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Abstract

Despite advances in breast cancer treatments and related 5-year survival outcomes, metastatic
breast cancer cures remain elusive. The current standard of care includes a combination of surgery,
radiation therapy and drug therapy. However, even the most advanced procedures and treatments
do not prevent breast cancer recurrence and metastasis. Once metastasis occurs, patient prognosis
is poor. Recent elucidation of the spatiotemporal transit of metastatic cancer cells from primary
tumor sites to distant sites provide an opportunity to integrate knowledge of drug disposition in
our effort to enhance drug localization and exposure in cancer laden tissues. Novel technologies
have been developed, but could be further refined to facilitate the distribution of drugs to target
cancer cells and tissues. The purpose of this review is to highlight the challenges in metastatic
breast cancer treatment and focus on novel drug combination and nanotechnology approaches to
overcome the challenges. With improved definition of metastatic tissue target, directed localization
and retention of multiple, pharmacologically active drugs to tissues and cells of interest may
overcome the limitations in breast cancer treatment that may lead to a cure for breast cancer.
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1. Introduction

In the United states, approximately 1 in 8 women develop breast cancer over the course

of their lives (Rojas & Stuckey, 2016). There are many interventions available for breast
cancer patients including surgery, radiation therapy and drug therapies (Moo, Sanford, Dang,
& Morrow, 2018). Unfortunately, even though available treatment options are effective in
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early stages, ~30% of patients progress to metastatic disease (Redig & McAllister, 2013).
Most patients at the time of diagnosis will undergo surgery to remove the primary breast
tumor, but residual cancer cells can remain. Tumor recurrence from these foci likely reflects
an inability of subsequent interventions (like radiation or targeted therapy) to eliminate
residual cells in the mammary or lymphatic tissue, which results in distant metastasis
(Franci, et al., 2013). Initial drug therapies for treating breast cancer, such as those targeted
to inhibit hormone receptors or growth receptor kinases (which support rapid growth of
cancer cells), can become ineffective after recurrence and lead to the spread of cancer

cells due to the emergence of drug resistance characteristics. Once patients progress to

the metastatic breast cancer (MBC; or cancer cells spread beyond breast tissue) stage,
cytotoxic drug therapy—referred to as chemotherapy—remains as a viable, and perhaps

the best, treatment option (Schneeweiss, Ruckhdberle, & Huober, 2015). Chemotherapy
regimens used in the treatment of MBC are potent and remain effective in killing cancer
cells. Unfortunately, they also exhibit dose-limiting toxicities from off-target exposure of
drugs in the cells of healthy tissues. Thus, patients often do not complete the prescribed
course of chemotherapies due to intolerable, severe side-effects. Additionally, chemotherapy
is administered as multiple drugs in combination to maximize pharmacologic effects.

Some drugs such as the anthracycline derivatives doxorubicin and daunorubicin exhibit a
cumulative toxicity that may prevent patients from completing the required dose to eliminate
residual cancer cells.

Combination regimens used in MBC are based on either an anthracycline (doxorubicin,
epirubicin or daunorubicin) or taxane (paclitaxel, docetaxel) combined with other cytotoxic
drugs. Each class of chemotherapy has their own specific toxicity profile. For example,
anthracycline therapy damages cardiac tissue by irreversibly binding to cardiolipin enriched
in the cells of heart tissues (Geisberg & Sawyer, 2010). Anthracycline cardiotoxicity

is lifetime dose-limiting and is a major issue in late-stage disease where patients have
already been exposed to numerous cycles of anthracycline therapy. In other words, when a
patient has reached a life-time total dose, that patient can no longer receive any additional
anthracycline therapy. Taxane based regimens (e.g., paclitaxel, docetaxel) on the other hand
cause bone marrow toxicity, which is dose-limiting, but myelosuppression is generally
reversible and can be managed clinically (Markman, 2003). Unlike anthracycline induced
cumulative cardiotoxicity that prevents patients from receiving additional doses, taxane
based therapy can be used in continuity after a period of rest to reverse myelotoxicity.
Thus, while anthracycline and taxane based therapies have comparable therapeutic effects
as single agents, the more manageable and reversible toxicity profile of taxane favors their
usage in late-stage disease. Regardless of the regimen, the key to success for combination
chemotherapy (as opposed to monotherapy) is to balance the effectiveness of killing cancer
cells with manageable off-target toxicity to healthy organs.

Gemcitabine (antimetabolite, logP = —1.4) and paclitaxel (tubulin inhibitor, logP = 3)
are used clinically as a taxane-based 2-drug combination chemotherapy regimen (GT,
G=gemcitabine, T=Taxol=Paclitaxel) to improve outcomes of MBC (Colomer, 2005).
Unlike anthracycline and paclitaxel combinations, the substitution of anthracycline with
gemcitabine has overcome cumulative dose-limiting cardiotoxicity. Gemcitabine and
paclitaxel are prescribed for patients who have progressed from initial therapies targeted
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to hormones, receptors and kinases that regulate breast cancer cell growth. However,
gemcitabine and paclitaxel are given sequentially and separately in each drug formulation as
two intravenous dosage forms. Two different formulations and two infusions are necessary
due to the disparate physicochemical properties of GT. These physicochemical differences
are also reflected in their distinctions in disposition, clearance, and plasma time course

in vivo. If both GT drugs can simultaneously accumulate and persist in the same cancer
cells following drug combination therapy, then antitumor effects could be maximized. In
addition, the overall dose requirement could be lowered to minimize drug exposure to
healthy organs. Unfortunately, the diverging clearance and disposition of GT soon after
their IV administration makes this scenario unlikely for current injectable dosage forms
(Gianni, et al., 1995; Reid, et al., 2004). Simultaneous, sustained IV infusion of both drugs
may synchronize plasma levels of gemcitabine and paclitaxel, but injection site reactions

of paclitaxel and incompatible (water soluble and insoluble) dosage forms of the two drugs
make this approach impractical. Due to these factors, maintaining the concentrations of both
drugs in tumors after sequential infusion without causing off-target, dose-limiting toxicities
is nearly impossible.

To maintain drug levels at therapeutic concentrations in plasma and target cancer cells, a
high dose regimen is typically employed in MBC treatment guidelines to compensate for
the varying disposition and elimination of GT. As a result of high drug exposure to healthy
organs, dose-limiting toxicities of chemotherapy are a major barrier in the management of
metastatic disease and highlight a significant limitation in the treatment of MBC. There
are other potent and effective drugs that are available and can be used in combination to
treat MBC, but the lack of a consistent cure is due to off-target toxicity and inadequate
exposure of combined drugs in target cancer cells. If one can develop a strategy to deliver
a combination of chemotherapeutic agents to cancer cells and improve the cellular retention
of drugs for enhancing antitumor effects, then off-target toxicity could be minimized and a
novel treatment that leads to a cure for breast cancer could be envisioned.

Currently, researchers are investigating novel drug delivery systems intended to overcome
dose limiting toxicities and improve target drug localization in breast cancer cells and
tissues. In theory, drug delivery systems can be engineered with unique properties and
characteristics including size, shape and surface chemistry, which helps determine their /n
vivo disposition. By optimizing these characteristics, drug delivery systems can improve
the /in vivo behavior of cytotoxic drugs by increasing retention in target cancer cells

and reducing off-target toxicity (Moss & Siccardi, 2014). Unfortunately, the optimal drug
delivery system to enable targeted delivery to cancer cells has yet to be developed, in part
because current designs ahead of /in vivo testing do not use a systems approach (Ho, et al.,
2015).

In the context of MBC, a systems approach to developing drug delivery systems incorporates
a fit-for-purpose approach and should work toward gathering systems information including:
how specific particles distribute dynamically in the body vs in the tumor cells, how particles

are cleared relative to tumor accumulation and drug stability within drug delivery systems.

In addition, unforeseen toxicity of nanoparticulate compositions needs to be considered.
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Certain drug delivery systems have distinct toxicities related to off-target distribution that
would not be observed in freely solubilized drug.

Specific excipients used in nanoparticle compositions, including the commonly used
polymeric excipient polyethylene glycol (PEG), are also associated with adverse events
(Kozma, Shimizu, Ishida, & Szebeni, 2020; P. Zhang, Sun, Liu, & Jiang, 2016). Toxicities
related to off-target distribution and/or excipients used would preclude the clinical
development of highly promising drug delivery strategies. For example, liposomes or lipid
vesicles are a nanoparticle system that are well established in the literature, but unmodified
liposomes greater than 100 nm in diameter are extensively taken up in the liver (Hu, van
Rooijen, & Liu, 1996). The sequestration of liposomes with the inappropriate particle size in
the liver prevents drug access to target cancer cells and limits drug effect. However, not all
liposomes exhibit the same characteristics because the composition of lipids, manufacturing
processes, size charge and fluidity of bilayers as well as multiplicity of bilayer concentric
structures all contribute to how these particles are distributed, localized and cleared from the
body after dosing /n vivo (Kraft, Freeling, Wang, & Ho, 2014).

Similarly, not all polymeric nanoparticles are the same. Data accumulated to date suggest
that polymeric nanoparticles smaller than 10 nm (such as cyclodextrin, polyamidoamine
(PAMAM) dendrimers, etc.) undergo rapid renal filtration for elimination from the body

in a particle size-dependent manner. In these conditions, a fraction of particles accumulate
chronically in renal tissues. The accumulation of a significant number of particles in the
kidney can then lead to toxicological concerns from both the free drug and polymeric
particles. The high clearance and elimination by renal filtration (without reabsorption) may
also prevent polymeric particles from accessing cancer cells and limit the effectiveness of
these carriers.

Over the last few decades, much effort has been dedicated toward the engineering and
development of nanoparticulate delivery systems for therapeutics, ranging from liposomes,
polymer nanoparticles, micelles, dendrimers, and nanocrystals. Progress in nanotechnology
for tumor-targeted delivery and reduced toxicity has resulted in a number of nanoparticle-
based products that are currently approved by the Food and Drug Administration (FDA)
for the clinical market, with more in the clinical trial pipeline (Fraguas-Sanchez, Martin-
Sabroso, Fernandez-Carballido, & Torres-Suérez, 2019; Gadekar, et al., 2021; Wicki,
Witzigmann, Balasubramanian, & Huwyler, 2015b). However, several limitations remain
with nanoparticle systems, from the complex and laborious manufacturing processes to

the inability to formulate more than one compound in certain nano delivery systems

(i.e. nanocrystals). For example, liposomal drug products require finely tuned salt and

pH gradients to encapsulate drugs, while bioconjugation steps are required to link drugs

to dendrimers. Complicated manufacturing processes on a large scale are difficult to
control; manufacturing challenges have been reported even in production plants for Doxil, a
broadly available liposomal drug product to treat breast cancer (Alven & Aderibigbe, 2020;
Crommelin, van Hoogevest, & Storm, 2020; Gubernator, 2011).

In addition, a stable, established drug delivery system capable of carrying multiple,
chemically diverse chemotherapeutic drug combination is not broadly available. Thus,
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a novel approach is required to enable the targeted delivery of chemically diverse
chemotherapy combinations. The ideal system would facilitate the delivery of multiple drugs
to cancer cells for an extended time course to achieve full antitumor efficacy, with a simple
and scalable manufacturing process that reduces manufacturing challenges with nanoparticle
delivery systems currently available.

The purpose of this review is to describe the pathophysiology of breast cancer and
pathogenesis of metastasis to understand the physiological factors that affect the efficacy of
MBC treatment. While a number of drugs and biotherapeutics are available and effective for
treating early phases of breast cancer, there are limited treatment options that are effective
and tolerable for those who progress to metastatic breast cancer or MBC. The key challenge
is the rapid growth and spread of cancer from breast to multiple tissues through lymph

and blood circulation, which often accumulate in lung capillaries as micro or macro-MBC
nodules. Current pharmacologic approaches to treating breast cancer—particularly for MBC
—as the basis for combination therapy will be reviewed and factors that allow breast cancer
cells to survive treatment will be identified. Subsequently, pharmaceutical approaches that
address mechanisms of breast cancer cell survival will be reviewed and a novel approach to
improving cancer cell uptake and retention of clinically effective drugs will be presented.

Pathophysiology of Breast Cancer

In the simplest terms, breast cancer can be defined as the uncontrolled growth of cells

in the breast. There are two main types of tissue in the breast: the milk or mammary

ducts and the breast lobules. The tissue that breast cancer originates from determines the
clinical progression and behavior of disease. Cancers originating from milk ducts, classified
as ductal carcinoma, account for 40-75% of all diagnosed breast cancers (Bombonati

& Sgroi, 2011). The defining characteristics of ductal carcinomas are mutations of

ERBB?2 (erythroblastic oncogene B2), EGFR (epidermal growth factor receptor) and tumor
suppressor p53 with metastasis to the lungs, pleura, and central nervous system (Arpino,
Bardou, Clark, & Elledge, 2004; Harris, et al., 1984). In contrast, cancer originating from
breast lobules, classified as lobular carcinoma, are less prevalent, accounting for ~10-15%
of diagnosed breast cancers (Bombonati & Sgroi, 2011). Lobular carcinomas are more
likely to overexpress hormone receptors such as the estrogen receptor (ER) or progesterone
receptor (PR) and metastasize to the peritoneum, ovary, and gastrointestinal system (Arpino,
et al., 2004; Harris, et al., 1984). Although ductal and lobular carcinomas have different
expression patterns for specific oncoproteins, treatment algorithms are not based on the
tissue of origin but the molecular classification of breast cancer.

There is a strong association between the classification of breast cancer by molecular
targets and survival/clinical prognosis. The two major molecular targets and classifications
in breast cancer therapy are the estrogen/progesterone hormone receptors (ER/PR) and the
erythroblastic oncogene B2 (ERBB2) receptor, which is also referred to as human epidermal
growth factor receptor 2 (HER2). Breast cancers (regardless of tissue origin) are categorized
as either ER/PR+ or ERBB2+ based upon their expression of these receptors. Breast cancers
that do not express any of the three major receptors (ER, PR or ERBB2) are known as

triple negative breast cancer (TNBC), and the molecular pathogenesis of TNBC is the least
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understood. In addition to these 3 major classifications, patients that carry mutations in
breast cancer type 1 or type 2 susceptibility protein (BRCA1/BRCAZ2) are predisposed to
breast cancer development and are strongly associated with TNBCs. In general, ER/PR+
breast cancer has the best prognosis (70% of all cases), followed by ERBB2+ cancers
(~15-20% of all cases), and TNBC (~10%) which has the worst clinical prognosis and
survival rate (Waks & Winer, 2019). The clinical outlook of different types of breast cancer
is likely related to the available therapeutic agents. In the case of ER/PR+ breast cancer,
drugs have been developed to target these receptors specifically via selective estrogen
receptor modulators or aromatase inhibitors. For ERBB2+ breast cancer, targeted agents
such as monoclonal antibodies or kinase inhibitors can be used. As TNBC does not express
any clearly defined molecular targets, it is treated with broadly cytotoxic chemotherapy.
Although chemotherapy is the primary treatment in TNBC, it is also used in ERBB2+ and
ER/PR+ cancers. The individual agents used in each class will be discussed in later sections.

2.1 The role of lymphatic tissue in breast cancer metastasis

The current major challenge in breast cancer treatment is not the primary tumor itself,

but tumor recurrence and distant metastasis. When breast cancer is first detected, there are
many options available for treatment including surgery, radiation therapy, hormone therapy,
targeted therapy and chemotherapy. Surgical interventions consist of removing the primary
tumor and, in some cases, removing the lymphatic architecture adjacent to the tumor.
Radiation therapy is performed by using high-energy waves or particles to irradiate the area
where the primary tumor was removed (also known as the tumor bed) to eliminate residual
cancer cells. Drug therapy is then administered based on the molecular characteristics of the
primary tumor to further inhibit residual cancer growth. These multi-modal treatments are
excellent at extending survival but are not consistently curative so that disease progression
(in the form of metastasis) is still prevalent.

Once metastasis occurs, treatment goals shift toward palliative care wherein treatment
options are limited (typically due to the emergence of drug resistance). As primary breast
cancer tumors grow, cancer cells can spread from the primary breast tumor site and invade
systemic circulation and the draining lymphatic system (Figure 1) (Nathanson, et al.,
2018; Rahman & Mohammed, 2015). As schematically presented in Figure 1, cancer cells
remaining or newly detected in the sentinel lymph nodes adjacent to breast cancer tumors
are a negative prognostic factor for clinical disease.

Recently, studies have shown that lymphatics are also an important part of metastatic
pathogenesis in breast cancer. Two reports from independent laboratories provided time
and spatial insight into the metastatic spread of breast cancer cells from primary sites,
which highlighted the importance of the lymph nodes and lymphatic system in metastatic
pathogenesis (Brown, et al., 2018; Pereira, et al., 2018). These two studies used 4T1
metastatic mouse tumors as models to show that the removal of a primary tumor or the
inoculation of a small number of cancer cells in the lymph node cortex invariably leads to
rapidly growing metastatic nodules formed in the blood capillaries of the lungs. Regardless
of where the cells are initially introduced (primary tumor followed by resection or directly
into the lymph), cancer cells will penetrate into the blood to establish distant metastatic
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sites. The cited studies show that residual cancer cells will proliferate in the lymph and
subsequently migrate into the blood. From there, the cells can transit to the lungs and
colonize the pulmonary tissue as cancer nodules (Brown, et al., 2018). This time-course and
spatial 4T1 tumor spread data highlights the lymph and blood as important compartments
for supporting the growth and spread of MBC cancer cells. If cancer cells are not resected
in the initial surgery and then come to reside in the lymph, those cells have the opportunity
to penetrate back into the blood (where the circulation (flow) rate of blood is much higher
than that of lymphatic system) and produce distant metastasis. Given the importance of the
lymphatic and blood circulation systems in breast cancer metastasis, adequate concentrations
of antitumor agents need to be maintained in both blood and lymphatic tissues to eliminate
residual cells and prevent distant metastasis. The plasma (or blood) concentration time
course of drugs used to treat breast cancer are well-characterized, but less is known about
lymphatic drug concentrations over time. If there is poor penetration of chemotherapeutic
agents into the lymph, this may explain persistent tumor recurrence and disease progression
in breast cancer.

In vivo models used to study breast cancer growth

As researchers have developed a greater appreciation for the complexity of breast cancer
pathophysiology, many preclinical models have been developed to mimic human breast
cancer. Most of these models have been established in mice and are broadly categorized

as (1) genetically engineered mouse models (GEMM), (2) (human) cell-derived xenografts
(CDX), (3) patient derived xenografts (PDX), and (4) syngeneic mouse models (Gould,
Junttila, & de Sauvage, 2015) (Table 1). As the name implies, GEMMSs are mice that

have been genetically modified to over express tumor inducing genes or under express
tumor suppressing genes. This leads to the spontaneous formation of tumors that feature

a native tumor microenvironment, native vascular and stromal cells and an intact immune
system. However, these tumors lack the heterogeneity of naturally occurring human tumors
as they are all driven by single point mutations. CDX models are immortalized human
cancer cells that are transplanted into immune deficient mice. These models are well-
characterized and reported in the literature. These CDX models with human cells implanted
in immune-deficient mice can be used to study various human tumor types in mice, but
lack the intact immune component, which may contribute to regulating breast cancer
growth and suppression. PDX models are cancer cells directly harvested from a human
patient and transplanted into an immunocompromised mouse. PDX models contain higher
degrees of genetic heterogeneity compared to CDX and GEMM models and may be more
representative of human tumors for evaluating therapeutic interventions, even if they lack
the innate immune component of breast cancer growth in humans. Syngeneic mouse models
use murine cancer cells that are transplanted into healthy mice of the same strain. This
model allows for controlled tumors to grow in their native environment in the presence of
an intact immune system but are entirely murine (both tumor and stroma). Tumor model
selection to test treatment must take into consideration these aforementioned factors; Table 1
summarizes the general strengths and weaknesses of each model.

After selecting the appropriate cell line and mouse host strain (immunocompetent
versus immunocompromised), the next consideration for mouse models is the method of
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transplantation (Rashid & Takabe, 2015). Ectopic transplantations (where the implantation
tissue is different from the primary tumor tissue) are highly reproducible and consist of
inoculating cells subcutaneously in the flank for breast cancer. Ectopic tumor growth

can be precisely measured and tracked over time, but typically display slower growth

rates and are present in an unnatural (non-breast tissue) stromal environment. Orthotopic
transplantation is an alternative method where cancer cells are transplanted into their tissue
of origin, typically the mammary fat pad for breast cancer. Orthotopic tumors grow in their
native tissue and are often used to study spontaneous metastasis to distant organs. Finally,
hematogenous models of breast cancer directly introduce cancer cells into the systemic
circulation of mice by intravenous injection to study blood-based metastasis. Hematogenous
models reproducibly form cancer nodules in the lungs and can recapitulate the transit of
cancer cells through the systemic (blood) circulation. Intravenous administration of other
types of cancer cells can also result in cancer nodule formation in the lungs due to the small
size of the pulmonary capillary beds. However, hematogenous models are particularly useful
for breast cancer due to the high prevalence of lung metastasis observed in the clinic. In
general, a significant fraction—21 to 32%—of the secondary tumors observed in metastatic
breast cancer patients form in the lungs (Medeiros & Allan, 2019). Thus, hematogenous
models, which produce MBC growth as lung nodules, are well-suited to study treatment
interventions for metastatic breast cancer.

With growing recognition that the lymphatic system is involved with breast cancer
metastasis, many mouse models for breast cancer metastasis are also used to investigate
lymphangiogenesis, or the growth of new lymph vessels. Cancer cells have been shown to
secrete vascular endothelial growth factors (VEGF), which promote the development of new
blood (VEGF-A) and lymph (VEGF-C/VEGF-D) vessels inside of primary tumors (Shibuya,
2011). The development of new lymph vessels is considered a crucial step for cancer cell
entry into the lymph. Surprisingly, studies have shown that while intra-tumoral lymphatic
vasculature can be collapsed and non-functional, peritumoral lymph vessels are sufficient

to allow for metastasis to occur (Padera, et al., 2002). This observation is likely due to the
dilation effect of VEGF-C/VEGF-D on collecting lymphatic vessels surrounding the sentinel
lymph node (or primary draining lymph node from the tumor), which facilitates cell entry
into the lymph (He, et al., 2005).

Mouse models of breast cancer metastasis are invaluable tools to study the growth and
metastasis of breast cancer. These models help elucidate the underlying physiological
changes caused by cancer. In doing so, these models further highlight the importance

of the lymphatic system. For example, the rapid association of lymphatic vessels with
cancerous tumors may provide a novel route for the delivery of pharmacologic agents.
Chemotherapy used to treat breast cancer is associated with significant off-target, systemic
toxicity. If chemotherapy can target the lymph, it may reduce the systemic, off-target
toxicity and still achieve a cytotoxic effect in cancer cells. This manuscript will focus on a
nanotechnology that enables the co-delivery two drugs, gemcitabine and paclitaxel, targeted
to MBC to overcome some of the off-target toxicities linked to premature discontinuation of
treatment cycles in MBC patients. We will also discuss the rationale for lymphatic-targeted
drug combination delivery of specific nanoparticles called drug combination nanoparticles
or DcNP. To appreciate how combined delivery and lymphatic targeting may benefit
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gemcitabine and paclitaxel efficacy, it is important to understand the role of these two
drugs in the overall treatment of breast cancer. Thus, the following section will provide an
overview of the current treatment approaches for breast cancer.

3. Principles of treating breast cancer

For breast cancers diagnosed in a localized region (~90% of all cases), the main goal

of treatment is to completely remove the primary tumor by surgical intervention. During
surgical resection, assessments of local tissue with the aid of biopsies can reveal if cancer
cells have migrated to the draining lymph nodes and guide future treatment plans. Local
therapy addressing cancer cells in regional lymph nodes can consist of surgical removal

of the infiltrated lymph nodes, which is often followed by radiation therapy of the tumor
bed. Systemic drug therapy is subsequently prescribed and intended to eliminate any
residual cells. Breast cancer subtypes further guide follow-up therapies to prevent metastatic
recurrence. However, just one or two residual cancer cells can lead to recurrence and spread
to other tissues through the lymph and blood circulation systems. The following section will
review the pharmacologic rationale behind specific drug classes used in each subtype of
breast cancer and their role in overall treatment success.

3.1 Pharmacologic basis for the treatment of ER/PR+ breast cancer

Estrogen receptors (ER) are nuclear steroid receptors that act as ligand activated
transcription factors. ERs exist as two isoforms: ERa and ERB and both receptors play
important roles in regular breast development. Activation of ERa occurs by binding its
endogenous substrate, estradiol, and recruiting coactivators to gene promoters for the
transcription of genes associated with cell proliferation, inhibition of cell death and new
blood vessel formation (Thakkar & Mehta, 2011). This mechanism is a natural process in
breast development and the dysregulation of this pathway causes developmental aberrations
and carcinogenesis. As a result, the overexpression (or over activation) of ERa on cancer
cells results in uncontrolled cell proliferation and leads to the development of breast cancer.
Since this pathway is endogenous to all breast cell development, the dysregulation of this
pathway accounts for the majority of breast cancers (70%). The progesterone receptor is
also a nuclear steroid receptor that reflects ERa signaling (Daniel, Hagan, & Lange, 2011;
Kariagina, Aupperlee, & Haslam, 2008). Interestingly, ERB may act as a tumor suppressor
gene and oppose the effects of ERa, but the role of ERp in breast cancer development is
still unclear (Rizza, et al., 2014). Early lobular breast cancer has been shown to express both
ERa and ER receptors, but ERp receptors are lost in late stage lobular cancer (Huang, et
al., 2014). This may suggest that targeting the ERp signaling pathway has a limited role in
early-stage disease. Nevertheless, there is still uncertainty behind ERp targeting and no ERB
agonists are used in the treatment of breast cancer. For that reason, this section will focus on
ERa targeted drugs.

There are a number of pharmacologic agents that target the ERa signaling pathways

to prevent breast cancer proliferation. They fall into 2 major categories: drugs that
competitively inhibit ERa or drugs that deplete endogenous levels of estrogen. Selective
estrogen receptor modulators (SERMs) are a group of molecules that can have both
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agonistic and antagonistic activity at the ERa in different tissues. In breast cancer cells,
tamoxifen and raloxifene (two commonly used SERMs) compete with estradiol for binding
to the ER (Frasor, et al., 2004). This competitive inhibition of ERa signaling reduces cancer
cell proliferation and prevents disease progression. Fulvestrant, a selective estrogen down
regulator (SERD), also binds to the ERa., similar to tamoxifen and raloxifene, but has a
significantly greater binding affinity for ERa (~40-fold greater than tamoxifen) (Osborne,
Wakeling, & Nicholson, 2004). The fulvestrant-ERa complex is unstable and results in ERa
degradation, a mechanism not observed with SERMs (Nicholson, et al., 1995; Osborne, et
al., 2004).

Aromatase inhibitors (Als) target the ERa signaling pathway by interfering with the body’s
ability to produce estrogen from circulating androgens. After menopause, estrogen produced
by the ovaries decreases and local levels of estrogen are generated by the aromatase enzyme
present in various tissues such as the breast. In proliferative breast cancer, aromatase activity
can be increased, and local levels of estrogen near the primary tumor can be increased
(Simpson & Davis, 2001). By interfering with the formation of estrogen, Als deplete

the endogenous ligands necessary for the ERa signaling pathway and inhibit cancer cell
growth. Some examples of aromatase inhibitors used in breast cancer include: letrozole

and anastrozole (reversible inhibitors) and exemestane (irreversible inhibitor). As a point

of clarification, aromatase inhibitors are only effective at reducing levels of estrogen in
women with post-menopausal ovaries. In pre-menopausal women, Als can be used in
women undergoing ovarian oblation or oophorectomy to reduce ovarian function but will not
be effective in women with estrogen forming ovaries (Pistelli, Mora, Ballatore, & Berardi,
2018). In general, approximately 2/3 of women diagnosed with breast cancer are above
post-menopausal age and most patients are eligible for Al therapy.

An important distinction in hormone receptor targeted therapy is the availability of oral
dosage forms. Tablets and capsules are convenient for patients, but medication adherence
is crucial to maximally suppress the ERa signaling pathway and prevent cancer growth.
Even with good medication adherence, oral drug dosing is subject to fluctuations in

Gl physiology that can affect dissolution or absorption. Additionally, orally administered
medications undergo first-pass metabolism and P glycoprotein-mediated drug efflux in the
gut and liver. These factors lower the systemic drug bioavailability after oral dosing and,
in turn, the fraction of drug that can enter effect sites, such as the breast. In breast cancer
patients, surgical resection of the primary tumor and radiation therapy also disrupts the
local vasculature of the breast. Thus, it is possible that fluctuations in the systemic drug
concentrations of orally administered SERMs and Als can result in momentary instances of
autocrine signaling of estrogen in the breast and contribute to cancer cell survival.

3.2 Pharmacologic basis for the treatment of ERBB2+ breast cancer

ERBB?2, also known as HER2, is a membrane bound tyrosine kinase that is overexpressed
in several cancers including breast cancer. Overexpression of ERBB2 promotes homo- or
heterodimerization with other ERBB (1 through 4) receptors and dimerization with other

receptors in activating cell proliferation pathways (M. Tan & Yu, 2007). There are a

few key factors that make the ERBB2 pathway particularly oncogenic: (1) ERBB2 has a
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relatively slow rate of endocytosis and can remain overexpressed on a cell surface for an
extended period. (2) ERBB2 heterodimers have been shown to undergo recycling instead
of degradation, and (3) activation of ERBB2 heterodimers persists due to the slow release
of ligands from the complex (Harari & Yarden, 2000). These factors allow ERBB2 to
stay present and active on the breast cancer cell surface while also making these proteins
attractive pharmacologic targets for the treatment of breast cancer.

Different therapeutic modalities are used to target ERBB2 including monoclonal antibodies,
small molecule tyrosine kinase inhibitors, and antibody drug conjugates. The monoclonal
antibodies trastuzumab and pertuzumab bind to different extracellular domains of ERBB2
to mediate their effect. Trastuzumab binds to domain IV of ERBB2, which is not involved
in heterodimerization (Fuentes, Scaltriti, Baselga, & Verma, 2011). Pertuzumab, on the
other hand, binds to domain 11 (a region associated with dimerization) and may sterically
hinder heterodimerization of other ERBB receptors. The net effect of either pertuzumab or
trastuzumab binding to ERBB results in antibody dependent cell-mediated cytotoxicity and
the inhibition of tumor growth (Agus, et al., 2002; Franklin, et al., 2004; Sliwkowski, et

al., 1999). The different binding domains of trastuzumab and pertuzumab allow both agents
to be used in combination to achieve synergistic clinical effects (J. Baselga, et al., 2012;
Tolaney, 2014).

Targeting ERBB2 to treat breast cancer is not only achieved through monoclonal antibodies,
but also through small molecule kinase inhibitors such as lapatinib and neratinib. Both
neratinib and lapatinib bind to the intracellular regions of ERBB receptors and prevent
autophosphorylation and downstream effects. The main difference between the two drugs
are their mechanisms of inhibition and affinity for different members of the ERBB family.
Lapatinib is a potent reversible inhibitor of ERBB1 (EGFR) and ERBB2 (HER2) and
binding ERBB2 results in decreased signaling in the P13K (phosphoinositide 3-kinases)

and MAPK (mitogen-activated protein kinase) pathways, pushing the cell towards apoptosis.
Neratinib is an irreversible inhibitor of ERBB1 and ERBB2 but also ERBB4 and mediates
the same inhibition of the P13K and MAPK signaling. Interestingly, lapatinib has been
shown to stabilize HER2 expression on the cell surface and may synergize with trastuzumab
therapy (Scaltriti, et al., 2009), while neratinib decreases HER2 cell surface expression
without the need for additional monoclonal therapy (Collins, et al., 2017).

The final modalities used to target ERBB2 are antibody-drug conjugates where the
monoclonal antibody, trastuzumab, is used as a delivery vehicle for highly cytotoxic agents
such as emtansine and deruxtecan. Emtansine is a maytansine derivative that acts as a potent
tubulin inhibitor. Early studies of maytansine showed that the compound was too toxic for
use as a chemotherapy in its free form. To mitigate those toxicities, future derivatives were
conjugated to monoclonal antibodies to target cancer cells only (Widdison, et al., 2006).
Emtansine is conjugated to trastuzumab through a non-cleavable thioether linker, which
prevents the release of emtansine in the systemic circulation. After trastuzumab binds to
ERBB?2 and receptor mediated endocytosis occurs, proteolytic degradation of trastuzumab
releases emtansine and causes cell death (Barok, Joensuu, & Isola, 2014). In a similar
fashion, deruxtecan is a novel camptothecin analog that inhibits topoisomerase 1 and

is chemically conjugated to trastuzumab with an enzymatically cleavable peptide linker.
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The release of trastuzumab deruxtecan also occurs through receptor mediated endocytosis.
However, trastuzumab deruxtecan carries 8 deruxtecan molecules for every antibody,
compared to trastuzumab emtansine, which has a 3.5 to 1 drug to antibody ratio. This high
loading capacity is thought to enable a bystander effect where cancer cells adjacent to the
ERBB2+ cell will also experience cytotoxicity (Chen, et al., 2016; Nakada, Sugihara, Jikoh,
Abe, & Agatsuma, 2019).

3.3 Pharmacologic basis for the treatment of triple negative breast cancer (TNBC)

While most breast cancer express druggable receptors responsive to current drug therapies,
there are a small number of breast cancers that do not express these receptors, often referred
to as triple negative breast cancer (TNBC) phenotypes. TNBC does not express druggable,
well-defined molecular targets; consequently, currently available drugs that are targeted

to specific receptors such as ER, PR or HER2 are not effective. While MBC may be
associated with TNBC, not all TNBC may be MBC or vice versa. Chemotherapeutic agents
that are not targeted to these molecular targets, but work through other pharmacological
mechanisms such as those that can interfere with rapidly replicating cells are effective

in TNBC. Therapeutic strategies using these agents are referred to as chemotherapy

and it is often given in sequential, defined drug combinations that are key treatment

options for patients presenting with TNBC. By targeting various points in cancer cell
replication, combination chemotherapy can maximize pharmacologic effect and prevent drug
resistance. These combination regimens are typically composed of either anthracyclines

or taxanes in combination with other cytotoxic drugs. As an example, anthracyclines
(doxorubicin, epirubicin, daunorubicin) are used in combination with alkylating agents
(cyclophosphamide, ifosfamide) and taxanes (paclitaxel, docetaxel) as a preferred regimen
for post-surgical TNBC. Anthracyclines target topoisomerase Il to cause cell cycle arrest

in the G1 phase, alkylating agents damage DNA to cause cell death and taxanes bind to
microtubules to cause cell cycle arrest in the M phase. Alternative regimens can include the
use of antimetabolites such as gemcitabine and capecitabine, which act by blocking DNA
replication. By targeting different points in cancer cell replication, the likelihood of cancer
cell death is high. However, the cumulative toxicity to healthy tissue limits the effectiveness
of these agents.

Extended use of anthracyclines results in heart failure due to the irreversible binding of
anthracyclines to cardiolipin, which is highly concentrated in slow growing heart tissues.
The accumulation of cytotoxic anthracycline drug molecules eventually kills the cells of
heart muscles leading to heart failure. This cardiotoxicity is lifetime dose-limiting and
restricts the use of anthracyclines in late-stage disease. Alkylating agents also have a
number of dose-limiting toxicities including Gl, hematopoietic, gonadal and pulmonary
toxicities, but these are more clinically manageable than the cardiotoxicity of anthracyclines
(van der Wall, Beijnen, & Rodenhuis, 1995). Taxanes are associated with neurotoxicity,
hypersensitivity reactions and myelosuppression, which can be dose-limiting but can also be
managed clinically (Clemons, et al., 1997; Weiss, et al., 1990). Antimetabolites generally
have the safest toxicity profile compared to other agents, but they have limited efficacy in
monotherapy (Blackstein, et al., 2002; Feher, et al., 2005). All of these therapeutic agents
are highly potent and have the ability to eliminate cancer cells. Unfortunately, these drugs
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broadly distribute into healthy tissue. Many of the adverse events listed above are the result
of higher drug burdens in off-target tissues compared to cancer cells. If these agents could be
directed towards cancer cells exclusively, breast cancer treatment could be improved but this
is not achievable with the current clinical infusion protocols.

4. Current gaps in pharmacologic treatment of breast cancer: biological

mechanisms for disease progression

The previous section outlines the various pharmacologic approaches used to target different
subtypes of breast cancer. Despite the availability of these therapies, drug resistance and
disease progression continue to persist as a major issue in breast cancer. Distant recurrent
breast cancer is widely regarded as incurable and occurs in ~30% of all patients, despite the
high overall 5-year survival rate of breast cancer (~90%). This suggests that pharmacologic
treatment in breast cancer is effective at suppressing cancer cells, but that current treatments
cannot eliminate them entirely. This gap in breast cancer treatment could be due to a number
of factors including acquired drug resistance, poor drug exposure in tissues or cells of
interest, or off-target toxicity associated with treatment. In the past few years, the FDA has
approved several new drugs for metastatic breast cancer to address these gaps. These newly
approved drugs are mostly used in combination with previously approved drugs and have
shown promising results in MBC (Table 2). The following section will identify the major
biological mechanisms within subtypes of breast cancer cells that lead to disease progression
and drug combinations that can overcome these mechanisms.

4.1 Biological mechanisms for disease progression in ER/PR+ cancer

As the understanding of ER action has evolved over the years, the complexity of ER
signaling has shed light on the mechanisms of drug resistance. Breast cancer treated with
anti-estrogen therapy can proliferate through alternate growth pathways or retain activity
through the ER pathway in the presence of anti-estrogen therapy. For example, ER+ breast
cancers that overexpress epidermal growth factor receptors (ERBB family) can undergo

loss of ER expression and proliferate through the ERBB pathway causing tumors to

become hormone independent, rendering hormone therapy ineffective (Arpino, Wiechmann,
Osborne, & Schiff, 2008; Osborne, Shou, Massarweh, & Schiff, 2005; Schiff, et al., 2004).
Alternatively, increased levels of specific coactivator proteins like AIB1 can shift the effect
of the tamoxifen-ER complex from antagonism to agonism, leading to drug resistance
(Osborne, et al., 2003; Smith, Nawaz, & O’Malley, 1997). This effect is due to the large role
transcriptional co-regulators have on ER gene expression (McDonnell & Wardell, 2010).
The activation of the ER pathway is dependent on the recruitment of coregulator proteins
and differences in protein levels (such as AlB1) in the cell cytoplasm or nucleus can

change the effects of ligand binding to ER. The shift from antagonism to agonism effects of
tamoxifen as a function of co-regulator protein expression is likely what causes the tissue
specific effects observed in tamoxifen therapy (i.e., breast vs ovary) (Hall & McDonnell,
2005). The ability of cancer cells to utilize other growth pathways and the sensitivity of the
ER pathway to other co-regulatory proteins both serve as driving factors behind intrinsic and
acquired drug resistance.
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To overcome these mechanisms, combination therapy is often used. For example, a
combination of the aromatase inhibitor, letrozole, with the selective estrogen receptor down
regulator, fulvestrant, utilizes two independent mechanisms to target hormone responsive
cancer cells (Johnston, Martin, Head, Smith, & Dowsett, 2005). Letrozole reduces the
endogenous levels of estradiol required to bind to the ER complex and cause cell
proliferation. Fulvestrant binds to the ER and reduces the absolute levels of the receptor. By
using both drugs, the substrate and the receptor are inhibited, and cell proliferation through
the ER pathway does not occur. Although this approach is effective, it does not prevent the
activation of alternative growth pathways such that drug resistance still emerges (Bunone,
Briand, Miksicek, & Picard, 1996). Currently, the most effective combination therapy is
letrozole with palbociclib, a CDK4/6 inhibitor. CDK4/6 proteins are highly conserved in
ER/PR+ breast cancers and are downstream from growth hormone signaling (Preusser, et al.,
2018). Depletion of endogenous estradiol through letrozole and the inhibition of CDK4/6
prevent signaling through the ER pathway and promote cell death. Unfortunately, even with
the best available options, cancer recurrence and progression remain a life-long issue (Pan,
etal., 2017).

4.2 Biological mechanisms for disease progression in ERBB2+ cancer

Targeting ERBB2 has made significant improvements in the overall survival of ERBB2+
breast cancer patients. However, most patients will still have disease progression and
metastasis to the brain (Pernas & Tolaney, 2019). Disease progression in ERBB2+ cancer
cells is mediated through mechanisms similar to ER/PR+ resistance mechanisms. ERBB
signaling can be activated downstream from the point of inhibition or an alternative growth
pathway can be present. Specifically, the P13K pathways can be activated by the loss of
PTEN expression, a signaling event downstream from ERBB2 dimerization (José Baselga, et
al., 2016). The incomplete blockade of ERBB2 and compensatory mechanisms by receptors
in the ERBB family (such as ERBB3) can also lead to resistance (Pernas & Tolaney, 2019).
The activation of other signaling receptor tyrosine kinases such as IGF-1 has also been
associated with ERBB2+ drug resistance (Lu, Zi, Zhao, Mascarenhas, & Pollak, 2001).

To overcome these mechanisms, several combination approaches are used. One approach
has been to use both trastuzumab and pertuzumab in combination to maximize the ERBB2
blockade at the cell surface. In so doing, trastuzumab directly blocks the ERBB2 receptor
while pertuzumab prevents heterodimerization with any compensatory family receptors such
as ERBB3 (J. Baselga, et al., 2012). Alternatively, trastuzumab and lapatinib have been used
concomitantly to inhibit ERBB2 on the cell membrane (trastuzumab) and intracellularly
(lapatinib) (Blackwell, et al., 2012). There is some evidence to suggest that the irreversible
binding of neratinib to ERBB2 can overcome trastuzumab resistance; however, resistance

to neratanib will also develop (Breslin, Lowry, & O’Driscoll, 2017; Canonici, et al.,

2013). It is important to note that ERBB2 targeted therapies are given in conjunction

with conventional chemotherapy to preemptively counter the rapid emergence of drug
resistance. Thus, antibody-drug conjugates with trastuzumab loaded with either emtansine or
deruxtecan are in essence combination approaches wherein chemotherapy and monoclonal
antibodies are administered as a single entity (Dhillon, 2014). Both trastuzumab emtansine
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and trastuzumab deruxtecan are only used in patients that have previously received ERBB2
targeted therapies with conventional chemotherapy.

4.3 Biological mechanisms for disease progression in TNBC

Due to the various pharmacologic agents used in TNBC (IE: alkylating agents,
topoisomerase inhibitors, tubulin inhibitors and antimetabolites), the mechanisms of
resistance are diverse. In general, the major cellular mechanisms that lead to drug resistance
and disease progression are based on increased drug inactivation and increased drug efflux.
In addition to the cellular mechanisms that can lead to drug resistance, off-target toxicity in
patients undergoing chemotherapy can lead to disease progression as patients can no longer
bear the burden of additional treatment.

Many of the drugs used in TNBC require metabolic activation in order to perform their
pharmacologic function. For example, the nucleoside analogue gemcitabine is sequentially
phosphorylated to gemcitabine-triphosphate (gem-TP) before being integrated into DNA and
causing chain termination. The enzyme responsible for the first phosphorylation event of
gemcitabine is deoxycytidine kinase (dCK) and dCK activity is generally accepted as the
limiting factor in gemcitabine therapy. dCK has been shown to saturate when plasma levels
of gemcitabine are around 15-20 pM and dCK activity is strongly correlated to gemcitabine
sensitivity (Abbruzzese, et al., 1991; Grunewald, Abbruzzese, Tarassoff, & Plunkett, 1991;
Kroep, et al., 2002). Interestingly, the competing inactivation of gemcitabine is also strongly
correlated with gemcitabine effects. The majority of gemcitabine clearance is driven by
metabolic inactivation to dFdU by cytidine deaminase (CDA). This clearance pathway
accounts for 90% of the fraction metabolized for gemcitabine, with the remaining clearance
occurring through renal filtration (Peters, et al., 2007). In comparison to the activation
pathway of dCK, the metabolic inactivation of gemcitabine appears to saturate at much
higher concentrations. In one pharmacokinetic study, the linear plasma pharmacokinetics

of gemcitabine were observed at doses up to 4000 mg/m?2; however, activated gem-TP
levels peaked at 960 mg/m? and higher dosing did not increase measured gem-TP levels
(Peters, et al., 2007). Thus, any mutations that shift the relationship between gemcitabine
activation and inactivation (i.e., dCK downregulation or CDA overexpression) can lead to
drug resistance. Alternatively, reduced CDA expression is also associated with increased
toxicity (Mercier, et al., 2007).

Another mechanism for TNBC drug resistance is the active efflux of chemotherapy

from breast cancer cells. This phenomenon is mediated by ATP-Binding Cassette (ABC)
transporters: specifically P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP).
There are other ABC transporters that cause multi-drug resistance, such as multi-drug
resistance associated protein 1 (MRP1) and lung resistance protein (LRP), but their
expression has limited relevance in breast cancer. P-gp is an extensively studied ATP-
dependent efflux pump that transports several drugs used to treat breast cancer including
doxorubicin, paclitaxel, and vinblastine (Nanayakkara, et al., 2018). In healthy tissue, P-gp
is expressed in the Gl, kidneys, liver and blood brain barrier and plays an important role

in governing the oral absorption of xenobiotics (B. Tan, Piwnica-Worms, & Ratner, 2000).
More importantly, P-gp is expressed in ~40% of breast cancers and is shown to be inducible
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by radiation therapy (Ng, Lam, Ng, Kwong, & Sham, 1998; Trock, Leonessa, & Clarke,
1997). An increase in P-gp expression is associated with drug resistance and suggests that
P-gp efflux can prevent chemotherapeutic agents from binding to their intracellular targets.
BCRP is another transporter protein that acts in a similar manner to P-gp to cause drug
resistance. BCRP can be upregulated in breast cancer cells and can efflux topoisomerase |
inhibitors, methotrexate and anthracyclines under certain conditions (Austin Doyle & Ross,
2003).

In contrast to ER/PR or ERBB2 targeted agents, disease progression after chemotherapy is
typically due to reduced drug exposure and residence time at the intracellular target leading
to reduced effects. Off-target toxicity and systemic adverse events also limit the achievable
concentration of drugs in cancer cells. As such, combination chemotherapy is utilized

with the rationale that cancer cells are unlikely to have multiple resistance mechanisms

to overcome two different drugs targets. By using combination therapy, lower individual
drug dosing can be administered to achieve a greater effect (although the total dose is

still high). For example, in the case of gemcitabine and paclitaxel combination therapy,
upregulation of P-gp can enable increased efflux of paclitaxel that would likely cause drug
resistance in monotherapy. However, it would be less likely for a cancer cell to have both
increased efflux of paclitaxel (upregulated P-gp) and increased metabolism of gemcitabine
(upregulated CDA) in the same cell. Based on this rationale, combination chemotherapy
would likely overcome drug resistance. Unfortunately, drugs used in chemotherapy display
varying dispositions, clearance mechanisms and plasma concentration time courses. Thus,
the synchronization of combination drugs in target breast cancer cells after intravenous
administration is unlikely. Additionally, the use of combination chemotherapy compounds
places toxicological burdens on the body and adverse events may limit the effective doses
that patients can receive.

4.4 Biological factors leading to disease progression and limitations of conventional
combination chemotherapy

Across the various subtypes of cancer, drug resistance, off-target toxicity and disease
progression continue to be major issues. In all forms of breast cancer, combination

therapy has a role in addressing drug resistance, but cancer cells are incredibly adept at
altering signaling pathways and developing intracellular mechanisms to prevent drugs from
reaching their targets. Cancer cells can also develop resistance mechanisms to counteract
the antitumor effects of drugs. For example, DNA repair processes can be upregulated in
cancer cells to overcome the cytotoxic effects of DNA alkylating agents. Physiological
factors can also play a role in causing drug resistance by limiting drug exposure in sites

of effect. For example, breast cancer cells invade through the lymphatic and circulatory
systems. Drug exposure in the systemic circulation is well established, but there is limited
penetration of drugs into the lymph by conventional dosage forms (e.g., solubilized drugs)
where cancer cells can grow. Off-target toxicity of these free drugs further limits the total
dose that can be safely administered intravenously to patients and reduces the maximum
achievable concentration of drugs in target tissues where cancer cells may reside. Under
these conditions, the therapeutic levels required to kill cancer cells may not be achieved in
tissues like the lymph, allowing persistent cancer cells to grow. Furthermore, existing breast
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cancer combination therapy regiments are based on sequential and separated administrations
of drugs. The time windows for drug co-existence in plasma and tissues above therapeutic
levels are usually brief (e.g., ~4 h for a gemcitabine/paclitaxel combination regimen). The
asynchronized plasma and tissue pharmacokinetics of the drug pairs may promote drug
resistance by cancer cells while causing toxicities to healthy tissues.

Considering the various pharmacologic targets in breast cancer and the resistance
mechanisms that occur from treatment, there is a clear distinction between targeted (ER/PR,
ERBB2) and untargeted (chemotherapeutic) drug resistance. The pharmacology of targeted
agents can change as cancer cells shift from one signaling pathway to another. When
resistance to ER/PR or ERBB2 targeted agents occurs, drugs can still engage their target
receptors, but the cancer cells can still proliferate through other pathways. In contrast, the
pharmacology of chemotherapy is relatively stable over time and drug binding to target
proteins will generally retain cytotoxic effects. Disease progression from chemotherapy is
due to resistance mechanisms preventing drug molecules from reaching their intracellular
targets (e.g., efflux drug transporters or pumps such as P-gp, MRP, BCRP) or from

patients suffering too many adverse events. In principle, we can overcome the limitations

in chemotherapy by using rationally designed vehicles to deliver combination chemotherapy
specifically to target cancer cells instead of healthy tissue. Advanced delivery approaches
will also be able to deliver drugs in combination regimens into the body at the same time,
therefore synchronizing the pharmacokinetics. Another advantage with a specific carrier is
that the drugs can be delivered specifically to lymphatics where cancer cells metastasize.

In the following sections, we will explore advanced delivery systems for metastatic breast
cancer combination chemotherapy in both preclinical and clinical investigations.

5. Strategies to overcome drug insufficiencies and improve cancer cell

drug exposure

The intent of targeted drug delivery systems is to concentrate drugs in tissues and

cells of interest while sparing healthy organs from unnecessary exposure. If designed

with appropriate fit-for-purpose intent, targeted drug delivery systems can overcome drug
insufficiencies. For a targeted drug delivery system to transport drugs from an injection site
to specific cancer tissues and produce pharmacologic action, a number of criteria must be
considered and achieved. The carriers should be engineered to have precise characteristics
such as size, shape, surface charge and composition to produce specific effects such

as defined distribution, exposure and clearance profiles /n vivo. Due to these additional
characteristic requirements and demands, the formulation of drug delivery systems is more
complex than conventional dosage forms and requires more process control. Despite these
challenges, some drug delivery systems have been developed and have proven useful

as strategies to overcome drug insufficiency with acceptable safety profiles (Figure 2).

The purpose of the following section will be to summarize the current pharmaceutical
approaches for drug targeting of chemotherapy based on drug delivery systems to treat
breast cancer. The challenges and benefits associated with each drug delivery system will be
discussed before providing the rationale for the need to develop a novel drug delivery system
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that is targeted and capable of simultaneously delivering multiple chemotherapeutic agents
to tissues and cells at higher concentrations and longer duration.

5.1 Clinically used nanoplatforms for single drug delivery and limitations

Modification of drug disposition and clearance through pharmaceutical carriers is an
important strategy in delivering therapeutic agents to breast cancer cells versus healthy cells.
Pharmaceutical carriers are typically nano- to micro-meter sized particles that can circulate
in the systemic circulation and distribute into cancer tissue from the leaky vasculature
formed around tumors (a phenomena known as the enhanced permeation and retention effect
or EPR) (Golombek, et al., 2018). As mentioned above, examples of these carriers include
liposomes, polymeric nanoparticles, dendrimers and antibody drug conjugates (Figure 2).

In general, the rationale for associating drugs to particles is that particle-bound drugs will
have prolonged residence in systemic circulation with a limited free fraction of drugs.

The reduced free fraction of drugs from particle binding thus results in less off-target
toxicity. As particle-bound drugs continues to circulate in the blood, accumulation in tumors
can be achieved through different approaches such as active targeting or EPR. Besides

the clinically used platforms, many other nanoparticle approaches have investigated for
either single or combination drug delivery such as quantum dots (Probst, Zrazhevskiy,
Bagalkot, & Gao, 2013), iron oxide nanoparticles (Vangijzegem, Stanicki, & Laurent, 2019),
ceramic nanoparticles (Zang, et al., 2019), carbon nanoparticles (Attia, et al.), metal-organic
framework (C. Y. Sun, Qin, Wang, & Su, 2013), etc. Although many of these approaches are
materially novel, they are not scalable, well understood, pose safety concerns (such as high
liver/spleen accumulations), or are not suitable for drug combination formulation and thus
not discussed in detail here (Maurer-Jones, Bantz, Love, Marquis, & Haynes, 2009; Paliwal,
Babu, & Palakurthi, 2014; Wicki, Witzigmann, Balasubramanian, & Huwyler, 2015a). In the
following, we discuss a few of most promising and clinically used nanoplatforms that are
used for treatment of breast cancer or metastatic breast cancer.

5.1.1 Liposomes or lipid membrane vesicles—Liposomes are spherical vesicles
composed of phospholipids with a bilayer structure similar to cell membranes. Due to their
aqueous core and lipid shell, liposomes have been used to incorporate both hydrophilic
and hydrophobic drugs. In drug delivery, liposomes are the most studied and clinically
successful nanoparticle system. For example, the pegylated liposome, Doxil, encapsulates
the anthracycline doxorubicin to target various types of solid tumors. The major limitation
in anthracycline therapy is the irreversible cardiotoxicity caused by binding to cardiolipin
in the heart. Although the lifetime dose limitation for liposomal doxorubicin is the same

as conventional doxorubicin, there is evidence to suggest that encapsulation reduces the
cardiotoxicity by limiting the exposure of free doxorubicin to cardiac tissue (O’Brien,

et al., 2004). In addition, liposomal doxorubicin has been shown to localize in Kaposi’s
Sarcoma lesions 10-fold greater than conventional doxorubicin (Northfelt, et al., 1996). By
enabling a higher concentration of doxorubicin in the sarcoma lesions at the same dose as
conventional doxorubicin, Doxil may have a greater pharmacologic effect against those cells
and overcome drug resistance.
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Liposomes are one of the most well-studied drug carrier systems and have demonstrated
applications in the clinic (Saraf, et al., 2020). However, there are also limitations to this
drug delivery system. Depending upon the lipid composition, liposomes can be associated
with extensive hepatic and splenic uptake (Kraft, et al., 2014). For example, large (378

nm) and small (113 nm) liposomes were intravenously administered to mice and, after 4
hours, 93% of large liposomes and 67% of small liposomes were recovered in the liver and
spleen (Hu, et al., 1996). Pegylated liposomes can reduce the splenic and hepatic uptake

of liposomes for a single dose, but accelerated blood clearance is observed after multiple
dosing (Ishida, et al., 2005). Many studies have incorporated active targeting ligands to the
surface of liposomes, but this approach has yet to be tested in the clinic. The hepatic/splenic
uptake of liposomes remains as a major barrier to liposomal targeted chemotherapy delivery
and further study is required to optimize these drug delivery systems.

5.1.2 Polymeric Nanoparticles—Another set of drug carriers used to enable cancer
targeting are polymeric nanoparticles made of amphiphilic copolymers. When placed in
aqueous solution, polymers can self-assemble to form a hydrophobic core to stabilize

water insoluble drugs. Polymeric nanoparticles can be calibrated based upon the length

of the monomers while polymer residues can be used as anchor points for covalent
conjugation to improve stability. For example, CT-2103 is a polymer-drug nanoparticle

that conjugates hydrophobic paclitaxel to water soluble, poly-L-glutamic acid polymers.
Poly-L-glutamic acid is biodegradable and is broken down to glutamic acid. Chemical
conjugation of paclitaxel occurs at the 2’-hydroxyl position, which is necessary for tubulin
inhibition, and assures that conjugated paclitaxel will not have off-target effects (Singer,

et al., 2005). Preclinical studies show that polymer-bound paclitaxel produces a 5-fold
greater tumor AUC compared to conventional paclitaxel (Li, et al., 2000). Additionally,
polymer-bound paclitaxel significantly increases aqueous solubility of the paclitaxel dosage
form. Conventional paclitaxel is solubilized in a Cremophor EL/Ethanol co-solvent that is
associated with significant hypersensitivity reactions’%. By circumventing the need for these
excipients, polymer-bound paclitaxel also reduces the toxicity of paclitaxel treatment and
allows a higher dose to be administered. By administering a higher dose of drug, drug
resistant cells can be eliminated without causing undue burden to the rest of the body. In
addition to CT-2103, many other polymeric nanoparticles have advanced into clinical studies
and show great promise (Afsharzadeh, Hashemi, Mokhtarzadeh, Abnous, & Ramezani,
2018; Wicki, et al., 2015b).

Many polymeric nanoparticles have advanced to clinical studies but face similar biological
barriers as liposomes. For example, a mass balance study of CT-2103 administered IV
produced an 8-fold greater paclitaxel AUC in the liver compared to the primary tumor in
mice (Li, et al., 2000). In addition to hepatic and splenic uptake, very small polymeric
particles (<10 nm) can be passively filtered through the glomerulus which may present

an additional barrier to tumor targeting. Surprisingly, a recent study demonstrated that

even large polymeric particles (~400 nm) composed of PLGA-PEG could accumulate in

the kidney cells and tissues through active endocytosis by peritubular endothelial cells
(Williams, et al., 2015). This effect was not related to the surface charge of the particle

and highlights the importance of understanding the biodistribution of drug carriers to enable
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tumor targeting. If renal accumulation were to occur, it could pose a potential toxicological
effect from both the free drug and the polymeric particles.

5.1.3 Dendrimers—Dendrimers are macromolecules that are synthesized by sequential
chemical reactions to form “generations” (referred as GO, G1, G2) of branches originating
from a central core. Each sequential addition of a generation produces a radiating, well-
defined, spherical morphology branching from the central core. Dendrimer size can be
precisely controlled, and the surface properties of dendrimers are easily functionalized

to produce highly monodisperse particles. The precision with which dendrimers can be
modified allows novel approaches to targeting such as covalent attachment of monoclonal
antibodies (Marcinkowska, et al., 2018). Dendrimer synthesis is generally achieved through
either a diverging method or a converging method (Abbasi, et al., 2014). The diverging
method begins with a central core to which sequential arms are added in a step-wise
fashion. The converging method pre-assembles the exterior arms of the dendrimer and
covalently attaches them to the core as a final step. The flexibility with which dendrimers
can be synthesized has led to the development of diverse structures such as block
dendrimers, heterobifunctional dendrimers, and core-functionalized dendrimers (Sowinska
& Urbanczyk-Lipkowska, 2014). Although there is great potential for dendrimers, the

ideal linkers, size and /n vivo characteristics of dendrimer drug conjugates are still being
identified in preclinical species with only a few candidates currently approved for early
phase clinical trials (Afsharzadeh, et al., 2018; Alven & Aderibigbe, 2020; Kojima, 2015;
Longmire, Ogawa, Choyke, & Kobayashi, 2011; Luo, et al., 2012). Early biodistribution
studies have shown that dendrimers can distribute into the kidney, liver and spleen.

Kidney accumulation of dendrimers is thought to occur through electrostatic interactions
between the cationic exterior of dendrimers and the negative charge of the glomerular
basement membrane (Mager, et al., 2012; Okuda, Kawakami, Akimoto, et al., 2006; Okuda,
Kawakami, Maeie, et al., 2006). Pegylation of dendrimers can minimize this interaction and
reduce renal accumulation (Okuda, Kawakami, Akimoto, et al., 2006). Dendrimers are also
known to distribute into pancreas to the same extent as the liver and spleen, which may
represent a toxicological risk. Dendrimers enter cells through endocytic pathways and some
data suggests that excess endocytosis of dendrimers may lead to hepatic toxicity (Duncan
& 1zz0, 2005; Roberts, Bhalgat, & Zera, 1996). Dendrimers are a relatively new drug
delivery system and the specific physical properties that affect biodistribution and clearance
of these macromolecules are still being defined. Once these properties are optimized,
dendrimers may be a relevant strategy for drug delivery but the current biodistribution
profile (accumulation in kidney, liver, spleen and pancreas) and off-target toxicity risk limits
their application in clinical treatment.

5.1.4 Anti-body Drug Conjugates—Although previously addressed in the ERBB2+
targeted therapy section, antibody conjugates (ADC) also constitute a form of targeted

drug delivery. Antibodies are nano-biological materials with ~5-10 nm in diameter, thus
they are considered a type of nanocarrier in this review. These nanosized molecules with
distinct characteristics can provide high receptor specificity,affinity and long circulation in
plasma. Due to these attributes, drugs are conjugated onto antibodies or antibody fragments
to target various receptors. By covalently linking cytotoxic drugs to antibodies, ADCs
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reduce distribution to healthy tissue and selectively target cancer cells. After binding

to target receptors and undergoing receptor mediated endocytosis, drugs can be released
intracellularly for effect. Recently, clinical success with monoclonal ADCs for the treatment
of various cancers (such as Kadcyla for ERBB2+ breast cancer and Adcetris for CD30+
lymphomas) has demonstrated the value of this approach in targeted drug delivery. This
clinical success was achieved through significant effort and optimization. For example, the
earliest generations of ADCs had limitations such as immunogenicity and relatively low

in vivo stability. Gemtuzumab ozogamicin (GO) is an ADC designed to deliver highly

toxic calicheamicin to CD33+ leukemia cells. Although effective and capable of achieving
complete remission in 15-20% of patients with relapsed disease, GO is associated with
major toxicities including myelosuppression and hepatoxicity (Giles, 2002). These toxicities
are likely related to the (relatively) unstable linker between calicheamicin and gemtuzumab,
with almost 50% of the drug being released after 48 hours in mice (Doronina, et al.,

2003; Ho & Chien, 2014). As ADC technology has matured, the trend has shifted towards
utilizing more stable linkers that can carry more potent payloads (such as those used in
Kadcyla) (Bargh, Isidro-LIlobet, Parker, & Spring, 2019; Doronina, et al., 2003). A focus

on several key factors such as target selectivity, drug-antibody linkers, product homogeneity
and finding the right patient population has resulted in clinical success and approval of
multiple ADCs for the treatment of cancer.

ADCs can overcome the limitations of broadly toxic chemotherapy by using specific
monoclonal antibodies targeted to receptors on cancer cells to deliver potent, cytotoxic
drugs preferentially. In breast cancer, well-defined signaling pathways such as ERBB2
present a validated molecular target for ADCs (as used in Kadcyla). Unfortunately, the

most aggressive form of breast cancer, TNBC, does not have clear molecular targets.

The pathogenesis of TNBC is the least understood and although certain biomarkers have
been identified (PD-L1, BRCA, PARP), there is not a single receptor that is unilaterally
overexpressed in this breast cancer subtype. Thus, the development of ADCs in TNBC could
benefit from the identification of ubiquitous molecular targets in TNBC that have not yet
been discovered.

5.1.5 Limited synchronization of combination drugs from single drug
nanocarriers—The targeted drug delivery approaches mentioned above highlight the
potential to improve chemotherapy in breast cancer treatment. By associating with
nanoparticles, cytotoxic drugs can overcome toxicity and solubility limitations and may
even partially avoid MDR efflux by undergoing receptor mediated endocytosis (Li, et

al., 2000). However, most pharmaceutical drug carriers in clinical studies are single-drug
delivery systems and face significant biological barriers before reaching target tumors. If
a single drug delivery system avoided sequestration in healthy organs and accumulated in
tumors, it may improve the efficacy (or decrease toxicity) of that drug, but combination
therapy would require a separate infusion. Unfortunately, sequential infusions will likely
limit the synchronicity of multiple drugs in target cells. An ideal pharmaceutical carrier
would target and deliver a clinically relevant combination of chemotherapeutic drugs to
target cells to maximize cytotoxic effect. Given this limitation, there is an active interest in
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developing combination nanoparticles that can deliver multiple active drugs with a single
pharmaceutical carrier (Figure 2E) (Mu, et al., 2018).

5.2 Drug combination nanoparticles in the treatment of cancer

Currently, there are no clinically approved drug combination nanoparticles for BC or MBC,;
however, there is one clinically approved drug combination nanoparticle for the treatment of
acute myeloid leukemia (AML). Vyxeos, which is composed of two encapsulated liposomal
drugs, expands on the liposomal approach and contains both cytarabine and daunorubicin.
Both drugs are shown to circulate in plasma at a fixed ratio for an extended period of time.
The liposomal properties of Vyxeos enables a targeted effect of both drugs to important
(bone marrow, spleen) tissues, which are associated with AML. This improved distribution
into the bone marrow and spleen produces a greater effect than the conventional cytarabine/
daunorubicin regimen (Mayer, Tardi, & Louie, 2019). Although effective against liquid
tumors in blood and bone, Vyxeos has not been tested in solid tumors such as breast
cancer. Based on tissue distribution of the liposome, the combination liposomal approach
demonstrated by Vyxeos may not be as effective in targeting solid tumors. For AML, bone
marrow accumulation of Vyxeos is beneficial because bone marrow is the site of effect.
However, the site of effect in breast cancer is the solid tumor or individual cancer foci
present in the breast or lymph. In this scenario, extensive accumulation in bone marrow can
be a risk for myelosuppression (untoward off target effects) with no therapeutic advantage.
Extensive distribution into the spleen would also limit the fraction of doses available for
targeting to solid tumors. Furthermore, the manufacturing process required to make Vyxeos
is complex and specifically optimized for daunorubicin and cytarabine (Tardi, et al., 2009).
This manufacturing process may not directly apply to other drug combination regimens,
especially considering the chemically diverse drugs used in breast cancer. The ability to
stabilize and associate hydrophilic and hydrophobic drugs in a single particle remains
elusive. Despite these challenges in formulation and scaleup as a product, the clinical
development of VVyxeos clearly highlights the potential for combination nanoparticles to
address the current limitations in cancer treatment by co-delivering chemotherapy to tissues
of interest.

The combination nanoparticle approach has also gained attention in the treatment of

solid cancers (such as breast cancer, Table 3), but not all combination regimens are
appropriate in the treatment of late-stage metastatic breast cancer from pharmaceutical
development or pharmacology perspectives. For example, the most common approaches for
drug combination nanoparticles are only suitable for drugs with similar hydrophobicity, and
the platforms either possess large particle size or require complex manufacturing processes
or chemical conjugations. Some pH or redox-sensitive systems may be unstable in the

in vivo environment with dilution and plasma protein interference. As mentioned earlier,
anthracyclines suffer from life-time dose limiting cardiotoxicity and even encapsulation in
liposomes (as seen with Doxil) does not completely eliminate that toxicity. Consequently,
taxane-based regimens like gemcitabine and paclitaxel have a greater role in late-stage
disease because they do not have any lifetime dose-limitations like anthracyclines.

Based on the pharmacokinetic properties of gemcitabine and paclitaxel, this combination
regimen will likely benefit from a combination nanoparticle approach. Gemcitabine is a
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potent antimetabolite that undergoes rapid metabolism by cytidine deaminase, an enzyme
expressed ubiquitously in healthy tissue. Rapid metabolism may limit the amount of active
gemcitabine that can reach cancer cells before inactivation. Paclitaxel is a potent taxane but
is a substrate for P-gp efflux, which may reduce the intracellular concentration of paclitaxel
in cancer cells. Following a standard clinical infusion protocol, the time interval during
which both drugs are present above their minimum inhibitory concentration in plasma is
estimated to be only about 2 hours (Rowinsky, Jiroutek, Bonomi, Johnson, & Baker, 1999;
Wang, Liu, Huang, & Xu, 2007). Thus, the time interval where GT is synchronized in
cancer cells will potentially be even smaller than that of plasma. By binding both drugs

to targeted drug combination nanoparticles, GT can have greater synchronized exposure in
cancer cells. With both drugs available intracellularly, the individual pharmacologic effects
of gemcitabine (DNA chain termination) and paclitaxel (tubulin inhibitor) can be potentiated
and the likelihood of cancer cells escaping cell death will decrease. If GT nanoparticles can
distribute into tissues of interest (such as the tissue where MBC cells spread into lymph

and blood) while avoiding healthy tissue, then this approach could also reduce the off-target
toxicities observed with free drug. A schematic representation of this concept is presented in
Figure 1.1.

The coordinated delivery of GT as a single drug combination nanoparticle to eliminate
metastatic cancer cells is a compelling project to pursue. However, the co-formulation of
water soluble (gemcitabine, LogP= —1.4) and water insoluble (paclitaxel, LogP=3) drugs
together is challenging. To our knowledge, there are only a few published reports that have
achieved the co-formulation of GT for breast cancer (Aryal, Hu, & Zhang, 2010; Dong, et
al., 2018; Lei, et al., 2019; Meng, et al., 2015; Noh, et al., 2015; J. Zhang, et al., 2018). In
those studies, GT are chemically conjugated to polymers, encapsulated in monophosphate
form or self-assembled to achieve drug loading. Each study notes an improved effect of GT
combination nanoparticles versus free GT in models of cancer and highlights the potential
for GT co-delivery. Unfortunately, many of the processes used to synthesize these particles
would be difficult to translate into a clinical product. For example, lipid-calcium-phosphate
particles were used to co-formulate gemcitabine and paclitaxel in a 16-step process. These
particles were very effective at inhibiting tumor growth, but the complex synthesis process
and extensive use of organic solvents/surfactants (cyclohexane, THF, IGEPAL Co-520)
limits the large-scale manufacturing of this product. Thus, a new strategy is needed to make
drug combination nanoparticles that can be easily scaled for clinical development.

5.3. A novel approach to drug combination nanoparticles: Targeting chemotherapy to
metastatic breast cancer cells.

Recently, we have developed a novel method to stabilize hydrophobic and hydrophilic
cancer drugs—gemcitabine and paclitaxel—together in lipid nanoparticles (Figures 2E&3,
Table 4). Chemically distinct drugs and lipid excipients are combined to form drug
combination nanoparticles (DcNPs). This DcNP technology platform is a simple 3-

step manufacturing process to produce injectable drug-combinations in suspension. The
manufacturing process is intended for scalability and includes controlled solvent removal
of drug and lipid excipients in solution to trap drugs with lipid excipients in the powder
form (J. Yu, Yu, Lane, McConnachie, & Ho, 2020); subsequently the DcNP powder can be
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suspended in an aqueous buffer to yield uniform particles after subjecting them to a size
reduction processes. No unbound drug removal is required in producing injectable DcNPs
in suspension. This concept has been validated with multiple combination drug formulations
in which each composition is composed of both hydrophilic and hydrophobic HIV drugs
including protease inhibitors (lopinavir, ritonavir and atazanavir) and reverse transcriptase
inhibitors (efavirenz, tenofovir and lamivudine). The drug combination in each formulation
is stabilized in lipid excipients and tested subcutaneously in non-human primates (NHPs).
In early iterations, DcCNPs were thought to be structurally similar to liposomal products;
however, DcNPs have been demonstrated to exhibit unique /n vivo characteristics that are
not typically associated with standard liposomes. Subcutaneous dosing of DcNPs formulated
in drug combination were demonstrated to target the mononuclear cells of lymph nodes

in the lymphatic tissue as well as mononuclear lymphocyte cells in the blood of NHPs
while producing long-acting plasma circulation (Freeling, Koehn, Shu, Sun, & Ho, 2015;
Koehn, et al., 2018; Kraft, et al., 2017; McConnachie, et al., 2018; Perazzolo, et al.,

2018). The higher intracellular drug concentrations in blood mononuclear cells compared
to plasma demonstrated the cell targeting ability of DcNP associated HIV drugs. These
studies also demonstrated that the reverse transcriptase inhibitor tenofovir is accessible to
cellular phosphorylation for conversion to the active metabolite, tenofovir-diphosphate, at
similar ranges as that delivered by oral dosage form in HIV host cells (Kraft, et al., 2017;
McConnachie, et al., 2018). Additionally, DcNP technology appears to be compatible with
a wide range of constituent drugs, including tenofovir (logP = —1.6), lopinavir (logP = 4.7),
atazanavir (logP = 4.5) and ritonavir (logP = 5.2). As the development and optimization

of DcNPs continued, it became evident that the particles are very different from other
lipid-based formulations (such as liposomes). Structural analysis revealed that DcNPs have
a discoid morphology with no evidence of membrane bilayers (J. Yu, Mu, et al., 2020). The
unique structure of DcNPs likely facilitates the binding of chemically distinct compounds
together and enables stable, long-acting circulation /in vivo. DcNP manufacturing is also
relatively simple and easy to scale, which has enabled sizable studies in NHPs. These
results highlight the potential for novel DcNP technology to extend beyond what has been
accomplished with current delivery approaches.

In recent publications, we have evaluated whether DcNP technology can stabilize chemically
distinct drugs for MBC. G & T, which are in clinical use, can be produced in a single
GT-drug combination nanoparticle for use as an injectable dosage form (Figures 2E&3,
Table 3). We have also evaluated whether a GT-DcNP dosage form may allow targeting

of both drugs in MBC nodules found in the lung capillaries in a 4T1 mouse MBC model.
The overall goal is to determine whether GT-DcNP may be able to overcome the current
limitations of asynchronous infusion of the two drugs to MBC and dose-limiting toxicities
due to wide distribution of GT to off-target non-cancer cells. In the 4T1 MBC mouse model,
we found that, with a yet to be optimized composition, GT DcNPs can synchronize both
drugs—gemcitabine and paclitaxel—in target cancer cells in the lungs, and maintain their
concentrations above therapeutic levels for an extended period of time (J. Yu, Mu, et al.,
2020).

In a pharmacokinetic time-course and drug disposition comparison between GT formulated
in DcNP and freely soluble dosage forms, we found that DcNP extends plasma time course
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detected as an increased apparent half-life for both gemcitabine and paclitaxel. In addition,
the /in vivo stability of GT-DcNP as drug combination particles was evident in the greatly
reduced metabolic inactivation to dFdU by cytidine deaminase (CDA), which is a major
metabolic clearance route of gemcitabine when given by injection in the soluble dosage
form. Analysis of 4T1 MBC nodule laden lungs also indicated a significantly higher degree
of GT accumulation attributed to the DcNP formulation. The ratio of GT in the 4T1 lung
tissues also exhibited a ratio similar to that of the original composition ratio of 10:1 GT
(w/w). Collectively these data suggest that in the yet to be optimized GT-DcNP dosage form,
a simple process can be used with lipid excipients to produce DcNPs. These GT DcNPs in
suspension are able to facilitate long-acting GT drug combination therapy that is stable in
mice and leads to the enhanced co-localization of both drugs (G+T) in target MBC nodules
in lung tissues (J. Yu, Mu, et al., 2020).

Leveraging on enhanced tissue and the MBC targeting effect of DcNP loaded with GT, the
therapeutic effects in 4T1 MBC in mouse were evaluated. We found that DcNP enhanced the
potency of both drugs (GT) by inhibiting 4T1 MBC nodules in the lung at a significantly
lower administered dose compared to that of free drug equivalent. While a 20/2 mg/kg

G/T single 1V injection in DcNP could completely inhibit 4T1 MBC nodules, such effects
could not be achieved by free GT combination even at a 5-fold higher dose (100/10 mg/kg
G/T). Moreover, we found that based on the gross side-effect profile (measured as weight
reduction over 14-day study), a therapeutic index of ~15.8 is achievable (Mu, et al., 2020).
With additional optimization of drug ratio and retention in the MBC nodules, this approach
may be widely applicable for the treatment of MBC and other metastatic cancers. In
addition, if the safety and tolerability can be improved significantly, it could be considered
for wider use in other stages of breast cancer such as TNBCs with limited treatment options.

6. Concluding remarks and future perspective

With public awareness of early diagnosis and interventions, breast cancer survival has
increased and benefited from a number of pharmacological treatment options that can inhibit
disease progression. However, a cure for breast cancer is elusive and remains an important
goal. The current drug therapies meaningfully increase the time of survival and extend the
duration of disease remission. On average, one can expect about 17 years of disease-free
status (Dent, et al., 2007). However, cancer progression to metastatic stage (even with active
treatment) is a constant concern. People with a triple receptor negative phenotype carry even
higher risks of metastatic disease as the recurrence rate is estimated to be within 1-4 years
(Dent, et al., 2007; Liedtke, et al., 2008).

Advances have been made to develop oral dosage forms of molecularly targeted therapies
to inhibit specific proteins (including checkpoints for cell growth, survival and other
processes) and receptors that promote growth and motility (for metastasis). Some of these
molecularly targeted drugs have enhanced selectivity and the benefit of oral dosing to
improve patient acceptance and tolerability. The growing number of monoclonal antibody
therapeutics for cancer may provide additional utility for targeting cancers with specific
antigens expressed on their cell surface. Unfortunately, not all cancer types express
distinct markers or those markers can be down-regulated over the treatment course. It
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is likely for these reasons, none of the current therapeutic modalities (either alone or

used in combination) has been shown to provide a cure for breast cancer patients who

have progressed to metastatic disease. Highly potent (but often intolerably cytotoxic)
chemotherapy has been shown to be partially effective in progressive metastatic breast
cancer. These chemotherapeutic agents do not depend on cell surface receptors nor growth
regulating target expression. With decades of clinical and experimental experience with
highly potent, chemotherapeutic agents that target crucial cell growth and replication
mechanisms, it is clear that off-target toxicity (which relates to tolerability) continue to be a
key barrier that limits their potential impact. The adverse events associated with combination
chemotherapy such as gemcitabine and paclitaxel or doxorubicin with paclitaxel can reduce
patient quality of life and lead to sub-optimal dosing. Untoward events due to dose-limiting
toxicities may explain some of the higher early recurrence rates in TNBC and MBC
patients. While cumulative anthracycline cardiotoxicity is dose-limiting, gemcitabine and
paclitaxel combination therapy can overcome cardiotoxicity related to anthracyclines such
as doxorubicin therapies. Even with improvements in clinical use of liposome encapsulated
doxorubicin to reduce cardiotoxicity, doxorubicin nanomedicine still faces cardiotoxicity
risk with its chronic use.

The combination of gemcitabine and paclitaxel is prescribed for metastatic breast cancer and
not subjected to cardiotoxicity from chronic use. The gemcitabine-paclitaxel combination
is effective but also faces dose-limiting toxicity at higher doses (although not lifetime dose
limiting). With two different drugs given sequentially, it is not only inconvenient for both
patients and clinicians but also limits their coordinated exposure in the same cancer cells
for maximum effect. Ideally, both compounds are available to cancer cells at the same time
with enough exposure to provide optimal impact on rapidly growing and mobile metastatic
cancer cells. Unfortunately, due to their disparate physical (i.e., water solubility) properties,
gemcitabine and paclitaxel combination are incompatible in one injectable dosage form;
thus, the two drugs are given asynchronously. The sequential infusion would not optimally
inhibit both DNA synthesis for cell replication and microtubule formation required for
cell-division to knock out MBC completely. In addition, even if one can infuse these two
drugs together, the drugs infused into the blood must penetrate and diffuse into cells, which
typically would result in lower drug levels than what could achieved in blood.

While liposomes (or lipid membrane vesicles), polymeric carriers and drug conjugates have
been evaluated to carry highly potent chemotherapeutic combinations, many of these require
complex manufacturing process including separation of unbound drugs. Many struggle to
develop a scalable strategy to ensure long enough shelf life for commercial development.

As stated previously, nanoparticle systems can also struggle from premature release or rapid
mononuclear phagocytosis (sometime referred to as cells of the reticuloendothelial system
or RES) leading to rapid clearance of nanoparticles into liver and spleen. Recent discovery
of a platform technology that uses biodegradable and biocompatible lipid excipients to
stabilize the unlikely partners, water-soluble gemcitabine and water- insoluble paclitaxel
may overcome these challenges. This technology (generally referred to DcNP in this review)
is able to bring together the physically diverging drugs, gemcitabine and paclitaxel, which
are “glued” together in GT-DcNPs through three steps-(1) co-solubilization in an alcoholic
solution and produce drug powder, (2) suspension in buffer, and (3) size reduction by
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homogenization. This process produces a final product that does not require the need

for removing unbound drug. Leveraging this simple and scalable drug-combination DcNP
technology, we have enabled synchronous delivery and localization of GT into metastatic
breast cancer cells in a metastatic mouse model. In addition to its storage and serum
stability, DcNPs are reported to reduce the metabolic liability of gemcitabine /in vivo and
extend the plasma time course of both gemcitabine and paclitaxel. Using a combination
of experimental and PK modeling approach, both gemcitabine and paclitaxel were shown
to be stably associated to DcNP in GT-DcNP, leading to GT-DcNP’s ability to completely
clear the 4T1 MBC nodules in mouse models. It is likely that the combination of serum
stability of GT-DcNPs and enhanced drug exposure in metastatic cancer cells (as opposed to
bystander host cells) facilitates a greater estimated therapeutic index value (15.8) when
compared to freely solubilized drug combinations. These dose-ranging studies suggest
improve safety and tumor clearing effect. With some modification and optimization, such
as the adjustment of the gemcitabine to paclitaxel drug ratio and other composition
variables of formulation, this DcNP approach may be useful for transforming cytotoxic
drug combinations (which are effective but intolerable) into tissue and cell targeted drug
combination therapies for metastatic breast cancer. Having a more specific, safe and
highly potent chemotherapeutic drug combination that can eliminate aggressive, mobile
and invasive tumor cells (independent of their surface marker expression) may allow us to
envision a cure for breast cancer.
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Key challenges of MBC treatments

1. Chronic use of kinase inhibitors eventually lead to kinase-specific resistance
as breast cancer progress to metastatic stage, and even combining 2 kinase
inhibitors have not increase long-term survival.

2. Hormone receptor targeted drugs such as aromatase inhibitors also cause
eventual drug resistance.

3. Highly potent chemo-drug combinations are frequently used in MBC;
however, toxicity and intolerability lead to treatment stoppage; disparate drug
properties and /n vivo dispositions require frequent infusion visit.
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Possible solutions

1. Long-acting therapeutic agents with sustained drug coverage for less
frequent dosing. Formulation challenges for development of long-acting
drug combination in a single dosage must be addressed with enabling
nanotechnology that capable to stabilizing highly potent drug cobinaiotn in
a nanoparticle platform which is stable (in storage and in vivo) and scalable.

2. Recently, a novel platform DcNP technology that enables physical association
of water soluble and insoluble drugs without modifications was shown to
enhanced MBC localization and clear MBC in the lung. The DcNP has low
liver/spleen/kidney uptake and less toxicity, thus likely increase safety.
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Blood vessel: Low permeability,
rapid tumor growth

)

Figure 1.
Metastasis of breast cancer cells and involvement of lymphatic and blood vessels. At

metastatic stages, breast cancer cells are discovered in distant sites in humans: mostly bone,
lung, brain, and liver (right). Recent discoveries in mouse models suggest that the local
lymphatics and blood vessels are key players in the metastatic process (left) (Brown, et al.,
2018; Pereira, et al., 2018). The cancer cells in tumor mass may first spread into adjacent
lymphatic vessels and lymph nodes, which have high permeability for cancer cells but do
not support rapid cancer growth. Cancer cells then spread into systemic blood circulation,
which has low permeability but supports rapid cancer growth by delivering cells to distant
sites to form nodules (such as metastatic lung nodules). Understanding this process helps the
development of novel therapeutic strategies that can target cancer cells in lymphatics or in
blood circulation.
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Polymeric nanoparticle

Antibody-drug conjugate

D

Drug combination nanoparticle

A/ with lipid excipients

drug combination
Typical size (d ~ 50-100 nm)
Validated stability in vitro and in vivo

* *

Water soluble and insoluble drugs are stabilized

Carry multiple drugs with disparate properties
Enable transformation of short-acting to long-acting

Enable surface decoration with PEG and Tags

E

Monoclonal antibodies

Biodegradable/biocompatible polymers
Typical size of ~100 nm to microns
Carry multiple drugs: possible

Wide range of polymers/co-polymers

Chemical conjugation of drugs
Carry multiple drugs: challenging
High specificity to molecular target
High potency of cytotoxic drugs

o + Drugs with disparate properties

Tunable release rate

Higher cost of synthesis

Figure 2.
Examples of existing nanoscale drug carriers for treatment of metastatic breast cancer

(MBC) and introduction of an innovative lipid-based drug combination nanoparticle
(DcNP). Liposomes (A), polymeric nanoparticles (B), dendrimers (C) and antibody-drug
conjugates (D) are among the most investigated in clinical settings. Drugs or their
combinations, depending on their hydrophobicity/water solubility, are loaded either in
aqueous cavities of these vehicles or hydrophobic regions of lipophilic structures. The drugs
are either non-covalently encapsulated inside the nanoparticles, or covalently conjugated to
the inner or outer areas of these carriers. Each of the existing nanocarriers has their own
advantages and disadvantages comprehensively summarized in the literature. The DcNP (E)
is a new type of nanocarrier for anti-MBC drug combination delivery (Mu, et al., 2020; Jesse
Yu, 2020; J. Yu, Mu, et al., 2020). DcNPs possess several key advantages over the existing
nanocarriers bullet pointed in the figure. Their clinical efficacy and adverse effects are worth
in-depth investigations.
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Figure 3.
The DcNP approach provides opportunities for effective and safe treatment of MBC. A.

Schematic representation of how GT DcNP enhances tumor tissue and cell selectivity

and likely mechanisms that lead to enhanced exposure and extension of effective drug
concentrations in metastatic breast cancer cells (Jesse Yu, 2020). B. Association of GT to
DcNPs increases the concentration of GT in plasma over time compared to CrEl control
suspension (J. Yu, Mu, et al., 2020). Doses: 50/5 mg/kg G/T. C. Enhancement of GT
fixed-dose combination treatment on MBC in the lung by DcNP (Mu, et al., 2020). Mice
with IV inoculation of 4T1-luc to form lung metastasis were administered with a single
1V bolus dose of 50/5 mg/kg GT combination in DcNP or CrEL control formulation. On
day 14, the total tumor burden was examined by bioluminescence of luciferase transfected
cancer cells. Contents in this figure were reproduced with permission of publishers.
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Table 1.
Examples of breast cancer models and distinctive characteristics.

Model Model Origin Strengths Weaknesses References
Genetically ~ Genetic modification Tumor growth in native Tumors driven by (Gopinathan,
engineered  to promote tissue with stroma, single mutations may Morton,
mouse spontaneous tumor vascular and immune overestimate the effect Jodrell, &
model development in mice components of agents targeting that Sansom,
(GEMMs) i mutation 2015),

Natural formation (Kersten, de
of tumor Maintenance of colony is Visser, van
microenvironment labor intensive and genetic  Mijltenburg, &
drift a concern
Potential to model Jonkers, 2017)
all aspects of the Spontaneous tumors are
metastatic cascade less predictable and may
(initial tumor growth to complicate monitoring in
distant metastasis) early stages
Spontaneous metastasis Internal tumors are even
likely more challenging to
monitor
Cell- Established Very well-characterized Immunocompromised host ~ (Chavez,
derived immortalized human cell lines originating o o Garimella, &
Xenograft  cancer cell lines from various human Limited application for Lipkowitz,
(CDX) transplanted into tumor types metastasis due to the lack 2010)
immunocompromised of an immune component
mice Consistent and
reproducible initial Mouse stroma but human
tumor burden cancer cells
Well-studied for Homogeneous tumors with
primary tumors limited heterogeneity that
would be observed in
clinical tumors
Patient Human cancer cells Highly diverse and Immunocompromised host ~ (Murayama &
Derived harvested from patients heterogeneous tumors . L Gotoh, 2019)
Xenograft  and transplanted into Limited application for (Whittle,
(PDX) immunocompromised Vascular and stromal metastasis due to the lack Lewis,
mice components (from of an immune component Lindeman, &
patient tumor) can Visvader,
be included in the Mouse stroma but human 2015)
xenograft cancer cells
Primarily cell line that Clinical tumors are not
may directly reflect broadly accessible to all
patient tumor response researchers
to a certain therapy
Well-studied for
primary tumors
Syngeneic Established Spontaneous metastasis Limited number of (Park, Lee, &
immortalized mouse likely established cell lines that Lee, 2018),
cancer cell lines . can be used for syngeneic (Pulaski &
transplanted into Tumor growth in the models Ostrand-
immunocompetent presence of an intact _ Rosenberg,
mice immune system Rapid growth rate can lead 2001)

Consistent and
reproducible initial
tumor burden

Can be transplanted
in native tissue

for original stromal,
vascular and immune
components

to metastasis but may limit
longer studies

Potential for
immunogenicity and
spontaneous remission
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Select drugs approved and indicated to treat metastatic breast cancer as mono or combination therapies in the
past 5 years (2015-2020). "
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Drug .
L Efficacy
Common MBC drug platform Combination : :
(Brand) target Small or or mono- Route Ph%g?ﬁgﬁil;%'scal %Pquﬂg Main side effects Ref
name (phenotype) biologic drugtherapy measure)
molecules
Approved in 2020
An Fc-
engineered
chimeric anti-
In ERBB2
A immunoglobulin Median PFS
Monoclonal \i?imbma“on ﬁ(lzrtehaastezas :Eat:] eetuximab Infusion-related
Margetuximab | HER2 : capecitabine, S g reactions, left (Rugo, et
antibody LA \Y] activation of group was 5.8 p
(Margenza) (HER2+) : ! eribulin, . ventricular al., 2021)
(Biologics) emcitabine antibody- months vs 4.9 dvsfunction
gr ’ dependent months in the Y
: - cellular control group
vinorelbine cytotoxicity and
natural Killer
cells, relative to
trastuzumab.
This drug Median PFS
contains SN-38. in
] The mAb sacituzumab
Sacituzumab- - Antibody- i R i
; Trop-2, drug Mono-drug delivers SN-38 govitecan Neutropenia, (Bardia, et
govitecan topoisomerase- | o1 gate thera v into Trop-2+ groupwas 4.8 | o e nsitivit al., 2021)
(Trodelvy™ | 1(TNBC) (Bi o 0 oy TNBC cells. monthsvs 1.7 | ™Y y g
9 SN-38is months in
topoisomerase-| chemotherapy
inhibitor. group
Tucatinib inhibits | Median PFS
In phosphorylation in tucatinib
- of HER2 and combination
combination -
L HER2&3 g HERS3, resulting group was 7.8 | Elevated
I#SE“:;;) kinase ﬁ/ln(])?élcul e ge;tsr:uzum ab PO in inhibition of months vs 5.6 | aminotransferase glvl u;(t)%,)et
Y (HER2+) and downstream months in levels v
o MAPK and AKT | placebo
capecitabine signaling and cell | combination
proliferation group
Approved in 2019
Trastuzumab- The median
deruxtecan response
. Antibody- targets HER-2+ duration was
;’er?li;utézgab ?clnzﬁizs’omerase— drug Mono-drug v MBC. 14.8 months Neutrophil count (Modi, et
(Enhertu) | (I?|ER2 +) conjugate therapy Deruxtecan(Dxd) | and the decreases al., 2020)
(Biologic) isa median PFS
topoisomerase | was 16.4
inhibitor. months
Alpelisib Median PFS
selectively was 11.0
inhibits PI3K in months in the
In the PIBK/AKT alpelisib plus
Alpelisib Small combination kinase signaling fulvestrant . (Andre, et
(Pigray) PISK (HR+) Molecule with PO pathway, which group vs 5.7 Hyperglycemia al., 2019)
fulvestrant results in months in the
inhibition of placebo plus
tumor cell fulvestrant
proliferation. group
Approved in 2018
Talazoparib PARP (BRCA, Small In PO Talazoparib binds | Median PFS Anemia, (Litton, et
(Talzenna) HER2-) Molecule combination to and inhibits was 8.6 thrombocytopenia | al., 2018)
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Drug .
L Efficacy
Common MBC drug platform Combination : p
(Brand) target Small or or mono- Route Ph;g:ﬁ;ﬁil;%fal %Pu?gfnrg Main side effects Ref
name (phenotype) biologic drugtherapy
molecules measure)
PARP enzymatic
with ?:é'r\égésthen months in
capecitabine, formation of talazoparib
eribulin, PARP-DNA group vs 5.6
gemcitabine, complexes months in the
or . resuIF;ing in DNA oy
vinorelbine damage in tumor therapy group
cells.
Approved in 2017
Abemaciclib
inhibits CDK4
and CDKG®, thus, Median PFS
it inhibits was 16.4 in
In retinoblastoma abemaciclib (George W.
Abemaciclib CDK4/6 (HR+, | Small combination PO protein plus Diarrhea, Sled g ot :
(Verzenio) HER2-) Molecule with phosphorylation fulvestrant neutropenia al 2%1’7)
fulvestrant in G1 phase group vs 9.3 v
resulting in months in
arresting the cell placebo group
cycle in the G1
phase
In
combination Ribociclib is an Median PFS
with inhibitor of CDK | was 25.3
endocrine 4 and 6 which months in
therapy, also interferes the ribociclib plus
Ribociclib CDK4/6 (HR+, | Small received PO phosphorylation letrozole Neutropenia, (Hortobagyi,
(Kisqali) HER2-) Molecule either as a of retinoblastoma | group vs16.0 leucopenia etal., 2018)
nonsteroidal protein and leads months in
aromatase to arrest the cell placebo plus
inhibitor or cycle in the G1 letrozole
tamoxifen phase. group
and goseline
Approved in 2015
Palbociclib is an :
inhibitor of Median PFS
CDK4 and CDK6 ths in th
causing the months in the
Palbociclib Small In prevention of Rb S?Jts)?g;?é;bole : (Finn, et al
(Ibrance) CDK4/6 (HR+) Molecule \(zﬂmblgﬁgzo(;e PO phosphorylation group vs 14.5 Neutropenia 2016)

and E2F1 release,
therefore leads to
arrest the cell
cycle in the G1
phase

months in the
placebo plus
letrozole
group

Please see abbreviation list for the full names (PARP, CDK4/6, HR, HER2, E2F1, PFS).

Ak
Trodelvy received accelerated approval in April 2020 and regular approval in April 2021.
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Page 47

Examples of nanoparticle-based combination chemotherapy for metastatic breast cancer and formulation

. a
analysis.
. Drug combination (solubilityb) Formulation properties
Sgltlf\gel’% Potential limitations for Reference
Drug 1 Drug 2 Distinctions pharmaceutical development
Co-loading of soluble/
insoluble drugs, high drug
Lipid dru association with good
congbinatic?n stability /n vitroand in Fixed-drug ratio optimum, (Mu, et al., 2020;
nanonarticles Gemcitabine (S) Paclitaxel (1) vivo, unique elongated maximum drug loads need to J. Yu, My, etal.,
(DchP) shape, FDA-approved be investigated 2020)
excipients, simple and
safe manufacturing, high
scalability
; . Large particle size (¢~220 nm), | (Y.R. Liu, Fang,
Liposome Doxorubicin (1) Paclitaxel (1) vglsjﬁcllgsrl\i\%twlélrglsirl?slgiar: instability of liposomes (in Joo, Wong, &
9 Vivo) Wang, 2014)
Drug (oleanolic acid) Large particle size (¢~260 (Bao, et al
Oleanolic acid (I) Paclitaxel (I) participates in the nm), harsh solvent needed in 20’20) "
formation of nanoparticles formulation
A : Complex manufacturing
%%rgg%%t_'gég;gg{i'gfdm process, instability of (Houdaihed,
Everolimus (1) Paclitaxel (I) Fab fragments for tumO}; antibody fragments, chemical Evans, & Allen,
gtar etin conjugation (new drug per 2019)
geting FDA perspective)
Micelle particle structures may
Co-loading of soluble/ not be stable and subject (Dong, et al
Gemcitabine (S) Paclitaxel (I) insoluble drugs with high to dissociation in diluting 2(%18) "
drug association conditions and plasma protein
Polymers interference
Complex manufacturing,
potential premature release in
. - oxidative environment such
Dasatinib (1) DOXO(I’IL)JDICII'I roeld?:](;?cs%)in(;'l\;:s as high GSH in liver, large @.J. 2851{17,)& al,
poly particle size (¢~200 nm),
chemical conjugation (new
drug per FDA perspective)
Micelle particle structures may
) ) Loading of two not be stable and subject (Blanco, et al
Paclitaxel (1) Rapamycin (1) hydrophobic drugs with to dissociation in diluting 201'4) "
small NP size conditions and plasma protein
interference
Co-loading of soluble/ Chemical conjugation (new
Cisplatin (S) Tolfenamic insoluble drugs, two drugs drug per FDA perspective), (Yang, etal.,
P acid (1) were conjugated into a drug ratio not tunable (1:1 2020)
coordination prodrug fixed)
Inorganic/lipid -
complex Fes04 as nanopa_rdncle Drug loading on surface only,
Combretastatin- Doxorubicin I:;o:e ?ay ;tJ_row E)OX chemical conjugation (new (H. M. Liu, etal.,
Ad (1) 0) mu 'ptedutncl.'o.':js't ; drug per FDA perspective), 2016)
conjugatec to lipid to torm drug 1 is not FDA-approved
prodrug
. Complex manufacturing,
- Mesoporous silica ; P—
Inorganic/ - chemical conjugation (new
polymer Quercetin (1) Topotecan (1) n?/:/]i?ﬁ ig"i)ltee' cg?]ressulr?:gg d drug per FDA perspective), (Mur%%‘i%)et al.,
complex conjugatzd with 'quercetin degradation issue of silica /n
vivo
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a . . — .
Literature selected are based on dual-drug loaded nanoparticle-based combination chemotherapy. All examples selected have been evaluated in
animal models and have improved PK and/or tumor inhibition properties compared to the free drugs. The administration route was all 1V, thus not

shown in the table.

bWater solubility of drugs is shown in brackets. I, insoluble; S, soluble.
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Page 49

A comparison of drug combination nanoparticles Vyxeos and GT-DcNP with respect to therapeutic purpose,
physical characteristics and manufacturing process.

Vyxeosa

GT—DCNPb

Disease indication

Acute myeloid leukemia

Metastatic breast cancer, pancreatic cancer

Target cell locations

Blood and bone marrow

Mammary grand or pancreas, blood and lymphatics, distant sites
of the body

Physical properties

Characteristics

Liposomes (lipid bilayer vesicles)

Drug combination particles (Lipid excipient stabilized drug
particles)

Hydrodynamic size

100 =20 nm

~60 nm

Excipients (Function)

DSPC, DSPG, cholesterol (bilayer
enclosure)

DSPC, DSPE-mPEG;qq (serving as a bridge for two drugs-G &
T; no bilayer structure)

Drugs and solubility (LogP)

Daunorubicin (LogP =1.83) Cytarabine
(LogP=-2.8)

Paclitaxel (T) (LogP=3.0) Gemcitabine (GT) (LogP=-1.4)

Drug ratios (molar)c

15

1:11t01:30

Manufacturing process

Manufacturing stepsd

a\/yxeos® (or CPX-351) is an approved liposomal formulation consisting of daunorubicin and cytarabine with fixed ratio for treatment of AML.

GT-DcNP is a lipid nanoparticle formulation consisting of gemcitabine and paclitaxel with fixed ratio for treatment of metastatic breast cancer and

pancreatic cancer.

Drug ratios in these formulations are molar ratios of daunorubicin:cytarabine and paclitaxel:gemcitabine, respectively.

d. - . .
These steps indicate key procedures in manufacturing of Vyxeos and GT-DcNP.
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