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Abstract

Aptamer targeted delivery of synergistic drug combinations for effective cancer therapy
by
Anusha Pusuluri
Potent chemotherapy combinations identified and optimized in vitro often fail in clinic
because the current paradigm aims to deliver drugs at or near their maximum tolerated doses
(MTD), elevating the risk of treatment related toxicity in patients. Further, it does not achieve
optimum relative drug concentrations, required to maximize the therapeutic impact of a
combination, at the tumor site. Thus, combination chemotherapy regimens must be designed
to adequately strike the difficult balance between safety and efficacy. In the first part of this
dissertation, two chemotherapeutic drugs, doxorubicin (DOX) and camptothecin (CPT),
whose potency can be tuned by combining them in different molar ratios, are investigated as
a treatment option against triple negative breast cancer (TNBC). Albeit causing toxicity to
control breast epithelial cells in vitro, the optimized combination inhibited the disease
progression in an aggressive orthotopic human TNBC mouse tumor model at very low drug
doses of DOX (2mg/kg/dose) and CPT (1.4 mg/kg/dose). Targeted delivery of these non-
specific yet potent compounds was envisaged to further enhance clinical outcomes by
improving cancer specificity. Since aptamers offer excellent advantages over other molecular
targeting agents, an aptamer capable of specifically recognizing an overexpressed TNBC
marker was explored and found to be suitable for this application. To amalgamate anti-cancer
potency with cancer specificity, a modular framework for the aptamer-targeted delivery of
drug combinations at synergistic molar ratios is described in the next part. Specifically, a
nucleolin targeting aptamer was coupled to peptide scaffolds laden with DOX and CPT at

precisely defined molar ratios. Ap-DOCTOR (Aptamer-targeted DOX and CPT
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in Therapeutically Optimal Ratios) exhibited an extremely low ICsy value of31.9
nM specifically against TNBC cells in vitro. This value is 15-fold lower than the ICsy of
DOX alone, and 7-fold lower than the ICsy of CPT alone. In vivo, Ap-DOCTOR
outperformed cocktails comprising equivalent doses of unconjugated DOX and CPT,
exhibiting efficacy at micro-dose injections (500 pg/kg/dose) of DOX and (350 pg/kg/dose)
CPT. These doses are respectively 8-fold and 21-fold lower than those required with DOX or
CPT individually to induce measurable anti-tumor effects, and a further, 20-30-fold lower
than the reported MTD values of these drugs. The approach outlined in this dissertation
represents a generalizable strategy for the safe and consistent delivery of empirically defined
optimal molar ratios for a diverse set of combination drugs in oncology. Ultimately, this
could enable treatment at doses much lower than MTDs and facilitate effective translation of

anticancer chemotherapeutic combinations into the clinic.
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Chapter 1

Overview of Dissertation

A 19™ century surgeon once described cancer as “the emperor of all maladies, a king of
terror”. Indeed it continues to be as deadly even in the 21* century. 4 out of 10 people are
likely to develop cancer in their lifetime and it is one of the leading causes for disease related
mortality. About 16 billion dollars are spent annually towards cancer research, which have
resulted in the emergence of several novel cancer treatment modalities. Recent discoveries
such as check point blockade inhibitors and cell therapy have revolutionized the current
treatment landscape [1]. While the overall survival rates are slowly improving, the survival
rates for cancers detected in late stages are still quite stark. A reported 8.2 million of the 14.1
million new worldwide registered cases in 2012 resulted in death and most of these are a
consequence of the cancer advancing [2]. Although limited in success, combination
chemotherapy is the gold standard therapy option for several advanced stage cancers [3]. In
addition to tumor resistance, toxicity limits the effectiveness of chemotherapy. The reason for
their failure in the clinic is predominantly because of the administration of each drug
component at its maximum tolerated dose (MTD). Patients are exposed to toxic doses of
several agents simultaneously, causing severe adverse effects and undermining their intended
therapeutic benefit. My Ph.D. broadly focused on improving outcomes of combination
dosing by simultaneously optimizing drug ratios of chemotherapeutic agents and imparting

cancer recognizing properties to them. This dissertation describes in detail the steps I

1



undertook to identify and validate an approach to generate enhanced cancer-specific
therapeutic effects using chemotherapy combinations at highly reduced drug doses.

In Chapter 2, I first review the prevalence of combination chemotherapeutic regimens
in cancer and how current regimens are effective yet toxic. Next, I summarize the latest
research endeavors being pursued to minimize toxicity and improve the potency of a
combination.

Triple negative breast cancer (TNBC) is currently the most lethal and difficult
subtype of breast cancer to treat. There is a great requirement for identifying efficacious
treatment options against TNBC [4]. In Chapter 3, I identify a drug combination against
metastatic TNBC after screening a panel of commonly used chemotherapeutic drugs against
breast cancer. Camptothecin (CPT) and Doxorubicin (DOX), topoisomerase I and II
inhibitors respectively, when combined show extreme potency and also molar ratio
dependent synergy. Although the most potent molar ratio does not provide cancer exclusive
toxicity in vitro, it displayed efficacy at very low doses in vivo. This provided a good
motivation to employ this combination against TNBC after further optimization.
Improvements needed for effective translation of this drug pair are discussed in the last
section of this chapter.

Chapter 4 outlines a targeting approach to reduce the non-specific and off-target
accumulation of small-molecule drugs in healthy tissues and simultaneously unify different
pharmacokinetic, bio distribution and transport properties of distinct drugs. Three specific
considerations for designing an effective targeted delivery vehicle are defined and aptamers,
a novel class of targeting agents, are evaluated for their suitability based on these guidelines.

The limitations of previous aptamer delivery vehicles are also reviewed.



A combination therapy vehicle that targets tumor cells via aptamers and delivers
multiple therapeutic agents at pre-defined ratios selected for maximum effectiveness is
described in Chapter 5. A novel strategy to conjugate multiple drug molecules to a single
aptamer molecule using peptides is first described. Then the development of aptamer-peptide
drug conjugates loaded with different DOX and CPT molar ratios is shown. Next, the optimal
molar ratio is identified and the construct’s performance is validated both in cultured cells
and in a relevant TNBC animal model. Critical pharmacological aspects of the formulation
like construct solubility and drug release rates are also studied. Finally, a discussion on
parameters crucial for successful aptamer-mediated dual drug delivery is provided. In
Chapter 6, experimental methods like in vitro and in vivo assays, chemical synthesis, and
material characterization techniques used in all the experiments described in this dissertation
are summarized.

Finally, in this dissertation, I intended to answer three main questions: “Are two
drugs better than one?” “What is the benefit of targeting?” and “How can drug combinations
be translated more effectively to the clinic?” In Chapter 7, I attempt to answer them with a
summary of the main findings and a comprehensive conclusion of the work done so far. |
also lay down suggestions for future research pathways that build upon the knowledge
presented here.

Permissions and attributions

Some of the content presented in this thesis has been used to prepare a research manuscript

for submission to Angewandte Chemie.



Chapter 2

Dosage Concerns in Chemotherapy

2.1 Chemotherapy against cancer

Current methods of clinical treatments against cancer include surgery, radiation
therapy, chemotherapy, immunotherapy, targeted therapy and hormone therapy [5].
Depending on the type and stage of the cancer, one or more of the above strategies are
prescribed to the patient. Despite the advent of several new cancer treatment modalities,
clinicians continue to rely on cytotoxic chemotherapy (using highly toxic drugs to kill cancer
cells) for treating late stage cancer patients. In at least seven out of the ten most commonly
occurring cancers, chemotherapeutic drugs are used as the main treatment, either alone or in
combination with other treatment modes (Table 1). In addition to the wide panel of relatively
inexpensive options available for most types of cancer, chemotherapeutics possess the ability
to reach all three heterogeneous late stage cancer components - primary tumor sites, remote
metastases and circulating tumor cells - via systemic circulation. This makes them a popular
remedy choice compared to other localized therapeutic options like surgery or radiation and
relatively newer and more expensive drugs like biologics or immune-mediated therapies
[3,6].

However, the five-year survival rates of late stage cancers treated with chemotherapy
are rather disheartening and indicate severe limitations in current regimens. Propelled by the

principle of dose-dependent tumor inhibition, introduced first by Schabel and Skipper,



clinicians deliver high drug doses to achieve high efficacies. The advent of bone marrow

transplants and other supportive care options like hematological growth factors, blood cell

transfusions etc. made delivering high drug doses possible. High-dose chemotherapy,

therefore, became the mainstay of cancer treatment for over 50 years [6,7].

Table 1. Primary late stage treatment strategies for the ten most prevalent cancers types.

Cancer Primary treatment in late stages  5-year survival rate (%)
Breast Chemotherapy and/or radiation 27 [9]
Lung Chemotherapy +/- radiation 1-5 [10]
Prostate Surgery +/- radiation 30 [11]
Colorectal Chemotherapy +/- surgery/radiation 12.5 [12]
Melanoma Surgery and immunotherapy 21 [13]
Bladder Chemotherapy 8.1 [14]
Non-Hodgkins Lymphoma | Chemotherapy +/- radiation 71 [15]
Leukemia Chemotherapy ~ 24 -83 [3]
Kidney Surgery and targeted therapy 7-23 [16]
Pancreatic Chemotherapy ' 6 [17]

Since, chemotherapeutic agents are designed to affect any rapidly dividing cell, they

can launch an indiscriminate attack on both healthy and tumor tissues. Unsurprisingly,

exposing a patient to excessive concentrations of such narrow therapeutic index drugs is

shown to cause acute toxicity and results in poor patient compliance, treatment delay and

" Chemotherapy is used in patients resistant to Tyrosine Kinase Inhibitors.
" Sometimes combined with targeted therapy.
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ultimately forced treatment withdrawal. Tumors relapse from drug resistant sub-clones due to

unsuccessful therapy, contributing towards increased failure rates [8].

2.2 Popularity and confines of combination chemotherapy in the clinic

Development of multi-drug resistance and tumor relapse post chemotherapy is
commonly observed in many cancers [18]. Combination chemotherapies are routinely
employed in the clinic to improve treatment efficacies against such cancers. First
demonstrated by Frei, Freireich and Holland in 1965 against childhood acute lymphoblastic
leukemia (ALL), combination drugs displayed an increased anticancer effect compared their
single counterparts, especially in patients whose cancer had metastasized or had a high risk
of relapse after surgery [6]. Soon after its success in the clinic, several other combination
therapies were developed empirically based on various postulates that still form the basis for
current clinical trials design. For example, drugs that operate by different mechanisms are co-
administered to affect separate pathways necessary for cell proliferation and potentially
manifest in biochemical synergy. Similarly, drugs that possess non-overlapping toxicities are
hypothesized to elicit an improved tumor response without enhancing the cumulative side
effects and finally, cross-sensitive drugs are combined to overcome resistance to the partner
drug [8,19,20].

As mentioned previously, drugs are administered at the highest possible dose to
maximize their therapeutic effect and this rule was immediately extended to combination
chemotherapy. Currently, most treatments co-administer combination drugs at their
individual maximum tolerated dose (MTD) to reduce the risk of sub-therapeutic exposure of

either drug constituent. Typically, the dose of one drug is kept constant and the relative dose
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of the other drug is varied or the relative dose is kept constant and the cumulative drug dose

is escalated until dose-limiting side effects are observed [21].

Theoretical outcome Clinically observed

Toxic Toxic Toxic

Clinical Dose Clinical Dose Clinical Dose

Narrow Index
Wide Index

Reduced Index

Concentration
Concentration
Concentration

Sub-

therapeutic
Sub-

therapeutic

Sub-
therapeutic

e.afc?éT

Figure 1. Cartoon depicting the expected theoretical benefit and the diminished clinical

outcome observed after combination chemotherapy.

While in theory drug combinations appear superior, recent probes into the clinical
outcomes suggest otherwise. Combination regimens have been linked to more severe side
effects and greatly diminished overall therapeutic benefit compared to single drugs especially
in advanced solid cancers (Figure 1) [21,22]. Analysis of data from 65 randomized trials
(13601 patients cumulatively recruited) for advanced non-small-cell lung cancer (NSCLC)
revealed that addition of a second drug to the chemotherapy regimen resulted in a modest 5%
improvement in the 1-year survival rates. Further, adding a third drug did not provide any

survival advantage and significant enhancement in toxicity was observed in patients



receiving combination chemotherapy [23]. Similar trends are seen in other solid cancers,

where the benefits of combining chemotherapeutic agents remain debated (Table 2).

Table 2. Modest benefits of combination chemotherapy in advanced solid cancers.”

Cancer Therapeutic improvement Toxicity effect

Breast 12% improvement in overall Overall grade 3/4 toxicity [22]
survival and 22% in time to increased by 1.5-fold
progression

Lung 5% improvement in l-year Thrombopenia increased by 6.8- [23]
survival and 2.4-fold in tumor fold and neutropenia by 3.2-fold
response

Colorectal | Insignificant 6% improvement in Overall grade 3/4 toxicity [24]
3-year survival increased by 2.07-fold

Bladder 2.25-fold improvement in overall Leukopenia increased by 2.54- [25]
survival fold

Pancreatic | No benefit of combination Not studied [26]

On a more fundamental level, synergy between a drug pair is of crucial importance.
Synergy can be best described as the generation of a greater therapeutic effect by a drug
combination compared to the expected sum of their individual therapeutic effects. When the

combinatorial effect is equal to the sum of individual drug effects, the drug pair is said to be

" All comparisons are made at overall population-level patient responses between the
combination and control arms.



additive and when the combinatorial effect is lesser than the effect of one or more constituent
agents, the pair is deemed antagonistic. After interpreting data from 230 pre-clinical and 8
human clinical trials, Palmer and Sorger argued that, at a population level, combination drugs
act independently and provide an improvement only because of their ability to treat a larger
fraction of patients and not necessarily because of synergy. This idea is depicted
schematically in Figure 2. Further, they suggest that translation of in vitro synergy into the
clinic remains unsuccessful and greater improvements in the response rates should be
observed if the drugs were truly synergistic [27]. Similarly, when synergistic drug pairs
identified in 132 preclinical studies were compared to 86 corresponding clinical trials, no
additional improvements were observed in the clinical response rates of the combination
groups [28].

The reasons for poor translation of synergistic combinations will be discussed
in more detail later; however, these studies highlight a critical shortcoming with the MTD
strategy. If the addition of a second drug to a treatment regimen elevates the side effects
without any commensurate improvement in the therapeutic response, then risking a patient’s
exposure to toxic concentrations of this added drug becomes unnecessary. In summary, the
exposure to near toxic doses of multiple drugs elevates the risk in overall safety and
outweighs any therapeutic advantage provided by a drug combination. This makes the
current MTD method a poor dosing strategy. To fully realize the benefit of drug
combinations, there is an immediate need to design therapies that are effective at lower drug

doses.
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Figure 2. Understanding the benefit of combination chemotherapy at a population level.

(A) Possible outcomes after a drug combination administration to a diverse population
having different responses to the individual components. (B) Higher response can either be
due to a high number of patients cumulatively responding to high doses of either individual
drug component (high response rate scenario) or due to patients responding to both drug
components at low doses (yellow portion in high correlation scenario). True drug synergy is

manifested in the latter case where patients respond to both drugs. Figure reprinted with

permission from [27].

2.3 Advances towards designing effective combination chemotherapies

Several strategies have been developed to reduce the adverse effects of combination
chemotherapy and improve the overall response. The two most common ones being (i) the
variation of drug administration sequence and (ii) optimization of the relative molar ratios in
which drugs are given. Sequential drug administration has been historically employed to

improve tolerability by preventing the concurrent exposure to toxic side effects of multiple
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drugs. However, achieving synergy or additional potency by varying the drug administration
sequence or relative drug molar ratios is relatively fresh and increasingly being recognized as

a strategy to improve treatment efficacy. These concepts are discussed in detail below.

Dependency on drug sequence

Studies have demonstrated that the sequence in which drugs are administered dictates
the synergy of a combination [29-31]. For example, tumors pre-treated with methotrexate
before administering S5-fluorouracil had a significant improvement in response as compared
to tumors treated in the reverse sequence [32]. Similarly, staggered administrations of
erlotinib, an EGFR inhibitor, prior to doxorubicin, a DNA damaging agent, conferred
synergy over simultaneous administrations in a few breast cancer cell lines. Several time-
dependent intracellular pathways, cell-cycle kinetics and interdependent regulatory networks
are responsible for such schedule-dependent synergies [33]. Moreover, appropriately
sequencing drugs has been shown to overcome cell-cycle mediated drug resistance across
four commonly employed classes of chemotherapeutic agents [34]. In clinical trials, multiple
factors were affected based on the sequence in which drug combinations were administered.
While efficacy improvement is observed with some combinations [35,36], other trials show
sequence dependent improvements on the pharmacological behavior like clearance rates [37]
and toxicity levels [38]. However, there is a lack of one to one mapping between observed in
vitro synergies and in vivo effects due to complex physiology and transport effects
encountered by drugs in circulation [39]. Efforts are underway by drug delivery scientists to
translate such sequence dependent synergies observed in vitro to superior dose reductions in

vivo by engineering novel delivery vectors [31,40].
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Dependency on drug ratios

The recent FDA approval of Vyxeos (CPX-351) heralds a new era in combination
chemotherapy. [41] Vyxeos is a liposomal formulation that delivers a synergistic molar ratio
of two chemotherapeutic drugs, daunorubicin and cytarabine, to leukemic cells. During its
pre-clinical development, several different molar ratios of the combination liposomally
encapsulated were tested in vivo in a leukemic mouse model. Improved survival was
observed in the group that received daunorubicin and cytarabine in a molar ratio of 1:5
daunorubicin:cytarabine. To further probe the dependence of synergy on molar ratios, the
dose of cytarabine was kept constant and the dose of daunorubicin was increased to result in
a molar ratio of 1:3 daunorubicin:cytarabine. Impressively, despite an increase in the dose of
daunorubicin, the group receiving the 1:3 molar ratio had only a 55% 55-day survival rate
whereas the group receiving the 1:5 molar ratio had a 100% 55-day survival rate [42]. This
observation clearly contradicts the “more is better” intuition. Along with CPX-351, several
emerging studies show that different molar ratios of the same drug combination have
different cell-killing effects and there is a growing consensus on combining chemotherapy
drugs at specific molar ratios to afford higher potency [43]. Hence, delivering drugs at these
specific ratios can greatly diminish doses required for an effective clinical response [Table
3,6,43].

Thus, along with schedule dependency, relative drug concentrations play a critical
role in determining the potency of a drug combination. Drugs interact with each other and
affect a cell through several complex intracellular pathways. Moreover, apoptosis and other

cell-death pathways are inter-dependent and one drug could affect another drug’s cell-death
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pathway either upstream or downstream [50,51]. Due to the non-linear interactions between a
drug and its target, it would be hard to predict the relative concentration of a sister drug that
could influence any drug’s dose-effect curve [52]. Hence, it would be hasty to assume that
toxicity profiles of a drug in the presence and absence of other drugs would remain similar.
The MTD approach relies on the assumption that two drugs act independently and wrongly
disregards the interdependent effects of drug combinations on its potency.

As a case study, let us consider a co-therapy of irinotecan and floxuridine. At high
concentrations of irinotecan, an agent that causes DNA damage, a greater fraction of cells are
arrested in the S phase. Floxuridine on the other hand, causes cell death by prematurely
progressing S phase cells to M phase. Hence, if a larger number of cells were already arrested
in the M phase, the presence of irinotecan would not induce any further cell death since S
phase precedes the M phase. In the opposite scenario, cells that have already undergone DNA
damage by irinotecan can undergo a further premature progression to the M phase resulting
in enhanced cytotoxicity and biochemical synergy. This was indeed observed in HT-29
human colorectal cancer cells and Capan-1 human pancreatic cancer cells where a 1:1 molar
ratio of irinotecan and floxuridine was synergistic and the higher 1:5 and 1:10 molar ratios
were antagonistic [53].

More recently, cancer specific cell death was achieved by fine-tuning the ratios in
which the two drugs were exposed. Camacho et.al. were able to identify drug ratios that were
extremely synergistic against a breast cancer cell line and simultaneously antagonistic to an
endothelial cell line. They speculated that the vast difference in cytotoxicity was due to the

inherent differences in the mechanisms by which the drugs induce cell death in the cancer
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and healthy cell lines [47]. Although this preliminary result needs further testing, it

nevertheless opens a new dimension to be considered while optimizing drug combinations.

Table 3. Manifestation of ratio dependent synergy in combination chemotherapy vehicles.

Formulation Drugs (Most Delivery vehicle = Developm  Disease
name effective molar ratio) ent Stage
Vyxeos Daunorubicin:cytarbi  Liposome Clinically  Acute [42]
ne (1:5) Approved Myeloid
Leukemia
CPX'1 Irinotecan:Floxuridin  Liposome Phase II Colorectal [45]
e(1:1) Cancer
DAFODIL | Doxorubicin:5- Liposome In vivo Breast [46]
fluorouracil (0.15:1) Cancer
HA-DOX- | Camptothecin:Doxor Hyaluronic In vivo Breast [47]
CPT ubicin (3.2:1) polymer Cancer
PLGA NP Gemcitabine:Cisplati PLGA-PEG In vivo Bladder [48]
n(5:1) nanoparticle Cancer
PTX/GEM | Gemcitabine:Paclitax Lipid coated [In vivo Pancreatic [49]
LB-MSNP | el (10:1) mesoporous silica Cancer
nano particle
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Chapter 3
Optimizing drug combinations for

triple negative breast cancer

25% of all female cancer patients worldwide suffer from cancer in the breast. In 2012, it was
identified as the second most common cancer in the world after lung cancer and the most
prevalent cancer in women. Being the second leading cause for cancer related deaths, it
contributes enormously to the global burden of cancer [54]. This year, a further worsening in
the situation was witnessed with the expected number of new breast cancer cases
(approximately 268,670) in the United States surpassing all other cancer types. Early
detection of breast cancer results in a remarkable 99% five-year survival rate. However,
advanced breast cancers comprising both locally advanced and metastatic breast cancers have
a rather poor five-year survival rate of ~ 25%. Moreover, metastatic breast cancer still
remains an incurable disease with a median overall survival between 2 and 3 years [3,55].
Thus, current methods of managing advanced breast cancers are insufficient.
Accelerated research efforts in pursuit of understanding the disease biology better,
overcoming resistance mechanisms and developing novel therapies are needed to improve

the dire outcomes in late stage breast cancers.
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Typically, international consensus guidelines recommend preferred treatment options
and drugs for advanced breast cancers. However, for treating advanced triple negative breast
cancers no such drug recommendations are available [55]. In this chapter, after screening a
panel of chemotherapeutic drugs on a human triple negative breast cancer (TNBC) cell line, a
novel drug pair is identified to mitigate this aggressive subtype. In vitro and in vivo tests are
performed on the drug pair to evaluate its potential as an efficacious treatment option.
Further, studies on a control cell line are performed to identify areas that need to be

addressed for developing the drug pair into a viable late stage breast cancer therapy.

3.1 Role of chemotherapy in managing advanced breast cancer

Lumpectomy, tumor and surrounding tissue removal via surgery, or mastectomy i.e.
complete removal of the breast surgicaly, are performed for treating relatively localized
tumors. Radiation is also sometimes recommended in addition to surgery for large sized
tumors in place of mastectomy or if axillary lymph nodes are involved with tumor. In
advanced stage cancers, chemotherapy (primary or adjuvant therapy), hormone therapy or
targeted therapy is recommended based on the subtype and extent of cancer spreading. Breast
cancers are classified into subtypes by profiling the expression levels of immunomarkers
such as the estrogen receptor (ER), the progesterone receptor (PR) and the human epidermal
growth factor 2 (HER2). Currently, there are five groups: Luminal A (ER", PR"", HER2),
Luminal B (ER", PR™", HER2"), Basal (ER’, PR, HER2"), Claudin-low (ER", PR, HER2)),
and HER2 (ER’, PR", HER2") [3,56].

To effectively treat advanced breast cancers, international guidelines were developed

based on the joint consensus of several international and regional breast cancer organizations.
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ER" and PR" breast cancers depend on estrogen and progesterone hormones for proliferation;
the first line of treatment recommended for such cancers is endocrine therapy, which inhibits
or removes these proliferation aiding hormones, thereby slowing or stopping the growth of
the tumors. The benefits of concomitant chemotherapy and other combinations with
endocrine therapy are currently being investigated in clinical trails. The largest progress has
been achieved in treating HER2" breast cancers. Anti-HER2 agents are the standard first line
of treatment for such cancers and a single chemotherapeutic agent is combined in the later
lines of therapy. Again, the toxicity profile influences the selection of combinations of two or
more therapeutic modalities. =~ TNBC cells, however, do not express any of the
immunomarkers (ER’, PR’, HER2") and are the most difficult cancers to treat. There is a large
unmet need to develop effective treatments against them. In the clinic, they respond modestly
only to chemotherapy. Hence, experts are unable to make any specific recommendations for
treating advanced triple negative breast cancer other than chemotherapy [55]. Since they can
greatly benefit from advances made with chemotherapy compared to other subtypes,

chemotherapy drug combinations in this framework were studied and optimized for TNBC.

3.2  Alook at chemotherapy combinations against breast cancer

In 1970°s chemotherapeutic agents, cyclophosphamide, methotrexate and 5-fluorouracil were
combined to improve the short tumor responses observed with single agents in breast
cancers. A review evaluating the efficacy of combination agents over single agents on 7147
randomized women suffering from metastatic breast cancer revealed that a heterogeneous yet
statistically significant benefit was obtained for combination regimens over single regimens

in terms of tumor progression and overall survival. Notwithstanding these improvements, the
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median survival times were still very low and between 1-2 years, plus the survival benefit
was counterbalanced with a proportional increase in the toxicity contributing to severe
morbidity and poor quality of life in patients [22]. While the modest benefits observed
support the effort to employ chemotherapy combinations in the clinic they also motivate the
need for identifying additional ways to improve the treatment outcomes. Several combination

regimens have since been approved in the clinic to treat breast cancers (Table 4).

Table 4. Approved chemotherapy combinations against breast cancer

(Adapted from NIH National Cancer Institute website - www.cancer.gov)

Combination Drugs in the combination

AC Doxorubicin and Cyclophosphamide

AC-T Doxorubicin, Cyclophosphamide and Paclitaxel
CAF Cyclophosphamide, Doxorubicin and Fluorouracil
CMF Cyclophosphamide, Methotrxate and Fluorouracil
FEC Fluorouracil, Epirubicin and Cyclophosphamide
TAC Docetaxel, Doxorubicin and Cyclophosphamide

TNBC patients had an improved response to these commonly employed combinations
as compared to non-TNBC patients. Further, TNBC patients who had completely responded
to neoadjuvant chemotherapy without any residual disease had excellent survival rates and
patients with residual disease had significantly worse survival rates than non-TNBC patients
[57]. This foreshadows a sense of optimism in using chemotherapy drug combinations

specifically against TNBC and developing therapies that can completely eradicate the
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disease. As outlined earlier in section 2.3, optimizing schedules and ratios of a

polychemotherapy regimen could improve its potency and lead to better clinical responses.

3.3 Identifying a potent drug pair against TNBC

The basis to form a potent drug combination was to combine drugs that independently
exhibited high anti-cancer efficacies. Additionally, it was necessary to understand the
efficacy of each drug so that they could later be compared to their individual efficacy
contributions in a combination. Therefore we began by assessing several drugs for their in
vitro toxicities on a TNBC cell line. MDA-MB-231 is an extremely aggressive TNBC cell
line belonging to the claudin-low subtype with an intermediate response to chemotherapy
[56]. We screened a panel of drugs spanning the most commonly used classes of
chemotherapeutic agents (Table 5) against this cell line.

Specifically, we chose doxorubicin (DOX) from the anthracycline family, paclitaxel
(PTX) from the taxane family and gemcitabine (GEM) from the antimetabolite family
(Figure 3). We did not evaluate any platinum drug because of excess toxicity and minimal
survival benefit reported in a review, evaluating 24 separate studies and a total of 4418
women with metastatic breast cancer, comparing platinum-based regimens and non-platinum
based regimens (anthracyclines and taxanes) [62]. Additionally, topoisomerase I inhibitors
have gained widespread attention as well tolerated drugs in managing refractory metastatic
breast cancers that progressed after treatment with anthracyclines and taxanes [63,64]. Their
synergistic interactions with other drug classes described in several in vitro and in vivo

studies warranted an evaluation of this class. Camptothecin (CPT), an extremely potent
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topoisomerase I inhibitor, was chosen as the fourth drug to be tested on MDA-MB-231 in

addition to the above drugs [65].

Table 5. Commonly used chemotherapy drug classes in breast cancer

Drug Class Mechanism of Action Main Adverse Effect Examples
Anthracyclines | Topoisomerase II inhibition Cardiotoxicity from Doxorubicin
[58] due to intercalation between hydroxyl free radicals =~ Daunorubicin
adjacent DNA base pairs and myelosuppression  Epirubicin
Taxanes [59] Bind to B subunit of tubulin  Myelosuppression and  Paclitaxel
and stabilize microtubules neuropathy Docetaxel
Antimetabolites | Folic acid or nucleotide Myelosuppression, 5-fluorouracil
[60] analogs that inhibit DNA Mucositis and Gemcitabine
synthesis enzymes Thrombocytopenia Methotrexate
Platinum-based | Bind covalently to purine Nephrotoxicity and Cisplatin
[61] DNA bases gastrointestinal toxicity Carboplatin

To assess potency, the cell inhibitory effects of each drug were determined by fitting
experimental data from the MTT cytotoxicity assay to the median-effect model (Box 1) to
obtain the half maximal inhibitory concentration (ICsp) i.e. the drug dose where 50% of the
cell population’s growth is inhibited. The efficacies of single agents were later used to

rationally determine the range of drug concentrations to be used in the combination studies.
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Figure 3 Chemical structures of drugs tested on cancer and control cells.
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Figure 4. In vitro assays to assess single drug toxicity.

Cell inhibition on MDA-MB-231 in the presence of DOX (orange circles), PTX (blue circles),
GEM (grey circles), CPT (green circles) for 72h. Cell viability data were fitted to the
median-effect model to obtain ICsy values. Data are expressed as mean + standard error of

individual drug model fits (n > 4).
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This model is based on the principles of an enzyme kinetic system comprising of
mass action law, Michaelis Menten and Hill equations. Most drugs follow similar kinetics in
exhibiting their cell killing effects and thus this model can be extended for multiple drug
combinations. Since, the median effect analysis is a simple quantitative method to assess
drug potency by performing a linear regression without using complex fitting parameters to
account for different shapes (hyperbolic or sigmoidal) of the corresponding dose-effect
curves, it is by far the most prevalent method for evaluating single drugs and their
combination effects [8].

Amongst the four drugs, GEM was the least potent; PTX, DOX and CPT exhibited
intermediate toxicities (Figure 4). In addition to the low ICsy values, previously, certain
molar ratios of DOX and CPT were shown to exhibit cancer selective toxicity in a mouse
TNBC cell line in vitro [47]. While researchers have shown molar ratios to alter the efficacy
of many drug pairs, the distinctive cancer selectivity exhibited by combining DOX and CPT

motivated us to pick this drug pair for our studies against human TNBC.

3.4 Optimizing DOX and CPT molar ratios for TNBC selective synergy

Cytotoxicity in MDA-MB-231 cells at various molar ratios of DOX and CPT were measured.
Ratios were chosen such that both partner drugs most likely contributed to the combination
cytotoxicity. Since DOX and CPT exhibited similar potencies, we chose molar ratios such
that, in any given ratio, either drug is not more than 4-fold higher in concentration compared
to the partner drug. Combination cell toxicity data show that as the molar ratio of DOX
decreases, the 1Cso value of DOX in the combination decreases. However, as the molar ratio

of CPT increases, the CPT ICsy does not increase or decrease monotonically and rather varies
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significantly across ratios and has a valley-like 1Csg profile (Figure 5). This suggests that the
DOX’s individual contribution towards the cumulative cell-killing effect is lower at a DOX
lower concentration, which is within intuitive grasp, but that of CPT is not so
straightforward. The individual contribution of CPT in the cumulative cell-killing effect is
variable across the ratios tested.

Besides, if the drugs had a purely additive effect, the dose reductions would be
inversely proportional to the ratios in which they were combined. For example, for a 1:3
molar ratio of DOX:CPT, the dose reduction in DOX should be 75% (4 fold) and that for
CPT should be 25% (1.33-fold) for an additive effect. Similarly, at a 1:1 molar ratio of
DOX:CPT, there should be a 50% (2-fold) reduction in doses for each drug.

Remarkably, when DOX and CPT are combined at a 1:1 ratio, the dose reduction
observed for DOX was 86% (7-fold) and for CPT was 68% (3-fold). This perplexing
phenomenon of additional dose reduction, more than the expected level, is referred to as
“synergy” and quantitatively measured by calculating the combination index (CI). Chou and
Talalay introduced the method for calculating synergy via CI. Synergism, additivism, and
antagonism are indicated by CI values less than 1, equal to 1, and greater than 1, respectively
(Box 2). Drug doses for calculating CI are obtained by median effect analysis. Using this
method interactions at different drug ratios and at different effect levels can be evaluated for
up to three agents simultaneously combined [44]. CI can be expressed for any effect level,
but since the median effect represents a linear approximation of a non-linear function, the
plot may be unreliable at the extremes. Hence, the most accurate determination is when 50%
of cells are affected; the corresponding drug dose is. ICsy [8]. This concept is schematically

described in Figure 6.
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Figure 5. Effects of varying molar ratio in DOX and CPT combination treatments on MDA-
MB-231 and MCF 104 cell growth.

The MTT assay was used to measure fractional cell inhibition of MDA-MB-231 and MCF
104 cells due to the combination treatment after 72 h incubations. Cell viability data were
fitted to the median-effect model to obtain IC50 values corresponding to DOX (orange) and

CPT (green). Data are expressed as mean + standard error of individual drug model fits (n >

5).
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Box 2 Calculation of combination index

Combination Index, CI : c] =21 @2
(Dx)1 (Dx)2

(Dy); and (D,); : Drug doses required to achieve a certain f,
(D); and (D), : Individual dose of each drug in a given

mixture that results in the same f,

Drug dose
for
50% effect 50% of Dose B

50% of Dose A

y 05y >
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Figure 6 Cartoon showing how changes in drug dose correspond to a symergistic or an

antagonistic effect.
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To examine if any molar ratio of DOX and CPT exhibited cancer selective toxicity,
we studied their effect on a control human breast epithelial cell line, MCF 10A. DOX and
CPT displayed an approximate 20-fold reduction in the individual drug ICsy values on MCF
10A compared to MDA-MB-231 cells. In addition to being individually more toxic to control
cells, cell proliferation in MCF 10A cells was muted more effectively at all ratios compared
to MDA-MB-231 cells making it difficult to identify ratios of the drug pair that are relatively

more toxic to the cancer cell and less toxic to the control cell line.
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Figure 7. In vitro CI assessment to identify optimal molar ratios for DOX and CPT synergy.

CI was calculated by the Chou-Talalay method for each drug ratio tested on MDA-MB-231
and MCF-104 cells. Errors were propagated from corresponding errors in cell viability data
and standard errors of the drug model fits (n > 5). Statistical significance was performed

using the Student’s t test.

To identify a drug molar ratio that could be selectively toxic to the cancer cell line,
we calculated the CI values of the drugs at all molar ratios on both the cell lines. Since lower
CIs correspond to higher potencies, the highest difference in CI (MCF 10A CI > MDA-MB-
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231 CI) would indicate highest cancer selectivity, with the best-case scenario being synergy
(CI <1) in breast cancer cells and antagonism in control cells (CI > 1). Contrary to previous
experience where good synergy towards mouse TNBC cells and extreme antagonism to
mouse control epithelial cells was observed, in this case the drug pair had comparable or
lower ClIs for all ratios and therefore exhibits more synergistic or equivalent killing in the
control human epithelial cells compared to human TNBC cells (Figure 7). Also, enhanced
killing in MCF 10A cells was observed when higher molar amounts of CPT were present in
the combination suggesting that of the two drugs, CPT is an extremely potent drug with a

narrow therapeutic index.

3.5 Invivo performance of DOX and CPT free drug cocktails

Despite the lack of cancer selective potency, the low CI values encouraged us to pursue this
drug pair for further in vivo studies. At a molar ratio of 1:1 (DOX:CPT) we observed the
highest synergy towards MDA-MB-231 breast cancer cells without a significant increase in
synergy towards MCF 10A control epithelial cells. /n vitro this synergy corresponded to a
combination treatment that can achieve similar efficacies with a 7-fold reduced DOX dose
and a 3-fold reduced CPT dose compared to the single drug counterparts (Figure 5). It was
hypothesized that due to the high in vitro synergy; considerably lower drug doses would be
needed in vivo for effective tumor reductions, Subsequently five different drug doses of DOX
and CPT at a molar ratio of 1:1 were tested in an in vivo TNBC mouse tumor model.
MDA-MB-231 cells were injected subcutaneously into the mammary fat pad of
athymic nude mice to generate robust orthotopic tumors in the breast and then these animals

were treated with the formulations. A total of four injections of either saline or different
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doses of DOX + CPT drug cocktail were administered intravenously every other day, starting
11 days post-tumor inoculation. At the end of 44 days, tumor volumes for the groups treated
with 1.5 mg/kg DOX and 0.9 mg/kg CPT exhibited a statistically significant 82% size
reduction relative to the saline-treated group (Figure 8). Slightly increasing the dose to 2
mg/kg DOX and 1.2 mg/kg CPT achieved over 90% reduction in tumor volumes relative to
the saline-treated group. More remarkably, of one of the five mice in this group two mice had
their tumor completely cured by day 31. Also, no significant body weight changes were
observed in any of the mice, indicating that the drug dose levels used in the treatments did
not cause any acute toxicity.

At the highest dose level, a 2-fold reduction in cumulative dosing of DOX (8 mg/kg)
was achieved compared to a previous study that reported similar tumor regression on MDA -
MB-231 tumors after treatment with 16 mg/kg free DOX (cumulative dose) [66]. The
reduction in cumulative dose for CPT is even larger. A previous in vivo study reported only
49% tumor suppression after administering 30 mg/kg of free CPT [67]. In contrast, a superior
tumor volume reduction at a 6-fold lower CPT dose was obtained. These dose reduction
levels are also comparable in magnitude to the in vitro dose reduction levels.

Additionally, a potent therapeutic response was observed even though the dosage was
roughly 4-fold lower than the Maximum Tolerated Doses (MTD) of DOX (between 8-12
mg/kg/dose [68,69]) and CPT (3 mg/kg/dose [70]). This is particularly exciting since one can
now envision administering drugs at lower doses to achieve meaningful therapeutic effects

while simultaneously producing lesser toxicity.
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Figure 8. In vivo efficacy of different dose levels of DOX and CPT cocktail treatments in
athymic nude mice.

(A) Tumor growth curves in an orthotopic MDA-MB-231 mouse breast cancer model treated
with a cocktail of DOX and CPT. Four injections were administered i.v. every other day
starting on day 11 post-tumor inoculation. Statistical significance determined with the Holm-
Sidak method (0. = 5%) is provided for the last day on the curve (day 44). * = p < 0.05. (B)

Body weight changes for all treatment groups. Data are expressed as mean = SEM (n = 5).

To verify if the low-dose tumor responses observed were a result of ratio-mediated
synergy and if the drugs were still operating in the synergistic ratio regime in vivo,
pharmacokinetic studies were performed. Drug concentrations in the plasma at different
times were tested. The drug ratios were improperly maintained in vivo, which is unsurprising

since different drugs have different pharmacokinetic properties. In humans the half-life for
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CPT is about 71 -90 min and that for DOX is approximately 4 min [47]. A similar pattern is
seen in mice, where DOX is cleared much faster than CPT (Figure 9). It is thus apparent that
at the tumor sites, drugs are no longer present in the desirable ratio regime. The longer
elimination time for CPT is also unfavorable since at molar ratios where CPT is available in
excess to DOX, the drug combination is extremely synergistic to the control epithelial cells

and could potentially cause toxicity at higher drug doses (Figure 7).
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Figure 9. In vivo plasma pharmacokinetics of DOX and CPT in athymic nude mice.
Plasma concentration of DOX (orange squares) and CPT (green circles) after i.v.
administration of DOX and CPT as a cocktail at 2 mg/kg DOX and 1.4 mg/kg CPT. Data are

expressed as mean = SEM (n = 5).

Nevertheless, the low dose tumor response suggests that with additional optimization,

this drug pair can be translated into the clinic for testing as a potential therapy against TNBC.
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3.6 Discussion on synergy and translational considerations for DOX and

CPT

Identifying clinically successful synergistic combinations, albeit non trivial, is attributed to
selecting drugs that are not cross-resistant and exhibit highly uncorrelated responses [27].
DOX and CPT are a suitable combination since these two drugs exhibit ratio-dependent
synergy via cross-sensitive drug interactions [47,71,72]. CPT and DOX are topoisomerase |
and II inhibitors respectively, and in combination exhibit collateral drug sensitivity or in
other words sensitize cancer cells to one-another and synergistically inhibit tumor growth
[73].

It has been previously shown that treating cells with DOX prior to CPT leads to
antagonism in contrast to a concomitant or the reverse schedule [74]. Increased levels of
topoisomerase II in response to CPT induced topoisomerase I down regulation are seen,
sensitizing the cell to anthracyclines. Others have shown that the reverse case, increase in
topoisomerase I levels in the presence of topoisomerase II inhibitors also occur. Hence,
collateral drug sensitivity does not explain the occurrence of schedule or ratio dependent
synergy. Interestingly, the authors also report an increase in the expression levels of p-
glycoprotein proportional to the increase in topoisomerase II expression levels. P-
glycoprotein is an efflux pump, overexpressed in drug resistant cancer cells, and is
responsible for rapid and active removal of drugs from within the cells [75]. DOX is a known
substrate for this pump and is rapidly expelled from a cell whereas CPT is a poor substrate

and its intracellular accumulation is not hindered in the presence of this efflux pump [74,76].
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Table 6. Topoisomerase I and Topoisomerase II inhibitor combinations in clinical trials

11 [89]

Topoisomerase Inhibitor Indication, Phase Response ~ Main Adverse Effect
I 17 (Grade 3/4 toxicity)
Topotecan | DOX  or | Advanced solid tumors, 27% PR *  Myelosuppression
Pegylated | Phase I [80] (25%)
DOX Ovarian Cancer, Phase [ 6% PR and Thrombocytopenia,
[81] 43% SD neutropenia (40%)
Irinotecan | DOX  or | Solid tumors, Phase I [82] 41% SD Neutropenia (8%)
Pegylated | Ovarian Cancer, Phase I  30% OR Leukopenia,
DOX [83] neutropenia (48%)
Refractory SCLC, Phase 12.9% PR Neutropenia (6.5%)
11 [84]
Irinotecan | Epirubicin | Metastatic solid tumors, No OR Neutropenia (~33%)
Phase 1 [85]
Advanced solid tumors, 12.5% PR Neutropenia (51%)
Phase I [86]
Irinotecan | Amrubicin | SCLC, Phase I/II [87] 70% PR Neutropenia (30%)
Advanced NSCLC, Phase 11% PR Neutropenia (23%)
1[88]
Relapsed NSCLC, Phase  29% OR Neutropenia (77%)

* All in ovarian cancer

PR — Partial Response, OR — Objective Response, SD — Stable Disease
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This differential response of the drugs to the efflux pump hints at the possibility of
observing ratio dependent synergy. At higher molar ratios of DOX:CPT, since the absolute
amount of DOX is higher, a larger amount of drug could undergo expulsion resulting in a
lower cumulative drug dose o within the cell. This difference in intracellular drug
accumulation levels could explain the trend of observing lower toxicity and therefore lower
synergy at higher molar ratios of DOX:CPT; in turn giving rise to molar ratio dependent
synergy.

Other combinations of topoisomerase I and II inhibitors are also of significant interest in the
clinic due to extensive pre-clinical evidence of synergy via collateral drug sensitivity (Table
6). Several topoisomerase II inhibitors like, DOX, daunorubicin and epirubicin are clinically
approved for treating cancers like breast, lung, ovarian and hematological cancers [58,77].
On the other hand, only two topoisomerase I inhibitors, irinotecan and topotecan, are
clinically approved [78]. Irinotecan is approved for use in ovarian and SCLC and topotecan
is approved for gastrointestinal malignancies, SCLC and NSCLC [65]. Hence, most
topoisomerase | and II inhibitor combinations are currently being clinically tested either in
ovarian or lung cancers. However, there is an increase in the use of topoisomerase I
inhibitors to treat breast cancer in pre-clinical and clinical settings. Perez et.al. and Hayashi
et. al. have shown that irinotecan could be used as a salvage therapy in patients with
anthracycline or taxane-based refractory metastatic breast cancer [63,64]. Topotecan has
shown promise for treating breast cancer brain metastases [79]. Furthermore, two other
topoisomerase | inhibitors diflomotenac and lurtotecan are in phase II clinical trials against

several indications including breast cancer [76,78].
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Despite being the first topoisomerase I inhibitor discovered, CPT on its own has not
been successfully translated to the clinic due to its poor water solubility. Initial efforts to
increase its solubility at neutral pH were mostly focused on opening of its lactone ring, which
resulted in a dramatic reduction of its cytotoxicity. As a countermeasure, very high drug
doses of CPT were administered to achieve meaningful efficacies but it resulted in severe
myelosuppression. Secondly, the active drug form, favored in urine due to spontaneous ring
closure at acidic pH, caused severe bladder toxicity. In addition to the unpredictable toxicity
in patients, variable and limited objective responses in phase II clinical trials led to its failure
[65]. Nevertheless, ever since the mechanism of action of CPT was elucidated, there has been
an enhanced interest in using topoisomerase I inhibitors against cancer. To overcome
problems associated with CPT, water soluble derivatives like irinotecan and topotecan were
discovered and used along with DOX (Table 6, 80, 81). Their success is however limited due
to significant worsening in toxicity and minimal therapeutic benefit after combining them.
Further, the water soluble counterparts have been demonstrated to possess decreased anti-
tumor activity compared to their water insoluble counterparts [65,92], instigating a wide
effort to find alternative ways to translate them.

Parallel efforts to revive CPT have shown that covalent conjugation at the 20-OH
position to water soluble polymers can stabilize the labile lactone ring and improve solubility
[93,94]. Several vectors for delivering CPT have been developed and are actively undergoing
clinical investigation (Table 7). These technologies were developed with a focus on
improving the solubility, pharmacokinetic properties and reducing the adverse reactions of
CPT to enhance its therapeutic window and tumor accumulation levels. Although moderate

antitumor activities were observed for several of these drug conjugates, clinical advancement
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is stunted due to the bladder toxicity from high levels of camptothecin excreted via urine
[95]. Recently, it was shown that imparting targeting capabilities to CPT using antibodies
significantly decreased off target binding without compromising its potency [96,97].

Hence, targeted delivery of CPT in a drug conjugate format could resolve the
traditional problems of toxicity and poor pharmacokinetics faced by the free drug detrimental
to its translation. Extrapolating this concept to a synergistic drug pair could lead to even
greater benefits. Specifically, lack of cancer selectivity of DOX and CPT can be tackled by
conjugating them to a TNBC specific carrier and the specificity can be leveraged to reduce
the dose even further.

Significant tumor reductions observed at extremely low drug doses bolsters
the potential of DOX and CPT to be a potent drug combination against TNBC. An obvious
molar ratio dependence of DOX and CPT on the TNBC cells was seen but the difference in
the CIs between TNBC and control cells were not satisfactory since the combination is not
selectively toxic to the cancer cells in the range of molar ratios tested. Moreover, the ratios in
circulation were poorly maintained. Thus, achieving additional dose reduction by a two-step
approach is envisaged. First step would be to effectively control the drug ratios in circulation
so that they accumulate at the tumor site in a desirable window and the second step would be
to improve the drug pair’s selectivity towards cancer. The next chapter describes targeting

strategies for delivering a chemotherapeutic drug pair specifically to TNBC cells.
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Table 7. Camptothecin drug carriers undergoing clinical trials.

terminated

Name (drug)  Description Cancer, Phase Trial Identifier

CRLX101 CPT conjugated to cyclodextrin-  Several, Phase II NCT02769962
poly(ethyleneglycol) copolymer NCT01380769
[93]

CT-2106 CPT conjugated to polyglutamic  Colorectal and NCT00291785
acid backbone [94] Ovarian, Phase I/I1

XMT-1001 CPT conjugated to polyacetal SCLC and NSCLC, NCT00455052
poly(1-hydroxymethylethylene Phase |
hydroxymethylformal) [95]

MAG-CPT CPT conjugated to Malignant solid NCT00004076
methacryloylglycinamide [98] tumors, Phase |

PEG-CPT Pegylated-CPT [99] Sarcoma and NCT00079950

stomach cancers, NCT00080002
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Chapter 4

Targeting cancer with aptamers

Different pharmacokinetics, biodistribution and transport properties of small molecules
makes it extremely difficult to develop an optimized dosing and scheduling regimen to
deliver combination drugs to the tumor in a synergistic window [100]. Unsurprisingly, it is
one of the root causes for not witnessing synergy in clinical settings despite obtaining
synergistic effects in vitro or in preliminary rodent tumor models [27]. The other major
concern of small-molecule drugs, causing toxicity to healthy tissues by non-specific and oft-
target accumulation has been comprehensively discussed in Chapter 2.

Nanomaterials have proven their competence in improving the therapeutic window of
toxic drugs for safer delivery, minimizing issues with degradation and poor circulation half-
lives of commonly employed small molecule drugs [75,101]. Most importantly, nanoparticles
are predominantly used to unify pharmacokinetics and biodistribution of different drugs.
Drugs with distinct chemical properties can be co-encapsulated in nanoparticles for
synchronous and uniform delivery of multiple agents that would otherwise undergo non-
uniform distribution when injected as a drug cocktail due to their separate biological and
physiological fates. This concept is schematically depicted in Figure 10 along with the
commonly employed types of nanoparticles used in combinatorial drug delivery. Further, it
has been shown that appropriately sized nanoparticles can evade rapid renal and biliary
clearance and passively accumulate in tumor sites via the enhanced permeation and retention

(EPR) effect [8,102,103]. In conjunction with this ‘passive’ mode of targeting, ‘active’
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targeting to cancer specific ligands or receptors is also employed. It can serve as a crucial
accumulation strategy for tumors without an apparent EPR effect such as small
unvascularized metastases or a circulating tumor cell (either in transit or buried in between
non-cancerous cells) that cannot be passively targeted [104,105]. In this chapter, current
tumor targeting strategies are reviewed and a blueprint for effective tumor accumulation is
proposed. A new class of targeting agents- aptamers- as an option for improved cancer

targeting is explored and specifically a TNBC recognizing aptamer is identified and

validated.
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Figure 10. Pharmacokinetic advantages of delivering drug combinations via nanoparticles.

Different types of nanoparticles used for dual drug delivery are depicted in the box.

Nanoparticle diagrams have been reprinted with permission from [43].
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4.1 Current tumor targeting strategies

Delivering lethal drugs specifically to cancer cells while avoiding healthy tissues is the Holy
Grail of cancer therapy. Significant strides have been made in providing drug vectors with
cancer homing properties by leveraging naturally occurring phenomena like EPR and
recognition of cancer markers by antibodies or by incorporating engineered materials and

drug linkers that can provide cancer-specific drug release.

Passive targeting by EPR

In 1986, Maeda and Matsumara first noted the phenomenon of preferential tumor
accumulation of proteins and large molecules of various sizes. Their superior accumulation
was attributed to the “leaky” feature of tumor blood vessels due to the rapid angiogenesis and
lack of sufficient lymphatic drainage in solid tumors. Several nanoparticles were shown to
have similar tumor tropic effects and have been tuned extensively to take advantage of the
phenomenon. Some characteristics that affect EPR of nanoparticles include: molecular size,
surface charge and blood circulation time. Particles that are over 40 kDa in molecular weight
and smaller than a couple hundred nanometers in size with a neutral or weak negative surface
charge and long circulation times are predicted to have favorable accumulation within tumors
[106,107]. However of late, EPR is increasingly being considered as a heterogeneous
occurrence in the clinic and even non-existent in some cancers. For example, the EPR offers
less that 2-fold increase in nanoparticle tumor accumulation in comparison to other organs. In
a comparison done with stealth liposomes across clinical tumors of breast, head and neck and

bronchus, the accumulation levels fluctuate widely between 2.7 to 53% ID/kg. This effect is
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also often over-predicted in preclinical models due to the abnormally high growth rates in
tumor xenografts that are not truly representative of the real disease condition [108,109].

A drug carrier parameter that is becoming increasingly relevant due to heterogeneity
in tumor vasculature and morphology is its molecular size. Several barriers exist in tumor
microenvironments that hinder the transport of nanoparticles into the tumors. Tumors often
have heterogeneous, tortuous vasculature and high blood viscosity resulting in slow diffusion
rates. The interstitial matrix comprises of collagen and other proteins resulting in a
characteristically dense environment and the lack of functional lymphatics can lead to
increase in interstitial fluid pressure thereby limiting convection-mediated transport and
forcing diffusion-mediated transport. Nonspecific uptake by tumor stromal cells further
aggravate the already diffusion compromised tumor penetration problem [110,111]. Cancer
therapeutics have to typically traverse intercapillary distances of 80-100 micrometers to
reach tumor cells that are distant from the blood vessels. Since the rate of diffusion is
inversely proportional to the cube root of molecular weight smaller particles would more
readily diffuse within the tumor tissue [103,112]. However, there is a risk of rapid
elimination of small particles by renal filtration and secondly, therapeutic agents that can
easily diffuse into the tumor can also rapidly diffuse out of the tumor. Thus, finding
alternative ways to enhance retention properties of such small therapeutics within a tumor

becomes extremely important.

Active targeting approaches
Paul Ehrlich’s vision of ‘magic bullets’ — agents that seek and destroy targets specifically

without damaging the host organism’s tissue - has long fascinated researchers in the field of
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oncology [113]. The surfaces of several nanoparticle platforms, such as liposomes and
micelles, are decorated with ligands that recognize and interact specifically with cancer
receptors to deliver a drug combination by active targeting [114]. Other active approaches
include stimuli-responsive and prodrug based strategies. Prodrugs are inactive derivatives of
drugs that are metabolized at specific target sites in the body for generating the active for of
the drug [115]. In cancer drug delivery approaches, drugs are loaded on either inert or tumor
specific carriers and released under very specific conditions inside the tumor environment or
a cancer cell. Drugs coupled to a backbone are usually inactive but once released they regain
their activity. For example, drugs conjugated to certain engineered linkers do not elicit any
cytotoxicity but when released in response to endogenous stimuli like reduced pH, different
intracellular and extracellular redox conditions or by enzymatic action, they elicit their toxic
effects. These types of systems are still very naive and under investigation in the preclinical
stages. The main challenge in advancing these systems is to work around the problem of
widely varying tumor physiologies leading to non-uniform tumor responses. Drug delivery
systems have also been developed to release drugs based on external stimuli like heat, light
and ultrasound. Though these systems are more reliable, they require prior knowledge of the

tumor lesion location [115,116].

4.2  Considerations for effective tumor drug accumulation and delivery

Although the tumor targeting strategies are conceptually sound, several emerging studies are
questioning its advantage in real clinical settings. A folate receptor targeting liposome did not
display an enhanced tumor accumulation compared to a control PEGylated liposome [117].

Similarly, a recent meta-analysis published by Chan and coworkers compared the delivery
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efficiencies of 117 nanoparticle papers and found that the median delivery efficiency to
tumors is only 0.7%. But more disappointingly, the tumor accumulation difference between
active and passive targeting approaches is a mere 0.3%, a far cry from the concept of “magic
bullets” [103].

Thus it is clear that targeting does not play a heavy role in enhancing the tumor
accumulation levels. However, the improved tumor efficacies of targeted systems imply that
they have rather important contributions in other aspects of the drug delivery process. The
consequence of imparting targeting properties to formulations is their enhanced retention
capacities in tumors and ability to enter cells via alternative cellular uptake mechanisms. In
agreement to this concept, in a recently published study, when receptors overexpressed on
tumor cells or tumor vasculatures were independently or jointly targeted they correlated to
significantly improved tumor efficacies, which in turn was credited largely to the improved
retention times and cellular uptake rates instead of differences in absolute drug uptake levels
[118].

Apart from traversing the tumor interstitium, cell uptake and distribution of delivery
systems to the appropriate subcellular compartment where the drugs can elicit their inhibitory
effect presents another major transport barrier. This secondary barrier is often neglected and
not considered while designing drug delivery systems. Targeted systems nonetheless have an
advantage over non-targeted systems of being internalized via active mechanisms such as:
clathrin-dependent endocytosis, clathrin-assisted receptor mediated endocytosis, cell
adhesion molecule mediated endocytosis, fluid phase endocytosis and caveolin assisted
receptor mediated endocytosis. Apart form offering a more rapid route for cellular

internalization, these mechanisms also provide an alternative pathway for cell uptake that is
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superior to conventional diffusion and non-specific endocytosis methods where drugs and
non-targeted systems are prone to removal by efflux pumps and slow uptake rates,
respectively. By decorating delivery systems with appropriate ligands, active targeting can be
exploited to traffic the delivery system and in turn the drug being carried to the subcellular
compartment of interest [119].

Taking all these facts into consideration, a revised approach to determine the ability
of a delivery system to effectively accumulate and exhibit a cytotoxic effect in a tumor mass
is proposed. For favorable clinical outcomes, instead of optimizing properties of drug
delivery systems separately, three aspects have to be simultaneously optimized — tumor
penetration or permeation, tumor site retention and the cell internalization mechanism
(Figure 11).

The advantages of active targeting described above can have great implications in this
revised format for optimizing small drug delivery vehicles for cancer therapy. First, smaller
delivery systems can diffuse and penetrate heterogeneous tumor masses more effectively
compared to larger sized nanoparticles. Secondly, they do not have to solely rely on EPR for
extravasation and retention since they can be given tumor cell and tumor vasculature
targeting properties for preferential cancer uptake and retention. Finally and most
importantly, they can be designed to have improved cell internalization rates and a suitable
intracellular trafficking property for efficient delivery of drugs to their final target site.

Another approach to circumvent the lack of substantial responses due to low tumor
accumulation levels is to deliver an extremely potent payload to the tumor. To this end, some
report the use of extremely toxic drugs such as monomethyl auristatin E (MMAE) and

derivative of maytansine 1 (DM1) but these drugs are so lethal that even at extremely low
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doses, or due to a small off target gathering, lead to the manifestation of severe adverse
effects. Another alternative to these low therapeutic index drugs is to deliver a potent
synergistic combination of commonly employed chemotherapeutics as discussed in Chapter
3. By carefully optimizing the molar ratios at which drugs are exposed, potency of a

combination can be improved by several folds.

Enhanced Tumor
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Surface and biophysical
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Figure 11. Favorable phenomena (bolded) and discrete properties of a delivery system
affecting them (italicized) to be optimized simultaneously for successful treatment of solid

tumors.

Antibodies have long been exploited as molecular targeting agents to enhance
accumulation of non-specific toxic payloads to tumors. Antibody drug conjugates (ADC) are

the current gold standard small-sized delivery systems that deliver potent drugs to tumors by
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active targeting. Chemotherapeutic drugs are covalently conjugated to an antibody, which
serves as a drug carrier and the targeting ligand simultaneously, to enhance tumor
accumulation and also promote specific receptor-mediated cellular uptake. After the failure
of first-generation ADCs, where drugs were conjugated to the antibody via weak and labile
linkers, second-generation ADCs were designed to incorporate drugs by sophisticated linker
technologies that allowed preferential drug release in target cells/cell organelles [103,120].
Several other breakthrough efforts in the field of antibody drug conjugates, such as the
development of human or humanized antibodies along with improved drug linker
technologies, overcame traditional issues of immunogenicity and non-specific drug release of
ADCs [120-122]. Two ADC formulations (brentuximabvedotin and adotrastuzumab) are
already approved by the FDA and over 30 more ADCs are in clinical trials [120].

Antibodies, even humanized ones, suffer from a few disadvantages. They have an Fc
region which undesirably interacts with soluble Fc receptors and Fc receptors expressed on
immune/other cells to result in non-specific immune stimulation or hypersensitivity (immune
adverse effects). Furthermore, an antibody’s molecular weight, though small enough to show
improved circulation times, is high enough to impede its penetration into deep solid tumors.
Diffusion is also affected by antibody affinity. ‘Binding site barrier effect’ decreases
penetration of antibodies because high affinity antibodies bind tightly to the antigens
expressed on tumor periphery and do not penetrate until all peripheral antigen molecules are
saturated. Hence, antibodies with optimal affinities are required and engineering such
optimal affinities to them is extremely challenging. Apart from limiting their tumor
penetration, their large molecular weight impedes cellular uptake and access to many

biological compartments leading to an additional compromise in their bioavailability.
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In addition to low delivery efficiencies, due to poor tumor penetration and cellular
uptake levels, another drawback that poses a significant hurdle in their translation is the low
drug loading capacity. For ADCs, the optimal drug to antibody ratio (DAR) is around 4.
Even though antibodies contain about 80 — 90 conjugation sites, higher drug loading affects
them negatively. Antibodies with higher DARs (6 or 8) have been shown to have undesirable
chemical and physical properties and also compromised targeting capabilities. Site-specific
conjugation techniques were introduced to overcome the interference in affinity due to drug
conjugation at random sites on the antibody; however, the maximum number of drug
molecules that can be conjugated using these technologies are either 2 or 4. Other antibody
shortcomings include, off-target cross reactivity, denaturation, limited shelf life due to poor
chemical and thermal stability and batch-to-batch variability in their manufacturing process

[122-127].

4.3 Aptamers — a new class of tumor targeting agents

Aptamers have garnered tremendous interest as antibody replacements due to their ability to
penetrate deeper into tissues while still retaining specificity to cancer markers and flexibility
to target a wide range of tumor ligands [126—128]. Aptamers are short, single-stranded,
synthetic nucleic acid oligomers, DNA or RNA that can form complex three- dimensional
structures with a capability to bind to proteins, enzymes, cell surface markers and small
molecules with high affinity and specificity [123,129,130]. In contrast to antibodies,
aptamers possess chemical and thermal stability, display minimal immunogenicity, can be
chemically modified in a facile and controlled fashion without affecting its binding affinity,

and can be rapidly discovered against both known and unknown cell-surface targets [131].
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Table 8 Aptamers in clinic or clinical trials.

Name Disease Target Phase [Ref]

Macugen | Age related macular degeneration, VEGF6s Approved [132,133]
Diabetic macular edema,

Proliferative diabetic retinopathy

AS1411 Metastatic renal-cell carcinoma, Nucleolin  Phase II [134]
Advanced solid tumors

NOX-A12 | Multiple Myeloma and non-Hodgkin CXCL12  Phase Il [135,136]
lymphoma, chronic lymphocytic

leukemia

NOX-E36 [ Chronic inflammatory diseases, CCL2 Phase II [137-139]
Type 2 diabetes mellitus, Systemic

lupus erythematous, Albuminuria,

Renal impairment

NOX-H94 [ Anemia, End-stage renal disease, Hepcidin  Phase II [140-142]
Inflammation peptide
hormone
NU172 Heart disease Thrombin Phase II [143]

These advantages are extremely applicable for developing successful anti-cancer
targeted delivery systems and hence we chose to explore aptamers as potential targeting
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agents against TNBC. For our studies, we used an aptamer known as AS1411 that recognizes
and binds specifically to nucleolin, a protein that is overexpressed on the cell surface of
several cancer cells and tumor endothelial cells. In normal cells, nucleolin is detected only in
the nucleus but in cancer cells nucleolin is detected in both the nucleus and the cytoplasm
[118]. Since it is a guanine quadruplex aptamer, the structure makes it resistant to nuclease
degradation in the serum and enhances the cell uptake rate.

AS1411 has been extensively studied and is currently in phase II clinical trials for
acute myeloid leukemia and renal carcinoma [124]. Preclinically, AS1411 has been shown to
inhibit more than 80 types of cancer cell lines in vitro and has shown efficacy in several
xenograft models, including non-small cell lung, renal and breast cancers. Also, it has been
proposed that AS1411 first binds to cell surface nucleolin and gets internalized via receptor-
mediated endocytosis to the nucleus. This is particularly advantageous to deliver the drug
pair of DOX and CPT, since they both inhibit enzymes that are present in the nucleus.
MDA-MB-231 TNBC cells, used earlier in Chapter 3 to test the synergy of DOX and CPT,
are also known to overexpress cell surface nucleolin. Thus the targeting ability of AS1411
against these cells was tested in vitro to verify if it would qualify as an agent that could

provide effective tumor accumulation and retention (Figure 11).

Enhanced tumor penetration of aptamer drug delivery systems

One of the major advantages of aptamers over other molecular targeting agents is its small
size. Aptamers range anywhere between 10 to 20 kDa in size, almost one-tenth the size of an
antibody that is typically sized around 150 kDa. An EpCAM targeting aptamer and antibody

were tested for their cell internalization ability in vitro and penetration capacity in an in vitro
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tumor sphere model in an in vivo tumor xenograft model. Cells were able to uptake aptamers
more efficiently than antibodies and aptamers penetrated better into both the tumor spheres
and xenografts. Surprisingly, aptamers were also retained better in the tumor, 24 h after the
injection [144].

To test if AS1411 is small enough to display enhanced tumor penetration, its
performance was compared against two other drug carriers of different sizes — hyaluronic
acid (HA) conjugates and liposomes. All drug carriers were loaded with DOX as the model
drug since it is fluorescent and the extent of tumor penetration of the carrier can be read via
DOX fluorescence. The final drug carriers were an aptamer-DOX conjugate (Aptamer-DOX)
around 9.0 = 2.1 nm in size, a 122 + 43 nm HA-DOX conjugate and a 75.5 = 2.3 nm DOX-
Liposome (DOX-L).

Penetration capacities of differently sized drug systems were tested in an in vitro
tumor-spheroid model. Tumor spheroids are 3 dimensional in vitro cultures of tumor cells
that were originally developed to overcome the traditional limitations of a monolayer cell
culture that does not capture vital in vivo characteristics of tumors such as gradients in
oxygen, growth factors, nutrients or the presence of necrotic or hypoxic regions in the tumor
core. Several different techniques are used to develop tumor spheroids such as rotary vessels,
liquid overlay microplates, aqueous two phase system and hanging drop arrays [145]. The
hanging drop array method was used since it is a high throughput technique that can form
uniformly sized spheroids which is essential to accurately test the penetration capacities of
different carriers. Specifically, a spheroid using a co-culture of 4T1 breast cancer cells and
3T3 fibroblast cells was established. To decouple the penetration capacity of the aptamer

from its tumor cell binding property, 4T1 cells were chosen because they not over express
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cell surface nucleolin. Further, 3T3 fibroblast cells were used in the spheroid architecture to
provide a dense extracellular matrix, a characteristic responsible for impeding diffusion of
drug molecules and carriers in tumors [146].

A clear trend between size and penetration efficiency is not immediately apparent. Free DOX
penetrated the most at all time points followed closely by Aptamer-DOX system (Figure 12).
At 12 hours, the aptamer system penetrated 29% and 75% more than the HA-DOX and
DOX-L systems, respectively. After 48 hours, it reduced to 20% and 24% respectively.
However, it is worth noting that in the HA-DOX system, the amount of uptake seemed to

saturate after 24 h but the penetration of Aptamer-DOX system was still steadily increasing.

Superior binding of AS1411 aptamer to TNBC cells over control cells

Once it was established that AS1411 drug conjugates had superior penetration capabilities,
an aptamer-binding assay was used as a surrogate to study how efficiently it would be
retained in a tumor. A 50 to 100-fold enhancement in AS1411 binding to TNBC cells relative
to the control epithelial cells was observed. Also, when a control aptamer was tested on
MDA-MB-231 cells, it displayed a significantly lower binding capacity (Figure 13).
Cumulatively, these results suggest that AS1411 aptamer molecules that penetrate a tumor
mass would bind to the tumor cells that overexpress nucleolin on the cell surface and be

retained better.
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Figure 12. In vitro aptamer penetration in tumor spheroids.

(A) Representative images of 4T1/3T3 co-culture tumor spheroids at 48 h, 72 h and 96 h.
Scale bar represents 10 microns. All images were taken under bright field at respective time
points. (B) Drug carrier penetration measured at 4 h, 12 h, 24 h and 48 h measured by
fluorescence of DOX at each time point. Data are represented as average DOX fluorescence

and standard deviation (n=6).
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Figure 13. In vitro assays to evaluate aptamer binding to cells.

Specific binding of modified AS1411 aptamer to MDA-MB-231 cells was verified via flow
cytometry. 3 x 10° cells were stained with Cy5-NucA (Table 11) or Cy5-CRO (Table 11) for
1 h at 4 °C in PBS buffer containing 5% FBS and 0.1% sodium azide. Post-incubation, cells
were washed twice and analyzed via flow cytometry. Fold-increase in median Cy5
fluorescence compared to a control cell population is plotted on the y-axis against different

aptamer concentrations. Data express mean+ SD (n =3)

This can be extended to tumors expressing a heterogeneous mix of markers, which is
a more realistic version of clinically observed cancers. Unlike antibodies, which can be
generated only for antigens that can be well tolerated and can cause an immune response in
animals, aptamers for virtually any target can be rapidly selected via SELEX (Systematic
Evolution of Ligand by Exponential enrichment). The selection can be done either in vitro or

in vivo based upon the final application [147,148]. This has huge implications for the field of
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metastatic cancer since malignant neoplasms have a pronounced cellular heterogeneity and
often develop resistances to various therapies by phenotypic or genome variation [149]. For
example, in metastatic prostate cancer, a gold standard treatment is to block the androgen-
androgen receptor pathway, but despite initial response to this type of therapy, patients
develop resistance and proceed to highly resistant cancer stages that often have very poor
prognosis [150].

Hence, as these disease stages evolve and progress, newer targeting strategies have to
be employed to tackle tumor progression. In such situations, screening for an aptamer for
these newly evolved phenotypes can be done much more rapidly and easily as compared to
developing an antibody. Using methods like cell-SELEX, it is possible to generate highly
specific aptamers without having to know anything about the protein, receptor or target of
interest [109]. In contrast, it is virtually impossible to develop an antibodies against cell-
surface markers that are not available in functional recombinant form due to limited ability in
generating negative selection pressures for antibody selection [123]. Also, aptamers with
wide ranges of affinities and specificities can be screened for in a single SELEX experiment.
Hence, issues such as ‘binding site barrier effect’ can more effectively be tackled with

aptamers.

Aptamer localizes to nucleus after cell uptake

It has been proposed that AS1411 bound to cell surface nucleolin is carried to the nucleus
where it is released and the nucleolin receptor is recycled back to the cell surface (Figure
14). DOX and CPT inhibit enzymes that are present in the nucleus and hence this aptamer

would be a perfect choice to deliver this drug pair. Specific binding of the aptamer to MDA-
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MB-231 was already observed, hence if the aptamer localized efficiently to the nucleus was
next investigated. To verify this, confocal microcopy was done where MDA-MB-231 cells
and MCF 10A cells were incubated with a fluorophore labeled nucleolin aptamer and their
nuclei were stained with the Hoecsht dye. Enhanced internalization and exclusive nuclear
colocalization of AS1411 aptamer within 4 h in TNBC MDA-MB-231 cells was confirmed.
In the control MCF 10A cells, the aptamer was mostly stuck non-specifically to the external

cell membrane (Figure 15).

ASI411 Uptake of AS1411

by nucleolin

Nucleolin

AS1411
release

Tumor Cell

Figure 14. AS1411 cell uptake mechanism [151].

These results suggest that AS1411 aptamer a promising targeting agent to use against

TNBC cells that overexpress nucleolin on their surface.
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Representative images of Cy5-NucA (Table 11, red) internalization after 30 min and 4 h

Figure 15. In vitro aptamer uptake.

incubation with MCF-10A4 (top) and MDA-MB-231 cells (bottom). Cell nuclei were labeled
with Hoecsht dye (blue). All images are single z-slices taken at highest observed aptamer

fluorescence.

4.4 A review of aptamer drug delivery systems in literature

The success and limitations of antibody drug conjugates (ADC) have sparked a tremendous

interest in developing a wide range of aptamer drug conjugates. Aptamers, alternatively
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known as ‘chemical antibodies’ were used to impart cancer specificity to chemotherapeutics
and simultaneously offer better tumor penetration. Some examples include conjugating a
targeting aptamer to a modified protein nanoparticle for the delivery of chemotherapeutics
[152], aptamer-doxorubicin physical conjugates [153], aptamer micelles and aptamer coated
liposomes[129] and other aptamer functionalized nanocarriers [119,120,Table 6].

The field of aptamer drug conjugates is relatively nascent and in vivo performances
are not evaluated in most cases. Of the few systems whose tumor reductions in pre-clinical
models were studied, majority of them reported poor in vivo efficacies, which leaves room
for significant improvement. However, some outstanding results have also been reported
validating the targeting potential of aptamers. For example, an aptamer targeted docetaxel
nanoparticle provided 100% survival in a prostate cancer mouse model for over 120 days.
This was however an intratumoral injection at the maximum tolerated dose of docetaxel, not
a very attractive way to cure late stage cancers [155].

To improve efficacies, researchers took inspiration from second generation ADCs and
have attempted conjugating potent payloads such as monomethyl auristatin E (MMAE) and
derivative of maytansine 1 (DM1) to aptamers but unfortunately these conjugates suffer from
low therapeutic indices [156,157]. The other alternative, conjugating a synergistic
combination of commonly employed chemotherapeutics, is impeded by current designs that
permit no more than one molecule to be conjugated per aptamer [156—160] or constrain

loading to just DNA intercalating type drugs such as DOX [153,161-163].
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Table 9. Aptamer systems developed to deliver chemotherapeutic drugs

Carrier

[Ref]

type Aptamer, Cancer

Drug (molecules Evaluation

/ aptamer)

Physical complex
[153]
Nanoparticle
[155]

Conjugate [158]

Conjugate [159]

Conjugate [160]

Physical complex

[161]

Physical complex
[162]

Nanotrains [163]

Aptamer-polymer

hybrids [164]

A10, Prostate

A10, Prostate

Sgc8c, ALL

AS1411, Ovarian

CD117  specific
aptamer, AML

CD38 specific
aptamer, multiple

myeloma

AS1411, Breast

Sgc8c, ALL

AS1411, Breast

DOX (0.83)

Docetaxel

DOX (0.5)

Paclitaxel (1)

Methotrexate

(1)

DOX (5)

DOX

DOX (50)

DOX

In vitro, 18% increase in toxicity
to target cells over control cells
In vivo, >85% tumor reduction &
100% survival for 120 days

In vitro, 7-fold toxicity increase
to target cells over control cells
In vivo, >60% tumor reduction &
no paclitaxel toxicity

In vitro, selective AML killing in
cell co-culture

In vivo, >60% tumor reduction &
no tumor reduction with free
drug

In vivo, avoids drug efflux &
>60% tumor reduction

In vivo, comparable efficacy to
free drug treatment

In vitro, similar toxicity to free

drug & no uptake in control cells
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4.5 Dual drug delivery considerations with aptamers

The main challenge of delivering a synergistic drug combination with aptamers is to
efficiently conjugate multiple drug molecules per aptamer. These restrictions have thus far
prevented aptamer drug conjugates from delivering potent drug combinations in synergistic
molar ratios.

Delivering drug combinations with aptamers as targeting agents has been
demonstrated before with nanoparticles. [165-167] While a larger number of ratios can
potentially be incorporated into nanoparticles, it must be noted that advantages such as small
size of aptamer, improved tumor penetration and cellular uptake no longer pertain to these
systems. Further, no attempt has been made to deliver a combination of drugs via covalent
attachment to the aptamer. This is not surprising since covalently attaching a drug molecule
directly to the aptamer can be quite challenging and particularly expensive if more than one
molecule has to be attached. However, simultaneous covalent attachment of drugs is crucial
for unifying their distinct pharmacokinetic properties and retaining the appealing targeting
properties of an aptamer. Conjugating drugs directly to the aptamer backbone can not only be
challenging but can also affect the aptamer folding, thereby compromising its affinity. A
novel strategy to conjugate multiple different types of drug molecules without compromising

the physical and chemical properties of an aptamer will be discussed in the next chapter.
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Chapter 5
Aptamer conjugates for simultaneous

dual drug delivery

Antibody-mediated targeting has been used extensively for enhancing delivery of cytotoxic
payloads to tumors over healthy tissues. Aptamers offer a promising alternative to antibodies,
as they can target a wide range of tumor ligands with affinities and specificities that are
comparable to antibodies and also possess the capacity to penetrate into deeper areas of the
tumor mass because of their smaller size [Figure 12, 108—110]. Several aptamer drug
conjugates have been developed to date that can impart cancer specificity to
chemotherapeutics and enable better tumor penetration relative to antibodies [153,156—-163].
In Chapter 3, DOX and CPT, a combination that exhibits collateral drug sensitivity,
were identified to synergistically inhibit tumor growth at extremely low doses in a human
TNBC mouse model [47,71,72,158]. However, this drug pair posed a few translational
issues. DOX is routinely employed in the clinic, but CPT has not been as successful in its
translation due to its poor solubility properties. It has been shown that covalent conjugation
of CPT to water-soluble polymers at the 20-OH position can improve the drug’s solubility
[93,94]. Secondly, this drug pair was synergistic on a control epithelial cell line and did not
display cancer specific toxicity in vitro. The use of antibodies to target delivery of DOX and

CPT has resulted in significantly decreased off-target binding and improved antitumor
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activity [96,97,120]. Aptamers are made up oligonucleotides and are hence extremely
hydrophilic. Thus the targeting advantages of aptamers over antibodies and their
hydrophilicity provides a sound basis for employing them as alternative targeting agents.
Using a TNBC recognizing aptamer, the issues with indiscriminate cytotoxicity and poor
drug solubility of DOX and CPT can be overcome and ultimately result in effective targeting
and treatment of TNBC.

However, current aptamer-drug conjugates permit no more than one molecule to be
conjugated per aptamer [156—160] or are compatible only with DNA-intercalating drugs such
as doxorubicin (DOX) [153,161-163], limiting targeted delivery of potent drug
combinations. A novel strategy was developed for targeted and controlled combination drug
dosing with aptamers and to achieve a potent anti-tumor response at doses far below
individual drug MTDs.

To overcome drug conjugation limitations to aptamers, the tumor-targeting aptamer
was coupled to inert hydrophilic carrier peptides, pre- loaded with combinations of drug
molecules in a synergistic fashion with defined stoichiometry (Figure 16). As discussed in
Chapter 4, AS1411, an aptamer that targets its payload to tumor cells via recognition of
nucleolin (a receptor which is overexpressed on the cell surface of several cancers) was used
[168]. The resultant construct, Aptamer-targeted DOX and CPT
in Therapeutically Optimal Ratio (Ap-DOCTOR), is a relatively small macromolecular
construct (~9.5 nm). It demonstrated targeted delivery of the combination drug agents—
including CPT infamous for its solubility issues—with highly controlled stoichiometry, and
achieved therapeutic efficacy in vivo at extremely low drug doses—500 pg/kg/dose of DOX

and 350 pg/kg/dose of CPT. This represents the lowest effective DOX dose reported in the
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literature, and these doses are about 8-fold and 21-fold lower than what is required of free
DOX and CPT, respectively, to induce similar anti-tumor effect at similar dosing regimens.
Furthermore, these drug levels are about 20—30-fold lower than the reported MTD values of
these drugs [66,68,169,170]. The approach, entailing the generation of aptamer-peptide drug
constructs for effective delivery of multiple therapeutic agents at defined molar ratios, is

detailed in this chapter.
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Figure 16. Schematic of TNBC specific and controlled delivery of DOX and CPT using
nucleolin-targeting aptamer.
Image templates made freely available by Servier Medical Art (http://smart.servier.com)

were used for preparing this figure.
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5.1 Design and synthesis of single-drug loaded aptamers
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Figure 17. Schematic representation of drug-peptide conjugation chemistries.
Conditions (i) DOX, BOP-CI, DMAP, DIPEA and DMF (ii) CPT, BOP-CI, DMAP, DIPEA

and DMF.

To achieve synergistic drug combination delivery with aptamers, the main challenge is to
efficiently conjugating multiple drug molecules on a single aptamer molecule. This task is

relatively easier with antibodies due to the availability of several amino acid and sugar
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moieties in the Fc region that are compatible with orthogonal drug conjugation chemistries
[171]. To make aptamers amenable to such conjugation techniques, aptamer-peptide
constructs were devised wherein the aptamer serves as the targeting moiety and the peptide
enables drug loading at a defined molar ratio.

A short peptide sequence was attached to the 3’ end of the aptamer and drugs were
conjugated to this peptide sequence instead of the aptamer. Given the vast set of natural and
modified amino acids available, a large number of covalent conjugation schemes can be
employed to conjugate drugs [172]. Peptide backbone was chosen instead of a polymer
backbone because of its small size and thus negligible impact on the size of the final
construct. Also, if two different drugs have to be loaded but have orthogonal conjugation
chemistry sites, then the backbone can be easily customized to incorporate suitable amino
acids in desired quantities. Peptides additionally have the following advantages: tissue

penetration capability, lack of immunogenicity and ease of production.[103]

Since DOX and CPT have free primary amine and hydroxyl groups, a peptide scaffold with
glutamic acid was employed in order to covalently conjugate both DOX and CPT via
nucleophilic acyl substitution (Figure 17). Peptides were synthesized to consist ten
alternating glutamic acid and glycine amino acid monomers (GEGEGEGE). The number of
drug molecules conjugated per peptide was confirmed using MALDI-TOF mass
spectrometry (Figure 18). CPT was conjugated to a maleimide-functionalized peptide
(malPEP, Table 11) with up to two CPT molecules per chain, while DOX was conjugated to
a dibenzocyclooctyne (DBCO)-functionalized peptide (dbcoPEP, Table 11) with up to three
DOX molecules per chain. The exact loading efficiencies of the reactions are summarized in

Table 10.
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These drug-loaded peptides were then conjugated to the previously-described
AS1411 nucleolin aptamer (NucA) [168] via copper-free ‘click’ chemistry (Figure 19).
‘Click’ chemistries are highly selective reactions that form extremely stable bonds in benign
reaction conditions. Recently, several advances have been made in improving the efficiency,
biocompatibility and kinetics of these reactions, making them a facile way to modify

biologics including, peptides, proteins and oligonucleotides [173].
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Figure 18. Representative MALDI-TOF MS spectrum

(1000 shots averaged) obtained from purified final product of (A) dbcoPEP-DOX conjugate
(110 wt% drug loading), peaks identified in the spectrum (m/z): a, dbcoPEP conjugated to
one DOX molecule, M+H' = 1931.8; b, dbcoPEP conjugated to two DOX molecules, M+H"
= 2456.8, ¢, dbcoPEP conjugated to three DOX molecules, M+H" = 2982.6; a’ and b’ are
M+130.9 adducts of a and b (B) malPEP-CPT conjugate (26.6 wt% drug loading), peaks
identified in the spectrum (m/z): d, malPEP, M+2K+H" = 1176.9; e, malPEP conjugated to
one CPT molecule, M+2K+H' = 1507.3; f, malPEP conjugated to two CPT molecules,

M+2K+H" = 1837.6.

65



These drug-loaded peptides were then conjugated to the previously-described
AS1411 nucleolin aptamer (NucA) [168] via copper-free ‘click’ chemistry (Figure 19).
‘Click’ chemistries are highly selective reactions that form extremely stable bonds in benign
reaction conditions. Recently, several advances have been made in improving the efficiency,
biocompatibility and kinetics of these reactions, making them a facile way to modify

biologics including, peptides, proteins and oligonucleotides [173].

Table 10. Drug loading efficiencies on peptides

Peptide-drug Drug excess Drug loading relative to peptide
conjugate (moles/mole peptide) wit% moles
low (4) 9.3 0.3
malPEP-CPT medium (8) 26.6 0.8
high (12) 43.6 1.4
low (4) 11.8 0.3
dbcoPEP-DOX | medium (8) 42.6 1.1
high (12) 110 2.7

Drug loading was quantified by measuring drug concentrations via fluorescence and peptide

concentrations via absorbance spectroscopy.

Hence, the drug-loaded peptide was conjugated to the aptamer using ‘click’ chemistry

to minimize drug loss during peptide conjugation and purification steps. The CPT-loaded
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malPEP was conjugated to thiol-functionalized nucleolin aptamer (th-NucA; Table 11) via a
thiol-maleimide reaction, to produce Ap-CPT (CPT conjugated to Aptamer) and DOX-
loaded dbcoPEP was conjugated to azide functionalized nucleolin aptamer (az-NucA; Table
11) by strain-promoted azide-alkyne click (SPAAC) chemistry (Figure 19) to produce Ap-

DOX (DOX conjugated to Aptamer).
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Figure 19. Schematic representation of drug-loaded peptide-aptamer conjugation

chemistries.

(i) R; = --N;,; dbcoPEP-DOX (i) R; = --SH ; TCEP, malPEP-CPT.
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Figure 20. Assessing aptamer-peptide-drug conjugation.

(A) DOX and CPT conjugated per mole of aptamer. DOX and CPT concentrations in the
final aptamer drug constructs were measured via fluorescence spectroscopy, and aptamer
concentrations were determined by OliGreen ssDNA assay. Data are expressed as mean +
SD (n = 3). (B) Representative gel electrophoresis images for qualitative confirmation of
click conjugation to aptamer. Lanes: 1, unconjugated az-NucA; 2, Ap-DOX, az-NucA
conjugated to dbcoPEP-DOX; 3, az-NucA conjugated to dbcoPEP; 4, unconjugated th-

NucA, 5, Ap-CPT, th-NucA conjugated to malPEP-CPT.

Successful peptide-aptamer conjugation was confirmed via denaturing gel
electrophoresis, as indicated by a shift in the band for Ap-DOX relative to bands

corresponding to unconjugated aptamer and aptamer conjugated to a peptide without drug.
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The same was observed for Ap-CPT, confirming effective chemical conjugation of the
peptides to the aptamer (Figure 20B). Further, there were no obvious signs of aptamer
degradation. Hence, the proposed conjugation chemistry works well for loading drugs

without causing any apparent damage to the aptamer.

The DOX and CPT concentrations were measured after purification and the molar
amounts of these drugs relative to the aptamer are plotted (Figure 20A). While DOX mostly
remains conjugated to the peptide post ‘click’ conjugation and purification (relative molar
excess to peptide =~ relative molar excess to aptamer), between 20 — 38 mol% of CPT
conjugated to peptide was lost either due to unsuccessful conjugation of malPEP-CPT to

aptamer or owing to drug hydrolysis during ‘click’ conjugation and purification steps.

5.2  Synergistic interactions between single-drug aptamer conjugates

Combination index (CI) was calculated to identify molar ratios of aptamer loaded
DOX and CPT that exhibit favorable synergistic interactions. Previous studies have observed
widely different combination indices for same molar drug ratios being delivered as free drug
mixtures or with the aid of a delivery platform. The drug release kinetics, conjugate uptake
mechanisms and a variety of other factors could affect the final outcome of identifying ideal
synergistic molar ratios [46,47]. Since the final intent is to deliver drugs as aptamer
conjugates, examination of the CI of aptamer drug conjugate cocktails over free drug

cocktails was sought.
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Figure 21. Effects of varying molar ratio treatments of Ap-DOX and Ap-CPT on MDA-MB-
231 and MCF 104 cell growth.

The MTT assay was used to measure fractional cell inhibition of (A) MDA-MB-231 cells and
(B) MCF 10A cells for the combination treatment (black) and the corresponding Ap-DOX
(orange) and Ap-CPT (green) concentrations. The total drug concentration was kept
constant at 2 uM for MDA-MB-231 cells and at 200 nM for MCF 10A4 cells at all ratios.
Data are expressed as mean = SD (n > 12). Combination index (CI) was calculated by the

Chou-Talalay method for each drug ratio.

TNBC MDA-MB-231 cells and control MCF 10A were treated with cocktails of Ap-
DOX and Ap-CPT (~1 drug molecule per aptamer) corresponding to various molar ratios of
DOX and CPT, and the resulting fractional cell inhibition was assessed using the MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Figure 21). Total drug
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concentrations were selected to be around the ICsy values of each drug, so that the resulting
combination index (CI) values used to assess synergy were not heavily influenced by the
toxicity of either individual drug and any non-linear contributions from the median-effect

model were avoided.
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Figure 22. Combination Index (CI) calculated by the Chou-Talalay method for each drug
ratio on MDA-MB-231 and MCF-10A cells.
Errors are propagated from corresponding errors in cell viability data and standard error of

the individual drug model fits (n > 12). ** p<0.01

All ratios of DOX and CPT tested displayed synergistic interactions in MDA-MB-
231 cells (CI < 1) (Figure 22). More strikingly, significantly enhanced synergy for MDA-
MB-231 cells compared to MCF-10A cells was observed at 5 of the 7 ratios tested. Coupling

the drug pair to an aptamer, indeed led to an enhancement in the selectivity of the drug pair.
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Consistent with a previous report on DOX and CPT hyaluronic acid conjugates [47],
decreasing synergy (i.e. higher CI) with decreasing molar ratio of DOX:CPT was observed.
High DOX:CPT molar ratios were significantly and consistently more synergistic towards
the cancer cell line as compared to the control breast epithelial MCF 10A cell line. The
lowest CI (0.34 £ 0.07) was obtained for molar ratio 1:1 (DOX:CPT) and hence it was
deemed as the most synergistic molar drug ratio while molar drug ratio 1:4 (DOX:CPT)
displayed the least synergy (CI = 0.85 + 0.08). This is in contrast to the synergy trend
witnessed earlier with the free drug cocktails (Figure 7) where higher DOX:CPT molar ratios
were antagonistic towards MDA-MB-231 cells. This reemphasizes the point that it is prudent
to examine combination effects in the final format in which the drugs will be delivered since
several factors like drug uptake and drug release kinetics might influence the final outcomes.
Previously, enhanced killing in MCF 10A cells was recorded at higher molar amounts of
CPT in the free drug cocktail combination. However, by conjugating this drug onto a
targeting aptamer, the trend is reversed and the therapeutic index of CPT is increased since

higher molar amounts of CPT are more antagonistic to control cells.

5.3 Synthesis and characterization of aptamer dual drug conjugates (Ap-

DOCTOR)

A drug ratio exhibiting high synergy (low CI) towards the cancer cell line and low synergy
(high CI) towards a control cell line enhances the drug specificity towards cancer. While,

antagonism towards MCF 10A cells at a molar ratio of 1:2 (DOX: CPT) was observed, 1:1
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DOX:CPT- the molar ratio with highest synergy of the two drugs (CI of 0.34 + 0.07) was

used for further testing to retain the potency of DOX and CPT as a drug pair.
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Figure 23. (A) Schematic representation of drug-loaded peptide-aptamer conjugation
chemistries and molar amounts of DOX and CPT conjugated per mole of aptamer.

(i) R1 = --N3, R2 = --T5-- and R3 = --SH; TCEP, dbcoPEP-DOX and malPEP-CPT (B)
Drug concentrations were measured using fluorescence spectroscopy and aptamer

concentrations were determined using OliGreen ssDNA Assay.
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Figure 24. Size measurement and molar amounts of DOX and CPT conjugated per mole of
Ap-DOCTOR.

(A) Drug concentrations were measured using fluorescence spectroscopy and aptamer
concentrations were determined using OliGreen ssDNA Assay. (B) Distribution analysis by
intensity of size measurement performed on Ap-DOCTOR using DLS in triplicate. Z-average

= 9.5 £ 2.9 nm, and polydispersity index = 0.207.

Subsequently, aptamer dual drug conjugates that incorporate both drug compounds
into a single targeted molecule were developed. The rationale behind co-loading drugs on a
same construct is to deliver therapeutically optimal ratios in vivo and prevent separate

pharmacokinetic fates of two chemically distinct drugs. DOX and CPT were conjugated at
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defined molar ratios to a single aptamer molecule via the same ‘click’ chemistry reactions
described above (Figure 23A). DOX and CPT were loaded onto different peptides, as it was
easier to control drug loading efficiencies and consequently molar drug ratios in the final
construct. Using this method several constructs carrying different ratios of DOX and CPT
were synthesized (Figure 23B).

After careful optimization, performing both thiol maleimide ‘click’ and SPAAC as
one-pot one-step synthesis (using malPEP loaded with 43.6 wt% CPT and dbcoPEP loaded
with 42.6 wt% DOX) produced 1:1.2 molar ratio loading of DOX:CPT onto the aptamer. The
yield obtained was > 90% (Figure 24A). This construct carries DOX and CPT in the optimal
synergistic ratio regime that is both potent and specific to MDA-MB-231 cells, and will from
now on be referred to as Ap-DOCTOR (Aptamer-targeted DOX & CPT
in Therapeutically Optimal Ratio). Dynamic light scattering (DLS) measurements revealed
that the average construct size was 9.5 + 2.9 nm (Figure 24B). Thus large aggregates, which
could compromise the penetration efficiency of the Ap-DOCTOR formulation, are not
present.

Individual drug release kinetics from Ap-DOCTOR were also examined to ensure
that drugs could detach from the peptide backbone to elicit toxicity. Release at neutral (pH
7.5) and acidic (pH 5) conditions at 37 °C was measured. These were chosen to mimic the
temperature and pH conditions that the drug construct would encounter while in circulation
and in case it underwent endocytosis and gets exposed to acidic environments in the
endosome [72]. Release of DOX from aptamer via hydrolysis was slow, but occurred at a
slightly higher rate at pH 5 (t;2 = 98.4 h) than pH 7.5 (t;, = 125.4 h) as described in other

studies [31,47]. CPT was released much faster than DOX at both pH 7.5 (t;, =3 h) and 5 (t12
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= 2.3 h). However, at longer time points, total release was higher at a higher pH (Figure 25),

as seen in other studies [174].
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Figure 25. Release kinetics of (A) DOX and (B) CPT from Ap-DOCTOR at 37 °C.
Dotted lines represent exponential fits to release profiles. DOX and CPT concentrations
were measured using fluorescence spectroscopy, and aptamer concentrations were

determined using the OliGreen ssDNA assay. Data are expressed as mean = SD (n = 3).

Moreover, Ap-DOCTOR was also readily soluble in saline and demonstrated superior
solubility as compared to an unconjugated DOX+CPT solution (Figure 26). Conjugating
CPT to a hydrophilic carrier aptamer improved its solubility, making it a more translatable

formulation compared to its free drug counterpart.
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Figure 26. Improved solubility of (A) Ap-DOCTOR over (B) DOX + CPT in saline.

Both samples contain DOX at 3 mg/mL and CPT at 1.7 mg/mL, roughly 10-fold higher than
in vivo injection concentrations. Samples were centrifuged for 5 min at 10,000 rpm after
vortexing and sonicating for 2 min and 5 min, respectively. Black arrow indicates CPT pellet

formed post-centrifugation (CPT solubility in water is < 1 mg/mL).

5.4 Antiproliferative activity of Ap-DOCTOR in vitro

The cytotoxicity of Ap-DOCTOR was next evaluated by incubating it in vitro for 72 hours
with both MDA-MB-231 breast cancer cells and control MCF-10A breast epithelial cells. In
parallel, these cell lines were also incubated with cocktails of Ap-DOX + Ap-CPT or Ctl-
DOX + CtlI-CPT (in which DOX and CPT were coupled to a control non-nucleolin binding
th-CRO aptamer, Table 11); both of these cocktails were mixed to correspond to the molar

drug ratio of our Ap-DOCTOR (DOX:CPT = 1:1.2).
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Figure 27. In vitro assays to evaluate aptamer and aptamer drug conjugate toxicity.

Cell inhibition on MDA-MB-231 (A) and MCF-104 (B) in the presence of Ap-DOCTOR
(black circles), Ap-DOX and Ap-CPT (blue triangles), Ctl-DOX and Ctl-CPT (salmon
squares) and DOX+CPT (open diamonds) for 72h. Cell viability data were fitted to the
median-effect model to obtain ICsy values. Data are expressed as mean + standard error of

individual drug model fits (n > 4).
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Figure 28. In vitro assessment of internalization of Ap-DOCTOR and free drug cocktails.

Representative images of fluorescence signals from DOX (red) and CPT (green) after 2.5 h
incubation of MDA-MB-231 cancer cells and MCF-10A breast epithelial cells with a cocktail
of DOX and CPT or with Ap-DOCTOR loaded with both drugs. Plasma membranes were
labeled using CellLight Plasma Membrane-RFP, BacMam 2.0 (blue). Nuclear fluorescence
in the drug cocktail-treated cells is likely due to bleed-through of DOX signal into the RFP

channel. White arrows indicate punctae from DOX/CPT signal overlap.



Drug combinations delivered via nucleolin aptamer to MDA-MB-231 breast cancer
cells exhibited higher cytotoxicity, because they can be efficiently internalized upon binding
to cell-surface nucleolin [151,168]. This trend is corroborated by the cocktail of single-drug-
loaded NucA aptamer formulations (Ap-DOX + Ap-CPT) being more effective than a
cocktail of control aptamer formulations (Ctl-DOX + Ctl-CPT), where the drugs must
presumably diffuse after being released extracellularly in order to induce toxicity.

Most notably, Ap-DOCTOR displayed the highest potency (ICso = 31.9 = 7.8 nM,
Figure 27) amongst all treatments. There was an approximate doubling in efficacy against
MDA-MB-231 breast cancer cells when the drug combination was delivered on a single
targeting molecule rather than as a cocktail combination of single-drug-loaded aptamers.
Since more amount of drug was conjugated per aptamer molecule in the former configuration
than in the latter, more amount of drug was likely being internalized with the Ap-DOCTOR
as a result of the same level of aptamer uptake, causing more toxicity.

Additionally, no improvements in ICsy values for the nucleolin-targeted formulation
in MCF 10A cells, which do not overexpress nucleolin, were observed (Figure 27). Upon
direct comparison to MDA-MB-231 cells, Ap-DOCTOR is essentially more toxic to the
control cells. However, it has to be pointed out that unconjugated DOX and CPT are
extremely toxic to the control cells. In fact, the free drug combination is ~ 20-fold more toxic
to the MCF 10A control cells (ICsp = 4.2 + 0.5 nM) than MDA-MB-231 breast cancer cells
(ICso = 79.6 £ 6.7 nM). Nonetheless, by incorporating the aptamer, this difference was
brought down to less than 2-fold. This corresponds to an approximate 10-fold increase in the

therapeutic index of the drugs delivered via the aptamer form. The decrease in potency to the
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control epithelial cells can again be attributed to the delay caused by extracellular drug

release and the delivery of a less synergistic molar ratio of the drug combination.
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Figure 29. Comparison of anti-proliferative activity of MDA-MB-231 and MCF-10A4 cells
after brief (2.5 h) exposure to Ap-DOCTOR or cocktails of Ctl-DOX + Ctl-CPT.

Fractional cell inhibitions were assessed with the MTT assay and formulation concentrations
are represented via total DOX concentration present. Data are expressed as mean = SD (n >

4). *¥% p<0.005.

Next, to validate our cytotoxicity findings, increased internalization of our Ap-
DOCTOR formulation in MDA-MB-231 cells was qualitatively confirmed by microscopy.
After a 2.5 h incubation with Ap-DOCTOR, considerable DOX and CPT uptake was
observed, as indicated by yellow-orange punctae throughout the cell, in MDA-MB-231 cells
(Figure 28). In contrast, only a weak green signal in the cytoplasm was observed, potentially

due to CPT uptake after extracellular release, for MCF-10A cells. In unconjugated free drug
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cocktail incubations under the same conditions, irrespective of the cell type, fluorescent
signals corresponding to DOX and CPT were observed mainly in the nucleus and the staining
was more diffusely distributed throughout the cytoplasm. This striking difference in the
staining pattern between free drug versus the Ap-DOCTOR strongly indicates that the
efficacy of this combination therapy vehicle is achieved through specific internalization via
nucleolin-mediated endocytosis [151]

In vivo, aptamer-drug conjugates are rapidly cleared from the body and are therefore
exposed to the cells only for a brief amount of time. Based on previously described clearance
rates for the AS1411 nucleolin aptamer [168], an in vivo-like drug exposure condition was
simulated in which cells were treated with drug formulations for 2.5 h and then allowed to
grow in fresh media. At the end of 72 h, cell viability using the MTT assay was assessed.
Even after this brief drug exposure, highly selective toxicity by our Ap-DOCTOR in MDA-
MB-231 cancer cells was observed, without any significant toxicity to MCF-10A breast
epithelial cells (Figure 29). At the highest drug concentration tested, Ap-DOCTOR was 36-
fold more toxic to MDA-MB-231 cells relative to MCF-10A cells. In contrast, minimal
cytotoxicity to either cell type after equivalent treatment with a cocktail of the control
aptamer-drug conjugates (Ctl-DOX + Ctl-CPT) was observed. This suggests that a nucleolin
targeting aptamer can cause significant improvement in the rate of drug internalization only
to cells overexpressing the nucleolin receptor, thereby simultaneously improving potency and
selectivity. To cross verify, the fraction of cells that undergo apoptosis after a brief amount of
drug exposure was also measured (Figure 30). The trend was in keeping with all
observations thus far. The free drug mixture indiscriminately attacked both cancer and

control cells, and in fact, greater apoptosis was observed in MCF 10A control cells.
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However, when the same drug pair was exposed in the aptamer format, negligible to no
apoptosis in control cells was realized but similar extent of apoptosis between free drug and
aptamer conjugate was on MDA-MB-231 cells. This implies that DOX and CPT still retain
their potency and elicit cell-death similar to the naive-uncoupled drugs but with enhanced

specificity when coupled to an aptamer.
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Figure 30. Apoptotic assessment of CPT+DOX-treated cells.

Annexin V/Sytox Green assay was utilized to detect percentage of early and late apoptotic
cells in various drug-treated MDA-MB-231 and MCF 10A cells. Cells were treated Ap-
DOCTOR or free DOX+CPT for 3 hours prior to staining and analysis via flow cytometry.
(A) Representative flow cytometry plots are shown, Q1 and Q2 — quadrants for early stage
apoptosis, Q4 — quadrant for end stage apoptosis and Q3 — quadrant for live cells. (B) Cell
populations were quantified via flow cytometry for early and end stage apoptosis. Data

represents mean £ SD (n=3). *** p<(.005.
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Although Ap-DOCTOR consistently outperformed the control formulations, no
significant difference in its toxicity relative to cocktails of single-drug-loaded aptamers was
observed, unlike the results form the long incubation studies (Figure 31). It can be speculated
that for short incubation studies, the nucleolin receptors may not have been sufficiently
saturated leading to efficient internalization of both dual-drug and single-drug constructs and
uniform toxicity in both cases. Another reason could be that the nucleolin receptor recycling
occurs at longer time scales making it difficult to distinguish the more efficient drug delivery

of a dual drug conjugate over a single drug conjugate.
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Figure 31. In vitro anti-proliferative activity of Ap-DOCTOR and Ap-DOX + Ap-CPT
formulations.

Fractional cell inhibitions were assessed, after a brief 2.5 h exposure to MDA-MB-231 and
MCF 104 cells, with the MTT assay and formulation concentrations are represented via total

DOX concentration present. Data are expressed as mean £ SD (n > 4).
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Additionally, It was also confirmed that all of the above results were not a mere
addition in toxicity from the NucA aptamer. No apparent toxicity was observed for either cell
line incubated for 72 hours with free unconjugated NucA aptamer at any concentration used

for determining ICs, values of the drug constructs (Figure 32).
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Figure 32. Cell inhibition of NucA (Table 11, free unconjugated aptamer) on MDA-MB-231
cells

after long 72 h incubation (closed circles) and short 2.5 h incubation (open circles) and on
MCF-10A4 after long 72 h incubation (closed diamonds) and short 2.5 h incubation (open
diamonds) of NucA. Cell viability data were fitted to the median-effect model to obtain ICsy

values. Data are expressed as mean * standard error of individual drug model fits (n > 4).
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5.5 Antitumor activity and pharmacokinetics of Ap-DOCTOR in vivo
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Figure 33. Isolation and characterization of cell surface nucleolin-rich MDA-MB-231 cells.

FACS plots and sort gates to acquire nucleolin-rich cells from a single-cell suspension of
MDA-MB-231 cells stained with (4) AlexaFluor 488-anti-nucleolin antibody [364-5] or (B)
AlexaFluor 488-Mouse I1gG1, kappa monoclonal - isotype control. Cells residing within the
highlighted gate (red) of anti-nucleolin antibody-treated cells were collected. (C) Cy5-
AS1411 binding to pre- and post-sorted MDA-MB-231 cells confirms enhanced cell surface

nucleolin expression post-isolation.
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Encouraged by the in vitro results, subsequent demonstration of improved therapeutic
efficacy and enabling of synergistic combinatorial drug dosing in an in vivo tumor model by
Ap-DOCTOR formulation was pursued. High-density expression of cell-surface nucleolin on
MDA-MB-231 cells is correlated with more aggressive tumorigenic properties and an
increased capacity to generate orthotopic tumors [175]. Therefore nucleolin-rich MDA-MB-
231 cells were isolated via flow cytometry to generate robust orthotopic tumors in athymic
nude mice (Figure 33), and then treatments to these animals were applied.

A total of four injections of either saline, an unconjugated DOX + CPT cocktail, or
Ap-DOCTOR were administered i.v. every other day, starting 11 days post-tumor
inoculation. Drug doses of DOX (500 pg/kg) and CPT (350 pg /kg) were constant in all
treatment groups.

At the end of 44 days, tumor volumes for the drug cocktail-treated group exhibited a
statistically insignificant 36% size reduction relative to the saline-treated group (Figure 34).
In contrast, significantly smaller tumor volumes were seen at day 44 after treatment with Ap-
DOCTOR compared to both the saline- and cocktail-treated groups (73% and 58%,
respectively). No apparent signs of toxicity or any body weight changes for either the drug
cocktail or the Ap-DOCTOR treatment were observed (Figure 34).

As a control, the in vivo cytotoxicity of the AS1411 nucleolin aptamer in the absence
of DOX or CPT was evaluated to ensure that the significant differences in tumor growth rates
for free drug combination treatments vs. Ap-DOCTOR treatments were not due to a mere
addition in toxicity form the anti-nucleolin AS1411 aptamer (Figure 35). Mice were treated
with four i.v. injections of the aptamer every other day at a dose of 30.4 mg/kg, equivalent to

four times the dose of aptamer used in the experiment above. No significant difference in
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tumor growth compared to saline treatment were observed, indicating that the tumor
reduction previously observed was directly attributable to the combination therapy being

selectively delivered to cancer cells via Ap-DOCTOR.

A B
400- -l Saline 35' - Saline
— DOX + CPT DOX + CPT
S 3004 Ap-DOCTOR ! = @ o Ap-DOCTOR
: B = 30+
g ) =
% 200~ + § i.v. injections
> L.V. injections :
: P | il iad
E 100 llll 2 GRagadecy”
z wtl] m{ - sagite®
ri'l‘ QQH§' FOO
2’0 1 1 1 1
10 20 30 40 10 20 30 40
Time after tumor innoculation Time after tumor innoculation
(days) (days)

Figure 34. In vivo efficacy of Ap-DOCTOR treatments in athymic nude mice.

(A) Tumor growth curves in an orthotopic MDA-MB-231 mouse breast cancer model treated
with saline (squares), a cocktail of DOX and CPT (open circles), or Ap-DOCTOR (black
circles) at drug equivalent doses of 0.5 mg/kg DOX and 0.35 mg/kg CPT. Four injections
(grey arrows) were administered i.v. every other day starting on day 11 post-tumor
inoculation. Statistical significance as determined using the Holm-Sidak method (0. = 5%) is
provided for the last day on the curve (day 44). * = p <0.05. (B) Body weight changes for all
treatment groups. Data are expressed as mean + SEM (n = 4 for drug cocktail, n = 5 for

other groups).
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Safety of the free drug cocktail (DOX at 2 mg/kg/dose and CPT at 1.4 mg/kg/dose)
was also tested at four times the dose administered in the Ap-DOCTOR treatment and
negligible body weight changes were observed (Figure 36). This observation suggests that

the MTD for CPT+DOX is at least 4-fold higher than our treatment dose for Ap-DOCTOR.
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Figure 35. In vivo efficacy and toxicity assessment of aptamer-only and drug cocktail

treatment in nude mice.

(A) Tumor growth curves in an orthotopic MDA-MB-231 mouse breast cancer model treated
with saline (blue squares) and aptamer (black circles) at a dose of 30.4 mg/kg. A total of four
injections (grey arrows) were administered every other day starting on day 11 post-tumor

inoculations. (B) Corresponding body weight changes of tumor-bearing mice for all groups.

Data are expressed as mean £ SEM (n = 5).
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Critically, it was also noted that animals receiving Ap-DOCTOR exhibited similar
clearance patterns for both DOX and CPT, whereas DOX was cleared faster than CPT after
administration of the unconjugated drug cocktail at equivalent doses (Figure 37). This
confirms that this novel Ap-DOCTOR construct is better suited for achieving synergistic
treatment of multiple drugs at defined dosage levels, an attribute that is most likely an

important factor contributing to its superior performance in preventing tumor growth.
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Figure 36. Body weight changes of nude mice following i.v. administration of an

unconjugated DOX and CPT cocktail (salmon) and saline (blue squares).

Drug doses of 2 mg/kg DOX and 1.4 mg/kg CPT were used. Data are mean = SEM (n = 5).
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Figure 37. Plasma concentration of DOX (squares) and CPT (circles) after i.v.
administration of DOX and CPT.
Injection was either a free drug cocktail (salmon) or Ap-DOCTOR (black) at drug equivalent

doses of 2 mg/kg DOX and 1.4 mg/kg CPT. Data are expressed as mean = SEM (n = 5).

5.6 Discussion on aptamer-mediated drug delivery

A strategy for achieving improved chemotherapeutic efficacy by enabling simultaneous
targeted delivery of defined doses of multiple drugs was demonstrated. Briefly, an aptamer
that recognizes a tumor-specific cell-surface marker was coupled with a peptide backbone
that can be efficiently conjugated to therapeutic agents via a straightforward ‘click’ chemistry
procedure. These designer constructs facilitated synergistic treatment at optimal molar ratios

of drug while minimizing the toxicity that can otherwise arise in non-targeted chemotherapy.
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As a demonstration, nucleolin aptamer AS1411 was attached to short peptides
coupled to a 1:1 molar ratio of DOX and CPT to recognize and deliver the payload to a

nucleolin-expressing metastatic breast cancer cell line MDA-MB-231 [151].

Optimizing drug ratio and targeting simultaneously for low dose cancer treatment

This study demonstrated that by systematic in vitro screening, it is possible to identify molar
ratios that are selectively more potent to cancer cells and less potent to normal cells [46,47].
Hence, it is possible to engineer constructs with optimized therapeutic indices, maximizing
their toxicity to cancer cells while minimizing risk of adverse events. At a molar ratio of 1:1
for DOX:CPT, a drug reduction index (inverse of combination index) of 3 was observed for
MDA-MB-231 cancer cells compared to 1.6 for MCF 10A epithelial cells (Figure 22). While
Ap-DOCTOR delivers DOX and CPT at a molar ratio of roughly 1:1, several constructs that
can deliver DOX and CPT at other molar ratios were synthesized (Figure 23).

The targeting aspect of the vehicle design improves its apparent safety profile along
with enhancing uptake specifically in cancer cells. In vitro, Ap-DOCTOR enhanced the
toxicity of free DOX and CPT by 15-fold and 7-fold, respectively. Further, in long
incubation studies, Ap-DOCTOR treatment enhanced cancer cell cytotoxicity by 2.5-fold
relative to a simple drug cocktail, but also decreased the cytotoxicity seen in normal
epithelial cells (MCF-10A) by 4-fold. These results are comparable to an aptamer targeted
nanoparticle delivering Docetaxel and Cisplatin synergistically, where targeting led to a 2.5-
fold increase in cytotoxicity to cancer cells and a 1.8 fold decrease in cytotoxicity to control

cells [167].
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When constructs were evaluated for cytotoxicity after short incubation times, a more
realistic comparison to in vivo conditions, Ap-DOCTOR displayed negligible cytotoxicity to
MCF 10A control cells even though the drug combination was extremely potent in long
incubation studies. This is most likely a result of targeting differences emphasized after a
short incubation and several wash steps that follow. Nevertheless, this is of great significance
since the results demonstrate elimination of toxicity of DOX + CPT on control MCF 10A
cells that were 20x more sensitive to the free drug combination compared to MDA-MB-231
cells. Prostate cancer targeting nanoparticles loaded with DOX and DTX were delivered to
cancer cells and control cells in a comparable short incubation fashion. Similar to results
shown with Ap-DOCTOR, negligible toxicity was observed for the control cell line;
however, no synergistic effects of the drug combination were observed at the molar ratio
delivered [165].

A clear enhancement of tumor-targeted cytotoxicity in vivo was demonstrated, using a
nude mouse model with highly aggressive orthotopic tumors derived from nucleolin-enriched
MDA-MB-231 cells. Ap-DOCTOR treatment produced a statistically significant 58%
reduction in tumor volumes in this model relative to animals that were treated with a cocktail
of equivalent doses of the same two drugs, and a 73% reduction relative to untreated mice.
Notably, this reduction was achieved at an extremely low cumulative dose of 2 mg/kg DOX
and 1.4 mg/kg CPT; to our knowledge, this is the lowest cumulative dose of DOX reported to
date to achieve such drastic tumor volume reduction with an aptamer-targeted delivery
system [161,163,166,176,177]. No additional toxicity was observed to mice with this

delivery system relative to the standard drug cocktail.
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DOX-based drug combinations have been previously tested on MDA-MB-231 mouse
models. The most effective systems found were a polymerosome comprising DOX and
Paclitaxel (3 mg/kg and 7.5 mg/kg, respectively) and PEGylated hyaluronic acid polymer
conjugated to 10 mg/kg CPT. Since the starting tumor volumes for these studies are different
to ones reported here, a direct comparison is difficult [178—182]. Nevertheless, the studies
performed here show that DOX and CPT at optimal ratios are extremely potent against MDA
MB 231 cells at a much lower DOX dose of 2mg/kg, and further studies at higher drug doses

can validate their therapeutic efficacy for triple negative breast cancer.

Need for conjugating both drugs on a single carrier

Dual drug loaded systems have been previously shown to improve potencies over
cocktail mixtures of single drug loaded systems in the same ratio [72,167]. This superior
potency can be explained by consistent delivery of optimal therapeutic ratios by dual-drug
delivery systems not guaranteed by a cocktail of single drug systems whose components can
undergo different pharmacokinetics and cellular uptake [47,72]. Hence, to ensure that
aptamers were carrying both drugs, each peptide was attached via highly efficient orthogonal
chemistries in a site-specific fashion.

In agreement, the dual drug conjugation was noted to be critical for efficient drug
uptake in vitro and in turn enhanced toxicity in the cancer cells (Figure 27). In vitro testing
showed clear superiority of Ap-DOCTOR over a cocktail of single drug-aptamer conjugates
(Ap-DOX + Ap-CPT). Likewise, the superior tumor reduction seen in vivo with Ap-
DOCTOR relative to an unconjugated drug cocktail was paralleled by much stronger

correlation in the circulating plasma levels of the two drugs (Figure 37) indicating that the
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Ap-DOCTOR formulation offers a more robust means for attaining controlled, synergistic

effects in combination therapy.

Targeting tumor subpopulations overexpressing nucleolin with AS1411

Studies have linked tumorigenicity, metastatic ability, relapse and drug evasive
properties of triple negative breast cancers to cell surface nucleolin overexpression [39].
Thus, being able to deliver drugs to these aggressive subpopulations in a targeted fashion is
of great interest. Since nucleolin overexpression plays an impact on tumor metastasis and
progression, nucleolin overexpressing highly tumorigenic MDA-MB-231 triple negative
breast cancer cell populations were identified and isolated for treatment in the present work.

AS1411 (NucA) is a well-characterized aptamer that targets overexpressed cell
surface nucleolin and is currently the most advanced oncology aptamer in clinical trials
[131]. Even though a 50 to 100-fold increase in binding of the nucleolin aptamer compared to
a control aptamer on MDA-MB-231 cells was observed, it did not elicit in vitro or in vivo
cytotoxic effect on these cells at the concentration ranges where DOX and CPT inhibited cell
growth. This behavior is consistent with other reports and it can be concluded that the
aptamer did not contribute to any cytotoxicity and was purely a targeting moiety [159].

Translation of in vitro results of aptamer efficacy into in vivo benefits has remained a
major challenge since aptamers are rapidly cleared from the blood stream because they are
degraded by nucleases in vivo [131]. AS1411 however, offers remarkable resistance to serum
nucleases and is stable in blood due to its 3-dimensional G quadraplex structure [151].
Although, AS1411 has been extensively used in several targeted delivery applications, it has

never been used to target a drug combination, much less a drug combination in
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therapeutically optimal molar ratios [124]. These results demonstrate two key concepts:
AS1411 aptamer guided delivery of a synergistic drug combination and an aptamer conjugate
that is able to deliver drug combinations in predetermined molar ratios. On a side note, this is

also the first study to report an aptamer system for targeted CPT delivery.

Comparison to previous aptamer dual drug delivery systems

Several notable studies have demonstrated the use of aptamers for combination drug
delivery, however those studies were largely focused on using aptamers for surface
modification of nanoparticles [165—-167]. While a larger number of ratios can potentially be
incorporated into nanoparticles, it must be noted that advantages such as small size of
aptamer, improved tumor penetration and cellular uptake are no longer exhibited by these
particulate systems. Ap-DOCTOR, on the other hand, is a molecular entity (<10 nm), which
may facilitate its deep penetration into tumors. The design of Ap-DOCTOR also provides
precise control of drug loading via orthogonal click chemistries, and finally, Ap-DOCTOR
provides a soluble molecular design that facilitates its formulation and use (Figure 26). The
potency of Ap-DOCTOR is a result of the highly selective tumor targeting and its
internalization, along with the capacity to achieve effective synergy between multiple drugs

with the peptide framework.

Modularity of the design strategy
It is believed that this approach should be broadly generalizable. A wide variety of
tumor-specific protein biomarkers have been identified to date, for which aptamers are either

already available or can readily be generated via well-established techniques
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[123,126,127,131,148]. Furthermore, the chemistries described are easily extendable to any
aptamer, which can theoretically allow for targeting several cancer markers. There is a wide
range of additional linker technologies that can be designed and optimized for distinct drug
combinations, and by taking advantage of facile peptide synthesis technologies, one can
readily switch out glutamic acid residues for cysteine, lysine or other natural/unnatural amino
acids that are suitable for conjugating drugs using other chemistries [172]. Overall, the
design is highly modular and can be used with a large library of targeting moieties and

cytotoxic molecules to suit several cancer therapeutic applications.
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Chapter 6

Experimental Methods

6.1 Materials

Non-enzymatic cell dissociation solution, MDA-MB-231, 4T1, NIH-3T3 and MCF-10A cell
lines were acquired from ATCC (Manassas, VA). RPMI-1640 media, DMEM media, fetal
bovine serum (FBS), penicillin-streptomycin (pen-strep), Quant-iT OliGreen ssDNA Assay,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), CellLight plasma
membrane-RFP, BacMam 2.0, heparin-coated plasma preparation tubes and 7000 MWCO
Slide-A-Lyzer dialysis devices were purchased from Thermo-Fisher Scientific (Waltham,
MA). Cell culture flasks, microplates and Matrigel were obtained from Corning (Corning,
NY). MEBM Medium and Gelstar staining dye were purchased from Lonza (Walkersville,
MD). Accumax™ was purchased from Innovative Cell Technologies (San Diego, CA).
AlexaFluor 488-anti-nucleolin antibody (364-5), AlexaFluor 488-Mouse IgG;, kappa
monoclonal - isotype control were obtained from Abcam (Cambridge, MA). malPEP peptide
was custom synthesized at GenScript (Piscataway, NJ), and dbcoPEP peptide at New
England Peptide (Gardner, MA). All aptamers were custom synthesized by Integrated DNA
Technologies (Coralville, TA). DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) and
mPEG-DSPE (1,2-distearoyl-sn-glycero-3- phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000) were obtained from Avanti Polar Lipids (Alabaster, AL) and hyaluronic acid

was sourced from Creative PEGWorks (Durham, NC). 15% TBE-urea polyacrylamide gel,
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TBE buffer and micro bio-spin P-6 gel columns were obtained from Bio-Rad (Hercules, CA).
Sephadex G-25 PD-10 desalting columns (5,000 MWCO) were purchased from GE
Healthcare Life Sciences (Marlborough, MA). DOX was obtained from LC Laboratories
(Woburn, MA) and Sep-Pak C18 cartridges were obtained from Waters (Milford, MA). CPT,
cholera toxin, sodium azide, bis(2-oxo0-3-oxazolidinyl)phosphinic chloride (BOP-Cl), 4-
(dimethylamino)pyridine  (DMAP),  N,N-diisopropylethylamine = (DMAP),  Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), Cholesterol and all other chemicals were

purchased from Sigma-Aldrich (St. Louis, MO).

Table 11. Peptide and DNA sequences used in the experiment

Name Sequence/Structure Description / Comments

malPEP GEGEGEGEGE Peptide backbone of alternating Glycine
and Glutamic acid amino acids. The N
terminus is conjugated to maleimide and
the C terminus is amidated.

dbcoPEP GEGEGEGEGEK’ Peptide backbone of alternating Glycine
and Glutamic acid amino acids with a
modified azido lysine at position 11 from
the N terminal. The N terminus is
acetylated and the C terminus is amidated.
th-NucA 5’-GGT GGT GGT GGT Nucleolin aptamer, ASI1411 sequence
TGT GGT GGT GGT GGT [183] followed by a Ts spacer and a thiol

TTT TT/3ThioMC3-D/-3’ modification at the 3’ end.
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th-CRO

az-NucA

az-CRO

dc-NucA

(dual click)

Cy5-NucA

Cy5-CRO

5’-CCT CCT CCT CCT
TCT CCT CCT CCT CCT

TTT TT/3ThioMC3-D/-3’

5’-GGT GGT GGT GGT
TGT GGT GGT GGT GGT
TTT TT/3AzideN /-3’

5’-CCT CCT CCT CCT
TCT CCT CCT CCT CCT

TTT TT/3AzideN/-3’

5’-GGT GGT GGT GGT
TGT GGT GGT GGT GGT
TTT T/1AzideN/TT

TTT/3ThioMC3-D/-3°

5’-GGT GGT GGT GGT
TGT GGT GGT GGT GGT
T/ACyS/TT TTT/3ThioMC3-

D/-3’

5’-CCT CCT CCT CCT

TCT CCT CCT CCT CCT

Cystine-rich  oligonucleotide, = Control
Aptamer sequence [184] followed by a Ts
spacer and a thiol modification at the 3’
end.

Nucleolin aptamer, AS1411 sequence
[183] followed by a Ts spacer and an azide
modification at the 3’ end.

Cystine-rich  oligonucleotide, = Control
Aptamer sequence [184] followed by a Ts
spacer and an azide modification at the 3’
end.

Nucleolin aptamer, AS1411 sequence
followed by a Ty spacer with an internal
azide modification at position 31 from the
5> end and a thiol modification at the 3’
end.

Nucleolin aptamer, AS1411 sequence
followed by a T spacer with an internal
Cy5™ modification at position 28 from the
5> end of the sequence and a thiol
modification at the 3’ end.

Control

Cystine-rich  oligonucleotide,

Aptamer sequence followed by a Tg spacer
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T/iCy5/TT TTT/3ThioMC3- and with an internal Cy5™ modification at
D/-3° position 28 from the 5’ end of the sequence

and a thiol modification at the 3’ end.

6.2  Synthesis of drug delivery vehicles

Peptide-Drug Conjugates

DOX and CPT were conjugated to glutamic acid moieties on the peptide backbone via
nucleophilic acyl substitution. To obtain CPT-peptide conjugates, 9 umol malPEP and 8-26
umol CPT (molar excess based on target loading) were solubilized in 3 mL of anhydrous
dimethylformamide (DMF) and cooled in an ice bath. A solution of BOP-CI (1.8% molar
excess to CPT), DMAP (3.8x molar excess to CPT) and DIPEA (1.5x molar excess to CPT)
in 1 mL anhydrous DMF was added drop-wise. The mixture was gradually warmed 40 °C
and the reaction was carried out under nitrogen and stirring at 40 °C for two days. For DOX
peptide conjugates, 9 umol dbcoPEP and 826 umol DOX (molar excess based on target
loading) were used in the first step of conjugation. Molar excess amounts of other reactants
and reaction conditions were otherwise the same as for CPT.

After two days, reverse-phase chromatography was used to purify conjugates. Briefly, the
reaction mixture was diluted 20-fold in DI water and adsorbed on CI18 cartridges (pre-
washed thrice with pure acetonitrile followed by DI water). Next, the cartridges were washed
five times each with DI water, 5% and 10% (v/v) acetonitrile in water to flush out unreacted
peptides and hydrophilic impurities. Fractions eluted during subsequent washes at higher

volume concentrations of acetonitrile in water (20-40%) were collected, combined and dried
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under vacuum (<100 mTorr, 2 days) to yield purified powders of peptide-drug conjugates.
Concentrations of DOX and CPT were quantified via fluorescence spectroscopy (DOX
Aex/Aem: 479/590 nm, CPT Aex/Aem: 370/450 nm) and peptide concentrations were determined
via absorbance at 270 nm after eliminating absorbance contributions of conjugated drug
(Tecan Infinite M1000). MALDI-TOF mass spectrometry was performed to qualitatively

confirm multiple drug conjugations on a single peptide backbone.

Attachment to aptamer via ‘click’ chemistry to make aptamer drug conjugates
Thiol-maleimide click chemistry: 3’-end disulfide linkage was reduced to free thiol on th-
NucA or th-CRO aptamer by treating 100 nmol aptamer with 10 umol TCEP (100x molar
excess to aptamer) in 1 mL PBS (pH 7.4) for 1 h at room temperature under nitrogen. 1 umol
CPT-loaded malPEP in 1 mL dimethyl sulfoxide (DMSO) was added to the reduced aptamer
mixture and allowed to react overnight at 4 °C under nitrogen.

Strain-promoted azide-alkyne click chemistry (SPAAC): 100 nmol az-NucA or az-CRO
aptamer (Table S1) dissolved in 1 mL of PBS (pH 7.4) was added to 0.5 pumol DOX-loaded
dbcoPEP in 1 mL DMSO and allowed to react overnight at 4 °C under nitrogen.

For dual drug-loading, reactions were carried out in a one-pot synthesis step. 100 nmol dc-
NucA was treated with 10 umol (100x molar excess of aptamer) TCEP in 1 mL PBS (pH
7.4) for 1 h at room temperature under nitrogen to reduce the 3’-end disulfide linkage to a
free thiol. Then, 1 pmol CPT-loaded malPEP and 0.5 pmol DOX-loaded dbcoPEP dissolved
in 1 mL DBCO were added simultaneously and allowed to react overnight at 4 °C under

nitrogen.
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After all reactions, unreacted excess peptides were removed by an initial overnight dialysis
using a 7,000 MWCO Slide-A-Lyzer dialysis device followed by size-exclusion
chromatography through a Sephadex G-25 PD-10 desalting column (5,000 MWCO). To
determine the extent of drug conjugation to the aptamer, concentrations of CPT and DOX in
the purified sample were measured via fluorescence and aptamer concentrations were
determined using Quant-iT OliGreen ssDNA assay. Briefly, purified constructs diluted in TE
buffer were incubated with equal volumes of aqueous working solution of Quant-iT OliGreen
reagent for 5 minutes, protected from light. Post-incubation, fluorescence corresponding to

the aptamer concentration was measured (Tecan Infinite M1000, Aex/Aem: 480/520 nm).

Synthesis of hyaluronic acid drug conjugate

DOX was conjugated to Hyaluronic Acid (HA) via nucleophilic acyl substitution, by
coupling the carboxylic acid of HA were conjugated to the primary amine or alcohol groups
present on DOX. 10 mg of 250kDa molecular weight HA was dissolved in a 1 mL mixture of
DMSO/water (1:1 by volume) under stirring and slight heating (40 °C). DMAP and EDC
were added at a molar ratio of 1:1 relative to HA monomers, and were allowed to activate the
polymer for 1 h under stirring. DOX was dissolved in the reaction mixture in a molar ratio of
0.5:1 DOX:HA. The reactions proceeded under slight heating (40 °C) for 3days. Then,
DOX-HA was separated from unreacted free drugs, EDC and DMAP via overnight dialysis
using a 5000 MW exclusion membrane. For further purification, a size exclusion
chromatography step, through Sephadex G-25 PD-10 desalting columns (5000 MW
exclusion limit) equilibrated in PBS (pH 7.4), was performed. Concentration of DOX in the

purified sample was measured via fluorescence.
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DOX loaded liposome preparation

A mixture of DSPC:mPEG-DSPE:Cholesterol in 56.3:5.3:38.4 molar equivalents is dissolved
in chloroform and placed in a rotary evaporator and the pressure is first reduced to 250 mbar
and subsequently reduced by 30 mbar in two five minute segments, and then by 50 mbar
every 5 minutes to reach 140 mbar. Once the solvent was completely evaporated and a lipid
film was visible, the flask was submerged in a 65°C water bath and the pressure was set to 0
mbar. It was left under this condition for 5 min. Leave for an additional five minutes.
Meanwhile an extruder was assembled and membranes were allowed to be in water contact at
70°C. The lipids were then rehydrated with 1.1 ml of ammonium sulfate solution (250 mM,
pH 5.5) and placed in a 65°C water bath at ambient pressure for 5 min until the lipids formed
a white opaque solution. The rehydrated lipid solution was transferred to an extruder syringe
and returned to a water bath in the oven at 80°C for 30 m. The lipid solution was passed
through the membrane 21 times and collected for further purification in a Sephadex G-25
PD-10 column. Briefly, the columns were washed with 25 ml of PBS (pH 7.4) and ~1 ml
liposomes were let to sink into the column. Then, another 1.5 ml of PBS was added to attain
the bed volume (2.5 ml) of the column. By adding 1 mL of PBS, pure liposomes were
collected. DOX was encapsulated by adding 50 ul of 70 mM DOX (in PBS pH 7.4) dropwise
to 500 ul of liposomes under stirring at 65°C in the oven. They are kept under those
conditions for 2.5 hours and removed. The liposomes were passed through a size exclusion
column to separate the free drugs from the drug-encapsulated liposomes as described above.

To quantify amount of DOX, 30 ul liposomes were added to 270 ul methanol and vortexed
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and sonicated 30 min to disturb the liposomes. Lipids were centrifuged out at 12000 g for 5

min, and then the DOX concentration was read via fluorescence.

6.3 Construct characterization assays

Gel electrophoresis

All constructs were analyzed via denaturing gel electrophoresis on a 15% TBE-urea
polyacrylamide gel stained with 1x Gelstar dye. Each lane contained a loading solution that
comprised of 4 uLL of purified construct or unconjugated aptamer, 2 pL of 5x loading dye and
6 uL of formamide. Loading solutions were heated to 95 °C for 5 min and cooled to room
temperature. Gels were pre-run for 10 min at 150 V after which wells were washed with
running buffer and loaded with 5 pL of each sample and run for an additional 80 min at 150
V in 1x TBE buffer (89 mM Tris borate, 2 mM Na,-EDTA, pH 8.3). Gel images were taken

with Gel-Doc EZ system (BioRad) equipped with Image Lab software.

Dynamic light scattering (DLS) measurements

Drug conjugates were diluted 20-fold in PBS prior to analysis and dust particles were
removed by centrifuging at 500 rpm for 1 min. Samples were read on a Malvern ZetaSizer
Nano ZS and an average of three independent measurements of at least 13 runs each + SD

are reported.

Release studies
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We determined drug release kinetics from the aptamer construct via hydrolysis from the
peptide scaffold at pH 7.4 and 5.0. Constructs were dissolved in PBS at pH 7.4 or at pH 5
and kept under stirring at 37 °C. At indicated time points, released drugs were separated from
constructs via size-exclusion chromatography by passing the mixture through micro bio-spin
P-6 gel columns (6,000 MW exclusion limit). Following removal, we determined the
amounts of drug conjugated to the construct by measuring concentrations of CPT and DOX
in the recovered sample via fluorescence. Drug release (wt%) was fit to exponential release

profiles to determine time required for 50% drug release (t/2).

6.4 In vitro cell assays

Cell culture

All cells were cultured in a humidified incubator with 5% CO, at 37 °C. MDA-MB-231 was
maintained in RPMI-1640 medium supplemented with 10% FBS and 1% pen-strep. MCF-
10A cells were maintained in MEBM media supplemented with hydrocortisone, hEGF,
insulin, BPE, and 100 ng/mL cholera toxin. 4T1 and NIH-3T3 were maintained in DMEM
medium supplemented with 10% FBS and 1% pen-strep. Nucleolin-overexpressing MDA -
MB-231 cells were obtained as previously described [175]. Briefly, 1 x 107 cells were stained
with AlexaFluor 488-anti-nucleolin antibody [364-5] or Alexa Fluor 488-mouse 1gG;, kappa
monoclonal - isotype control for 1 h at 4 °C in PBS buffer containing 10% FBS and 1% pen-
strep. Cells were then washed twice and sorted via flow cytometry (BD FACSAria II) into a
sterile FBS-coated tube. Isolated cells were resuspended in culture media and grown as

described above.
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Internalization studies with confocal microscopy

To verify specific internalization of the targeting aptamer (NucA), we used confocal laser
scanning microscopy. 4.5 x 10* MDA-MB-231 cells and 9 x 10* MCF-10A cells were
seeded and allowed to adhere overnight in a 48-well coverslip bottom culture plate. The
coverslip bottom was coated with fibronectin prior to cell seeding. Cells were exposed to
either a labeled nucleolin-specific aptamer (Cy5-NucA) or a labeled control aptamer (Cy5-
CRO) at a concentration of 1 uM in fresh media for 30 m or 4h in a humidified incubator at
37 °C and 5% CO,. Cells were then washed twice with PBS warmed to 37 °C and fixed with
4% formaldehyde for 15 min at 37 °C. The cells were then counterstained with 1 pg/ml
Hoechst dye for 5 min and washed twice with PBS to remove excess dye. All cells were
imaged with an Olympus Fluoview 1000 spectral confocal equipped with a 60 X silicon oil
objective. 405-nm 50 mW and 635-nm 20 mW diode lasers were used to excite Hoechst
(420460 nm emission filter) and aptamer (>630 nm emission filter), respectively. 6-um z-
stacks were captured and subsequently analyzed with Imagel software (NIH).

For visualizing drug uptake with or without a targeting aptamer, cells were grown as
described above. Cells were incubated with formulations consisting of DOX and CPT at a
final concentration of 5 uM for 2.5 h and later washed and fixed following the protocol
above. Plasma membranes were stained using CellLight plasma membrane-RFP, BacMam
2.0. All cells were imaged with a Zeiss CellDiscoverer 7 microscope equipped with a 50 x
water objective. 385-nm, 470-nm, and 567-nm diode lasers were used to excite CPT (460-nm
emission filter), DOX (555-nm emission filter) and plasma membrane (568-nm emission
filter) labeling, respectively. z-stacks were captured and subsequently analyzed with ZenPro

software.

107



In vitro tumor penetration study with tumor spheroids

Tumor spheroids were developed using the hanging-drop method described previously [185].
Briefly, a total of 1.1 x 10 cells/mL of 4T1 and NIH-3T3 cells harvested and resuspended in
DMEM at a ratio of 1:5 4T1:NIH-3T3 cells were prepared. A 45 uL aliquot of the cell
mixture was added to the top of each well and the plates were sealed. Cells were allowed to
grow and form spheroids in the incubator for 4 days. Media was replenished on day 2 by
removing 15 pL of media from each droplet and adding equivalent amount of fresh DMEM
media. Spheroids that grew in droplets were harvested at the end of 96 hours into a non-
adherent 96 well plate. Each spheroid was incubated with different drug delivery vehicles
dissolved in 70 uL DMEM at a DOX equivalent dose of 25 uM. Drug vehicle solutions were
removed at pre-determined time points and the spheroids were washed with PBS twice and
disintegrated in 70 pL Accumax™ and further dissolved in equal volume of DMSO. To

quantify the amount of penetration, DOX concentration was measured via fluorescence.

In vitro cell toxicity assay and synergy analysis

To identify optimal therapeutic ratios for DOX and CPT, we used the Combination Index
(CI) method [31,44,46,47]. 5 x 10° MDA-MB-231 cells or 1 x 10* MCF-10A cells in 100 uL
media were seeded per well in a 96-well culture plate and allowed to adhere overnight. After
aspirating old media, serial dilutions of individual aptamer drug formulations (i.e., Ap-DOX
or Ap-CPT) in fresh media were added and incubated for 72 h. Cell viability was then
assessed by the MTT assay. Drug formulations were replaced with 100 puL of MTT
solubilized in media (0.5 mg/mL) and, following a 3.5 h incubation, the solution was

aspirated and replaced with DMSO. Finally, the plates were shaken for 20 min and cell
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viability was measured by reading the absorbance of each well at 570 nm with a Tecan
Infinite M1000. To obtain in vitro cytotoxicity curves and ICs, values, experimental cell
viability data were fitted to the median-effect model. [186] Cell viabilities were also assessed
for different molar ratios of aptamer drug cocktails by the same method. For all ratios, total
drug concentrations were kept constant (2 uM for MDA-MB-231 cells and 200 nM for MCF-
10A cells). Synergy was assessed by calculating CI values, where synergism, additivism, and
antagonism are respectively indicated by CI values less than 1, equal to 1, and greater than 1
[8,44]. CI errors are reported by propagating the corresponding errors in cell viability data

after a combination treatment and standard error of the individual drug model fits.

For direct comparison of in vitro toxicities, formulations were tested for their ability to
inhibit cancer cell proliferation. Cells seeded as described above were exposed to drug
formulations for either the full 72 h incubation period or for a brief window of 2.5 h at the
start, washed twice and incubated with fresh media for an additional 69.5 h. At the end of 72
h, the MTT assay was performed to obtain cell viability data, and fractional cell inhibitions

were calculated.

Apoptosis Assay

Apoptosis patterns of Ap-DOCTOR and free DOX+CPT were studied in MDA-MB-231 and
MCF 10A cells by Annexin V and Sytox Green counterstaining, following the Life
Technologies Apoptosis Assay protocol. Briefly, cells were seeded at a concentration of 100
x 10* cells per 25 cm? cell culture flask, and allowed to adhere overnight. Cells were exposed
to drug solutions for 3 hours. After drug exposure, all adherent and floating cells were

harvested at a concentration of 1 x 10° cells/mL in Annexin V binding buffer, and 200 uL of
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each sample were incubated with 5 uLL of Annexin V- 647 and 1 pL of 1 uM Sytox Green.
After 15 minutes of dye incubation, cells were diluted 5X in ice cold Annexin V Binding
Buffer, and immediately analyzed via flow cytometry (BD FACSAria II). Cells gated as
Annexin V7/Sytox Green” were live, cells with Annexin V'/Sytox Green were early-
apoptotic, and cells gated as Annexin V'/Sytox Green were either end-stage apoptotic or

dead.

6.5 Invivo studies

In vivo tumor growth inhibition

Orthotopic MDA-MB-231 xenografts in nude mice obtained from Charles River laboratories
were used to evaluate the efficacy of the aptamer conjugates in vivo. The Institutional Animal
Care and Use Committees of the University of California Santa Barbara and Harvard
University approved all experimental procedures pertaining to the use of animals. MDA-MB-
231 cells (2.5 x 10° in 100 pL of 1:1 Matrigel and saline, > 98% cell viability) were injected
subcutaneously into the inguinal mammary fat pad of 6—8 week old athymic nu/nu mice. The
mice were randomized into groups of five and monitored for tumor growth and body weight
changes. Treatments began 11 days post-implantation. Cocktails of unconjugated CPT and
DOX were dissolved in 10% tween-80 in sterile saline (0.9 wt/vol% NaCl) and all other
treatments were solubilized directly in sterile saline. Mice received a total of 4 intravenous
treatments of saline, free drug cocktail, aptamer, or Ap-DOCTOR every other day via tail
vein injections. All formulations were injected at drug-equivalent doses of 0.5 mg/kg DOX

and 0.35 mg/kg CPT. Separate aptamer and drug cocktail treatments were injected at a drug-
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equivalent dose of 2 mg/kg DOX and 1.4 mg/kg CPT. Tumor volumes were calculated using
the following equation: V= 7 (I) x (w)’, where [ and w are the longest and shortest
dimensions of the tumor, respectively. Mice were euthanized if tumor length exceeded 15
mm, or after body weight loss exceeded 15%, or after necrotic ulcers appeared in the tumor

core.

Plasma Pharmacokinetics

A cocktail of CPT and DOX was dissolved in 10% tween-80 in sterile saline (0.9 wt/vol%
NaCl) and Ap-DOCTOR was solubilized directly in sterile saline. Mice received intravenous
treatments of drug cocktail or Ap-DOCTOR every other day via tail vein injections at a drug-
equivalent dose of 2 mg/kg DOX and 1.4 mg/kg CPT. Whole blood was collected via tail
nicking, and plasma was isolated with heparin-coated plasma preparation centrifuge tubes
and split into two separate aliquots. DOX was dissociated from the peptide backbone by acid
hydrolysis. Briefly, 50 puL of sample was treated with 50 uLL. of 1 M HCl at 85 °C for 20 min.
After cooling to room temperature, the solution was neutralized with 50 uL of 1 M NaOH,
and 50 pL of 1x PBS was added. Proteins were precipitated by incubating the mixture with 1
mL of a 9:1 acetonitrile:methanol mixture for 1 h at room temperature. The suspension was
centrifuged at 14,000 rpm for 10 min and the supernatant was dried under vacuum at 45 °C.
The second aliquot was treated according to a previously described method to determine the
total CPT amount [70]. Briefly, 33 uL of 0.1 N NaOH was added to 50 uL of sample and
stored at room temperature for 1 h. 50 uL of 0.1 N HCI was then added and proteins were
precipitated by incubating the mixture with 367 puLL of methanol at room temperature for 3 h.

The suspension was centrifuged at 14,000 rpm for 10 min and the supernatant was dried
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under vacuum at 45 °C. Drug amounts were determined by measuring concentrations of CPT

and DOX in treated samples via fluorescence.
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Chapter 7

Conclusion and future outlook

7.1 Reflections

Are two drugs better than one?

While severe toxicity issues have impaired the clinical progress of combination
chemotherapy, several preclinical studies and clinical studies outlining ways to mitigate the
toxicity foreshadow its reemergence. By controlling the drug molar ratios and schedules of
chemotherapeutics, higher efficacies at low doses have been obtained [7,20,31]. Here, DOX
and CPT were found to be an extremely potent drug pair against TNBC that exhibited molar
ratio-dependent synergy. High efficacies at extremely low doses in an in vivo orthotopic
mouse model were obtained by optimizing molar ratios of the drug pair through systematic
screening. For the entire length of the study (44 days), progression free survival was achieved
at doses that were roughly 4-fold lower than individual drug MTD values. Though
remarkable, the combination was also extremely toxic in vitro on a control epithelial cell line
and moreover the drug ratios were not preserved during circulation. Hence, drug
combinations can be extremely beneficial, but careful engineering is necessary to translate

them into the clinic.

What is the benefit of targeting?
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Traditionally, imparting successful cancer-targeting properties to non-selective
payloads was considered to be a ‘cancer-binding’ optimization problem i.e. if the drugs were
somehow coupled to a carrier that could effectively and specifically recognize the tumor, it
could deliver the payload efficiently to the tumor. However, increasingly, the roles of several
transport barriers are gaining importance in targeted drug delivery, especially for advanced
solid cancers that are metastasized and largely unvascularized. Along with superior tumor
recognition, the targeting agents have to also efficiently penetrate into such tumors, be
retained and taken up effectively. Hence, more emphasis is currently being laid on the
physical and pharmacological properties of a targeting agent.

To allow the drug pair of DOX and CPT to discriminate between cancer and healthy
cells, tumor-targeting aptamers were explored as an option. A cell surface nucleolin
recognizing aptamer, AS1411 (NucA), was found to have excellent cancer binding affinities
and a drug conjugate prepared using this aptamer was also small enough to penetrate more
efficiently into tumor spheroids compared to other delivery agents. Further, it localized to the
nucleus, the desired intracellular destination for DOX and CPT, which can assist in more
efficient toxicity production of the payload after accumulation. Further, the aptamer carrier
undergoes nucleolin-mediated endocytosis, which would also prevent cancer cells from
acquiring drug resistance through efflux mechanisms. Anthracyclines like DOX are
especially prone to such phenomena, where cancer cells with p53 mutations become less
sensitive to chemotherapy due to constant expulsion of the drugs that have non-specifically
accumulated inside the cell [187].

Thus, targeting agents that could efficiently bind and internalize into cancer cells and

simultaneously penetrate into deep tumor tissues are highly desirable. Here, DOX and CPT
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were carried by the cell surface nucleolin targeting aptamer for efficient TNBC specific

uptake and mitigation of their indiscriminate toxicity to healthy cells.

How can drug combinations be translated more effectively to the clinic?

Several properties have to be simultaneously and rationally optimized for effective
clinical translation. First, identifying ways to have good tumor responses with low drug doses
can help reduce the clinical failure rates of combinations arising from dose limiting toxicities.
Secondly, providing targeting properties to efficacious drug pairs could improve the safety
profile of a treatment. Lastly, identifying a drug carrier with physical and pharmacological
properties most suitable for any given cancer is extremely crucial. For example long
circulating drug vehicles like liposomes and other stealth nanoparticles might be more
suitable for hematologic cancers or highly ‘leaky’ tumors where repeated exposure during
circulation can enhance tumor accumulation [188,189]. In contrast, small and efficiently
penetrating carriers might be suitable for dense cancers like pancreatic and breast cancer
[190,191].

In this work an approach to fabricate effective combination therapy is proposed,
which is to combine highly potent drug molar ratios to suitable targeting agents like
aptamers. A novel aptamer drug conjugate design was devised that unlike previous designs
allows conjugation of several drug molecules of different types onto a single aptamer
molecule while still retaining the attractive targeting and biochemical properties of this class
of affinity reagents. A small peptide scaffold was used to conjugate DOX and CPT to the
nucleolin-targeting aptamer and an optimal molar ratio was identified via systematic

screening. The resulting optimal drug formulation, Ap-DOCTOR, was small (< 10 nm) for
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effective penetration, cancer recognition and uptake. The construct exhibited cancer specific
killing in vitro and was also more effective at inhibiting tumor growth in an in vivo MDA-
MB-231 tumor model compared to an uncoupled drug cocktail. Remarkable potency at
unprecedentedly low drug doses was obtained, marking this approach as a feasible way to

effectively translate drug combinations.

7.2  Further design improvements of aptamer-peptide conjugates

Overcoming drug conjugation limitations

While a limited number of molar ratios were presented in this framework, it is
worthwhile to note that, the drug conjugation sites can be nearly doubled without
significantly affecting the overall construct size. Additionally, more sophisticated linker
technologies to conjugate CPT, demonstrated in other works, can improve overall CPT yield
and allow more ratios to be loaded on to aptamers [93,94]. Controlling drug release rates
using such linkers and others will enable engineering aptamer constructs that could release
drugs sequentially, which is also known to impact the synergy of a drug pair [31].

As a separate goal, additional studies to fundamentally assess the impact of
specificity (largest difference in CI between cancer and control cells) or potency (lowest CI
on cancer cells), will help design targeted systems that are more beneficial and can realize
their full therapeutic potential. Further preclinical and clinical evaluation will be required to
verify the applicability of Ap-DOCTOR approach in treating triple-negative breast cancer,
but this work demonstrates the feasibility of achieving controlled delivery of defined ratios of

potent drug combinations using aptamer-peptide vectors as a therapeutic option for cancer.
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Improving aptamer circulation properties

Aptamers are short circulating in nature and prone to rapid nuclease degradation and
these problems are the main reasons limiting their use in targeted drug delivery [191].
Although AS1411 aptamer is resistant to serum nucleases due to its G-quadraplex structure,
the aptamer is eliminated rapidly. Over 80% of Ap-DOCTOR was removed from the blood
stream within an hour of circulation (Figure 37). Fortunately, several solutions have been
engineered to enhance the circulation and limit aptamer degradation properties.

Polyethylene glycol (PEG) is commonly attached to aptamers to extend the
circulation times of an aptamer in the blood stream [192]. It has been shown that conjugating
aptamers to PEG of various sizes (20-80 kDa) can reduce the renal clearance rates and
enhance the plasma pharmacokinetics [193]. However, one has to bear in mind that as a
consequence of increasing the molecular weight of an aptamer construct the tumor
penetration capacities could be diminished. Thus the molecular weight of PEG has to be
optimized accordingly.

Several strategies have been discovered to limit aptamer degradation due to
nucleases. Spiegelmers, which are oligonucleotide chains made from enantiomeric mirror-
images of naturally occurring DNA and RNA, have been shown to have high serum nuclease
resistance and extremely stable structures in complex biological environments [194,195].
Modifying the nucleobases to synthetic derivatives of nucleotides such as 2’-
fluoropyrimdines and 2’-O-methyl purines has also been shown to confer extreme resistance
to nuclease activity [196,197]. Similarly, using a 3’ -3’ inverted deoxythymidine cap also

reduces the extent of nuclease degradation [198,199].
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7.3 Designing interventions against different TNBC subtypes and

cancers.

Modifying the chemotherapy combination

An obvious extension of the current work would be to test other combinations of drugs that
are approved for use against breast cancer (previously discussed in Section 3.2). Several
clinical trials are underway to identify chemotherapy drug combinations to which TNBC
patients respond. This task is challenging since different TNBC subtypes respond differently
to different chemotherapy drug classes [200,201]. Nevertheless, by using these combinations,
a panel of aptamer dual-drug conjugates can be engineered to appropriately dose patients
according to the subtype of TNBC they present. Table 12 lists other combination
chemotherapy examples tested against different TNBC subtypes.

As a proof of concept, a combination using Gemcitabine (GEM), the drug that was
found to be the least potent on the MDA-MB-231 cancer cell line (Figure 4), and DOX were
tested to see if other drug pairs exhibited molar-ratio dependent synergy. There is prior
evidence for synergy between DOX and GEM. GEM is a DNA antimetabolite and DOX is a
topoisomerase II inhibitor. Since their mode of action is through two different pathways, the
drug pair is expected to be synergistic [208,209]. Moreover, this drug pair was also found to

have schedule dependent synergy [31].
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Table 12. Drug combinations for different TNBC subtypes.

TNBC subtype Characteristics [202—204] Drug Combinations
Basal-like = Make up to 50-75% of all tumors Cyclophosphamide, [205]
= Highly proliferative Methotrexate and 5-
= Favorable overall survival Fluorouracil (CMF)

compared to other subtypes

= Respond poorly to

anthracyclines.
Claudin-low =  Primitive tumors, 5-10% of Doxorubicin and [206]
tumors Cyclophosphamide
= Progenitor to other subtypes (AC)

= Linked to BRCA 1 mutation
= Respond well to anthracyclines
and platinum drugs.
Luminal = High BCL2 expression Fluorouracil, [207]
= Extremely poor patient outcomes Doxorubicin and
= Respond poorly to taxanes Cyclophosphamide

(TAC)

Several different molar ratios of this drug combination were tested on the triple
negative breast cancer cell line and indeed found the synergy to be a function of the ratio
exposed. All ratios except 4:1 DOX:CPT was found to be synergistic. At the 3:2 DOX:CPT
ratio, a dramatic 98.2% reduction of the 1Csy value of GEM was observed and at the most
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synergistic ratio (1:4 DOX:GEM; CI = 0.41£0.05), a 92% reduction in the ICsy value of
GEM was observed. This warrants the further exploration of DOX and GEM and other drug
pairs for TNBC treatment. Further studies on their cancer-selectivity and performance after

conjugation to a tumor-targeting agent could lead to the discovery of other exciting therapies.
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Figure 38. Effects of varying molar ratio in DOX and GEM combination treatments on
MDA-MB-231 cell growth.

The MTT assay was used to measure fractional cell inhibition of MDA-MB-231 cells due to
the combination treatment after 72 h incubations. Cell viability data were fitted to the
median-effect model to obtain IC50 values corresponding to DOX (orange) and GEM (grey).
CI was calculated by the Chou-Talalay method for each drug ratio tested. Errors were
propagated from corresponding errors in cell viability data and standard errors of the drug

model fits. Data are expressed as mean + standard error of individual drug model fits (n >

3).

Additional TNBC targeting aptamers
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Cancer cells constantly mutate to form sub-clones that have a survival advantage under
stressful conditions, like the presence of cytotoxic agents, so that they can continue
proliferating. Resistance mechanisms developed by cancer cells to targeted drugs that are
akin to development of resistance to chemotherapy drugs have been reported [50]. While one
approach to circumvent this problem would be to use a co-targeting strategy, another
approach could be to identify an alternative target on the cancer cell [210].

Aptamer identification technology, SELEX, is well suited for rapid generation of
novel cancer recognizing aptamers. One advantage of aptamers is that unlike other targeting
agents, they can be generated against cells, tissues or even whole organs without knowing the
fundamental surface composition of the target cell [211-214]. In a first of its kind
experiment, brain-penetrating aptamer was identified by isolating aptamers that selectively
homed into the brain of a live mouse [147]. Thus aptamers being easy to generate are an
extremely versatile choice for a targeting agent against cancer. Moreover, several other
aptamers against TNBC have also been reported, like the 5TR1 aptamer that binds to MUCI1
protein, a CD44 binding aptamer and a novel breast cancer internalizing aptamer generated
by Cell-SELEX [215-217], which can be tested for the delivery of chemotherapeutic drug
pairs. New technologies at our disposal like next generation sequencing, computer modeling,
systems biology and patient derived xenografts can further revolutionize aptamer discovery

technologies.

Expanding to other cancer types
The strategy of delivering potent drugs using aptamers can be utilized to target other

advanced solid cancers. We have already shown targeting of AS1411 aptamer to nucleolin
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overexpressing TNBC but this aptamer was advanced to phase II clinical trials against
metastatic renal cell carcinoma and acute myeloid leukemia. Unfortunately, it showed limited
activity in the former disease and was terminated against the latter [134]. Hence, conjugating
cytotoxic agents to AS1411 could improve the poor clinical response witnessed in the
clinical trials.

Further, small drug delivery vehicles like aptamer drug conjugates, hold great
promise for treating cancers that have typically dense tumors due to enhanced penetration
rates. Pancreatic cancers are one such example that have an almost impenetrable tumor
microenvironment, which makes them one of most difficult cancers to treat [218]. Yoon et al.
describe an aptamer drug conjugate to deliver either nucleoside analogs like GEM and 5-
fluorouracil or cytotoxic agents like monomethyl auristatin E (MMAE) and derivative of
maytansine 1 (DM1) using an RNA pancreatic cancer aptamer [157]. Using the aptamer dual
drug conjugate framework described above, combination therapy for pancreatic cancer can
be performed using the aptamer they describe. Similarly, other aptamer single drug
conjugates have been described for prostate cancer targeting with A10 aptamer [219],
colorectal and ovarian cancer targeting using 5STR1 aptamer [220,221] and hepatocellular

carcinoma targeting using TLS11a aptamer [176].

7.4 Optimizing immunogenic effects of low dose combination treatments

The main dose limiting toxicities of most chemotherapy is myelosuppression and febrile
neutropenia. Thus, dosing chemotherapeutic drugs at MTD results in such toxicities and

makes them notorious for ‘immunosuppression’ [222]. However, several chemotherapeutic
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drugs widely used in treating breast cancers are increasingly known to have anticancer
immunogenic effects [223,224] (Table 13).

Lately, metronomic chemotherapy (MC), administering lower drug doses more
frequently, is being advocated over the traditional MTD approach. This is because, while the
MTD approach causes cell death mostly by apoptosis, MC can cause cell inhibition via
several mechanisms like apoptosis, senescence, non-apoptotic cell death and also
immunogenic cell death [225]. Further, due to tumor heterogeneity, highly immunogenic
tumor cells are eradicated over time leaving behind a tumor composed of poorly
immunogenic cells [226]. Thus dosing immune stimulating chemotherapeutic drugs could
result in enhanced tumor responses. For example, Mastaria et. al. have shown that by
formulating DOX, an immune stimulating agent, appropriately in a nanoparticle, the host
immune system can be enabled and subsequently higher tumor responses can be achieved in
vivo [227].

Immunogenic chemotherapy can also have huge implications in designing
combination therapies with other cancer treatment modalities like immunotherapy and cell
therapies. Immunotherapy and chemotherapy combinations are generally designed
empirically and often fail in clinical trials. But with proper understanding of the anti-cancer
immune effects generated by chemotherapies, synergistic immunotherapy and chemotherapy
combinations for better cancer treatments can be designed [228].

‘Low-dose’ chemotherapy regimens identified in this work, by optimizing
relative molar ratios and schedules of drug components, could be beneficial towards
achieving potent immunogenic cell death effects. While immune effects are not always

directly cytotoxic, they are very beneficial to establish a long-term therapeutic response
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[229]. Hence, it would be a worthwhile exercise to study the immune effects produced by a

chemotherapy combination and establish strong anticancer immune properties to the

combination by iterative optimization.

Table 13 Immune stimulating chemotherapeutic drugs

Drug Disease studied Description of immune stimulating effect
Doxorubicin Leukemia = Enhanced dendritic cell (DC) uptake
(Anthracycline) and maturation

=  CDS8+ T cells are critical for response
Paclitaxel Breast cancer = Enhanced T-cell and NK-cell function
(Taxane)
Gemcitabine Pancreatic, non- = Inhibits B-cell proliferation —
(Antimetabolite) | small cell lung and promotes favorable T-cell immunity

colon cancer

5-Fluorouracil Breast and
(Antimetabolite) | gastrointestinal
cancer

Reduces myeloid suppressor cells
Gemcitabine-induced apoptosis —
enhanced DC cross-presentation of
tumor antigens

Expresses heat shock proteins (HSP)
HSP facilitate DC uptake and cross-

presentation of tumor antigens
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