tubulin in
NSCLC cells [101]. Phenethyl isothiocyanate (PEITC) was shown to arrest tumor growth and

induce apoptosis in prostate cancer cells. PEITC induces signal transduction through ERK and
JNK pathways, which activates several stress response genes, including the glutathione Stransferase gene (GSTP1), which codes for an enzyme that is silenced in prostate cancer [102].
In an additional study using DU145 prostate cancer cells, the researchers showed that PEITC

inhibited the activation of JAK-STAT3 signaling pathway via induced repression of IL-6 [100].
Sun et al. demonstrated that co-encapsulation of PEITC with cisplatin in liposomes significantly
enhanced the toxicity of the treatment toward human NSCLC cell lines, but not toward normal

human lung cell lines [38].

x. Plumbagin

Plumbagin is a naphthoquinone isolated from plants of the genus Plumbago as well as the
carnivorous plant genera Drosera and Nepenthes. Anticancer effects of plumbagin have been

documented in several types of cancers, including breast, lung, prostate, cervical, liver, colon,
brain, and melanoma [103]. These effects have been attributed to numerous biological and
signaling pathways, including suppression of STAT3, NF-κB, MAPK, and AKT/mTOR, and

induction of p38, p53, JNK, ROS, and NRF2ARE, among others [39,40,104]. The practicality of
this compound as a therapy is limited by its toxicity, poor aqueous solubility (79 μg∕mL), and

poor bioavailability [104].

To counteract these shortcomings, several groups have formulated liposomes encapsulating

plumbagin. Liposome formulations are composed primarily of DSPE-PEG and cholesterol,
showing encapsulation efficiencies ranging from 30% to 65%, and increased water solubility of

300 mg/mL [40]. Plumbagin has been co-encapsulated in several formulations of pegylated

liposomes, containing cholesterol [104], celecoxib (COX-2 inhibitor) [39], or transferrin, to
target receptors [104], with encapsulation efficiencies all above 60% [39,40,104]. In vitro studies

using liposomal plumbagin in several cancer cell lines including human melanoma [39], murine

melanoma [104], human epidermoid carcinoma [104], and human glioblastoma [104] showed

increased uptake by cancer cells and improved antiproliferative efficacy and apoptosis activity
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compared to drug alone. Furthermore, plumbagin was shown to inhibit IL-6/STAT3 signaling in

large cell lung cancer cells and in esophageal squamous cell carcinoma in vitro [105,106].

Treatment has largely focused on mouse models of melanoma (B16-F10, B16-F1, and UACC
903 xenograft). Liposomal plumbagin inhibited tumor growth by up to 75% in B16 models

[39,40,104] and by 72% in UACC xenograft mice when treated in combination with celecoxib
[39]. Furthermore, treatment with transferrin receptor targeted liposomes encapsulating

plumbagin resulted in complete eradication of tumors in 10% of B16-F10 mice [104]. These

studies indicate liposome encapsulation improves therapeutic efficacy of plumbagin alone or in
combination with other therapies.

xi. Pterostilbene

Pterostilbene is a natural compound found in blueberries with strong antioxidant activity. It is a
di-methylated analog of resveratrol, with the structural differences leading to higher
bioavailability and lipophilicity of pterostilbene as well as stronger biological activity. When

administered orally, pterostilbene exhibited 95% bioavailability compared to resveratrol with
only 20% [107,108]. Several in vitro and in vivo studies suggest that pterostilbene may be
valuable as an anticancer treatment or as an adjuvant chemotherapeutic for numerous cancers. Its

efficacy is largely attributed to its potent antioxidant activity, but it has also been observed in
vitro that treatment with pterostilbene inhibits constitutively active JAK/STAT3 expression
[108]. There have been extensive reports demonstrating the potential of pterostilbene as an anti

inflammatory anti-cancer agent, but its effects when encapsulated within liposomes are not as
well studied. One study aiming to improve liposomal retention and delivery of several natural
compounds found that pterostilbene is rapidly extracted from the lipid bilayer in the presence of

serum albumin, which could be avoided if a water-soluble derivative, pterostilbene phosphate,

was loaded within the aqueous core [107]. These liposomes showed an encapsulation efficiency
of 3%. When administered via intravenous injection to mice bearing- B16-F10 melanoma

tumors, there was no clear therapeutic effect observed, and the liposomes did not appear to

improve outcomes or reduce tumor growth [25].
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xii. Resveratrol
Resveratrol (3,5,4'-trihydroxy-trans-silibene) is a stilbenoid that is found naturally in grapes,

blueberries, raspberries and peanuts. Polyphenols, such as resveratrol, have been studied
extensively due to their numerous beneficial properties, including antioxidant, antiradical, anti

inflammatory, anti-carcinogenic, antibacterial, and antiviral effects. Resveratrol has
demonstrated anti-proliferative and pro-apoptotic activity in several types of cancer, including
melanoma, head and neck, breast, glioblastoma, lung, and prostate cancers. Several groups have

shown that resveratrol on its own reduces STAT3 activity in the tumor microenvironment and
effectively inhibits M2 macrophage polarization leading to reduced tumor growth and metastasis

in lung and lymphatic cancer [109,110]. The use of resveratrol in the clinic is limited by its poor
aqueous solubility (50 ug/mL), poor bioavailability, and conversion to its less active cis isomer

upon light exposure.

Encapsulation in liposomes is an effective means to counteract these shortcomings
[41,43,111,112]. Resveratrol liposomes have been formulated to target cancer cells by

conjugation to transferrin [42,113], GE11 peptide [114], and HER2 antibody [115]. Resveratrol

has been successfully encapsulated with other drugs, including quercetin (structurally related
polyphenol) [41], several different chemotherapeutic agents (5-fluorouracil, paclitaxel,

vinorelbine, and doxorubicin hydrochloride (Dox)) [43,44,116,117], and two other naturally
derived polyphenols, curcumin and epicatechin [30]. When combined with paclitaxel and
delivered systemically, liposomes eliminated tumor growth of both MCF-7 and drug resistant

MCF-7/ADR tumors. Resveratrol liposomes alone had little effect but the combination of
paclitaxel and resveratrol significantly increased effectiveness on MCF-7 tumors and
dramatically increased the rescuing effectiveness in the drug resistant tumors [43]. Resveratrol

has also been co-administered with curcumin liposomes [31]. Loading resveratrol into liposomes

results in formulations with encapsulation efficiencies ranging from 50% to 95% and has been
used in vivo to treat skin cancer, head and neck cancer, glioblastoma and breast cancers [41-45].

Targeted delivery of resveratrol using liposomes has been extensively studied. Resveratrol was
encapsulated in a pegylated liposome and conjugated to transferrin, which is overexpressed in
numerous cancers. When used to treat human glioblastoma cells, targeted resveratrol liposomes
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showed increased cytotoxicity and antiproliferative and apoptotic activities. In a subcutaneous
mouse model of glioblastoma, intraperitoneal treatment with targeted resveratrol liposomes
resulted in 65% reduction in tumor growth, greater median survival, and no apparent signs of

toxicity [42].

In a study by Zheng et al., resveratrol was encapsulated in a pegylated liposome conjugated to
the GE11 peptide, which selectively binds to epidermal growth factor receptor (EGFR),

overexpressed in head and neck cancer, lung cancer, breast cancer, glioblastoma, and others.
There was a significant increase in uptake of targeted resveratrol liposomes in squamous cell

carcinoma (SCC) cancer cells, and an increase in apoptotic cells (60%), compared to free
resveratrol and non-targeted liposomes (9% and 17.5%, respectively). In a xenograft SCC mouse

model, targeted resveratrol liposomes significantly reduced tumor volumes compared to free
resveratrol (~2-fold decrease), non-targeted liposomes, and control [114].

Resveratrol has been encapsulated with chemotherapeutic agents in multiple studies. To combat

multidrug resistance in breast cancer cells, resveratrol was packaged in a pegylated liposome
along with paclitaxel. Against the drug-resistant cell line, MCF-7/Adr, only the multidrug
liposomes exhibited significant cytotoxicity in vitro. Likewise, in drug-resistant xenografts, only

the multidrug liposomes significantly inhibited tumor growth [43]. In a study by Mohan et al.,
resveratrol was encapsulated in a pegylated liposome with doxorubicin hydrochloride (Dox). In

vitro studies using an oral squamous cell carcinoma cell line indicated that resveratrol and Dox
have synergistic effects on cell apoptosis and cytotoxicity. There was a significant difference in
cytotoxicity at low levels of Dox and higher levels of resveratrol in the multidrug liposome, but

at high concentrations of Dox, the amount of resveratrol did not affect cytotoxicity [44].

Several studies have encapsulated resveratrol with other naturally derived polyphenols. In a
study by Narayanan et al., liposomal resveratrol was co-administered with liposomal curcumin
[31]. In two studies by Mukherjee et al., three naturally derived polyphenols, resveratrol,

curcumin, and epicatechin, were encapsulated together [30,90]. These combinational treatments
were reviewed under the curcumin section.
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xiii. Tocotrienol
Tocotrienols are part of the vitamin E family and are found in plants, seeds, and vegetable oils

[52]. Tocotrienols have been shown to exhibit antioxidant and anti-inflammatory activity, and
downregulate the activation of STAT3, leading to apoptosis of cancer cells and sensitization to

chemotherapeutics, such as paclitaxel and doxorubicin [118]. The anticancer properties of

tocotrienols have been reported in breast, lung, liver, pancreatic and bladder cancers [46].
However, clinical application of tocotrienols has been restricted because of limited

bioavailability, and poor pharmacokinetics due to low solubility (approximately 0.01 g/mL).

There is limited research on nanoparticle encapsulation of tocotrienols. Tocotrienol was
encapsulated in a niosome, a vesicle made of non-ionic surfactants and cholesterol, with

transferrin conjugated to the surface to target them to cancer cells. Encapsulation efficiency of

tocotrienol in niosomes was approximately 48.6%. When targeted niosomes were used in vivo to
treat mice bearing A431 epidermoid carcinoma tumors, tumor growth was reduced by 60%
[46,47]. When used to treat B16F10 melanoma tumors, the targeted niosomes led to eradication
of 60% of tumors [48]. The similarity between niosomes and liposomes and the success of these

studies makes tocotrienol a compelling possibility for further research into liposome
encapsulation.

xiv. Ursolic acid

Ursolic acid is a pentacyclic triterpenoid found in many fruits, vegetables, and herbs [52,119].
Ursolic acid has been shown to inhibit STAT3 and NF-κB signaling and has anti-angiogenic

properties, which have led to the reduction of tumors in preclinical models of hepatocellular

carcinoma and colorectal cancer [120,121]. Similar to other pentacyclic triterpenoids,
bioavailability of ursolic acid is low and encapsulation in liposomes has been pursued as a
strategy for improved treatment of cancer.

Ursolic acid was encapsulated into liposomes with an efficiency of 81.7% and targeted with
folate to human epidermoid carcinoma cells in BALB/c immunocompromised mice [49].

Systemic administration every other day for 5 days resulted in a 55% reduction in tumor volume,
compared to PBS treated mice. There seemed to be little treatment efficacy if ursolic acid
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liposomes were not targeted with folate. Ursolic acid liposomes have also been used in phase 1

clinical trials that were designed to evaluate the safety and antitumor activity of treatment [50].

The treatment was administered to 21 individuals with advanced solid tumors of many cancer

types, given intravenously for 14 consecutive days in a 21-day treatment cycle. There were no
grade 3 or higher adverse advents and five individuals elected to have a second cycle of
treatment. Of these five, 3 achieved stable disease, with 1 individual with lung cancer showing
partial tumor regression. Ursolic acid was also encapsulated into pH sensitive liposomes that
were designed to release drug in response to the acidic environment found in tumors and
endosomes [51]. Immunocompromised mice were injected with either MCF-7 human breast

cancer cells or 9L gliosarcoma cells. Mice were treated daily for 5 days with intraperitoneal
injections of ursolic pH-sensitive liposomes. Treatment resulted in 15% reduction in tumor

growth in 9L mice, and there was no reduction of tumor growth in MCF-7 mice. An additional

study used chitosan-modified ursolic acid liposomes targeted to U14 cervical cancer cells. These
pH-sensitive liposomes were administered via intragastric injection every day for 14 days,

resulting in a 61% reduction in tumor growth [122]. Liposomal ursolic acid has some potential
for tumor reduction, as shown by phase 1 clinical trials, and seems to be more effective when

targeted specifically to tumor cells.

Discussion

STAT3 inhibitors have potential for cancer therapy but many of the natural compound STAT3
inhibitors are limited by their hydrophobicity, which results in poor bioavailability and

unfavorable pharmacokinetics. Liposomal formulations result in encapsulation efficiencies as
high as 90% and can be applied topically or injected through various routes including

subcutaneous, intravenous, intraperitoneal and intratumor. Liposome encapsulation of STAT3
inhibitors increases efficacy for almost all 14 of the reviewed natural compounds that have been

utilized in liposomal formulations. Liposomal encapsulation allows STAT3 inhibitors to be used
as monotherapies or in combination with either chemotherapeutic compounds or other STAT3

inhibitors. Highlighted below are strategies covered in this review that resulted in over 65%

reduction in tumor growth.
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i. STAT3 Inhibitor Monotherapy
Liposomal formulations of STAT3 inhibitors are often effective as monotherapies in reducing

tumor growth. When used as monotherapies, three of the most effective STAT3 inhibitors

reviewed here were plumbagin, resveratrol and oleanolic acid. When encapsulated in liposomes,
plumbagin reduced tumor growth of B16 melanoma tumors by 75% [40]. Resveratrol is one of
the most studied STAT3 inhibitors and when used as a monotherapy, resulted in a 65% reduction

in tumor growth [42]. Oleanolic acid given orally for 10 days in a liposomal formulation resulted
in a 76% reduction in growth of U14 cervical cancer tumors and when administered
subcutaneously reduced H22 hepatoma tumor growth by 73% [35,36].

ii. STAT3 Inhibitors Combined with Other Treatments

There are many examples of STAT3 inhibitors being used in combinations with other treatments.
Some of the most effective combinations that were covered in this review include plumbagin
with celecoxib, honokiol with cisplatin and betulinic acid with hyperthermia. To target UACC

907 melanoma cells, plumbagin was combined in liposomes with celecoxib, a non-steroidal anti

inflammatory drug, resulting in 72% growth reduction in response to treatment [39]. Honokiol
was combined with cisplatin and used to treat ovarian tumors that were cisplatin-resistant,

resulting in an 88% decrease in tumor growth [34]. Finally, an alternative strategy for
combination treatment involved combining hyperthermia with administration of liposomal

betulinic acid, which resulted in an 83% reduction in tumor growth [24].

iii. Combinations of STAT3 Inhibitors
Of the STAT3 inhibitors reviewed, the most commonly used compounds were resveratrol and
curcumin. Both drugs encapsulated within liposomes are effective as monotherapies, resulting in

reduction of tumor growth in cancers including melanoma, breast, lung and many others. When
resveratrol was combined with paclitaxel in a liposomal formulation, systemic delivery resulted

in a complete elimination of tumor growth in breast cancers that were resistant to paclitaxel [43].
Two studies with profound treatment efficacy that were covered in this review used a
combination of resveratrol and curcumin, and both studies found synergistic activity. The first

was in the treatment of prostate cancer, where resveratrol and curcumin resulted in a reduced

tumor burden of 75% in mice [31]. The other study combined curcumin, resveratrol and
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epicatechin gallate, a type of flavonoid, and found that treatment of glioblastoma tumors resulted
in a complete cure, with no evidence of tumor lesions as evaluated by post treatment surgery
[30]. While all the liposomal formulations of STAT3 inhibitors have potential for continued

development, the successful track record of curcumin and resveratrol and the indication of their
synergistic activity make them compelling natural STAT3 inhibitors for further study in the
treatment of cancer.

Conclusions

STAT3 signaling in cancer cells is tumorigenic, driving inflammation, apoptosis, survival,
proliferation, cellular transformation, angiogenesis and metastasis. The pathway is also critical to

creating the immunosuppressive environment that allows cancer to evade the immune system. In

our literature review, we conclude that liposomal natural drug inhibitors of STAT3 are effective

at reducing tumor growth, both as monotherapies and in combination with chemotherapy and
other treatment options. As liposomal targeting to cancer cells and myeloid cells improves, it is

likely that these STAT3 inhibitors in liposomal formulations will play an important role in the
treatment of cancer.
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Table 1: Liposomal encapsulated natural STAT3 inhibitors and their effect on tumor growth
Natural Compound

Cancers Treated *

Structure

Significant Findings

Betulinic acid

Cervical cancer

Reduced tumor growth by 64% as monotherapy and up to 83% when combined with tumor hyperthermia [23,24]

Caffeic acid

Melanoma

Liposome encapsulation did not improve treatment efficacy [25]

Celastrol

Lung, Breast

Reduced tumor growth by 30% and can be targeted with folate [26,27]

Cucurbitacin I

Hepatoma

Reduced tumor growth by 53.3% [28]

Curcumin

Pancreatic, prostate, glioblastoma, breast cancer and many others

Effective as a monotherapy, but also has synergistic activity with chemotherapy and resveratrol [29-32]

Honokiol

Cervical, NSCLC

Reduced tumor growth by 50% with targeted formulations resulting in up to 83% tumor reduction [33,34]

Oleanolic acid

Cervical, hepatoma

Reduced tumor growth by 73-76% [3536]

Paclitaxel

Many types of cancer

Liposomal encapsulation increases bioavailability and efficacy, but little research on STAT3 inhibition aspect of treatment [3 7]

Phenethyl isothiocyanate

NSCLC

Sensitized NSCLC cells to cisplatin [38]

Plumbagin

Melanoma

Reduced tumor growth by 75% and had synergistic treatment with Cox-2 inhibitor [39,40]

Pterostilbene

Melanoma

High solubility, liposome encapsulation did not improve treatment efficacy [25]

Resveratrol

Skin cancer, head and neck cancer, glioblastoma and breast cancers

Effective as a monotherapy, but also has synergistic activity with curcumin [41-45]

Tocotrienol

Epidermoid carcinoma, melanoma

Reduced tumor growth by 60% and eliminated 60% of melanoma tumor [46-48]

Ursolic Acid

Epidermoid, breast, gliosarcoma, cervical

Ursolic acid encapsulated in a targeted or pH sensitive liposome led to modest tumor reduction ranging from 15% to 61% [49-51]

Studies on cancers treated with natural compounds were done in vivo, with the exception of in vitro treatment of NSCLC with phenethyl isothiocyanate.
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