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1.General Introduction

1.1 Colorectal Cancer

Each year colorectal cancer (CRC) is diagnosed in more than 1.2 million people worldwide and the
annual mortality in 2012 was over 600.000 deaths"* The incidence rates of CRC are slightly higher
in men than in women worldwide, being the third most prevalent cancer in men (after prostate and
lung cancers) and the second in women (after breast cancer).

CRC progresses through a series of clinical and histopathological stages going from single crypt
lesions through small benign tumors (adenomatous polyps, adenomas) to malignant cancers
(carcinomas) that finally spread through the layers that form the wall of the colon and rectum
(Figure 1.1)>.

/ Spread lo other organs

—

Figure 1. 1 Scheme of the CRC progression through the different stages
and the description of the layers on the colon wall (adapted from T.Winslow)".

In the earliest phase (stage 0), adenomas are placed in the inner layer (mucosa) of the colon wall. In
the stage |, cancer has a bigger size but it has not spread beyond the mucosal wall of the colon. In
the stage Il, cancer has grown through the mucosa layer and extends into the muscle layer of the
colon wall. In the following stage Ill, cancer has reached one or more lymph nodes in the area. And
finally, in the latest stage IV, cancer spreads to distant organs, such as liver, lungs, or distant lymph
nodes. This phase is referred as the metastatic stage, or advanced colorectal cancer.

Cancer stage at diagnosis has a strong influence on the length of survival. The earlier colon and
rectum cancer is detected, the higher chances a person has of surviving five years after being
diagnosed. Around 40% of the CRC cases are diagnosed at the local stage, where the 5-year survival
rate is 90.1%. For those patients with regional spread, the 5-year survival rate is 69.2%. However,
20% of patients are diagnosed of metastatic colorectal cancer (mCRC), in which 5-year survival
rates drops to 11.7%". These figures reinforce the need of early diagnosis of CRC as well as more
effective treatments for advanced CRC.



Individual’s probability to acquire CRC is related to a large variety of factors: genetic predisposition,
excessive alcohol consumption, high consumption of red and processed meat, obesity, diabetes
and smoking, among others. However, approximately 70% of CRC cases lack clear genetic basis and
are generally classified as sporadic®. In addition, 35% of CRC risk might be attributable to hereditary
factors, but only 3-5% CRC hereditary forms contribute to all CRC. Only 5% of CRC diagnosed as
hereditary genetic aberrations are known, the rest are still incompletely understood®. The two
most common forms of hereditary CRC are hereditary non-polyposis colon cancer (Lynch
syndrome) and familial adenomatous polyposis coli.

The progression from normal epithelium through adenoma to colorectal carcinoma is characterized
by accumulated abnormalities of particular genes. Highly penetrant mutations are described in the
molecular basis of CRC. The CRC often develops over more than 10 years, and in the 70% of
colorectal adenomas (early stage) mutations in the so called Adenomatous Polyposis Coli gene
(APC) are detected, and considered an early event in the multistep process of CRC development®.
Gene mutations are often accompanied by chromosomal instability. Mutations in mismatch-repair
genes cause microsatellite instability in a small percentage of cases which in turns generate
successive mutations in additional CRC genes. For instance, the development of carcinoma is
promoted by activating mutations of KRAS oncogene and by inactivating mutations of the TP53
tumor-suppressor gene’.
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Figure 1. 2 Colorectal adenoma-carcinoma sequence (adapted from Davies et al)’.

In addition to this genetic alteration, many genes are upregulated in colon cancer. Particularly, one
class of genes often upregulated in colorectal cancer are the matrix metalloproteinases (MMPs).
MMPs are not activated by gene mutations but rather their expression is increased either as a
direct effect of the activation of an oncogenic pathway, or as an indirect response of the tumor
cell®. In fact, the MMP family apart from its natural physiologic role has important functions in
pathologic conditions, particularly due to an excessive degradation of the ECM within tumor
microenvironment. Since the ECM is viewed as a barrier to tumor invasion, an excessive
degradation of the ECM produced by a pathologic malfunction of MMPs helps tumor cells to
metastasize. Thus, MMP malfunction would allow the tumor cell to invade locally or intravasate to
the circulation and then extravasate at a distant site.



General Introduction

1.1.1 Current treatment of CRC

Treatment option of CRC depends largely on the stage at time of diagnosis. Since most of the CRC
cases are diagnosed when tumor is still localized in the intestinal area (stages 0 to ll), surgery is
commonly the first-line treatment for colorectal cancer. After the surgery, and in many cases only
as an adjuvant therapy, CRC patients are treated with chemotherapy. For those patients with
advanced CRC, surgery that includes total mesorectal excision (removal of the rectum together
with the mesorectum around it and the surrounding envelope) often provides the best possible
patient outcomes and survival®, greatly reducing local recurrences without any adjuvant therapy.
To follow-up a curative resection of CRC, colonoscopy is recommended every 3-5 years to detect

recurrencesg.

Currently, there are different treatment options for mCRC in combination, or not, with the surgery
process. The classical one is chemotherapeutic treatment based on cytotoxic drugs. Radiation
therapy has become also an essential therapeutic tool in the treatment of CRC, alone or combined
with chemotherapy. Although surgery alone remains the mainstay of CRC treatment of patients
diagnosed at an early stage, radiation therapy applied after surgery showed reduction of local
relapse to 10% and increases survival to 50-60%. Radiation therapy is also applied as a preoperative
adjuvant therapy in patients diagnosed of intermediate stage rectal tumors. Currently,
antiangiogenic drugs begin to play an important role as target-specific agents. As the knowledge on
the molecular basis of CRC increases day by day, the selection of the most appropriate treatment
for each patient is actually a clinical concern.

1.1.1.1 Cytotoxic treatment

Several drugs have been studied during the last decades for the treatment of CRC, but, after 50
years 5-Fluorouracil (5-FU) still remains the essential systemic treatment. Nonetheless, since 1960s
different drugs have been approved for the treatment of CRC. Different classes of cytotoxic agents
can be distinguished regarding its chemical structure and biological activity. Fluoropirimidines,
camptothecin derivatives and platinate compounds are the most important anticancer drugs for
cytotoxic based treatments.

1.1.1.1.1 Cytotoxic treatment: Fluoropyrimidines

Fluoropyrimidines were discovered in the 50s after observing that mice hepatoma cells use
fluoropyrimidines for RNA synthesis pyrimidine uracil (one of the four nitrogenous bases found in
RNA) faster than normal tissues. Thus, suggesting that uracil metabolism could be a powerful

chemotherapeutic target’.
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Figure 1. 3 Chemical structure of 5-Fluorouracil.



The fluoropyrimidine 5-fluorouracil (5-FU) (Figure 1. 3) is an antimetabolite drug. As an anticancer
agent, inhibits essential biosynthetic processes by (i) the inhibition of thymidylate synthase (TS)
enzyme necessary for DNA replication or by (ii) the incorporation of its metabolites into
macromolecules such as RNA and DNA, thus, inhibiting its normal function. Intracellularly, 5-FU is
converted to several active metabolites (Figure 1. 4): fluorodeoxyuridine monophosphate (FAUMP),
fluorodeoxyuridine triphosphate (FAUTP) and fluorouridine triphosphate (FUTP). These active
metabolites disrupt RNA synthesis and inhibit TS activity.
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Figure 1. 4 Mechanism of activation of 5-FU (adapted from Longley et al)™.

The main mechanism of action of 5-FU requires its conversion to fluorouridine monophosphate
(FUMP) directly by orotate phosphoribosyltransferase (OPRT) with phosphoribosyl pyrophosphate
(PRPP) as the cofactor or indirectly via fluorouridine (FUR) through the sequential action of uridine
phosphorylase (UP) and uridine kinase (UK). FUMP is then phosphorylated to fluorouridine
diphosphate (FUDP), which produces RNA damage. In turn, FAUDP can either be phosphorylated or
dephosphorylated to generate the active metabolites FAUTP and FAUMP, respectively, finally
producing DNA damage. An alternative activation pathway starts with the 5-FU conversion to FUDR
catalyzed by TS. Then, FUDR is phosphorylated to FAUMP by tymidine kinase (TK) enzyme, an active
metabolite that finally produces DNA damage.

There is a rate-limiting step of 5-FU catabolism related to the dihydropyrimidine dehydrogenase
(DPD)-mediated conversion of 5-FU to DHFU, that is an inactive metabolite (Figure 1. 4). The main
drawback is that the 80% of the administered drug is normally catabolized primarily by the liver
where DPD is abundantly expressed. For this reason, the design of new pro-drugs of 5-FU or the
incorporation of 5-FU in new drug delivery systems (DDS) has gained all the attention in the last
decades in order to protect the drug from degradation and increase its therapeutic efficacy.

5-FU-based chemotherapy improves overall and disease-free survival of patients with rejected
stage Il colorectal cancer’?, and survival of patients with mCRC (stage IV) with 5-FU-based
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chemotherapy is only 10-15%"'. Unfortunately, the efficacy rate of 5-FU as a single agent in
patients with mCRC is still low. To overcome this drawback, several strategies have been studied to
enhance the anticancer activity of 5-FU. In detail, two different approaches have been explored: (i)
the development of 5-FU pro-drugs and (ii) the combination of 5-FU or its pro-drugs with other
cytotoxic agents.

(i) Pro-drugs of 5-FU

Tegafur and Capecitabine (Figure 1. 5) are two pro-drugs of 5-FU approved for the treatment of
mCRC.
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Figure 1. 5 Chemical structure of Tegafur (a) and Capacitabine (b) pro-drugs of 5-FU.

Tegafur (Orzel®) was the first pro-drug synthesized. It evades the erratic intestinal absorption of 5-
FU by the co-administration of this oral fluropyrimidine with an inhibitor of DPD (uracil), thereby
allowing for a more uniform absorption and bioavailability. Although its higher oral bioavailability,
Tegafur showed CNS toxicity and did not provide an increased survival compared to 5-FU. Its
development was discontinued in the United States although it is available in Europe and Asia>.

Capacitabine (Xeloda®) is an oral pro-drug of 5-FU absorbed intact through the gastrointestinal
mucosa. It undergoes a three-step enzymatic conversion to 5-FU by the action of an esterase, a
deaminase and a phosphorylase. The latter enzyme is over-expressed in CRC tumors. This leads to a
higher concentration of 5-FU in the tumor compared to normal tissue or plasma®’. However, even
though Capecitabine shows a reduction of some side effects (neutropenia, diarrhea, stomatitis and
nausea) compared to 5-FU, some other severe adverse effects (high levels of bilirubin) are
observed. Nonetheless, Capecitabine has been approved in more than 50 countries and is currently
the only oral 5-FU pro-drug approved in the United States. It is also administered in combination
with other drugs (such as Irinotecan or Oxaliplatin).

(ii) 5-FU in combination with adjuvant drugs

Two different adjuvant drugs have been approved for the administration in combination with 5-FU
showing improvements in the final efficacy of the treatment: Leucovorin and Methotrexate.
Understanding the mechanism of thymidylate synthase inhibition by 5-Fluorouracil, the purpose of
the adjuvant therapy based on Leucovorin (LV) and Methotrexate (MTX) is comprehended.

TS catalyses the conversion of deoxyuridine monophosphate (dUMP) to deoxythymidine
monophosphate (dTMP) with 5,10-methylene tetrahydrofolate (CH,THF) as methyl donor. The 5-FU
active metabolite FAUMP binds to the nucleotide-binding site of TS and forms a stable ternary
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complex with TS and CH,THF, blocking access of dUMP to the nucleotide-binding site and inhibiting
dTMP synthesis. This, results in deoxynucleotide (dNTP) pool imbalances and increased levels of
deoxyuridine triphosphate (dUTP), both of which cause DNA damage. The extent of DNA damage
caused by dUTP is dependent on the levels of the pyrophosphatase dUTPase and uracil-DNA
glycosylase (UDG). dTMP can be recovered from thymidine through the action of TK. dTMP can be
salvaged from thymidine through the action of TK, thereby alleviating the effects of TS deficiency.
This salvage pathway represents a potential mechanism of resistance to 5-FU.
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Figure 1. 6 Mechanism of TS inhibition by 5-FU (adapted from Longley et al)*.

Leucovorin (LV) (also known as Folinic Acid (FA)) increases the intracellular pool CH,THF, thereby
enhancing TS inhibition by FAUMP. It is well known that leucovorin increases the activity of 5-FU in
the treatment of colorectal cancer by stabilizing the complex of 5-FU and TS'. 5-FU and Leucovorin
are currently in clinical practice routine, and often administered in combination with other drugs.

Figure 1. 7 Chemical structure of Leucovorin.

Methotrexate (MTX) is thought to increase 5-FU activation by increasing phosphoribosyl
pyrophosphate (PRPP) levels, which is the cofactor required for the conversion of 5-FU to FUMP by
orotate phosphoribosyl transferase (OPRT) (Figure 1. 64). Several investigators have found that the
antitumor activity of 5-FU was enhanced by pre-treatment with MTX, and this correlated with
increased formation of 5-FU ribonucleotides and increased 5-FU incorporation into RNA™.Clinically,
the combination of MTX and 5-FU was found to be significantly superior to bolus single-agent 5-FU
for the treatment of CRC, both in terms of response rate (19% vs. 10%) and overall survival (10.7

months vs. 9.1 months)™.



General Introduction

Vgl NH,
K[N\ Ly

N N/)\NH
Figure 1. 8 Chemical structure of Methotrexate.

1.1.1.1.2 Cytotoxic treatment: Camptothecins

Camptothecins are a large spectrum of anticancer drugs originally isolated from Chinese/Tibetan
ornamental tree Camptotheca acuminate that specifically target DNA topoisomerase | (Topo 1), an
enzyme that catalyses the relaxation of negatively super coiled DNA through the formation of
stable topoisomerase I-DNA cleavable complexes. The formation of a cleavable drug-Topo I-DNA
complex results in lethal double-strand DNA breakage and cell death. Irinotecan (CPT-11) is a semi
synthetic analog of camptothecin. Camptothecins cause S-phase-specific cell killing by poisoning
Topo | in the cell. It was first discovered and synthesized in Japan in 1983, and it has demonstrated

potent antitumor activity against a wide range of tumors'’.

Currently, a camptothecin (CPT) derivative Irinotecan (CPT-11) is used in the clinics for the
treatment of CRC (Figure 1. 10). Irinotecan (CPT-11) is metabolized in the liver by cytochrome P450
(CYP) isoforms, and is transported across cell membranes by members of the ABC-binding cassette
transporter family. SN-38, SN-38G, APC and NPC are the four active metabolites of Irinotecan (CPT-
11)™. It can be converted into SN-38 active metabolite by carboxylesterases (CES) outside or inside
the cell. CPT-11 and SN-38 are both substrates of ABC transport proteins.

Figure 1. 9 Scheme of metabolism and transport of Irinotecan (adapted from Scripture et al)™*.



Nonetheless, Irinotecan (CPT-11) has several limitations; the first example is the limited and
variable conversion of Irinotecan (CPT-11) to the active metabolite SN-38 by endogenous enzymes.
Only 2% to 8% of the total drug is converted to SN-38, depending on the metabolism of the
patient™®. The drug safety profile is an extra limitation that is related to an accumulation of SN-38 in
the intestine resulting from bile excretion of Irinotecan (CPT-11) and its metabolites. It is observed
in 30 to 40% of treated patients, and is a major limitation because dose has to be reduced for

1920 Another limitation is its low antitumor activity as a single agent.

further treatment cycles
Because all of these limitations, it is suggested that the direct delivery of the active metabolite SN-

38 can improve antitumor efficacy while at the same time limiting its gastrointestinal toxicity.

Figure 1. 10 Chemical structure of Irinotecan (CPT-11)(A), SN-38(B) and CPT(C).

In fact, SN-38 shows higher cytotoxicity against tumor cells in vitro (100- to 1000-fold more potent
than Irinotecan (CPT-11)), although it seems to be less effective in vivo when compared to
Irinotecan (CPT-11)*!. However, SN-38 is insoluble in pharmaceutical approved solvent mediums
and it cannot be administered directly’”. For this reason and taking profit of the advantages of new
drug delivery systems, SN-38-based delivery systems are nowadays regarded as an instrument to
overcome Irinotecan (CPT-11) limitations®. In addition, the use of SN-38 might also surpass
resistance to CPT-11 in patients.

1.1.1.1.3 Cyototoxic treatment: Platinum based compounds

Platinum based compounds are coordination complexes of platinum used as chemotherapeutic
agents. They inhibit DNA repair and/or DNA synthesis in cancer cells by the formation of drug/DNA
crosslinks. However, the main dose-limiting side effect of cancer treatment with platinum
compounds is neurotoxicity. The most popular platinum based compounds are Cisplatin and
Oxaliplatin. The former was the first to be developed in United States in 1978. Oxaliplatin as a
single-agent has limited efficacy, but in combination with 5-FU and LV is routine clinically used in
patients with mCRC*.

1.1.1.2 Antiangiogenic treatment

Angiogenesis consists on the formation of new blood vessels from existing ones. The new blood
vessels facilitate the delivery of necessary oxygen and nutrients, and the removal of waste
products. Angiogenesis is regulated by a tuned balance between factors capable of stimulating and
inhibiting blood vessel formation. The endothelial cells of existing blood vessels respond to these
angiogenic molecules by undergoing differentiation, migration and proliferation®. Angiogenesis is
upregulated in many diseases, including cancer. In tumors beyond 2-3 mm, angiogenesis is related
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with the tumor growth, invasion and metastasis. Interestingly, the new vessels formed in tumors
are irregular, tortuous and with a leaky vascular network, leading a permeable vasculature that also
facilitates tumor cell invasion®®.

Since angiogenesis is a key step in cancer development, the study of antiangiogenic therapies are
considered one of the most promising approaches for eradicating cancer. Different anticancer
drugs are based on the concept that removal of the angiogenic blood vessels will hamper the
supply of nutrients and oxygen to cancer cells. Thus, interrupting the angiogenic process by
inhibiting the endogenous angiogenic factors, degradative enzymes or necessary endotehlial cell
processes will disrupt cancer progression. Whether antiangiogenic compounds are able to
effectively inhibit tumor cells proliferation and metastasis formation has become a research subject
as target-orientated therapies. Moreover, combination of antiangiogenic and chemotherapeutic
drugs are yielding promising results, so far.

Antiangiogenic drugs can be divided into agents targeting tumor epidermal growth factor receptor
(EGFR), and those targeting vascular endothelial growth factor (VEGF) or its receptors (VEGFR) that
are expressed in endothelial cells and stimulates angiogenesis. These new drugs are currently
administered in combination with other cytotoxic agents.

Bevacizumab?®’, Cetuximab® and the latest approved Aflibercept®*

are nowadays the three more
important antiangiogenic drugs. Bevacizumab is a monoclonal antibody directed against VEGF,
Cetuximab is a chimeric IgG1 immunoglobulin acting as an EGFR inhibitor, and Aflibercept is a novel
human recombinant protein designed to block the angiogenesis network (binding VEGF-A and

VEGF-B).

1.1.1.3 New strategies combining different therapies

Pharmacodynamic interactions have been used for years for therapeutic benefit in oncology. In this
sense, combination chemotherapy looks for synergistic effects of different drugs that can result in
increased cytotoxic activity which translates into an improved clinical response. However, because
synergistic interactions can also increase adverse effects, is necessary to evaluate their possible
limitations.

5-FU can be administered in a wide range of schedule regimens intravenously. Due that
administration of 5-FU/LV has shown great advantages in comparison to 5-FU alone, different
combinations of 5-FU/LV with Irinotecan and Oxaliplatin has improved the response rates for
mCRC**!. Two main chemotherapy regimens are approved for the systemic treatment nowadays:
FOLFIRI and FOLFOX. (i) FOLFIRI regimen consists on the combination therapy of 5-FU-Leucovorin-
Irinotecan as the first-line treatment for patients with mCRC. It has demonstrated improvements in
progression-free and overall survival when this combination therapy is administered vs the 5-FU/LV
regimen. In addition, these new therapeutic regimens have considerably improved survival
compared with single-agent fluorouracil (median survival >20 months compared with about 11-12

3,9,32

months) . (if) FOLFOX regimen consists on the combination therapy of 5-FU-LV-Oxaliplatin in 5-

FU-resistant CRC. This combination increases tumor response rates and disease free-survival vs the
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5-FU/LV treatment (8.2 vs 7.2 months, respectively)®*. Several versions of this regimen have been
developed from FOLFOX1 to FOLFOX7 to improve the 5-FU related toxicity and patient compliance,
but there is no evidence of improvement in terms of efficacy.

Combination of chemotherapeutic regimens with antiangiogenic therapies is nowadays becoming a
standard of care for mCRC. Some studies have shown that Bevacizumab is able to prolong median
overall survival when administered in combination with Irinotecan as a first line treatment or with
FOLFOX after failure of a prior regimen that contains Irinotecan®>. In patients with untreated mCRC
combination of Bevacizumab to FOLFOX or FOLFIRI showed improvements in tumor response rate
and progression-free survival among patients with mCRC. On the other hand, the monoclonal
antibody Cetuximab produced significant increase in response rate when combined to Irinotecan in
Irinotecan-resistant CRC with a 10% of increase®. It also shows improvements of efficacy once
administered in combination to FOLFOX and FOLFIRI. Further, Aflibercept has recently been
approved in combination with FOLFIRI in mCRC resistant to or showing progression after
oxaliplatin-containing regimens™.

1.2 Nanomedicine

Since applied nanotechnology lies in the frontier of different disciplines, from physics to chemistry
or biology, many interpretations of the term “Nanomedicine” have appeared. In order to achieve a
consensus, the European Science Foundation (ESF) defined Nanomedicine in this way:

“Nanomedicine uses nano-sized tools for the diagnosis, prevention and treatment of disease to gain
increased understanding of the complex underlying patho-physiology of disease. The ultimate goal

is improve quality-of-life.” *

Indeed, Nanomedicine is an overall term that includes nanopharmaceuticals, nanoimaging agents
and theranostics, also known as patient-centered nanotechnologies®. Nanopharmaceuticals can be
defined either as DDS or biologically active drug products. In both cases these nanopharmaceuticals
are “nanometer size scale complex systems, consisting of at least two components, one of which is

the active ingredient”*®

. Nanoimaging agents and monitoring technologies can be used for
diagnostic or sensing applications. Moreover, combination of therapeutic and diagnostic
capabilities into a single construct has given name to the term theracnostics. In all cases,
nanointeractions that occur in a subcellular or a cellular nanoscale system, should be taking into

account to include active components or complexes in the size range of 1-1000 nm.

First generation Nanomedicines were born during the second half of the 20" Century (Figure 1. 11)
as a way to improve the therapeutic index of treatments and find alternative therapeutic strategies.
At that time, small molecules were thought to be the best approach to cure diseases, so new
Nanomedicines were received skeptically, especially due to their size. Indeed, the large majority of
clinically used drugs are low-molecular-weight compounds (typically under 500 g-mol™) that exhibit
a short half-life in the blood stream and a high overall clearance rate. In addition, they diffuse
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rapidly into healthy tissues and are distributed within the body. As a consequence, small amounts
of drugs reach the target site, producing side-effects in the patient and reducing the therapeutic
index of drugs to a really narrow window. Nanomedicines offer an alternative to new drug design.

By developing a drug delivery “vehicle”**

able to target a bioactive agent more precisely to its
desired place of action and/or control drug release to ensure that its optimal concentration is
maintained at the therapeutic target over a desired time frame. On the other hand, Nanomedicine
has also changed the drug delivery system concept that was seen historically, by offering new
approaches to improve the performance of an established drug, rendering better formulations,

better route of administration, and/or improved therapeutic indexes.

Liposomes, polymer-drug conjugates, polymer-protein conjugates, block copolymer micelles,
nanogels, polymers or dendrimers considered new drugs, nanocystals, nanoparticles and
nanocapsules are the main classes of first generation Nanomedicines. They all have different
physicochemical features and are placed in different nanoscale range. Some of them can be
defined as particulate delivery systems in which the drugs are physically incorporated into
nanoparticles, whereas in some others drugs are linked to the carrier through chemical
conjugation.

Liposomes Polymer-drug Polymer-Protein
Conjugates Conjugates
Liposomes, polymers, Nanoparticles,
dendrimers as drugs nanocapsules
.'.\'{ \:f"{r}' f r_ -

S :}r«-*—f}, =
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Figure 1. 11 Scheme of the main classes of first generation Nanomedicines in clinical trial and

34
routine clinical use (adapted from Duncan et al)” .

Over the last 20 years more than 40 Nanomedicines have been approved for routine human use

I**. This research has generated huge knowledge related

and many more are currently in clinical tria
to toxicity, side-effects, linking chemistry, doses, etc. All this information has a great importance for
the next generation Nanomedicines that are under research or clinical development nowadays.
This multicomponent second generation Nanomedicines are tailor-made systems that improve the
drawbacks of the first generation Nanomedicines in several aspects: structure optimization,
definition of product and formulation specifications, development of new characterization methods

and improvement of the therapeutic index.

11



Low molecular weight compounds easily distribute via passive diffusion across cell membranes
whereas macromolecular systems cannot pass through the capillary walls of healthy tissues.
Internalization of nanomedicines is done mainly by endocytosis following lysosomal delivery or
receptor mediated endocytosis (detailed in section 1.3.2.3).

1.2.1 Polymer therapeutics

Synthetic polymers have been explored as therapeutics since 1940s. Previously, on 1920s Herman
Staudinger was the first to demonstrate the existence of macromolecules and defined them as
polymers. Not only did Staudinger give us the concept of covalently linked macromolecules, he also
noticed the potential of their use in biomedical applications®. At the beginning, polymers were
mainly plasma expanders (PVP and dextran) and materials used as wound dressings and antiseptics
(PVP-iodine) or also used as coatings. One example is the colloidal iron nanoparticle complexes
used to treat anemia since 1930s leading to a safe product for parenteral administration. From the
1960s synthetic polymer-based drugs, polymer-drug conjugates and polymer-peptide conjugates,
especially with the polymer poly(ethylenglicol) (PEG) began to emerge. It was in the 1970s when
the interest on the lysosomotropic polymer-drug conjugates, block copolymer micelles, and PEG-
protein conjugates began to grow exponentially. Due to this research an increasing number of
PEGylated proteins, and more recently aptamers, have appeared as medical products. It was at this
time and due to the advances in cell biology and polymer chemistry when the rational design of
new anticancer polymer-drug conjugates began, a promising line of research up to now.

In the 1990s the term “polymer therapeutics” was coined by Duncan and Conors® when the
development of a novel, water-soluble synthetic polymer-based systems made for improved
diagnostics and treatment of disease became a step forward in the field of polymer chemistry,
biology, physics and medicine. Polymer therapeutics include different subclasses of
Nanomedicines: polymeric drugs, polymer-drug conjugates, polymer-protein conjugates and
polymeric micelles in which drugs are covalently bound and multicomponent polyplexes®. They are
defined as new chemical entities (NCEs) rather than conventional drug delivery systems or
formulations that simply entrap, solubilize or control drug release without resort the chemical
conjugation®.

Modern polymer chemistry produces complicated polymer structures including multivalent
polymers, branched polymers, dendrimers, dendronized polymers, block copolymers, graft
polymers, stars and peptide derivatives. These new polymeric structures can be produced with a
more defined chemical composition, tailored surface multivalency and the capacity to create
specific three-dimensional structures. On the other hand, linear and random-coil structure
polymers have been used to synthesize polymer therapeutics that has been transferred to the
clinical practice. Some examples are PEG, N-(2-hydroxypropyl)methacrylamide (HPMA) as synthetic
polymers; dextran, hyaluronic acid, chitosans and dextrin as natural polymers and pseudosynthetic
polymers such as the man-made poly(amino acids) poly(L-lysine), poly(glutamic acid) (PGA),
poly(malic acid) and poly(aspartamides)®’. HPMA-doxorubicin conjugates became the first synthetic
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polymer-drug conjugates to enter Phase I/l clinical trials in 1994*" and in the 1980s/90s the first
block copolymer micelles entered to Phase I/1l clinical trials*.

Polymer therapeutics reviewed by Duncan®® encloses five different types (Figure 1. 12): active
polymeric drugs, polymer-drug conjugates, polymer-protein conjugates, polymeric micelles (to
which drug is covalently bound) and multi-component polyplexes developed as non-viral vectors
for gene interfering ribonucleic acid (siRNA) delivery.
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Figure 1. 12 Scheme of the different types of polymer therapeutics (adapted from Duncan et al)®.

Polymer drugs have a Mw between 5000 and 40000 g/mol are defined as polymers that have an
inherent therapeutic activity. The polymeric micelles have a nanosize between 10 and 200 nm and
are based in amphiphilic block copolymers with a drug covalently linked to the polymer backbone
triggering in aqueous solutions at concentrations above the critical micellar concentration colloidal
nanoparticles. This group is also known as core-shell structures because in aqueous solution, the
hydrophobic segment forms the core (which contains the hydrophobic therapeutic drug) and the
hydrophilic block forms the external micelle shell. It provides the necessary interactions with the
solvent to make the nanostructure stable in solution. Polyplexes® are polymer-based non-viral
vectors for cytosolic delivery of genes. Polyplexes have a nanosize between 90-160 nm and are
formed by polymers capable of interacting with DNA/RNA. The last subclass of polymer
therapeutics are polymer conjugates, and specially polymer-drug conjugates family, detailed in
section 1.3.

Polymer therapeutics has been considered the most successful first generation Nanomedicines
during the last quarter of the 20" century* comparing it to liposome and nanoparticles, where the
bioactive agent is not covalently attached to the vehicle. Indeed, several candidates have
progressed to market (Table 1.1): polymeric drugs, polymeric sequestrants, PEG-conjugates and
PEG-aptamer conjugates.
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Table 1. 1 Polymer therapeutics in the market and clinical development. (Adapted from Duncan et al).

Polymer Therapeutics Examples Composition Clinical Use Status
Copaxone Glu, Ala, Tyr copolymer Multiple Sclerosis Maket
Polymeric Drugs Vivagel Lysine-based dendrimer Microbiocide Phase IlI
Hyaluronic acid Hyalgal, Synvisc Osteoarthritis Market
A A S Renagel Phosphate binding polymer  End Stage Renal Failure Market
Welchol poly(allylamine hydrochloride) Reduce LDL/Type Il Market
Zinostatin Styrene maleic anhydride-neocarzinostatin, (SMANCS) Hepatocellular Market
PPC
SuliXen Polysialylated insulin Diabetes Phase I/Il
Cimzia PEG-anti-TNF Fab Rheumatoid arthritis ~ Market
Mircera PEG-EPO Anemia associated with  Market
Polymer — Peg-intron PEG-Interferon alpha 2b Chronic hepatitis C Market
Protei PEGylated
rotein proteins Pegasys PEG-Interferon alpha 2a Hepatitis C Market
Conjugates
(PPC) Neulasta PEG-hrGCSF Chemotherapy Market
Uricase-PEG 20  PEG-uricase Hyperuricemia Market
ADI-PEG 20 PEG-arginine deaminase Cancer-melanoma Phase Il
Macugen PEG-aptamer (apatanib) AMD Market
PEGylated-
aptamer E10030 PEG-anti-PDGF aptamer Ophthalmological Phase Il
ARC1779 PEG-anti-platelet-binding factor HIV Phase Il
CT-2103; Poly-glutamic acid (PGA)-paclitaxel Cancer-NSCLC, ovarian, Phase lll
Prolindac HPMA-copolymer-DACH palatinate Cancer-melanoma, Phase Il
PDC PEG-SN38 Multiarm-PEG-camptothecin Cancer-various Phase Il
Polymer —
Drug XMT-1001 Polyacetal-camptothecin conjugate Cancer-various Phase |
Conjugates L
NKTR-118 PEG-naloxone Opiod-induced Phase llI
(PDC)
Block SP1049C Doxorubicin block copolymer micelle Cancer-various Phase I/Il
copolymer NK 105 Paclitaxel block copolymer micelle Cancer-various Phase Il
micelles
NK-6004 Cisplatin block copolymer micelle Cancer-various Phasell
IT-101 Polymer-conjugated-cyclodextrin Cancer-various Phasell
Self assembled polymer
: . Polymer-conjugated-cyclodextrin
conjugate nanoparticles CALAA 01 v 1 y Cancer-various Phase |

nanoparticle-siRNA

1.3 Polymer conjugates

Polymer conjugates have a nanosize between 2-25 nm and can be defined as polymer-based

systems conjugated to a protein or a drug: (i) polymer-protein conjugates (PPC) and (ii) polymer-

drug conjugates (PDC), respectively (see Table 1.1). Both families of polymer conjugates are tailor-

made using a tripartite structure: the polymeric backbone, the linker and the bioactive agent™.
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Moreover, polymer conjugates can bring a targeting moiety or an imaging agent as an additional
part of the structure.

Polymer conjugation to proteins reduces immunogenicity, enhances protein stability and prolongs
plasma half-life through prevention of renal elimination and avoidance of receptor-mediated
protein uptake by cells of the reticuloendothelial system (RES). In consequence, therapies based on
polymer therapeutics require less frequent dosing, enhancing patient compliance®. During the past
20 years an increasing number of polymer-protein conjugates have entered into routine clinical use
in oncology (Table 1.1).

Polymer conjugation to drugs improves the pharmacokinetic profile of the drug and in most cases,
enhances the solubility of hydrophobic drugs. Moreover, conjugation of drugs to polymer reduces
their toxicity in healthy tissues and enhances the therapeutic activity in the target tissues increasing
plasma half-life and optimize volume distribution. In addition, the polymer also protects the drug
from degradation and premature interaction with its biological environment and it reduces kidney

and liver clearance*?’.

Polymer therapeutics are mainly designed for intravenous administration (i.v.). This administration
route ensures fast bioavailability of the therapeutic compound and reduces the number of barriers
to be crossed. It is therefore the most effective. It enters the bloodstream directly and it is
distributed throughout the body within seconds. However, intravenous administration holds many
drawbacks for the patient and therefore leads to a lower patient compliance. Several formulations
in the market today are designed to be administered subcutaneously (s.c.) and intramuscularly
(i.m.). These routes allow slow drug release from the injection sites to the bloodstream and
therefore less frequent injections are required. Intraperitoneal (i.p.) administration is also an
alternative, being the elimination rates i.p.>s.c.>i.m. Nonetheless, oral administration is used and
considered the best route in terms of patient compliance. However, orally-administered drugs need
to pass several barriers to reach systemic circulation which can decrease drug bioavailability. In
contrast, polymer-drug conjugates designed to be administered orally can be used to: (i) protect
sensitive drugs from stomach and gut lumen, (ii) enhance absorption in the intestine by increasing
water solubility (iii) overcome drug resistance mechanisms and (iv) protect the drug from
degradation by liver enzymes.

1.3.1 Polymer-drug conjugates

1.3.1.1 Polymer-drug conjugates structure

As mentioned before, the main parts of the polymer conjugates are the polymeric backbone, the
linker, the drug and, in some cases, a targeting moiety.

The polymeric backbone is defined as the water-soluble carrier and makes the platform capable of
solubilizing a hydrophobic drug. It is crucial in order to allow an intravenous administration of the
polymer conjugate. The ideal carrier is characterized by its multifunctionality, biocompatibility
(non-toxic and non-immunogenic), low polydispersity and biodegradability. In addition, it should be
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suitable for repeated administration. Multifunctionality can be found in pendant groups or end
groups on the polymer backbone. Therefore, targeting moieties, imaging agents and drugs can be
conjugated in a single polymer conjugate.

The linker is the molecular part of the polymer conjugate that connects the drug to the polymeric
backbone. Much research is being done in order to improve the selective release of the drug
attending to linker chemistry. The ideal linker should be stable during transport to the target tissue
(i.e. solid tumors), but also able to release the drug at an optimum rate up on arrival**. Due to most
polymer-drug conjugates are designed for lysosmotropic delivery, two types of linkers have
emerged for this delivery pathway: pH labile linkers and peptidyl linkers. The latter, are enzyme
susceptible linkers designed to be stable in the bloodstream and other biological fluid but are
degraded when exposed to specific lysosomal enzymes. Thus, the aim of the linker goes further
than binding the polymer to a bioactive agent: it also become active by triggering drug release
under certain conditions. One of the most relevant cases of peptidyl polymer-drug linkers is the
HPMA copolymer-Gly-Phe-Leu-Gly-Doxorubicin conjugate*’. This tetrapeptide linker is stable in
circulation but becomes cleaved by the lysosomal thiol-dependant protease Cathepsin B following

endocytic uptake of the conjugate®®***°,

In the case of MMP overexpression it is reported the use of sensitive linkers to MMP overexpressed
in cancer tissues with the aim of delivering the drug in the cancer tissue by a MMP cleavage™.
Since this type of linkers is studied in this thesis, a more detailed description is given in section
1.3.4 of this General Introduction. Peptidyl linkers designed for cleavage tumor-associated
legumain® are a different example of linkers developed for deliver drugs in specific sites.
Moreover, both, steric factors (length of the linker) and structural factors (sequence of the amino
acids) affect the cleavage of the bioactive agent form the polymer. As mentioned above, the other
group of linkers is the acid labile linkers. These linkers should be also stable during blood circulation
too at a physiological pH but will be hydrolyzed under the acidic environment of the endocytic
pathway (pH=4 -6.5)*. Linkers based on cis-aconitryl, acetal or hidrazone moieties undergo pH-
dependant hydrolysis following internalization through the endocytic pathway.

1.3.1.2 Polymer-drug conjugates based on biodegradable polymers

Most of the polymer-drug conjugates in clinical development use either PEG or HPMA as carriers.
Although their molecular weight can be tailored to maximize the chance of renal elimination (<
40.000 g/mol) and they are well tolerated clinically, these non-biodegradable polymers have the
potential to accumulate intracellularly at the lysosomal compartment and therefore can cause
“lysosomal storage disease” syndrome™>. Because of this, if non-biodegradable polymers are used is
necessary to carefully consider the administered dose and the frequency of dosing. They are clearly
not recommended for long term administrations. For these reasons, during the last decades many
efforts have been done to minimize any adverse effects that polymers can cause. In that sense,
biodegradable polymers have become a great alternative. They allow utilization of higher molecular
weight platforms to optimize pharmacokinetics, and they are essential for treatment of diseases
requiring chronic treatments. Polymers that degrade enzymatically or hydrolytically currently in
preclinical or clinical development include dextrin®®, hydroxyethylstarch (HES)**, polyglutamic acid
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(PGA)>>*°, polyacetals and polysialic acids. PGA (detailed in section 1.3.2.1) is being increasingly
used as a drug carrier; it is degraded by lysosomal Cathepsin B (lysosomal thiol-dependant
protease). Other biodegradable polymers are: dextrin (degraded by o-amilase), hyaluronic acid
(degraded by hyaluronidase), HES, the “Fleximer” polyacetal technology and poly(sialic acid)®.

1.3.1.3 Biodegradable Polymer-drug conjugates based on PGA

H 0O
N

HO™ ~O

Figure 1. 13 Chemical structure of poly(L-glutamic) acid.

PGA is a polypeptide approved by the FDA that is composed of natural L-glutamic acid linked
together through amide bonds rather than non-biodegradable C-C backbone. The pendent -
carboxyl group in each repeating unit of L-glutamic acid is negatively charged at a neutral pH, which
renders the polymer water-soluble. Limited aqueous solubility of several anticancer drugs can be
solved by conjugating them to PGA, taking also the general advantages of PDC selectivity to cancer
tissues. Drug introduction in PGA-polymer-drug conjugates is through the carboxyl groups. Despite
drug attachment blocked carboxyl groups, these final conjugates are still negatively charged. Some
problems have been discussed regarding the possibility of an electrostatic repulsion in the cellular
uptake due to the negatively charged surface of the cells. However, it has been reported that PGA
nanoconjugates do not diminish their accumulation in solid tumors®’. In addition, glutamic acid, the
breakdown product of PGA, can enter normal cellular metabolism and it is not excreted by the
kidney™.

PGA can be produced from bacteria and in a synthetic manner. Nowadays, PGA is the only
biodegradable and water-soluble polymer that can be synthesized or purchased with a
polydispersity index around 1.2 -1.4.

Multiple proteins and drugs (mostly anticancer drugs) have been conjugated to PGA, and some
polymer-drug conjugates have already reached clinical trials. Different classes of anticancer drugs
attached to the PGA polymeric chain are reported in the literature: anthracyclines, antimetabolites,
DNA-binding drugs, paclitaxel or camptothecin®. Among all PGA-based polymer-drug conjugates
the most promising one is OPAXIO ® (Formerly Xyotax, CT-2103 form Cell Therapeutics Inc.)*>. It is a
poly-L-glutamic acid (PGA)-paclitaxel conjugate that contains a covalent conjugation through an
ester bound of paclitaxel to y-acids of poly-L-glutamic acid. This PDC is now in phase lll clinical trial
as a maintenance therapy in women with advanced ovarian cancer. OPAXIO has also been
evaluated in phase Il clinical trials for ovarian cancer as a single agent, and for non-small-cell lung
cancer in combination with carboplatin®®. This is also an example of personalized polymer
therapeutics because it requires Cathepsin B degradation to release the drug. Oestradiol levels in
women seem to correlate with levels of lysosomal Cathepsin B, and therefore, oestradiol levels
have been used recently to guide patient selection in clinical trials™.
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Another example of a promising PDC based on PGA is PGA-CPT (CT-2106). A Poly-L-glutamic-
Camptothecin from Cell Therapeutics developed for treating ovarian, lung and advanced colorectal
cancers. CT-2106 as a single agent and/or in combination with 5-FU showed significantly enhanced
antitumor activity in several relevant animal tumor models®®. Although the most important PGA
based polymer-drug conjugates are those recently explained some other examples are: PGA
conjugated with the DNA intercalating agent doxorubicin®, PGA conjugated with antimetabolites of
uracil and uridine derivatives®’, PGA-Mitomycin C*® and PGA-Apafl conjugate that inhibits
apoptosis>®, among others.

1.3.2 Polymer-drug conjugates for anticancer therapy

Chemotherapeutic treatment has to deliver the largest portion of the administered drug to the
target site at the proper time and for as long time as possible to reach efficacy. Because of this,
new anticancer drugs must ideally show sustained, controlled and targeted release®. Furthermore,
the acquisition of multidrug resistance (MDR) by cancer cells has appeared as a new problem in
chemotherapy. MDR is mainly attributed to over-expression of the plasma membrane P-
glycoprotein (P-gp), which is capable of pumping drugs out from the cell. Other mechanisms of
MDR acquisition include enzymatic deactivation, decreased permeability (drugs cannot enter the
cell) and alteration of binding-sites and metabolic pathways, among others.

In order to enhance treatment response, two different approaches have been designed to improve
therapeutic indexes of chemotherapeutic drugs. The former one consists on the design of new low
molecular weight drugs (LMWD) and the search for novel, tumor-specific molecular targets®*. Even
though a targeted low molecular weight anticancer drug would perform better than most current
chemotherapeutic agents, there are still high difficulties to overcome. Among them, drawbacks
associated with their size and specificity, mostly because strong genomic and proteomic research
efforts have not yet provided an optimal target. LMWD are characterized by a high
pharmacokinetic volume of distribution which contribute to higher cytotoxicity; LMWD are easily
excreted, hence higher concentration is ultimately required producing higher toxicity and limiting in
consequence maximal allowable drug dose. In addition, low specificity when administered alone
cause damage to healthy tissues because does not greatly differentiate between cancerous and
normal cells. For these reasons a second line of research to improve chemotherapeutic treatment
for cancer diseases is focused on the development of new DDS for LMWD in order to achieve more
specific targeting of the drug in cancerous tissues, thereby improving efficacy and minimizing
adverse side effects. Thus, new DDS as cancer treatments are designed to achieve controlled
release of the bioactive agent and to improve drug tumor targeting. This second line of research
has succeeded during the last two decades since HPMA copolymer-doxorubicin conjugate (PK1)*
entered in clinical trial in 1994. Some polymer therapeutics have entered in clinical trials or or have
reached the market as anticancer therapy (summarized in Table 1.1). In that sense, polymer-drug
conjugates begin to play an important role in this new area of research and are currently
considered the most promising compounds of the next-generation Nanomedicines™’.
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1.3.2.1Passive targeting: Enhanced Permeability Retention Effect

Tumors smaller than 1-2 mm? are not vascularized because oxigen and nutrients can reach the
center of the tumor by simple diffusion. However, tumors larger than 2 mm?, enter a state of
cellular hypoxia that marks the onset of tumoral angiogenesis: the sprouting of new blood vessels
from existing vessels. In tumor progression, development of new blood vessels suports tumor
growth and allows the dissemination of cancer cells throughout the body, leading to metastasis.
However, within a tumor, the vascular network is not a stable systemzs. In this sense tumors offer a
great advantatge regarding treatment with macromolecular Nanomedicines due to their vascular
anatomical-pathophysiological differences with normal tissues®. Intratumoral vascular leakage
results in an enhaced accumulation of nanomedicines, and by extension PDC, in damaged tissues. A
phenomenoon known as the Enhanced Permeability Retention Effect (EPR), first described by
Maeda in 1986°°.

Tumour
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lymphatic dralrags

Figure 1. 14 Scheme of the EPR effect (adapted from Peer et al)®’.

New vessels generated during the angiogenic process in cancer are characterized by two facts that
lead to the EPR effect: (i) hiperpermeability (leakiness) of the tumor vasculature, that will ensure a
sufficient supply of nutrients to tumor tissues to ensure rapid growth and (ii) lack of an effective
lymphatic drainage. Most solid tumors have blood vessels with defective architecture that
facilitates the transport of macromolecules into tumor tissues, and its passive accumulation due to
the lack of a lymphatic drainage. Its is known that molecules larger than 40 kDa selectively
extravasate from tumor vessels and accumulate in tumor tissues thanks to the EPR effect. In this
way, this unique phenomenon in solid tumors might facilitate targeting of PDC containing LMWD to
the tumors.

Most anticancer drugs used in conventional chemotherapy have no tumor selectivity and are
randomnly distributed along the whole body often resulting in low therapeutic indexes. As they are
LMWD, they diffuse into normal tissue through capillarity. Macromolecular systems such as PDC
can not pass through normal endothelial cells by diffusion, but they offer a promising system able
to control the pharmacokinetics of a given drug allowing its accumulation within the tumor due to
the EPR effect. This type of tumor accumulation is known also as passive targeting.
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Although EPR effect has been one of the most pursued objectives for new anticancer drug delivery
systems, this strategy has still some major difficulties to overcome. Large tumors (>1-2 cm in
diameter) might show great vascular heterogenicity, and some areas might not exhibit EPR effect.
Also, larger tumors tend to contain more necrotic tissues or highly hypovascular areas (with thus
less chance of vascular leakage and EPR, and lower drugs access because of the lack of blood
vessels)®. Thus, EPR effect is tumor-size dependant. To overcome these problems, recently
developed methods to intensify the EPR effect artificially and achieve a more homogenous drug
delivery to tumors have been studied. Maeda studied two factors: the bradykin (which facilitates
vascular leakage by the use of a peptide that causes dilation of blood vesels causing a lower blood
pressure) and appling nitric oxide (NO)-releasing agents (which facilitates vascular blood flow).

1.3.2.2 Active targeting

Understanding disease site microenvironment is crucial to achive an optimal targeted drug release,
called active targeting. In the case of cancer, methods to efficiently increase the delivery of drugs to
tumor cells might take advantatge of over-expressed cell surface proteins. The lower pH of
cancerous tissues is an additional advantage. Conjugated drugs need to be delivered at the target
site (intra- or extracellularly), so multiple pathophysiological conditions in the extracellular
enviroment might offer excellent targets.

Different ways of targeting have been studied by using directing moieties attached to the PDC that
interact with cell surface receptors or by using sensitive linkers to conjugate the drug to the
polymeric backbone. These linkers can be suceptible to a acidic pH, or to a chemical shift or
biological element overexpressed at the pathological site. In the polymer therapeutics field, most
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current linkers are sensitive to enzymes or pH dependant™.

It is expected that an active targeting strategy will achieve higher and faster intra-tumor drug
accumulation and in the case of active targeting with internalizing ligands, increased intracellular
drug concentration. However, when active tumor targeting is desired it is necessary to keep in
mind that tumors contain genetically unstable cell popoulations with different cell-surface
receptors, and therefore it will be mandatory for oncologists to know if those targets are over-
expressed in each cancer patient, searching for a tailor-made personalizes treatment.

In the field of PDC, enzymatically-cleavable linkers are commonly used for a selective targeting of
PDC. Cathepsins are generally the most important enzymes used to activate the release of a drug
(e.g. in the HPMA-Dox PDC it was seen that the GPLG linker was responsible for Cathepsin-B-
activated release of Doxorubicin (section 1.3.1.1))*. Because we have developed a new PDC
designed to achieve of an active targeting based on MMPs, the MMP substrates are detailed below.

1.3.2.2.1 Active targeting based on MMP-sensitive delivery

MMPs are a family of zinc-dependent neutral endopeptidases that are capable of degrading most
components of the extracellular matrix (ECM). They play an important role in the physiologic
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degradation of ECM: morphogenesis, uterine involution, tissue repair, angiogenesis and wound
healing, among others’.

In CRC, MMPs contribute to multiple stages of disease progression including growth of the primary
adenoma, invasion of CRC cells and cell migration to metastatic sites and metastasis growth.

MMP enzymes have both, a descriptive name and a number, based on the order of discovery. The
descriptive name informs about the preferable substrate of the enzymes distinguishing:
Collagenase, Stromelysin, Matrilysin and Gelatinase, and there is also a subclass known as
membrane-type MMPs, a subset of MMPs that do not belong to the previous groups (see Figure
1.16). So the name classification is due to shared structural motifs among some of them.

In the case of CRC, it has been shown that human colon tumors over-express MMP-1, -2, -3, -7, -8, -
9, -10, -11, -12 and -14". The number of different MMPs and the level of expression are increased
as the tumors become more advanced (Figure 1. 15) and a correlation between tumor cells ability
to invade surrounding tissue and increased MMP expression has been demonstrated”*. Further,
MMP activity has been associated with an enhanced tumor invasion often resulting in a poorer
prognosis’’. In addition to tumor spread, certain MMPs may play a role in tumor vascularization.
Experiments performed in vivo to inhibit angiogenesis by certain MMP inhibitors showed that
MMPs can function in both, modulating angiogenesis and structuring the ECM”>.

_ MMP-
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Figure 1. 15 Scheme of MMPs contribution to multiple stages of colon cancer progression. MMPs contribute to all stages of CRC including
the growth of the primary adenoma, invasion of the CRC cells, migration of cancer cells to metastatic sites and growth of metastatic focus
(adapted from Wagenaar-Miller et all)™.

The basic structure of MMPs consists on the following homologous domain: (i) a signal peptide
which directs MMPs to the secretory pathway (is usually rich in hydrophobic amino acids and
targets the enzymes to the endoplasmatic reticulum for possible excretion from the cell); (ii) a
prodomain that confers latency to the enzymes by occupying the active site Zn making the catalytic
enzyme inaccessible to substrates; (iii) a Zn containing catalytic site (the propeptide contains a
highly conserved PRCGVPD sequence that contains a cysteine residue that interacts with Zn); (iv) a
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homeopexin domain which mediates interactions with substrates and confers specificity to the
enzymes; and (v) a hinge region which links the catalytic and hemopexin domain’*”* (Figure 1. 16).

Variations within the residues forming the catalytic domain of the structure play a major role in
binding and catalysis. However, discrete MMP substrate binding domains exist in non-catalytic

regions that further increase substrate specificity of different MMPs®.

Since MMPs are involved not only in malignant processes but also in physiological situations, the
activity of MMPs is regulated at several levels to ensure tight control. Enzyme activation and
inhibition are the two ways in which MMPs are regulated’®. MMPs are synthesized by stoma and
tumoral cells as zymogens (inactive state). The prodomain of the enzyme must be removed to
generate an enzymatically active protein. The removal of the entire pro-domain produces the
mature form of the enzyme, but also a portion of the pro-domain can be removed by other MMPs,
thus destabilizing the complex. The majority of MMPs are activated extracellularly and only some
of them can be activated intracellularly by other proteases’™.

MMP MMP Common Domain Structure”
subclass designation  Name
Matrilysins MMP-7 Matrilysin
Collagenases MMP-1 Interstitial
collagenase Hinge

MMP-§ Neutrophil st po M Camivtic WV Hemopexin-ike |
collagenase

MMP-13 Collagenase-3

Stromelysins MMP-3 Stromelysin-1
MMP-10 Stromelysin-2
MMP-11 Stromelysin-3
sp Pro H Catalytic }‘\NV[ l-lcnmp:,\in-JiLu]
Gelatinases MMP-2 Gelatinase A

MMP-9 Gelatinase B o
Hemopexin  like
Sp Pro l]- H(‘x\!a]_\'tic @@@ }VW or

Membrane- MMP-14 MT1-MMP

type MMPs MMP-15 MT2-MMP -
MMP-16 MT3-MMP 4
MMP-24 MT5-MMP E{ [-‘mli-‘ H Catalvtic W Hemopexin like
MMP-17 MT4-MMP
MMP-25 MT6-MMP

Others MMP-12 Metalloelastase
MMP-20 Enamelysin sP Pro Catalytic Hemopexin -like
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MMP-27
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Figure 1. 16 Mammalian Matrix Metalloproteinases (MMP) Family (Originally table from Vartak et al)’.

In most malignant tumors, stoma fibroblasts are the primary source of MMPs. However, when
tumors have been generated, the main sources of MMPs to the peritumoral environment are
inflammatory cells. These cells can also produce cytokines, which enhance expression of MMPs by
tumor and stomal cells. On the other hand, tumor cells produce factors, which enhance production
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of MMPs by fibroblasts. It is therefore likely that MMPs form a network in which a single MMP
cleaves certain native or partially degraded matrix components and activates other latent MMPs”.

Within the different MMPs that contribute to cancer, MMP-7 shows unique characteristics that
make it distinct to other MMPs in some aspects briefly discussed below.

o The natural substrates of MMP-7 are matrylisins.

o It is the most representative enzyme within the MMP family regarding its level of
expression and contribution to metastasis.

o It has been found to be expressed in 90% of colonic adenocarcinomas and also described
that MMP-7 has a role in CRC development and progression. Although their levels
increased as cancer progresses it is known that MMP-7 plays an important role in early
stages of tumorigenesis.

o ltis also known that MMP-7 is produced by cells of epithelial origins whereas other MMPs
are generated by stomal cells.

o Studies carried out in mice indicated that MMP-7 may serve as suitable target to control
disease progression in some patients with risk of developing CRC”’.

Nevertheless, other MMPs are also key factors on CRC progression: It is also known that levels of
MMP-2/-9 in CRC patients correlate well with metastasis and poor prognosis. Major characteristics
are detailed below.

o The main substrates of MMP-2 and MMP-9 are gelatinases.

o Increased plasma MMP-2 expression was observed in lymph node-positive patients with
CRC compared to those without lymph node metastasis’®. However, increased levels of
MMP-9 have been attributed to the inflammation typically seen in and around neoplasms a
part from its association with CRC progression7°.

1.3.2.2.1.1 Drug development based on MMPs

The alteration of MMPs levels is not only attributed to cancer but also to other diseases such as

arthritis, inflammatory, cerebrovascular and cardiovascular alterations’*®.

Different drug
development strategies have been designed to take profit from the overexpression of specific
MMPs. In the case of cancer, two different approaches are currently being studied. The first one
consists on the design of protease inhibitors and the second strategy relays in the conjugation of

protease substrates to a bioactive agent to ensure drug release at the target site.

(a) Drug development based on selective MMP inhibitors in cancer therapy

Inhibition of MMP activity in the extracellular space has been extensively studied as an
approach to inhibit growth and invasion of cancer. For this reason many efforts have been done
to develop MMP inhibitors (MMPi) with the aim of finding alternatives to conventional
cytotoxic treatments.
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Many preclinical studies performed with mice showed promising results in terms of tumor
regression and prevention of its evolution to metastatic stages. However, Clinical Trials showed
unexpected results®’. The majority of the MMPi tested showed poor oral bioavailability and
relevant side-effects such musculoskeletal pain and inflammation Contrary to what happened
in animal models, determining the optimal dose to achieve maximal biological response in
humans was difficult. Moreover, all trials were performed in patients with late stage of the
disease, while mouse experiments were carried out in animals with early-stage cancer. The
efficacy of MMPi in clinical trials was remarkably low’.

Currently, the therapeutic role of MMPIs in cancer remains uncertain, but the lessons learned

from first generation MMPi development will be really important to design next generation
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MMPi that are under research™ ", and also for more specific MMP-activable drugs.

(b) MMP activable pro-drugs

Many linkers cleavable by MMPs have been studied as substrates for specific MMPs to release a

drug. Table 1.2 summarizes some examples of MMP-cleavable pro-drugs, called also MMP-

activable pro-drugs that are currently under research.
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Table 1. 2 Summary of MMP-activable pro-drugs (ADR: Adriamycin, ALB: albumin, BHQ3: black hole quencher 3, DEX: Dextran)
(Adapted from Markovsky et al)®.

MMP Construct Drug
MMP-2/-9/-14 Glu-Pro-Cit-Gly-Hof-Tyr-Leu-X Dox
Peptide-based 19/ y y
Pro-drug
MMP-7 BHQ3-Lys-Arg-Ala-Leu-Gly-Leu-Pro-Gly-X PH-A
MMP2-/-9 DEX-Gly-lle-Leu-Gly-Val-Pro-X Dox
MMP-2/-9 ALB-Gly-Pro-Leu-Gly-lle-Ala-Gly-GIn-X MTX
Polymer-based / 4 4 B
Pro-dru
& MMP-2/-9 DEX-Pro-Val-Gly-Leu-lle-Gly-X MTX
MMP-2 PEG-Pro-Val-Gly-Leu-lle-Gly-X ADR™®

In addition to the MMP-activable prodrugs, the use of peptidyl sequences sensitive to specific
MMPs linked to a fluorescent molecule has also been used to develop molecular probes for
diagnosis, imaging of MMP activity as well as for activate cell penetrating peptides. In the case
of the fluorescent probes, the design of a near IR proteolytic fluorescent probe to determine
MMP-2 activity in tumors showed promising results to determine MMP inhibition®. On the
other hand, MMP-7 served as a target to describe in vivo detection and imaging of tumor-

141

associated MMP-7 activity using a fluorophore linked to a MMP-7-cleavable peptide™ and

colorectal adenomas detection'’®; and Cy5.5 was conjugated to a MMP-13 cleavable peptide
nanoprobe to detect neoplastic lesions in mice bearing murine squamous cell carcinoma SCC-7

cell tumors®.
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1.3.2.3 Celullar drug delivery of polymer-drug conjugates in tumors

As mentioned previously, low molecular weight compounds easily distribute via passive diffusion
across cell membranes whereas PDC or other macromolecular systems cannot pass through the
capillary walls of healthy tissues. De Duve was the first who introduced the term “lysosmotropic
drug delivery” when he observed that DNA could be used as carrier to deliver drugs by
endocytosis®.

The endocytic pathway (Figure 1. 17) consists on the internalization of macromolecules present in
the extracellular fluid via deformation of the membrane and the consecutive formation of
carriers/vesicles inside the cell (endosomes and lysosomes). These vesicles then undergo a
complex series of fusion events directing the internalized substances to the appropriate
intracelullar compartment. We can distinguish receptor-mediated endocytosis (cadherin-mediated,
caveolae/lipid raft-mediated, clathrin-mediated), adsorptive endocytosis (caveolae-independent
endocytosis) and fluid-phase endocytosis (see Figure 1.17). During endocytosis a significant drop in
the pH value takes place from the physiological value (pH= 7.2 —7.4) in the extracellular space to pH
6.5-5.0 in the endosomes and to around pH 4.0 in primary and secondary lysosomes. A great
number of lysosomal enzymes become active in this acidic environment, for example,
phosphatases, nucleases, proteases, esterases, and lipases.
adsorptive endocylosis

fluid-phase endocytosis
receptor-mediated endocytosis

diffusion of drug
into the cytoplasm

primary or secondary lysosome

Figure 1. 17 Endocytic pathway for the cellular uptake of macromolecules
and nanocarriers for drug delivery (adapted from Haag et al)¥ .

In the case of polymer therapeutics, Duncan distinguished between intracellular and extracellular
delivery® (see Figure 1.18). In the former one, lysosmotropic and endosmotropic delivery can occur
depending on the pH lability of the polymer-drug conjugate linker. The extracellular delivery occurs
when the drug is released in the microenvironment of the cell and the drug enters by diffusion.

In addition to the EPR effect, tumor cells show a higher degree of uptake of macromolecules by
endocytosis than healthy cells, as a result of the enhanced metabolic activity of cancer cells®.
Combination of the EPR effect and lysosomotropic drug delivery constitute the basis of new
polymer-drug conjugates designed to increase drug specificiy and reduce side effects.
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Figure 1. 18 Scheme of the two types of intracellular delivery: lysosomotropic and endosomotropic (adapted from Duncan et al) )

1.3.3 Polymer-drug conjugates for combination therapy

A deeper knowledge of the molecular mechanisms of many biochemical alterations has allowed the
study of combination therapy treatments for many diseases, including malaria, HIV, diabetes and
cancer among others. Different approaches have been studied with the aim of obtaining a better
long-term prognosis and reduced side effects. The concept “combination therapy” encompasses
either the simultaneous administration of two or more bioactive agents or the combination of
different types of therapy. In many cases the advantage of using a combination therapy is that the
use of two or more agents can modulate different molecular pathways in diseased cells, thus
increasing the final efficacy®.

It is necessary to mention that although the combination therapy strategy generally looks for an
improvement of the therapeutic index, a positive assessment does not always involve the
achievement of a better efficacy. In some cases the achievement of comparable efficacy with
reduced toxicity is the final objective. In that sense, combination chemotherapeutic treatments can
also be used as palliative treatment to reduce symptoms and prolong life expectancy rather than
cure the disease, or as an adjuvant pre- or post-surgery (e.g. to reduce tumor mass of advanced

cancers)®.

Currently, combination therapy in cancer treatment is based on the administration of different
small molecule chemotherapeutic drugs, the use of combinations based on endocrine therapy (for
those hormone dependant cancers) or use of monoclonal antibodies (antiangiogenic treatment)
and the combination of different types of therapies (e.g. chemotherapy + radiotherapy).

The study of DDS for combination therapy in cancer was initiated during the last decade. It was well
demonstrated that the administration of drug combination showed better patients outcomes.
Moreover, the use of DDS for treating cancer also showed promising results improving the efficacy
and specificity of the treatment and reducing side effects. The hybridization of both developments
resulted in the development of new DDS carrying a combination of drugs with the aim of ensure
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the arrival and release of the different agents at the target site. It was in the field of polymer-drug
conjugates where the first designs were investigated.

Four different types of polymer-drug conjugates for combination therapy can be distinguished as it
is detailed in Table 1. 3.

Regarding the first type of combinations, it is important to mention that the combination of a PDC
and radiotherapy might be synergistic because it enhances the accumulation of the PDC in the
targeted tissues. It is known that radiotherapy can impact on tumor vasculature, possibly
magnifying the EPR effect that enhances the accumulation of macromolecules. As depicted in Table
1.3, only the first type of combinations has reached clinical trials status. However, promising results
are being achieved in preclinical experiments for the rest. One of the most interesting polymer-
drug conjugates carrying a combination of drugs is the conjugate HPMA-Dox-AGM®. This was the
first polymer-drug conjugate designed for a combination therapy by merging chemotherapy and
endocrine therapy for treating breast cancer. In vitro cell studies determined that PDC containing
only Dox or AGM did not show any synergistic effect, whereas the conjugate carrying both drugs
was more active.

Table 1. 3 Examples of different types of polymer-based combination and their status (Adapted from Greco et al®).

Type Description Examples Status

PGA-Paclitaxel + Cisplatin89 Phase |
A PDC carrying a single drug is

| administered in combination of a

single drug or a different treatment %
PGA-Paclitaxel + Radiotherapy Phase llI

HPMA-Dox + HPMA- hlorin e6”  Preclinical
Two PDC carrying a single drug are 0% mesochiorin e reciinica

administered in combination

PEG-ZnPP + PEG-DAO* Preclinical
HPMA-Dox-AGM” Preclinical
PEG-NO-EPI** Preclinical
n A single polymeric vehicle carrying 2 reciinica
d
of more arugs HPMA-Gem-Dox®® Preclinical
HPMA-Gem-Dox®® Preclinical
A PDC carrying a single drug is
ying asing'e arug HPMA-Dox + HPMA-Cathepsin B Preclinical
administered in combination of a
v polymer-enzyme conjugate (PDEPT) or
a polymer-phospholipase conjugate 9% o

HPMA-Dox + HPMA-B-lactamase Preclinical

(PELT).
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The conjugation of two or more drugs in a single polymeric carrier can bring advantages in
comparison to the administration of a single drug. Moreover, it can be administered as a single
dose, thus enhancing patient compliance. Although advantages can be achieved with these new
designs in preclinical experiments, the identification of the optimal drug ratios as well as those
drugs that are best delivered together or in a sequential manner is a key aspect that needs previous
extensive research before moving to clinical trials.

1.3.4 Polymer-drug conjugates for treating other diseases

Polymer-drug conjugates are mainly used as anticancer agents, but during the last decade the field
of polymer-drug conjugates has expanded to improve the treatment of other diseases such as
diabetes, hypertension, infections, diseases of the digestive tract and rheumathoid arthritis, to
mention some. In addition, promising research based on polymer conjugates as tools to promote
tissue repair, wound healing, bone resorption and ischemia/reperfusion injuries is undergoing®’.

Table 1. 4. Examples of PT in the market for treating other diseases than cancer (adapted from Vicent et al) *°.

Disease Polymer Drug
Diabetes PGA Phloridzin
Hypertension SMA AHPP
PEG Saquinavir
HIV k-carrageenan Azidovudine
Dextrin Azidovudine
PHEA Azidovudine
Hepatitis Dextran Lamivudine
PEG Amphotericin B
Fungal infection mphotericin
PEG Amphotericin B

Leishmaniosis

Arabino-galactan

Amphotericin B

HPMA copolymer Amphotericin B
HPMA copolymer NPC161
Sepsis PEG Peptoid 7
Bowel constipation PEG Naloxol
Ulcerative colitis Dextran Budesonide
Inflammatory bowel pDMAEMA Dexamethasone
Rheumatoid arthritis HPMA copolymer a-methylpredniolone
CcDP N-acetyl cysteine
Neuroinflammation PAMAM Glucoamine
PAMAM Glucoamine-6-
Wound healing PGA APAF-1 inhibitors

Modified Dextran

17 b-oestradiol




General Introduction

1.3.5 Current state of polymer-drug conjugates

The second-generation of polymer-drug conjugates is taking benefit of the huge data that clinical
trial and preclinical studies of first-generation PDC has generated during the last decades.
Moreover, thanks to new biomarkers found in molecular biology, new polymer therapeutic will be
able to more appropriately target diseased cells enhancing patient compliance. This opens to
personalized therapies anticipating possible drawbacks. One example is found on most polymer
anticancer drug conjugates that take profit of passive tumor targeting by EPR effect. A pre-selection
of patients whose tumors display functional EPR effect should be a criteria indicating patient
suitability for these therapies® .Thus, the emergence of improved diagnostic techniques based on
imaging techniques or quantification of specific biomarkers should facilitate personalized

treatments.

Since HPMA-Doxorubicin (PK1) was the first drug—polymer conjugate to enter human trials in 1994
different PDCs have reach clinical trials and many more are under preclinical validation. PK1 was
improved to PK2, which is related to PK1 but incorporates an additional targeting ligand, namely, a
galactosamine group that was designed to be taken up by the asialoglycoprotein receptor of liver
tumor cells for clinical trials*". Nonetheless, the most advanced polymer-drug conjugate is the
marketed drug OPAXIO® (also known as Xyotax) from Cell Therapeutics (section 1.3.2.1).

At the present moment, due to the molecular complexity of human pathologies, development of
new combination therapies has become mandatory in order to achieve synergism between
different drugs and therapies and enhance the therapeutic outcomes of the treatments. Currently,
many investigations are focused on the design of new PDCs carrying different therapeutic agents or
its administration in combination with other single-agents and therapies (section 4.3). In this sense,
identifying adequate drug combinations, proportions and kinetic release of the different drugs
opens many possibilities in the design of the new generation PDC.
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2.0bjectives

The main objective of this thesis is the design, synthesis, characterization and biological evaluation
of different new polymer-drug conjugates based on PGA to improve the efficacy of current 5-FU
treatment for advanced CRC disease.

Because biodegradable polymers have become the most appropriate carriers for the design of drug
delivery systems for treating diseases that require chronic parenteral administration, in this project
the PGA biodegradable polymer has been chosen as the carrier of the designed polymer-drug
conjugates.

Because the chemotherapeutic agent 5-FU is the mainstay of cytotoxic therapy against mCRC, in all
PDC designed 5-FU will be conjugated to PGA polymeric backbone. The difference between the set
of PGA-5-FU PDC generated will be found on the type of release designed (passive targeting
evaluating a new PGA-based PDC using enzymatically-cleavable linkers, particularly MMP-sensitive
peptides) and the evaluation of combination therapy between 5-FU and SN-38, conjugated in a
single PDC. For this reason, the present work is structured in three main sections in which the
therapeutic efficacy of all PDC will be evaluated in vitro, and in some cases in vivo in mouse animal
models.

Thereby, the principal objectives of each section are described separately:

o Design, synthesis and biological evaluation of the polymer-drug conjugate based on PGA
and 5-FU conjugated through an ester bond (PGA-5-FU).

a. Synthesis and physico-chemical characterization of the PGA-5-FU in terms of drug
loading, size and stability in different mediums.

b. Obtention of fluorescently labeled conjugates for in vivo biodistribution and cell
internalization studies.

c. Evaluation of the in vitro cytotoxicity and cell internalization in CRC cell lines.

d. In vivo validation studies of PGA-5-FU in terms of biodistribution, tumor
accumulation and efficacy in athymic nude mice.
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o Design, synthesis and biological evaluation of the polymer-drug conjugate based on PGA
and 5-FU sensitive to MMP-7 and MMP-9 (PGA-MMPpept-5FU).

a.

Study of the nature of the linkage between 5-FU and the MMP-sensitive peptides in
terms of stability and specificity of drug release.

Design and synthesis of the new MMP-sensitive polymer-drug conjugate based on
PGA and 5-FU (PGA-MMPpept-5FU).

Physico-chemical characterization of the PGA-MMPpept-5FU PDC.

Evaluation of the in vitro cytotoxicity of the PGA-MMPpept-5FU PDC against 5-FU
and PGA-5-FU in CRC cell lines overexpressing MMPs.

o Synthesis, characterization, in vitro validation of polymer-drug conjugates based on PGA
for combination therapy of 5-FU and SN-38 (PGA-5FU-SN38).

a.

Set up the synthetic methodology for the conjugation of a 20(S)-O-acylated SN-38
derivative to the PGA carrier (PGA-SN38).

Design and synthesis of a family of polymer-drug conjugates (PGA-5FU-SN38) for
combination therapy

Evaluation of the in vitro cytotoxicity and combination synergism of the PGA-5FU-
SN38 family.

To achieve the proposed objectives, this work has been done in collaboration between the
Combinatorial Chemistry Unit at the Barcelona Science Park (UQC-PCB) and the Functional
Validation and Preclinical Research (FVPR) area and the Drug Delivery and Targeting Group of
CIBBIM-Nanomedicine at the Vall d’Hebron Research Institute.
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3. Materials and Methods

3.1 General Instruments

Scales

Mettler Toledo PB3002-S, 2 significant figures.
Sartorius, CP224S, 4 significant figures.
Mettler Toledo AT261 Detlarange, 5 significant figures.

Centrifuges

Beckman Coulter, Allegra 21R.Centrifuge for 15 and 50 mL tubes.
Beckman Coulter, 5415D eppendorf. Centrifuge for 1.5 y 2 mL tubes.

Spectrophotometer

Spectrophotometer UV/Vis Jasco, V630.

Freeze-drier

VirTis Genesis.
Christ, Alpha 1-4 LD.

Rotary evaporator

Heidolph Laborota 4001-Efficient

pHmeter

Crisol pH meter GLP21

RMN

Varian Mercury 400 MHz

Instruments for purification and characterization of synthetic compounds are described in sections
3.4 and 3.5. Instruments used in the FVPR Laboratory (CIBBIM-Nanomedicine, VHIR) for in vitro and

in vivo experiments were:

OHAUS, Adventurer Pro AV 4101

Scales AS (RADWAG) AS 220/C/2
OHAUS Pioneer
Elisa Plate reader (Spectrophotometer) Biotek, Epoch

Tissue Homogenizer

Fast Prep 24, MP Biomedicals, Lysing Matrix D tubes

Confocal Microscope

FV1000, Olympus

Flow Cyometer

FacsCalibur

Incubator

AutoFlow IR direct heat

Automatic cell counter

Countess, Invitrogen

In vivo optical imaging system

IVIS Spectrum, Perkin-Elmer
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3.2 Materials

3.2.1 Solvents

Solvents were used without any pre-treatment application. The most commonly used are
summarized in Table 3. 1.

Table 3. 1 Summary of the solvents used.

Abbreviation Name Quality Supplier
ACN Acetonitrile HPLC grade Scharlau
EtAcO Ethyl Acetate Synthesis Scharlau
CDCl; Deuterated chloroform-d 99.8% atom D Sigma-Aldrich
DCM Dichloromethane Synthesis 99.5% Scharlau
DCM anhydrous Dichloromethane anhydrous Synthesis 99.5% Sigma-Aldrich
DMF Dimethylformamide Synthesis 99.5% Panreac
DMF anhydrous Dimethylformamide anhydrous Synthesis 99.5% Sigma — Aldrich
DMSO Dymethylsulfoxide Synthesis 99.5% Panreac
DMSO-d6 Deuterated Dymethilsulfoxide 99.8% atom D Sigma-Aldrich
D,0 Deuterium Oxide 99.8% atom D Sigma-Aldrich
H,0 Water Milli-Q Millipore
Hexane Hexane Synthesis 95% Scharlau
MeOH Methanol HPLC grade Panreac
MeOD Deuterated methanol-d 99.8% atom D Sigma-Aldrich
THF Tetrahydrofuran Synthesis 99.5% Panreac
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3.2.2 Chemical reagents

Chemical reagents were obtained from different suppliers. The most commonly used are depicted

in Table 3.2.

Table 3. 2 Summary of chemical reagents used.

Materials and Methods

Abbreviation Name Quality Supplier
5-FU 5-Fluorouracil Reagent > 99% Sigma-Aldrich
AF750 Alexa Fluor® 750 Carboxylic Acid, - Invitrogen
Succinimidvl Ester
CF 5(6)-Carboxyfluoresceine Reagent > 95% Sigma-Aldrich
DIC N,N’-diisopropylcarbodiimide Reagent > 99% Fluka
DIEA N,N-Diisopropylethylamine Synthesis Sigma-Aldrich
EDC-HCI 1-Ethyl-3-(3- Reagent > 99% Iris Biotech GMBH
dimethylaminopropyl)carbodiimide
TEA Triethylamine Synthesis Sigma-Aldrich
HCI Hydrogen chloride acid Reagent > 99% Fluka
HCOOH Formic acid Analysis Merck
HOBt-H,0 Hydroxybenzotriazole Reagent > 99% Iris Biotech GMBH
X Recombinant, expressed in E. coli, . X
MMP-7 Matrix Metalloprotease 7 . Sigma-Aldrich
buffered aqueous solution
. Recombinant, expressed in NSO . .
MMP-9 Matrix Metalloprotease 9 cells, 595%, buffered aqueous Sigma-Aldrich
solution
NaCl Sodium Chloride Synthesis Panreac
NaHCO; Sodium Bicarbonate Synthesis Sigma-Aldrich
PBS Phosphate Buffer Saline Sigma-Aldrich
PGA Polyglutamic acid Reagent > 99% Polypeptide Solutions, S.L.
Resorcinol Resorcinol Reagent > 99% Sigma-Aldrich
SN-38 7-Ethyl-10-hydroxy-camptothecin Reagent > 99% Astatech
TFA Trifluoroacetic acid Synthesis Fluorochem

3.2.3 Buffers

e Phosphate Buffer Saline (PBS) at pH 7.4 was prepared by dissolving 1 tablet of PBS (from
Sigma-Aldrich) in 200 mL of Milli-Q water, yielding 0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.137 M sodium chloride. Buffers at pH 5.5 and 6.5 were obtained
by adding HCI.

e 50 mM ammonium carbonate buffer was prepared by dissolving 79 mg of ammonium
bicarbonate (NH4HCO3) in 20 mL of Milli-Q water.
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3.3 Methods

3.3.1 General methodology for Solid Phase Peptide Synthesis (SPPS)

SPPS is a synthesis technique based on a
sequential addition of a-amino and side-
chain protected amino acid residues to
an insoluble polymeric support (resin).
The complete process is schematized in
Figure 3. 1. The peptide is attached to
the resin via a linker through its C-
of the N-o-
the
protected amino acid is added using a

terminal. After removal

amino protecting group, next
coupling reagent. Side-chain protecting
to be

simultaneously with the detachment of

groups are chosen cleaved

the peptide from the resin.

SPPS was performed manually using
syringes of polypropene containing a
filter. A
block Vacman®

polyethylene

polypropylene
employed for filtration and washing

porous
was

steps that SPPS requires.
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Figure 3. 1 Scheme of the general procedure for SPPS using Fmoc-

protected aminoacids.

support was stirred manually with Teflon® bars or by an automatic orbital shaker. Excess of

reagents, solvents and by-products in solution were removed by vacuum filtration.

Preconditioning of the resin:

Before starting the coupling of amino acids, resin was washed abundantly:

5 x 1 min DMF and 5 x 1 min DCM; using 10 mL of solvent per gram of resin.

Amino acid coupling conditions:

For each coupling reaction amino acids were used protected with Fmoc group on the a-amino and
were added in excess (5 eq respect resin mmols). DIC and Oxyme were used as coupling agents (3
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Materials and Methods

eq respect resin mmols). After each reaction, protection, deprotection and coupling, resin was
washed: 5 x 1 min DMF and 5 x 1 min DCM; using 10 mL of solvent per gram of resin.

Fmoc removal:

Fmoc group removal from the amino acid anchored in the peptide chain was carried out following
these steps:

(/) DMF (5 x 1 min), (ii) piperidine / DMF (2:8) (1 x 1 min, 2 x 20 min), (iii) DMF (5 x 1 min), ( iv)
DCM (5 x 1 min).

Cleavage of the sequence anchored into the resin:

Resin was treated with an acidic solution of DCM:TFA (95:5, v/v) at room temperature for 30 min.
Resin was then filtered and washed with the same solution collecting the filtered solution. TFA was
evaporated and synthesized peptide precipitated in cold diethyl eter. After removal the crude was
analyzed by HPLC-MS. Once side chain protected groups were eliminated, the compounds dissolved
in H,0 — ACN were purified by RP-HPLC-semipreparative, when needed.

Removal of the side chain protecting group:

Removal was carried out after the cleavage step previously described. Crude was dissolved in a
solution of TIS:H,0:EDT:TFA (1:2.5:2.5:94, v/v/v/v)for 24 h. Removal of the protecting groups was
monitored by HPLC-MS and after complete elimination TFA solution evaporated. Purified by RP-
HPLC-semipreparative was required.

All couplings as well as the removal of protecting groups were preceded by a qualitative assay
(Kaiser and Chloranil tests) to assess full completion of the reaction.

3.3.1.1Kaiser Test

Kaiser test is also known as Ninhydrin test and is a colorimetric assay to detect primary amines in a
polymeric support. The test proceeds by adding 3 drops of Solution A and 1 drops of Solution B into
a glass tube containing 0.5 — 2.0 mg of resin previously washed with DCM. The tub was heated at
110°C during 3 min.

Preparation of Solution A: 40 g of phenol were dissolved in absolute EtOH (10 mL) and 65 mg of

KCN were dissolved in H,0 (100 mL); 2 mL of the resulting solution were diluted in freshly distilled
pyridine over ninhydrin (100 mL). The two solutions were stirred separately for 45 min with 4 g of
Amberlite MB -3 resin, and then filtered and mixed.

Preparation of Solution B: 2.5 g of ninhydrin were dissolved in absolute EtOH (50 mL). The solution

was kept in an opaque container to protect it from light exposure.
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A yellow color of the resin and the solution indicate the absence of primary amines in the polymeric
support (negative test), whereas a blue color of both signifies the presence of primary amines

0o O R O o]
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Figure 3. 2 Kaiser test scheme.

(positive test).

[0]

o}

3.3.1.2 Chloranil test
Chloranil test is a colorimetric assay to detect secondary amines in a polymeric support.

After drying the resin previously washed with DCM, 0.5-2.0 mg of the resin were placed in a glass
tube and 5 drops of a saturated solution of chloranil in toluene and 20 drops of acetone were
added. The glass tube was stirred 5 min at room temperature. A yellow color resin indicates the
absence of secondary amines (negative test) while a blue-green color indicates the presence of

secondary amines (positive test).

3.4 Purification

Manual Chromatography

Manual chromatography on reverse-phase C18 for purification was carried out with OASIS HLB>
35cc Vac cartridges (10 g sorbent /cartridge - 60 um particle size) from Waters using H,0 Milli-Q
and ACN as the elution system.

Flash Chromatography

Flash chromatography on normal phase silica was done automatically with the computer module
Teledyne Isco Companion® with Photodiode array detector. Pre-packed silica gel columns (Silica-
RediSep® columns) of different sizes according to the amount of crude to purify were used. Elution
systems were: (I) A: DCM and B: DCM:MeOH (80/20, v/v) and (ll) A: DCM and B: EtOAc.
Semipreparative RP-HPLC-MS

Semipreparative — Reverse Phase- High Performance Liquid Chromatography — Mass Spectrometry

The columns used depend on the nature of the compounds. Briefly,
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XBridgeTM Prep C18 (19 x 100 mm, 5 uM OBDTM) from Waters.
XBridgeTM BEH130 Prep C18 (19 x 100 mm, 5 uM OBDTM) from Waters.
SunFireTM Prep C18 (19 x 100 mm, 5 uM OBDTM) from Waters.

Semipreparative HPLC equipment used for purification of the compounds consisted of a Waters
600 Controller module comprising two pumps, a high pressure mixer, a module 2767 Sample
Manager Waters Alliance with an injector, a fraction collector a UV-visible Detector Dual A
Absorbance Detector 2489 and Micromass ZQ mass spectrometer. Compounds were detected by
their [M +H]", using adjusted gradients for each case at a flow of 16 or 25 mL/min. Elution systems
were: (II) A: H,O:HCOOH (99.9:0.1, v/v) and B: ACN:HCOOH (99.9:0.1, v/v), (IV) A: H,O:TFA
(99.9:0.1, v/v) and B: ACN:TFA (99.9:0.1, v/v) and (V) A: H,O and B: ACN. Software employed was
Masslynx V4.1.

Membrane Dialysis Purification

PDC were purified by dialysis of each compound against Milli-Q H,O using a semipermeable
membrane with a Mw cutoff of 6-8 kDa. Crude was introduced on a previously hydrated and
dialyzed for 24h membrane (4 x 5 L). The solution was then lyophilized to yield the purified
conjugates. Product entities were confirmed by RP-HPLC.

Manual SEC

Manual Size Exclusion Chromatography

PDC bounded to CF or AF750 fluorophores were purified by means of size exclusion
chromatography (SEC) using PD10 columns (Sephadex, G-2MM columns, Supelco, GE Healthcare)
and H,0 as elution system. Fractions of 1 mL were collected and lyophilized.

3.5 Characterization

Thin Layer Chromatography (TLC)

TLC was performed on pre-treated plates (silica gel 60ACC, F,s, Merck). Visualization was
performed using ultraviolet light (A = 254 nm).

Analytic HPLC

Analytic — High Performance Liquid Chromatography

For 5-FU and SN-38 quantification in PDC, RP-HPLC using ultraviolet detection was performed.
Different columns were used:

SunFire™ C18 (4.6 x 75 mm, 3.5 um) from Waters.
XSelect HSS T3 (4.6 x 250 mm, 3.5 um) from Waters.
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Analytical HPLC equipment used for characterization of the compounds consisted of a Waters
Alliance 2695 with a dual A absorbance detector model 2487. Millenium 3.2 Waters software was
employed and chromatograms were registered at 214 nm and 254 nm for 5-FU containing
compounds and 378 nm for SN-38 containing compounds.

The flow applied was 1 mL/min and the elution system was: (A) H,O:TFA (99.9:0.1, v/v) and (B)
ACN:TFA (99.9:0.1, v/v) or (A) H,O and (B) ACN. Different gradients were adjusted in each case
except for 5-FU tissue analysis where an isocratic flow of 0.6 mL/min was used.

HPLC-MS
High Performance Liquid Chromatography — Mass Spectrometry
HPLC-MS was used to monitor reactions and determine the purity of the synthesized compounds.

HPLC-MS analysis was performed using a Waters Alliance HT 2795 with a UV-visible photodiode
detector model 2996, ELS 2420 detector and a Micromass ZQ mass spectrometer. The software
used was MassLynx V4.1.

The column used was XBridgeTM C18 (4.6 x 50 mm, 3.5 uM). Flow was set at 2 mL/min and the
elution system was: (A) H,0:HCOOH (99.9:0.1, v/v) and (B) ACN:HCOOH (99.93:0.07, v/v). Different
gradients were adjusted for each compound analyzed. The purity of the compounds was
determined at 214 and 254 nm wavelength.

SEC-MALS-IR

Size Exclusion Chromatograph- Multi Angle Light Scattering — Infrared Detector was used to
qguantify the Mw of the nanoconjugates synthesized and their polydispersity.

The equipment used consisted on a Waters System 1525 Binary HPLC pump, Injector Waters 717
plus Autosampler and a detector waters 2487 Dual | Absorbance (controlled by a Breeze, Waters).
The column used was an Ultrahydrogel 500 (7.8 x 300 mm, 10 um) from Waters and the elution
system was 50 mM NaHCO; and ACN. Detector was set at 220 nm. An isocratic flow (80 : 20) during
50 min was set at 0.7 mL/min. BSA protein was used for equipment calibration.

UV-Spectroscopy

For SN-38 quantification a spectrophotometer UV/Vis Jasco (Model V630) was used.

1 mL containing solutions of SN-38 product of interest were analyzed at 378 nm wavelength (n>3)
using a calibration curve in the range of 0-0.1 mg/ml.

Nuclear Magnetic Resonance Spectroscopy

Proton (*H) and carbon (**C) Nuclear Magnetic Resonance (NMR) analysis were performed at 298 K
with a Varian Mercury400 Fourier Transform spectrometer (NMR Unit, Scientific and Technical
Services, University of Barcelona). Data was processed using the program MestreNova (Mestrelab

Research). The chemical shifts (8) are expressed in ppm units taking as internal reference

40



Materials and Methods

deuterated solvent signal used (CDCI 3 (*H NMR &: 7.26, °C NMR &: 77.0); DMSO-d6 (*H NMR 6&:
2.50, *C NMR &: 39.5); MeOD (*H NMR &: 3.31 and 4.84, *C NMR &: 49.1). Chemical shifts are
reported as s (singlet), d (doublet), t (triplet), g (quartet) and m (multiplet).

Mass Spectrometry MALDI-TOF

Matrix-Assisted Laser Desorption/lonization — Time of Flight mass spectrometry of the synthesized
peptides was carried out at the Proteomics Platform of PCB by using a MALDI Voyager DE RP time-
of-flight spectrometer (Applied Biosystems, Framingham). To prepare ACH (a-cyano-4-
hydroxycinnamic acid) matrix, 10.0 g of ACH were dissolved in 1mL of H,0/ACN (1:1) at 0.1% of
TFA. The analysis of the compounds was carried out by mixing 1.0 uL of sample solution at 0.5 mM
with 1.0 uL of ACH matrix. To record the mass spectrum, 1.0 pL of the resulting mixture was
deposited on a test plate. Analysis was performed using the positive reflex mode laser at different
intensities depending on the compound to be analyzed.

Dynamic Light Scattering (DLS)

DLS measurements of PDC synthesized were performed using a Malvern Zetasizer NanoZS (Malvern
Instruments, Malvern, UK) in the Automated Crystallography Platform of the Institute for Research
in Biomedicine (IRB, Barcelona). Analysis of the compounds was carried out at room temperature
using H,O Milli-Q and PBS (pH 7.4) at a concentration of 0.1 mg/mL. Micelle size distribution by
volume (%) was measured (diameter, nm) for each PDC (n>3).

3.6 Stability and Degradation assays

3.6.1 pH degradation

PDC of PGA (10 mg/mL) were incubated at 37°C in phosphate buffer solution (PBS) at different pH
for 7 days. Five pL of the sample were taken at various time points: 0, 10, 20, 30 minand 1, 2, 4, 6,
8 and 24h, and every 24 h after. Samples were frozen in dry ice and stored at -20°C until analyzed.
Prior to analysis, 35 pL of PBS pH 5.5 (to avoid the breakdown of the ester bond) were mixed with
the aliquots and directly analyzed by RP-HPLC using a SunFire™ C18 (4.6 x 75 mm, 3.5 um) column
with the UV detector settled at A= 260 nm for PGA-5-FU PDC and A= 378 nm for PGA-SN38 PDC with
a flow rate of 1 mL/min.

Elution system was: (A) H,O:TFA (99.9:0.1, v/v) and (B) ACN:TFA (99.9:0.1, v/v). Resorcinol was used
as HPLC internal standard; 40 mg were added to the initial PBS pH 7.4 solution, from which the rest
of buffer solutions were prepared. The elution was performed using the following gradient:
5-2>100%B in 7 min. (5-FU (tr) 1.5 min, SN-38 (tr) 4.4 min, resorcinol (tr) 4min). Calibration curves of
5-FU and SN-38, respectively, were performed by triplicate for each concentration point and used
to quantify by HPLC total release of 5-FU and SN-38 from the conjugates. Experiments were carried
out in triplicate.
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3.6.2 Plasma stability

Experiments were performed in mice and human plasma following the same procedure. Mouse
plasma was obtained from FVPR (CIBBIM-Nanomedicine, VHIR)
and were kept frozen at -20°C until needed. Human plasma was purchased from Sigma-Aldrich and
also kept at -20°C.

PDC of PGA (10 mg/mL) was incubated at 37°C in plasma for up to 96 h. At scheduled times (0, 5,
10, 15, 20, 30 min and 1, 1.5, 2, 4, 6, 8, 24, 48, 72 and 96 h), aliquots of 5 pL were collected and
kept on dry ice. A volume of 35 uL of ACN (containing resorcinol (0.2 mg/mL)) was added to each
sample in order to precipitate serum proteins. Following centrifugation (14000 rpm, 5 min)
supernatants were analyzed by RP-HPLC as reported above. Triplicate experiments were carried
out.

3.6.3 Cathepsin B degradation

300 pL of PGA-5-FU and PGA-SN38 PDC (10 mg/mL) were incubated at 37°C with 5 uL of Cahtepsin
B (from bovine spleen, Sigma Aldrich; 10 units/mL using PBS 7.4 as a solvent) for seven days.

At scheduled times (0, 30 min and 1, 1.5, 2, 4, 8, 24, 48, 72 and 96 h), aliquots of 5 UL were
collected and kept on dry ice. 35 L of ACN (containing resorcinol (0.2 mg/mL)) were added to each
sample. Following centrifugation (14000 rpm, 5 min) supernatants were analyzed by RP-HPLC as
reported above.

3.6.4 Incubation of products with MMPs

3.6.4.1 Sequence recognition assays

For peptides GPVGLIG, GIVGPLG, AHX-RPLALWRS-AHX and AHX-RSWLPLRA-AHX, (9-12), a sequence
recognition assay was performed to confirm their sensibility against MMP-9 and MMP-7 enzymes.
In detail, 1 mg of peptides [9-12] were dissolved in 50 uL of PBS and then 5 pL of MMP-9 (for [9-10]
peptides) or MMP-7 (for [11-12] peptides) were added. The mix was left in a thermomixer at 37°C
during 24 h and then analyzed by HPLC-MS.

3.6.4.2 Responsiveness assay against MMPs

For the evaluation of the MMP responsiveness of products 5FU-Ala-MMP9pept [26], 5FU-adipic-
MMP7pept [28] and 5FU-adipic-MMP9pept [30] 1 mg of each product was dissolved in 100 pL of
H,O and 5 uL of MMP-7 or MMP-9 (10 ug/mL) were added. After 24 h samples were collected and
mixed with 50 pL of ACN. Following centrifugation (14000 rpm, 5 min) supernatants were analyzed
by RP-HPLC-MS to determine the Mw of the cleaved fraction.
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3.6.4.3 Degradation assay against MMPs

A time course 5-FU release study of products 5FU-Ala-MMP9pept [26] and PGA-MMP7pept-5FU
[37] was performed. Briefly, 1 mg of each product was dissolved in 100 puL of H,0 and 5 uL of MMP-
9 or MMP-7 (10 ug/mL), respectively were added. Mix was incubated at 37 °C up to 140 h and at
specific scheduled times (0, 5, 15, 30 min, 1, 4, 6, 24, 48, 72 and 140 h) aliquots of 5 UL were
collected and kept on dry ice. 35 pL of ACN were added to each sample. Following centrifugation
(14000 rpm, 5 min) supernatants were analyzed by RP-HPLC-UV as reported above.

For product 5FU-Ala-MMP9pept [26], the quantification of the 5-FU-GPVG released by RP-HPLC-UV
was performed measuring the % diminution in the area under the peak corresponding to product
5FU-Ala-MMP9pept [26]. For product PGA-MMP7pept-5FU [37], the release caused by MMP-7 was
measured by RP-HPLC-UV measuring the area of the 5-FU-RPLA released. Then, it was interpolated
in a calibration curve of 5-FU-RPLA. Triplicate experiments were carried out.

3.7 Tissue homogenization and drug quantification

Below is detailed the set up protocol for the quantification of 5-FU in different tissue homogenates
and in plasma. The method was validated and the following validation parameters were set up:
selectivity, linearity, limit of detection (LOD), limit of quantification (LOQ) and recovery. Three
different quality control solutions (QC-L, QC-M and QC-H) were added to tissues and plasma to
quantify the % of 5-FU recovered at the end of the process.

To proceed with the tissue homogenization using the FastPrep 24 (MP Biomedicals), first the tissue
was washed with PBS and dried with a filter paper. Approximately 200 mg of each tissue were
placed in bead-containing 2 mL homogenizer tubes (lysing matrix D, MP Biomedicals). Then 100 pL
of 0.1M HCl and 900 pL of PBS were added to each tube as well as a known amount (50 pL of a
solution 1 mg/mL) of the IS Resorcinol. Tissues were then homogenized using the FastPrep 24 at a
speed of 5 m/s for 40 s. This process was repeated 15 times with 5 min intervals for each sample.
Tissue samples were cooled on ice after each homogenization turn. Following completion, the
tubes were centrifuged at 14,000 rpm for 30 min at 10°C and the supernatant was separated for
each tube. Then, 500 pL of TCA 5% were added to the supernatant for protein precipitation and the
mixed solution centrifuged at 14,000 rpm for 15 min at 10°C. Supernatant (SN1) was kept at -20°C.
The solid tissue residue was treated with 500 UL of NaOH 0.02 N. The mixture was shaken in a
Thermomixer® for 24 h at 37 °C. The mixed solution centrifuged at 14,000 rpm for 15 min at 10°C
and the supernatant was separated. Then, 500 L of TCA were added to the supernatant and the
mixture was centrifuged at 14,000 rpm for 15 min at 10°C. This supernatant (SN2) was added to the
thawed SN1 and the final mixture centrifuged again at 14,000 rpm for 15 min. The supernatant was
left at 37°C for 1 hin 1 M NaOH (100 pL) in order to release the remaining 5-FU still conjugated to
the polymer. Then it was ultrafiltrated to remove the interference components for quantitative
determination of 5-FU in tissue samples using 4 mL ultrafiltration cell with a 3 K cutoff membrane
(Amicon Ultra Merck). Supernatant was placed in the cell and 3 consecutive centrifugation
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processes of 40 min (4,000 rpm, 4°C) were carried out. The 2 mL of filtrate obtained were then
lyophilized and reconstituted in 2 mL of PBS at pH 5. Finally, 20 plL of it were analyzed by HPLC
(described below) and the rest stored at -20°C.

In the case of plasma, 50 pL of a solution 1 mg/mL of Resorcinol were added to 200 uL of plasma.
Proteins were precipitated adding 200 uL TCA 5%. The mixture was centrifuged at 14,000 rpm for
15 min at 10°C. Supernatant was left at 37°C for 1 hin 1 M NaOH (50 pL) in order to release the 5-
FU still conjugated to the polymer. The solution was reconstituted to 2 mL with PBS,
ultracentrifugated and lyophilized following the methodology explained for tissue samples, and
acidified to pH 5 to further quantify by HPLC (described below) the 5-FU content.

HPLC separation of tissue homogenates and plasma was done with a C-18 reverse phase column
(XSelect HSS T3 3.5 um, 4.6 x 250 mm, Waters). A guard column packed with the same material was
used to protect the column. 5-FU and Resorcinol were detected at 254 nm wavelength. The elution
system was A: H,0 and B: MeOH and the gradient 0 20%B (30 min)=>20%B (32 min)—>80%B (45
min)—~> 80%B (50 min)—> 100%B (56 min). Then it was necessary to equilibrate the column during
25 min with 100%A. Flow rate was 0.6 mL/min.

The injection volume was 20 pL. Retention times: 5-FU (15 min) and Resorcinol (42 min). A
calibration curve in the range of 10 to 25000 ng/mL of 5-FU was performed by doing triplicates to
quantify the drug content in tissue and plasma samples. Recoveries of 5-FU for each tissue were
applied to the results regarding the level of % ID measured.

Tissue
PBS, HCl

TCA NaOH

SN1

: SN2
NaOH, hydrolisis
5-FU conjugated

Figure 3. 3. Scheme of the tissue homogenization procedure.
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3.8 Synthesis

6-((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methoxy)-6- . T

oxohexanoic acid (5-FU-adipic, Product 2): 5-FU (100 mg, 0.76 mmol) \KLNH

was mixed with a 37% HCHO solution in water (200 uL, 5.56 mmol) and Nk © o]

it was left to react 1 h at 55°C under agitation. Then, the solvent was OY\/\)LOH

fully evaporated under vacuum until transparent oil was obtained

(Product 1). Product 1 was dissolved directly in 10 mL of dry DMF and adipic acid (377.25 mg, 2.5
mmol), DCC (476.14 mg, 2.3 mmol) and DMAP (46.98 mg, 0.3 mmol) were added as a solid. The
reaction was left to react overnight at rt. Product formation was confirmed by HPLC-MS and
evaporated under vacuum. The dry pellet was purified by semipreparative-HPLC using a XBridge
C18 Column, the elution system Il and a gradient 5>50%B in 12 min. 71 mg of product 2 were
obtained as a white solid (0.25 mmol, 33% vyield). Purity by HPLC-MS: 98.1%.
MW_ai(C11H13FN,06)=288.23 g/mol, ESliouna[M+H]*=288.93 g/mol. *H-NMR (400 MHz, DMSO-d6) &:
8.11 (d, J=8Hz, 1H), 5.55 (s, 2H), 2.35 (t, J=8Hz, 2H), 2.19 (t, J=8Hz, 2H), 1.57-1.44 (m, 4H). BC-NMR
(101 MHz, DMSO-d6) 6: 174.64, 172.83, 158.34, 149.69, 140.21, 130.15, 71.34, 33.87, 32.26, 24.25,
24.10.

(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl - .

(pentafluorophenyl) adipate, Product 3: 5-FU-adipic 2 (100 mg, \KLNH

0.34 mmol) was dissolved in 15 mL of DCM and then NK © o R _SF
pentafluorphenol (95 mg, 0.51 mmol), EDC (99.5 mg, 0.51 mmol) OY\A/‘LO‘Q’F
and DMAP (2.5 mg, 0.18 mmol) were added as a solid. The © F F

reaction mixture was left to react at room temperature under agitation during 2 h. Formation of
product 3 was confirmed by HPLC-MS. The crude was washed with saturated NaCl (3 x20 mL) and
saturated NaHCO; (3 x20 mL). The organic phase was evaporated under vacuum. Finally, 168 mg of
product 3 were obtained as a white solid (yield=90%). Purity by HPLC-MS: 97.0%.
MW, ic(C17H1,FsN206)=454.03 g/mol, ESliounalM+H] = 454.98 g/mol.

(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl o
F

6-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-6- | /’t‘
oxohexanoate, Product 4: Product 3 (500 mg, 1.01 mmol) Nk © o) .
was dissolved in 10 mL of dry DMF. Then, N-Boc- OT\A/LLHNN\Q/O%

ethylenediamine (22.5 pL, 0.9 mmol) dissolved in 1 mL of

dry DMF (pH adjusted to pH=7 with acetic acid) was added to product 3 solution. The reaction was
left to react overnight at rt and the product formation was confirmed by HPLC-MS. The solvent was
evaporated under vacuum and the dry pellet was purified by flash chromatography using a 40 g
SiO, column, elution system | and a gradient 5->50%B in 25 min. Finally, 156 mg of 5-FU-adipic
product were obtained as a white solid (0.25 mmol, 90% yield). Purity by HPLC-MS: 99.3%. HPLC-
MS: 97.0%. MW ac(C1gH,7FN4O5)= 430.93 g/mol, ESlioung[M+H]"= 431.09 g/mol. *H-NMR (400 MHz,
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DMSO-d6) 6: 8.11 (d, J=8Hz, 2H), 7.81-7.75 (m, 1H), 6.80-6.73 (m, 1H), 5.55 (s, 2H), 3.04 (q, J=8Hz,
2H), 2.94 (q, J=4Hz, 2H), 2.33 (t, J=4.5Hz, 2H), 2.04 (t, J=4.5Hz, 2H), 1.51-1.37 (m, 4H), 1.37 (s, 9H).
B3C.NMR (101 MHz, DMSO-d6) &: 172.12, 171.54, 157.18, 156.90, 148.87, 140.22, 137.92, 77.28,
70.15, 34.56, 32.49, 27.86, 24.12, 23.37.

(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl 6-((2- 0
aminoethyl)amino)-6-oxohexanoate, Product 5: Product 4 (138 F\fLNH

mg, 0.32 mmol) was dissolved in a solution of DCM:TFA (2:1, v/v) Nk’go o

to deprotect the amine group. It was left to react during 1 h at rt OW/\/\/‘LN/\/NHZ
under agitation. Complete deprotection was confirmed by HPLC- ° "

MS and the solvent was evaporated under vacuum. After the DCM mixture removal, colorless oil
was obtained. Purity by HPLC-MS: 99.3%. Mw(Ci3H1sFN;Os5)= 329.29 g/mol, ESliuna[M+H]'=
331.13 g/mol. *H-NMR (400 MHz, DMSO-d6) &: 8.10 (d, J=8Hz, 2H), 7.98 (t, J=4Hz, 2H), 5.54 (s, 2H),
3.24 (q, J=4Hz, 2H), 2.82 (t, J=8Hz, 2H), 2.33 (t, J=4Hz, 2H), 2.07 (t, J=4Hz, 2H), 1.53-1.42 (m, 4H).
BC-NMR (101 MHz, DMSO-d6) &: 173.03, 157.96, 157.72, 149.74, 130.01, 70.94, 39.13, 36.84,
35.26, 33.01, 24.69, 24.18.

PGA-5-FU, Product 6:

The conjugation of product 5 to PGA was carried out in o

solution. Different coupling conditions were explored. Table HNJ\/\/\”/Oj
3.3 details the different conditions used in the synthesis of

\ o N\(o
all batches of PGA-5-FU and also the commercial source of HN. -0 E (_nw
PGA (I: Sigma-Aldrich (PI=3.43) and |IlI: Polypeptide o o
Solutions, SL (Pl=1.1)), because it was observed that /\/\JJ\SN\ N]H

H
o

polymer polydispersity affects the conjugation of product 5. ©
All experiments were performed with an estimated TDL of o,

Na
5-FU of 15%.

For the evaluation of in vitro and in vivo experiments, different batches were synthesized and
mixed in a single final batch of nanoconjugate named PGA-5FU pool.

Table 3.4 details the nine different batches mixed. The coupling conditions were B and the PGA
was from Polypeptide Solutions S.L.
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Table 3. 3 Summary of the different syntheses batches of PGA-5-FU.

R Cou.p.ling R TDL% Mass obtained i
conditions* (mg/mg) (mg)
#1 A 3.43 1.6 28.5 27%
#2 B 3.43 7.63 22.5 27%
#3 B 3.43 10.2 32 22%
#4 B 11 3.29 168 25%
#5 B 11 7.23 102.1 40%
#6 B 11 11.89 103.6 48%
#7 B 11 9.06 40.5 37%

*Coupling conditions (A): 1.5 eq DIC, DMAP (catalytic), DMF and (B): 1.5 eq DIC, 1.5 eq HOBt, pH=8
adjusted with DIEA, DMF.

Table 3. 4 Summary of the different batches synthesized for the final batch used for in vitro and in vivo experiments.

ket TDL% Mass obtained Yields
(mg/mg) (mg)
#8 12.82 246.9 28%
#9 9.18 250 35%
#10 10.2% 1203 61%
#11 9.51% 245 55%
#12 5.04% 175 66%
#13 1.92% 153.8 20%
#14 6.27% 509.2 42%
#15 5.68% 808.9 58%
#16 8.70% 586.2 68%
PGA-5-FU pool [6]* 7.66% 4175 -
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Below is detailed as an example the synthesis of the PGA-5-FU conjugate as a single batch (#10)
following the selected reaction conditions.

To a solution of PGA (805.5 mg, 6.24 mmol) in dry DMF (30 mL), DIC (217 pL, 1.38 mmol) and 5 min
later HOBt (189.1 mg, 1.4 mmol) were added. After 10 min, product 5 (309 mg, 0.93 mmol) was
added and the pH of the final mixture adjusted with DIEA to pH= 8. At time 24 h, DIC (217 uL, 1.38
mmol) was added again. Reaction was left during 36 h at rt under agitation. DMF was evaporated
under vacuum and a white solid obtained. PGA-5-FU was purified by dialysis to remove salt excess
and free drug. The crude was dissolved in 3 mL of a NaHCO; 0.1M (pH=7 adjusted with acetic acid)
solution, introduced in the membrane previously hydrated and dialyzed against MilliQ-H,0 (3 x5 L)
for 24 h. Finally, the product was lyophilized and 1203 mg of a white foamy solid were obtained
(yield=61%). Total drug load (TDL) and Free Drug (FD) were measured following the protocol
described in section 2.3.1.1.2 by HPLC. TDL was 10.2% and a FD< 0.1%.

PGA-5FU-AF750, Product 7: To a solution of PGA-5-FU (364 o

] HNJ\/\/\Ir W
mg, 2.1 mmol) in dry DMF (15 mL) AF750 fluorophore (0.3 mg, 0 N\r/
0.23 umol) was added as a solid. The reaction was left HN o

overnight at rt under agitation. DMF was evaporated under

vacuum and a white solid obtained. To remove the salt excess )J\S\ ]’C\AFm

and the unreacted AF750 was purified through a PD10 column

(1 x5 cm) previously washed and equilibrated with MilliQ-H,0

as eluent. Then, the crude was dissolved in maximum 2 mL of NaHCO; 0.1 M at pH=7 adjusted with
acetic acid. 25 fractions of 1 mL each were collected and freeze dried. The amount of AF750 (206.6

ug, 0.16 umol) was quantified by UV-spectroscopy.

PGA-5FU-CF, Product 8: To a solution of PGA-5-FU
(10 mg, 0.06 mmol) in dry DMF (2 mL), DIC (2.5 puL,
0.01 mmol) and 5 min later HOBt (189.1 mg, 0.01
mmol) were added. After 10 min,
carboxifluoresceine (0.326 mg, 0.78 wmol) was also
added. The pH of the final mixture was adjusted
with DIEA to pH=8. The reaction was left overnight

at rt under agitation. DMF was evaporated under
vacuum and a white solid obtained. To remove the salt excess and the unreacted
carboxifluoresceine it was purified through a PD10 column (1 x5 cm), previously washed and
equilibrated with MilliQ-H,0 as eluent. The crude was dissolved in maximum 2 mL of NaHCO; 0.1M
at pH=7 adjusted with acetic acid. 25 fractions of 1 mL each were collected and freeze dried. It was
confirmed by HPLC the absence of unreactant carboxifluoresceine.
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MMP-9 related peptides: GPVGLIG 9 MMP9-sensitive peptide and GIVGPLG [10] Scrambled
MMP9-sensitive peptide were synthesized following the solid-phase synthetic route detailed in
section 3.3.1. Purification of both was performed by precipitation of the peptide sequences in
diethyl ether in cold followed by a centrifugation process. After solvent removal by liophilization a
white solid was obtained in both cases. HPLC-MS and MALDI-TOF were performed to evaluate the
purity of the compound. Its characterization is summarized in Table 3. 5.

Table 3. 5 MMP-9 sensitive peptide and its corresponding scrambled peptide

mg ESI [M+H]" [M+H]* Purity by
Compound [9-10] MW,
product HPLC-MS MALDI-TOF HPLC-MS
GPVGLIG 305.6 611.73 612.35 612.50 97.3%
GIVGPLG 149.8 611.73 612.53 - 96.8%

MMP-7 related peptides: RPLALWRS [11] MMP7-sensitive peptide and RSWLPLRA [12] scrambled
MMP7-sensitive peptide were synthesized following the solid-phase synthetic route detailed in
section 3.3.1. Purification of both was carried out by semipreparative-HPLC using a BEH column,
elution system Il and a gradient 15>30%B in 7 min. After solvent removal by lyophilisation a
slightly yellow sticky solid was obtained in both cases. HPLC-MS and MALDI-TOF were performed to
evaluate the purity of the compound. Its characterization is summarized in Table 3. 6:

Table 3. 6 MMP-7 sensitive peptide and its corresponding scrambled peptide.

ESI [M+3H]* [M+H]* Purity by

Product [11-12] mg product Mw,, .

HPLC-MS MALDI-TOF HPLC-MS
AHX-RPLALWRS-AHX 139.1 1223.75 409.1 1225.01 97.7%
AHX-RSWLPLRA-AHX 170.1 1223.75 409.3 1224.96 97.8%
2,5-dioxopyrrolidin-1-yl  ((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)- o]
yl)methyl) carbonate, Product 13: Formaldehyde (350 UL, 9.55 mmol) was F\fLNH
added to 5-FU (15.1 mg, 0.12 mmol) and left to react under stirring for 1h at N Xy 0
55°C. The resulted solution was evaporated until water was eliminated ko O_N¢
(Product 1). The obtained colorless oil 1 was dissolved in dry DCM (5 mL) \g/

and TEA (160.5 uL, 1.14 mmol) and DSC (295 mg, 1.15 mmol) were added.

The reaction mixture was left overnight at rt. The product formation was confirmed by HPLC-MS.
Purity by HPLC-MS: 41.2% (not purified). Mwc(C1oHsFN505)= 301.03 g/mol, ESliuna[M+H] "= 301.07
g/mol.
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(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl (4- 0
nitrophenyl) carbonate, Product 14: Formaldehyde (278 uL, 7.55 F\KJ\NH
mmol) was added to 5-FU (164.5 mg, 1.26 mmol) and it left to react | N
under stirring for 1h at 55°C. The resulted solution was evaporated ko OO*NQ
until water was eliminated (Product 1). The obtained colorless oil [1] hig o
was dissolved in dry DCM (10 mL) and TEA (265 uL, 1.89 mmol) was

added. 5 min later, nitrophenylchloroformate (379 mg, 1.88 mmol) was also added as a solid. The
reaction mixture was stirred and left overnight under reflux at 40°C. The product formation was
confirmed by HPLC-MS. Final product was purified in a SiO, column by flash chromatography using
the elution system Il and a gradient 5>80%B in 20 min. 21 mg were obtained as a white solid (0.06
mmol, yield: 4.8%). Purity by HPLC-MS: 65.2%. Mw,,(C12HsFN505)= 325.07g/mol, ESlung[M+H]"=
325.12 g/mol. 'H-NMR (400 MHz, DMSO-d6) 6: 8.29 (d, J=8Hz, 2H), 8.08 (d, J=8Hz, 2H), 6.85 (d,
J=8Hz, 2H), 5.87 (s, 2H), 5.66 (s, 2H). The product was used directly for the formation of product
[15].

(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl (3- %
phenylpropyl)carbamate, Product 15: To a solution of product 14 (21 F\fﬁ‘:‘
mg, 0.07 mmol) in ACN (8 mL), 3-phenyl-1-propylamine (9.8 mg, 0.07 Nk 0 \/\/@
mmol) was added. The reaction mixture was left to react at 40°C during O\"/

1 h. Product formation was confirmed by HPLC-MS. Purity by HPLC-MS: 0

25.5% (not purified). MW a(C1sH16FN30.)= 321.11g/mol, ESliung[M+H]'=321.90 g/mol.

Ethyl 2-(((chloromethoxy)carbonyl)amino)acetate, Product 16: To a

solution of glycine ethyl ester (1000 mg, 7.13 mmol) in dry DCM (20 mL) C'\/O\"/N\)J\o/\
TEA (1499.5 puL, 10.72 mmol) was added, the mixture was stirred and it o

was left to react at -20°C for 5 min. Then, chloromethylchloroformate (692.5 pL, 7.78 mmol) was
added and the solution left to react under agitation during 10 min. The product formation was
confirmed by HPLC-MS after that period of time. H,0 (10 mL) was added to quench the reaction.
Agueous and organic phases were separated. The organic phase was collected and washed with a
NaCl saturated solution, evaporated under vacuum and 999.7 mg of product were obtained as a
transparent oil (5.11 mmol, yield: 71.5%). Purity by HPLC-MS: 97.1%. Mw_,(CsH10CINO,)= 195.6
g/mol, ESlounalM+H]"= 195.69 g/mol. "H-NMR (400 MHz, CDCls): 5.78 (s, 2H), 4.26 (q, J=4Hz, 2H),
4.01 (d, J=4Hz, 2H), 1.29 (t, J=4Hz, 3H). *C-NMR: (101 MHz, DMSO-d6) &: 65.80, 156.27, 42.21,
169.54, 61.8, 14.3.

2-((((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)- o

F
yl)methoxy)carbonyl)amino)acetic acid (5-FU-carbamate), Product 17: \fl\NH
Product 22 (50 mg, 0.17 mmol) was dissolved in 6 mL of DCM:TFA (2/1) N70 o
(v/v) solution. The reaction was stirred for 1 h at rt. Deprotection process OTH\J\OH
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was confirmed by HPLC-MS. The solvent was evaporated under vacuum and a white solid obtained.
42.5 mg of product were obtained (0.16 mmol, yield: 93.8%). Purity by HPLC-MS: 97.2%.
MW,,(CsHsFN3Og)= 261.16 g/mol, ESlouna[M+H]*= 261.85 g/mol. *H-NMR (400 MHz, D,0) 6: 7.73
(d, J=4Hz, 1H), 5.64 (s, 2H), 3.68 (s, 2H).

Benzyl ((5-fluoro-2,4-dioxotetrahydropyrimidin-1(2H)-yl)methyl) 0

carbonate, Product 18: To 5-FU (945.7 mg, 7.27 mmol) 1.69 mL of 37% F\KLNH

HCHO in water were added. The mixture was stirred at 55°C for 1 h. The N/J\O

resulted solution was evaporated until water was eliminated. The ko\"/o\/©

obtained colorless oil product 1 was dissolved in dry ACN (20 mL) and TEA 0
(1521.7 pL, 10.91 mmol) was added. To the mixture, benzyl chloroformate (1557.47 uL, 10.90
mmol) was added slowly and the reaction mixture was stirred overnight under Argon atmosphere.
The product formation was confirmed by HPLC-MS and final product was purified in a SiO, column
by flash chromatography using the elution system Il and a gradient 52>40%B in 15 min. 865.5 mg
were obtained as a white solid (1.44 mmol, yield: 20.5%). Purity by HPLC-MS: 98.8%.
MW _aie(C13H13FN,O5)= 294.07 g/mol, ESliuna[M+H]"= 294.89 g/mol. *H-NMR (400 MHz, DMSO-d6) &:
7.30 (d, J=8Hz, 2H), 6.58 (m, 5H), 4.82 (s, 2H), 4.39 (s, 2H) . *C-NMR (101 MHz, DMSO-d6) &:
157.18, 153.35, 149.19, 140.53, 134.93, 129.43, 129.09, 128.43, 128.23, 73.30, 69.43.

Ethyl 2-((((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)- @
yl)methoxy)carbonyl)amino)acetate, Product 19: 5-FU (150.1 mg, F\f‘\NH
1.15 mmol) was dissolved in dry DMF (5mL) and TEA (1446 puL, 10.3
mmol) was added. After 5 min, product 16 (253.98 mg, 1.30 mmol) kOTH\iO/\
was also mixed and left to react during 2 h at 50°C. Product formation o

was confirmed by HPLC-MS and then purified by flash chromatography

using a SiO, column, elution system Il and a gradient 5->50%B in 25min. Finally, 176.8 mg of
product 19 were obtained as a white solid (0.61 mmol, yield: 53.0%). Purity by HPLC-MS: 94.1%.
MW_aie(C10H12FN3Og)= 289.07 g/mol, ESliun[M+H]'= 289.99 g/mol. *H-NMR (400 MHz, CDCl;) &:
7.69 (d, J=5.6Hz, 2H), 5.62 (s, 2H), 4.21 (q, J=8Hz, 3H), 3.95 (d, J=4Hz, 2H), 1.26 (m, 3H).

Ethyl 2-((((3-((((benzyloxy)carbonyl)oxy)methyl)-5-fluoro-2,6- 0 0
dioxo-2,3-dihydropyrimidin-1(6H)- F\fLN/\O)LN/\n/OM
yl)methoxy)carbonyl)amino)acetate, Product 20: Product 18 (100 N/go "o

mg, 0.22 mmol) was dissolved in dry DMF (10 mL) and TEA (142.32 ko o

uL, 1.03 mmol) was added. After 5 min, product 16 (79.59 mg, 0.4 \ﬂ/ @

(0]
mmol) was also added and the reaction mixture was left to react

during 2 h at 50°C. Product formation was confirmed by HPLC-MS. Finally, 30.8 mg of product 20
were obtained as a white solid (0.06 mmol, yield: 20.5%). Purity by HPLC-MS: 95.6%.
MW_aic(C1oH20FN306)= 453.1 g/mol, ESl¢ouna[M+H]"= 454.10 g/mol.
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Benzyl 2-((((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)- o
yl)methoxy)carbonyl)amino)acetate, Product 21: 5-FU (64 mg, 0.49 F\KLNH

mmol) was dissolved in dry DMF (5 mL) and TEA (1.9 mL, 1.44 mmol) | NAO

was added. After 5 min, product 41 (152 mg, 0.59 mmol) was also ko H\)Ok

added and the reaction mixture was left to react during 2 h at 50°C. \c[)r o/\©
Product formation was confirmed by HPLC-MS and then purified by

flash chromatography using a SiO, column, elution system Il and a gradient 52>40%B in 30min.
Finally, 85 mg of product 21 were obtained as a white solid (0.24 mmol, yield: 49.1%). Purity by
HPLC-MS: 99.7%. MW_ac(C1sH1aFN3Og)= 351.09 g/mol, ESlioung[M+H]"= 352.05 g/mol. *H-NMR (400
MHz, CDCl5) 8: 7.68 (d, J=4Hz, 1H), 7.34 (m, 5H), 5.61 (s, 2H), 5.18 (s, 2H), 4.00 (d, J=4Hz, 2H).

Tert-butyl 2-((((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)- 0
yl)methoxy)carbonyl)amino)acetate, Product 22: 5-FU (169.3 mg, 1.3 F\(LNH

mmol) was dissolved in dry DMF (5 mL) and TEA (1.6 mL, 11.7 mmol) was N’J\\o o
added. After 5 min, product 42 (348.1 mg, 1.56 mmol) was added and the kOTH\)Lok
reaction mixture was left to react during 2 h at 50°C. Product formation o]

was confirmed by HPLC-MS and purified by flash chromatography using a SiO, column, the elution
system Il and a gradient 5>50%B in 25min. Finally, 210 mg of 5-FU-GlytBut were obtained as a
white solid (0.66 mmol, yield: 50.98%). Purity by HPLC-MS: 94.5%. Mw_,(CisH14FN3Og)= 317.10
g/mol, ESliunalM+H]"= 318.00 g/mol. *H-NMR (400 MHz, CDCl3) 6: 7.34 (d, J=8Hz, 1H), 5.64 (s, 2H),
3.86 (d, J=4Hz, 2H), 1.47 (s, 9H).

tert-butyl 3-(((chloromethoxy)carbonyl)amino)propanoate, Product H

23: To a solution of B-Ala-OtBu (998.7 mg, 6.87 mmol) in dry DCM (20 C'VO\H/N\/\H/OK
mL) TEA (1.1 mL, 8.2 mmol) was added, the mixture was stirred and 0 0

left to react at -20°C for 5 min. Then, chloromethyl chloroformate (533 uL, 5.99 mmol) was added
and the solution stirred during 10 min. Product formation was confirmed by HPLC-MS. The mixture
was washed with saturated NaCl solution and the organic phase evaporated under vacuum.
Product formation was confirmed by HPLC-MS. Purity by HPLC-MS: 63.6%. Mw_,(CsH16CINO,)=
237.68 g/mol, ESlioung[M-Boc+H] = 181.0 g/mol.

Tert-butyl 3-((((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yl)methoxy)carbonyl)amino)propanoate, (5-FU-Ala-OtBu) Product F N
24: 5-FU (598 mg, 4.6 mmol) was dissolved in dry DMF (20 mL) and |
N

TEA (1.9 mL, 13.6 mmol) was added. After 5 min, product 23 (1.63 g, H

. . O— N 0‘%
6.88 mmol) was also mixed and left to react during 2 h at 50°C. T
Product formation was confirmed by HPLC-MS and purified by flash ° °

0]

chromatography using a SiO, column, elution system Il and a gradient 5>60%B in 30min. Finally
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1.02 g of product 24 were obtained as a white solid (3.08 mmol, yield: 67.5%). Purity by HPLC-MS:
97.4%. MW_ac(C13H1sFN3Og)= 331.3 g/mol, ESloun[M-tBu+H]*= 275.99 g/mol. *H-NMR (400 MHz,
CDCls) &: 7.75 (d, J=4Hz, 1H), 5.56 (s, 2H), 3.43 (q, J=4Hz, 2H), 2.46 (t, J=4Hz, 2H), 1.49 (s, 9H). **C-
NMR (101 MHz, DMSO-d6) &: 155.70, 150.93, 80.96, 67.00, 48.24, 36.35, 28.33.

3-((((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)- Q
F
yl)methoxy)carbonyl)amino)propanoic acid, (5-FU-Ala), Product 25: \f‘\NH
Product 24 (100 mg, 0.30 mmol) was dissolved in 6 mL of DCM:TFA N70
H
2/1) (v/v) solution. Reaction was stirred for 1 h at rt. The O0——N OH
deprotection process was confirmed by HPLC-MS. Solvent was o o

evaporated under vacuum and a white solid obtained. Finally, 79 mg of product were obtained
(0.28 mmol, vyield: 99%). Purity by HPLC-MS: 98.1%. Mw,(CsH1gFN3Og)= 275.19 g/mol,
ESltouna[M+H]*= 275.92 g/mol. *H-NMR (400 MHz, CDCls) 6: 7.84 (d, J=4Hz, 1H), 5.50 (s, 2H), 3.27 (t,
J=4Hz, 2H), 2.45 (t, J=4Hz, 2H). ¥C-NMR (101 MHz, DMSO-d6) &: 158.21, 150.93, 88.12, 75.71,
36.21, 34.61.

5-FU-Ala-MMP9pept Product 26: To a solution n of product 9
(202 mg, 1 umol) in dry DCM (10 mL), product 43 (160.1 mg,

0.36 mmol) dissolved in dry DCM (1 mL) was added. The pH of \ELNH
the final mixture was adjusted to pH=8 using DIEA and the H H
reaction left overnight at rt under an inert atmosphere. Then, O\g/N\/\(ﬂ;N_GPVGUG
the product formation was confirmed by HPLC-MS and

N/gO

purified by semipreparative-HPLC-MS using a XBridge column, the elution system V and a gradient
25->50%B in 15 min. Finally, the product was collected and lyophilized leading to a slowly yellow
product. 221 mg of product 26 were obtained with a 38% vyield. Purity by HPLC-MS: 98.6%.
MW_aic(C37Hs7FN19013)= 869.45 g/mol, ESliouna[M+H] "= 870.1 g/mol.

5-FU-Ala-MMP9scram, Product 27: To a solution of product 10 o
F
(101 mg, 0.5 umol) in dry DCM (10 mL), product 43 (80.1 mg, | j:
0.18 mmol) dissolved in dry DCM (1mL) was added. The pH was "t o
. . . H H
adjusted to 8 using DIEA and the reaction was left to react O\IC];N\/\g/N—GIVGPLG

overnight, at rt and under an inert atmosphere. Then, the
product formation was confirmed by HPLC-MS and purified by semipreparative-HPLC-MS using a
XBridge column, elution system V and a gradient 25->50%B in 15 min. Finally, the product was
collected and lyophilized leading to a slowly yellow product. 121mg of 27 product were obtained
with a 30% yield. Purity by HPLC-MS: 97.8%. MW_,(Cs7Hs7FN10013)= 869.45 g/mol, ESliouna[M+H] "=
870.1 g/mol.

53



5-FU-adipic-MMPZ7pept, Product 28: To a solution of o

product 3 (20mg, 0.04 mmol) in dry DCM (5 mL), F\EJ\NH

product 11 (46.7 mg, 0.038 mmol) dissolved in dry |N o

DMF (1mL) was added. The pH of the final mixture was kOT\/\/\)?\

adjusted to pH=8 with DIEA. The reaction was o) N APERPLALIRS AR
monitored by HPLC-MS and left to react under

agitation overnight at rt. Product formation was confirmed by HPLC-MS and purified by
semipreparative-HPLC using a BEH column, elution system IV and a gradient 52>5%B (2
min)—=>15%B (3min)—>50%B (7min). Finally, 40.4 mg of product were obtained as a slightly yellow
solid (0.021 mmol, 70% vyield). Purity by HPLC-MS: 99.3%. MW, ,(CgoHs7FN10017)= 1493.82 g/mol,
ESltouna[M+2H]**= 748.13 g/mol.

5-FU-adipic-MMP7scram, Product 29: To a solution
of product 3 (21.1mg, 0.04 mmol) in dry DMF (5 mL), F\ELNH
product 12 (49.5 mg, 0.04 mmol) dissolved in dry |

N0
DMF (1mL) was added. The pH of the final mixture § 0
. . . O\H/\/\)LN—AHX-RSWLPLRA-AHX
was adjusted to pH= 8 with DIEA. The reaction was o H

monitored by HPLC-MS and left to react overnight at

rt. Product formation was confirmed by HPLC-MS and purified by semipreparative-HPLC using a
BEH column, elution system IV and a gradient 15>50%B in 12 min. Finally, 32.6 mg of product
were obtained as a slightly yellow solid (0.021 mmol, 54% yield). Purity by HPLC-MS: 99.9%.
MW_aic(CesHs7FN10017)= 1493.82 g/mol, ESliounalM+2H]*= 748.13 g/mol.

5-FU-adipic-MMP9pept, Product 30: To a solution of product 3 0
(200.1mg, 0.44 mmol) in dry DMF (10 mL), product 9 (120.7 mg, F\f‘\NH
0.19 mmol) dissolved in dry DMF (1mL) was added. The pH of the Nk’&o o

final mixture was adjusted to pH=8 with DIEA. The reaction was WN—GPVGLIG
monitored by HPLC-MS and left to react overnight at rt. Product o) H
formation was confirmed by HPLC-MS and purified by semipreparative-HPLC using a XSelect
column, elution system IV and a gradient 20>60%B in 5 min. Finally, 88.8 mg of product were
obtained as a white solid (0.1 mmol, 47% vyield). Purity by HPLC-MS: 99.9%. Mw_,(C39HeoFNgO13)=
881.3 g/mol, ESliuna[M+H] "= 882.41 g/mol.

31: Product 28 (20 mg, 0.01 mmol) was
dissolved in 5 mL of DCM and then 1.5 eq of o o R F
pentafluorophenol (3.69 mg, 0.02 mmol), 1.5 OTI/\/\)LH‘AHX'RPLALWRS-AHX‘LOQ—F
eq of EDC (3.8 mg, 0.02 mmol) and 0.5 eq of F F
DMAP (0.82 mg, 0.006 mmol) were added as a solid and the reaction mixture was left to react at

5-FU-adipic-MMP7pept-5Fphenol,  Product . o
T

N

L

room temperature under agitation during 2 h. Formation of product 31 was confirmed by HPLC-MS.
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MW_aic(C7sHseFsN3Og)= 1660.76 g/mol, ESluna[M+2H]*'= 831.05 g/mol. The product was directly
used for the formation of product 33.

5-FU-adipic-MMP7scram-5Fphenol, Product F\E)L
| NH

32: Product 29 (20 mg, 0.01 mmol) was
dissolved in 5 mL of DCM and then 1.5 eq of Nk © 0 o R F
pentafluorphenol (3.69 mg, 0.02 mmol), 1.5 OT\/\)LH_AHX'RSWLPLRA'AHXJLOQF
eq of EDC (3.8 mg, 0.02 mmol) and 0.5 eq of F F
DMAP (0.82 mg, 0.01 mmol) were added as a solid and the reaction mixture was left to react at rt
during 2 h. The product formation was confirmed by HPLC-MS. Mw_,(C;sHssFsN3Og)= 1660.76
g/mol, ESltouna[M+2H]**= 831.05 g/mol. The product was directly used for the formation of product
34.

5-FU-adipic-MMP7pept- - o

amideethyleneamine-Boc, Product 33: \KLNH

Product 31 (21.8 mg, 0.013 mmol) was NK © o} 0 |
dissolved in 5 mL of dry DMF. N-Boc- O\g/\/\/LH‘AHX'RPLALWRS'AHXJLHNN\([)]/O‘%

ethylenediamine (2.3 pL, 0.09 mmol)

was dissolved in 1 mL of dry DMF and adjusted to pH=7 with acetic acid and then was added to the
product 31 solution. The reaction was left to react overnight at rt. Product formation was
confirmed by HPLC-MS and purified by semipreparative-HPLC using a XSelect column, elution
system IV and a gradient 20>45% in 5 min. The product formation was confirmed by HPLC-MS.
Finally, 1.1 mg of product were obtained as a slightly yellow solid (0.67 pumol, 5.2% yield). Purity by
HPLC-MS: 88.1%. MW, c(C7¢H123F2N»1015)= 1636.91 g/mol, ESliuna[M+2H]*'= 819.12 g/mol.

5-FU-adipic-MMP7scram- 0

amideethyleneamine-Boc, Product 34: i | NH

Product 32 (21.8 mg, 0.013 mmol) was NK 0 o o .,
dissolved in 5 mL of dry DMF. N-Boc- ojé/\/\)L”-AHX-RSWLPLRA-AHXJLH/\/N\Q/O‘Q

ethylenediamine (2.3 pL, 0.09 mmol)

was dissolved in 1 mL of dry DMF and adjusted to pH=7 with acetic acid and then was added to the
product 32 solution. The reaction was left to react overnight at rt. Product formation was
confirmed by HPLC-MS and purified by semipreparative-HPLC using a XSelect column, elution
system IV and a gradient 20>45%B in 5 min. Finally, 1.8 mg of product was obtained as a slightly
yellow solid (1 pmol, 8.5% vyield). Purity by HPLC-MS: 75.1%. Mw_,(C7¢H123F,N51045)= 1636.91
g/mol, ESltoung[M+2H]**= 819.12 g/mol.
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5-FU-adipic-MMPZ7pept- o}
amideethyleneamine, Product 35: Product 33 F\fitl
N

(1.1 mg, 0.67 umol) was dissolved in a 3 mL L 0 o o
solution of DCM:TFA (2:1, v/v). It was left to O\H/\/\)LH—AHX-RPLALWRS-AHXJLH/\/NHz
o}

react during 1 h at rt. Product formation was

confirmed by HPLC-MS and the solvent was evaporated under vacuum. After solvent removal,
colorless oil was obtained. Purity by HPLC-MS: 49.5%. Mw,,(C71H115FN,O16)= 1536.79 g/mol,
ESliouna[M+2H-H,0]*= 748.34 g/mol. The product was directly used for the formation of product 37.

5-FU-adipic-MMP7scram- 0

amideethyleneamine, Product 36: Product F [N

34 (1.8 mg, 0.1 umol) was dissolved in a 3 N" 0 o 0

mL solution of DCM:TFA (2:1, v/v). It was ojcv)/\/\)L”—AHX_RSWLPLRA-AHXJL”/\/NH2

left to react during 1 h at rt. Product
formation was confirmed by HPLC-MS and the solvent was evaporated under vacuum. After solvent
removal, colorless oil was obtained. Purity by HPLC-MS: 58.5%. Mw,,(C71H115FN»016)= 1536.79
g/mol, ESltouna[M+2H-H,0]*= 748.34 g/mol. The product was directly used for the formation of
product 38.

PGA-MMP7pept-5FU, Product o)

37: To a solution of PGA (10 mg, HN— AHX-SRWLALPR-AHX—(H)/\/\/LL

(0]
0.78 mmol) in dry DMF (10 mL), 0\\1/?\1 |
DIC (27.7 pL, 0.25 mmol) and HN._O HN)/LF
HOBt (23.5 mg, 0.25 mmol) 5 ©
minutes later were added as a 9 l

solid. After 10 min, product 35 N H

(195 mg, 0.11 mmol) was

Iz

added. The pH was controlled 0“0

and adjusted with DIEA to pH=8. Na

After 24h, same quantity of DIC was added again. The reaction was left to react during 36h at rt.
DMF was evaporated under vacuum and a white solid was obtained and purified by dialysis. The
crude was dissolved in 3 mL of a NaHCO; 0.1M (pH=7 adjusted with acetic acid) solution,
introduced in the membrane (previously hydrated) and dialyzed against MilliQ-H,0 (3 x5 L) for 24
h. Finally, the product was lyophilized and 95.4 mg of a yellow solid were obtained (yield=25%). TDL
and FD were measured following the protocol described in section 2.3.1.1.2 by HPLC. TDL was
2.65% and a FD< 0.1%.
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. . . o]
PGA-MMP7Scram-5FU, Product 38: HN= AHXCARLPLWRSAHX *n/\/\/u‘
To a solution of PGA (3mg, 0.23 o)

(0]
Ag!
mmol) in dry DMF (5 mL), DIC (10.1 A HNY\ILF
uL, 0.09 mmol) was added and 5 min o
later HOBt (8.1 mg, 0.09 mmol) was 0]

also added as a solid. After 10 min, /\/\H l”
product 36 (50 mg, 0.065 mmol) was

mixed. The pH was controlled and o“ o
adjusted with DIEA to pH=8. After Na

24h, the same quantity of DIC was added again. The reaction was left to react during 36h at rt. DMF
was evaporated under vacuum and a white solid was obtained. and purified by dialysis. The crude
was dissolved in 3 mL of a NaHCO; 0.1M (pH=7 adjusted with acetic acid) solution, introduced in
the membrane (previously hydrated) and dialyzed against MilliQ-H,O (3 x5 L) for 24 h. Finally, the
product was lyophilized and 25.8 mg of a yellow solid were obtained (yield=15%). TDL and FD were
measured following the protocol described in section 2.3.1.1.2 by HPLC. TDL was 0.73% and a FD<
0.1%.

5-FU-adipic-RPLA, Product 39: Product 3 (10.1mg, 0.02 o

mmol) was dissolved in 5 mL and a solution of product 40 F\kaH

(11.48 mg, 0.02 mmol) in DMF (1 mL) was added. The mixture N(J%o o

pH was adjusted to pH=8 with DIEA. The reaction was Oj(\/\)LN—AHX-RPLA
monitored by HPLC-MS and left to react overnight at rt. 0 H

Product formation was confirmed by HPLC-MS and purified by semipreparative-HPLC using a BEH
column, elution system Ill and a gradient 0>40%B in 7 min. After the solvent removal, 16.2 mg of
product were obtained as a slightly yellow solid (0.024 mmol, 53% yield). Purity by HPLC-MS:
99.8%. MW_,ic(C37HssFN10010)= 838.92 g/mol, ESl;oung[M+H] = 839.45 g/mol.

Peptide AHX-RPLA, Product 40: The tetrapeptide was synthesized following the solid-phase
synthetic route detailed in section 3.3.1. The synthesis was performed with 2 g of 2-chlorotrytil
resin. Purification of both was performed by semipreparative-HPLC using a BEH column, elution
system lll and a gradient 0>40%B in 7 min. After the solvent removal by lyophilisation a white solid
was obtained and 165.2 mg of product 40 were obtained. Purity by HPLC-MS: 91.9%.
MW_aic(Co6HasNsOs)= 568.71 g/mol, ESliuna[M+H]'= 569.28 g/mol. The product was used for the
synthesis of product 39.

Benzyl 2-(((chloromethoxy)carbonyl)amino)acetate, Product 41: To a H ©

solution of Benzyl glycinate p-toluenesulfonate (200 mg, 0.59 mmol) CI\/O\H/N\)J\O/\Q
in anhydrous DCM (20 mL) TEA (124 uL, 0.88 mmol) was added, the ©

mixture was stirred and left to react at -20°C for 5 min. Then, chloromethylchloroformate (57.4 L,
0.64 mmol) was added and the solution was stirred 10 min. The product formation was confirmed
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by HPLC-MS. Once it was confirmed, H,0 (10 mL) was added to quench the reaction. Two phases
were separated and the organic phase was cleaned with a saturated NaCl solution and then
evaporated under vacuum. Finally, 114.2 mg of the chloro-derivate synthesized were obtained as
transparent oil (0.44 mmol, yield: 75.1%). Purity by HPLC-MS: 99.7%. Mw_,(C1:H,,CINO,)= 257.67
g/mol, ESl¢ung[M+H]"= 257.96 g/mol.

Tert-butyl 2-(((chloromethoxy)carbonyl)amino)acetate, Product 42: To a H ©
solution of Glycine tert-butyl ester hydrochloride (402 mg, 2.40 mmol) in Cl\/o\n/N\)koJ<
dry DCM (20 mL) TEA (498.73 L, 3.53 mmol) was added, the mixture was 0

stirred and it was left to react at -20°C for 5 min. Then, chloromethylchloroformate (231.57 uL, 2.58
mmol) was added and the solution was stirred during 10 min. Product formation was confirmed by
HPLC-MS after that period of time H,O (10 mL) was added to quench the reaction. Two phases
were separated and organic phase was cleaned with a saturated NaCl solution and then evaporated
under vacuum yielding 348.1 mg of Product 42 as a transparent oil (1.56 mmol, yield: 65.1%). Purity
by HPLC-MS: 94.8%. Mw.,(CsH14CINO,4)= 223.06 g/mol, ESloung[M+H]"= 223.86 g/mol.

Pentafluorophenyl 3-((((5-fluoro-2,4-dioxo-3,4-dihydropyrimidin- . 0
1(2H)-yl)methoxy)carbonyl)amino)propanoate,  Product  43: | /'\LH

Product 25 (281.7 mg, 0.97 mmol) was dissolved in 20 mL of DCM Nk 0 H N
and then pentafluorophenol (269.8 mg, 1.46 mmol), EDC (227.3 mg, O‘(r)I’N\/\g’O F
1.16 mmol) and DMAP (89.25 mg, 0.06 mmol) were added as a FF

solid. The reaction mixture was stirred at rt during 2 h. Product formation was confirmed by HPLC-
MS. The crude was washed with saturated NaCl (3 x20 mL) and secondly with saturated NaHCO; (3
x20 mL). The organic phase was evaporated under vacuum yielding 398mg of product 43 as a white
solid (yield=89.6). Purity by HPLC-MS: 97.0%. Mw,c(C1sHsFgN3Og)= 454.03 g/mol, ESliguna[M+H]"=
455.08 g/mol. The product was directly used for the formation of products 26-27.

SN-38-TBDPS, Product 44: To a suspension of SN-38 (1 g, 2.55 mmol)

in 50 mL of dry DCM, TEA (1.6 mL, 10.19 mmol) and Tert- >‘\Si
butylchlorophenylsilane (2.6 mL, 11.47 mmol) were added. The A
reaction mixture was heated to reflux overnight. Once the reaction
was finished, the crude was washed with 0.2N HCI (3 x 50 mL),
saturated NaHCO; (3 x 50 mL) and saturated NaCl (3 x 50 mL). The
organic phase was dried over MgSO,, filtered and evaporated under vacuum. The residue was

dissolved in DCM and product was precipitated by addition of hexane. The solid dissolved in DCM
was absorbed in SiO, and purified by flash-chromatography, eluent system (A) DCM and (B) EtOH
and a gradient 5>20%B in 15 min. Finally, 1.47 g of the product 44 was obtained as a yellow solid
(2.3 mmol, vyield 91%). Purity by HPLC-MS: 99.0%. Mw(C3sH3.N,0sSi)= 630.80 g/mol,
ESltounalM+H]*= 631.00 g/mol. *H-NMR (400 MHz, CDCl3) &: 7.72 (d, J=9.2Hz, 1H), 7.43 (m, 5H), 7.23
(m, 6H), 6.92 (s, 1H), 6.74 (d, J=2.Hz, 2H), 5.38 (d, J=12.4Hz, 1H), 4.94 (d, J=16.4Hz, 1H), 4.77 (s, 2H),
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3.46 (s, 1H), 2.3 (q, J=7.6Hz, 2H), 1.54 (m, 2H), 0.84 (s, 9H), 0.69 (t, J=7.2Hz, 3H), 0.59 (t, J=15.2Hz,
3H). *C-NMR (101 MHz, CDCl;) 6: 174.28, 157.99, 155.41, 150.56, 150.17, 147.60, 145.60, 144.08,
135.86, 132.51, 132.13, 130.69, 128.33, 128.13, 127.14, 126.25, 118.31, 110.37, 97.69, 73.13,
66.34, 49.70, 31.60, 26.96, 23.35, 20.04, 13.60, 8.13.

SN-38-TBDPS-BocGly, Product 45: To a solution of product 44
(SN-38 TBDPS) (1.47 g, 2.33 mmol) and Boc-Gly-OH (0.612 g, 350 >L

mmol) in dry DCM (36 mL) at 0°C were added EDC (0.670 g, 3.5 '
mmol) and DMAP (0.142 g, 1.16 mmol). The reaction mixture
was stirred at 0°C for 14h. Product formation and reaction
completion were confirmed by HPLC-MS. The crude was washed
with NaHCO; 0.5% (3 x20 mL), water (3 x20 mL), HCI 0.1N (3 x20

mL) and saturated NaCl (3 x20 mL) and finally the organic phase HN

was dried over MgSQ,, filtered and evaporated under vacuum. O%O%
1.45 g of product 45 was obtained as a yellow solid (1.848 mmol, 79% vyield). Purity by HPLC-MS:
100%. MW aic(CasHaoN30gSi)= 787.97 g/mol, ESliounalM+H-Boc]'= 688.31 g/mol. *H-NMR (400 MHz,
CDCl;) 6: 8.04 (d, J=12Hz, 1H), 7.75 (m, 4H), 7.43 (m, 7H), 7.15 (s, 1H), 7.08 (d, J=2.8Hz, 1H), 5.65 (d,
J=17.2Hz, 1H), 5.36 (d, J=17.2Hz, 1H), 5.10 (s, 2H), 4.10 (m, 2H), 2.64 (q, J=7.61Hz, 2H), 1.39 (s, 9H),
1.17 (s, 9H), 0.95 (t, J=7.2Hz, 3H), 0.89 (t, J=7.6Hz, 3H). *C-NMR (101 MHz, CDCl;) &: 169.65,
167.23, 157.59, 155.12, 149.69, 147.22, 145.69, 145.22, 143.97, 185.58, 132.14, 131.86, 130.15,
128.15, 129.91, 125.94, 119.26, 110.66, 95.59, 80.24, 67.15, 49.35, 42.46, 31.80, 28.33, 26.62,
22.80,19.47, 13.29, 7.62.

SN-38-Gly, Product 47: Product SN-38-TBDPS-GlyBoc 45 (100mg, 0.5
mmol) was dissolved in 200 pL of THF and tetrabutylammonium
fluoride solution (190 uL, 0.7 mmol) and 190 uL HCl 0.05 M were
added in order to remove the TBDPS protecting group. The reaction
mixture was stirred at 0°C on ice during 15 min. Then, the TBDPS 0

removal was confirmed by HPLC-MS. Crude compound was washed j/

with 5% HCI (3 x0.5 mL) solution in H,O to remove the excess of

tetrabutylammonium. The product obtained was SN-38-GlyBoc 46. Then, SN-38-GlyBoc 46 was
dissolved in 4 mL of a solution HClI 4 M in 1-4,dioxane and it was left to react during 2h. The Boc
removal was confirmed by HPLC-MS. 42.0 mg of product 47 was obtained as a yellow solid (0.093
mmol, 73.6% yield). Purity by HPLC-MS: 99%. Mw_,(C,4H23N306)= 449.46 g/mol, ESlung[M+H]"=
449.99 g/mol. theoretical Mw: 449.46 g/mol, Mw detected by HPLC-MS: 449.99 g/mol. *H-NMR
(400 MHz, DMSO-d6) &: 8.46 (s, 1H), 8.00 (d, J=8.8 Hz, 1H), 7.47 (m, 1H), 7.43 (m, 2H), 7.2 (s, 1H),
5.52 (s, 2H), 5.30 (d, J=4.8 Hz, 2H), 4.30 (m, 2H), 3.09 (d, J=6.8 Hz, 2H), 2.16 (m, 2H), 1.28 (t, J=7.6 Hz
3H), 0.94 (t, J=7.6 Hz, 3H).
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PGA-SN38, Product 48: To a PGA (100 mg, 0.77 o 1o 4
mmol) solution in dry DMF (8 mL) DIC (178.85 uL, -~~~y N N}H
1.15 mmol) was added and 5 min later HOBt

(156.04 mg, 1.15 mmol) was also added as a solid. oo O
After 10 min, product 46 (SN-38-Gly) (51.91 mg,

0.115 mmol) was also mixed. The pH was

controlled and adjusted with DIEA to pH=8. After

24 h, the same quantity of DIC was added again. The reaction was left to react during 36h at rt

under agitation. DMF was evaporated under vacuum and a white solid was obtained. Final
conjugate was purified by dialysis (3x5L 24 h) dissolving previously the crude in 4mL of a NaHCO;
0.1M (pH=7 adjusted with acetic acid) solution. Finally, the product was lyophilized and 12.5 mg of
a white foamy solid were obtained (yield=8%). TDL and FD were measured by UV-spectroscopy. TDL
was 10.2% and a FD< 0.1%.

PGA-5FU-SN38, Product 49:

The conjugation of products 5 and 47 in a same

. . . (0]
PGA carrier was performed in solution by two N o,
different synthetic procedures. In both cases, H'\N o ° N\’f:

product 5 was the first conjugated and secondly, o HM Z oH
product 47. The former strategy consisted in a /\/\HP‘\SN\ N N]‘H
one pot reaction whereas in the second case the

synthesis of PGA-5FU-SN38 was carried out in a Na
two step process. It was observed that the

second strategy allowed to control the ratio

between both drugs, since it was quantified in
between the TDL of 5-FU.

Below are detailed as an example the different strategies:
e PGA-5FU-SN38 - One pot strategy:
This experiment was performed with an estimated TDL of 5-FU and SN-38 of 10%.

To a solution of 100 mg of PGA-COOH in dry DMF (10 mL) DIC (27 uL, 0.17 mmol) was added and 5
min later HOBt (120 mg, 1.06 mmol) was also added as a solid. After 10 min, product 5 (7.45 mg,
0.022 mmol) was also mixed. The pH was controlled and adjusted with DIEA to pH=8. The reaction
was left to react during 24h at rt under agitation. After 24 h, the same quantity of DIC (27 uL, 0.17
mmol) was added and 5 min later HOBt (120 mg, 1.06 mmol) was also mixed. After 10 min, product
47 (14.8 mg, 0.03 mmol) was also mixed. The pH was controlled and adjusted with DIEA to pH=8
and left to react 24 h. Then DMF was evaporated under vacuum and a yellow solid was obtained.
Final conjugate was purified by dialysis (3x5L 24 h) dissolving previously the crude in 4mL of a
NaHCO; 0.1M (pH=7 adjusted with acetic acid) solution. Finally, the product PGA-5FU-SN38 was
lyophilized and 66.5 mg of a slightly yellow foamy solid was obtained (yield=70%). TDL and FD were
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measured for each single drug. So, by means of HPLC it was quantified a FD below 0.1% and a TDL
of 2.0% of 5-FU. The SN-38 quantification was performed by UV-spectroscopy with a TDL of 8.8%
and a FD < 0.1%. The mM ratio of 5-FU against SN-38 attached to the polymeric chain was: 0.71 (5-
FU:SN-38).

Table 3. 7 Summary of the synthesis of PGA-5FU-SN38 conjugate through the one pot strategy.

# Mass Synthetic TDL (5-FU)% TDL(SN-38)% )
. Ratio 5-FU:SN-38
Batch obtained (mg) methodology (mg/mg) (mg/mg)
#1 66.5 One-pot 2.0% 8.8% 0.71

e PGA-5FU-SN38 - Two step strategy:

Different syntheses (Table 3. 8) were performed with the aim to achieve different 5-FU:SN-38
ratios.

Table 3. 8 Summary of PGA-5FU-SN38 conjugates family (PGA-5FU-SN38-(A,B,C,D) synthesized following a two step process.

Mass TDL (5-FU)% TDL(SN-38)% .
# Batch . mM 5-FU mM SN-38 Ratio SN-38:5-FU
obtained (mg) (mg/mg) (mg/mg)
#A 140.1 3.05% 0.025% 10 0.03 1:300
#B 179.4 0.26% 0.02% 0.34 0.02 1:40
#C 123.5 3.27% 5.15% 42.3 2.20 1:20
#D 260 2.55% 0.025% 10 0.03 1:300

Below is detailed as an example the synthesis of a PGA-5FU-SN38 conjugate following the two step
strategy.

To a solution of PGA-5-FU 6 (75 mg, 0.51 mmol) in dry DMF (10 mL) DIC (76 pL, 0.48 mmol) and 5
min later HOBt (60 mg, 0.44 mmol) were added. After 10 min, product SN38-Gly 47 (83 ug, 1.8 10
mmol) was also mixed. The pH was controlled and adjusted with DIEA to pH=8. After 24h, the same
quantity of DIC was introduced and the reaction was left to react during 36h at rt. DMF was
evaporated under vacuum and a white solid was obtained and purified by dialysis (3 x5 L 24 h)
dissolving previously the crude in 2 mL of a NaHCO; 0.1M (pH=7 adjusted with acetic acid) solution.
After lyophilized 140.1 mg of the final conjugate PGA-5FU-SN38, as a white foamy solid, were
obtained. The SN-38 TDL and FD were measured by UV-spectroscopy and the TDL of 5-FU was
confirmed also by HPLC once SN-38 was conjugated. The TDL of SN-38 was 0.025% and 3.05% for
the 5-FU, the FD for both drugs was <0.1%. The mM ratio of 5-FU against SN-38 attached to the
polymeric chain was: 333.33 (5-FU:SN-38).
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3.9 Invitro validation techniques

Techniques and methods using cell cultures were conducted at FVPR (CIBBIM-Nanomedicine, VHIR) and were
analyzed by Helena Pla under the supervision of Dr. Ibane Abasolo.

Cell work was performed in a class Il biological safety cabinet, pre-sterilized by UV light and 70% v/v
ethanol in double distilled water spray. All material used was sterile (bought sterile from the
producer or autoclaved) and flushed with ethanol before putting it inside the cabinet.

In this work, two different human CRC cell lines were employed: HT-29.Fluc.C4 and HCT-
116.FlucC2.C9 to which Firefly Luciferase (Fluc) gene was introduced in order to allow their in vitro
monitoring by means of bioluminescense imaging.

Table 3. 9 CRC cells: description and origin.

CRC cell . L
. Origin Source Description
line
HCT-116 Homo sapiens, Colon Malignant cells isolated from a male with colonic
human tissue carcinoma
HT-29 Homo sapiens, Colon Malignant cells isolated from a primary tumor from a
human tissue female with a well-differentiated adenocarcinoma.

Below are described the conditions for the cell growth.

Table 3. 10 Summary of conditions used for the cell growth.

Cell line Medium Incubator Conditions
HT-29.Fluc.C4 RPMI, 10% FBS, antibiotic and .
] 37°C with 5% CO,
(ref. ATCC°HTB-38™) 2mM L-glutamine
HCT-116.Fluc2.C9 RPMI, 10% FBS, antibiotic and .
. 37°C with 5% CO,
(ref. ATCCeCLL-247™) 2mM L-glutamine

For cell passage a medium with antibiotic with 10% fetal bovine serum was used. To maintain the
expression of Fluc reporters by Luciferase, Neomycin was added to the HT-29 and HCT-116 plates
to a concentration of 500 pg/mL and 250 ug/mL, respectively.
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3.9.1 MTT methodology to evaluate the cell viability

The MTT assay is a method that allows
measuring cell viability, the proliferation
of the cells (cell culture assays) and also
determine and compare the cytotoxicity
of drugs alone or conjugated to
polymers. In the MTT procedure the
proliferation of living cells is measured
guantitatively via mitochondrial

MTT Formazan

@ mitochrondial NH
N~ N reducatse N~
NG N _N =N

Figure 3. 4 Mitochondrial reductase reduces MTT to purple formazan
dyes. This conversion is used to measure viable (living) cells.

dehydrogenase activity: viable mitochondria reduce 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl

tetrazolium bromide or MTT, generating MTT formazan crystals that are spectrophotometrically

measurable at 590 nm. The ICs, value is defined as the polymer-drug conjugate concentration at

which cell growth is inhibited by 50%. MTT assays were carried out by triplicate in three different

days, and in each experiment there were six wells per each treatment condition. Mean ICsy values

were used to compare the cytotoxicity (so to say, efficacy) of each PDC and the corresponding free

drug.

Figure 3. 5 Scheme of 96-well microtitre plate for an MTT assay. From left to right an increasing concentration of the product is tested.
Column C- corresponds to a negative control, settled without treatment and Column C+ corresponds to a positive control (100% death).
All the surrounding wells were filled with PBS, to avoid evaporation of cell media.

e Onday 0, cells were seeded into sterile, flat-bottomed, 96-well plates (90 pL/well, seeding

densities of 1-10°) using complete medium without antibiotic. It was performed using a
multi-channel pipette, and cells were allowed to settle for 24 h in the incubator at 37°C and
5% CO,. 96-well plates were filled adding to the external well rows 200 ul of PBS to prevent
surrounding wells from dehydrating (Figure 3. 5).

On day 1, 24 h later, 8 different concentrations of the test product were prepared (Table 3.
11 ). 10 uL of each prepared solution were added to each well of the plates, starting the
lower concentration on the first column (Figure 3. 5). 10 pL of medium without antibiotic
were added to column C-, that corresponds to the cells without treatment (negative
control) and 10 uL of DMSO were added to column C+ wells, that corresponds to 100%
death (positive control).
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Table 3. 11 Summary of the concentration range studied for each polymer-drug conjugate.

Test product Concentration range studied
PGA-5-FU 1.5-200 uM (eq 5-FU)
PGA-MMPpept-5FU 1.5-200 uM (eq 5-FU)
PGA-SN38 1-10°-1.4 uM (eq SN-38)
PGA-5FU-SN38 0-300 UM (eq 5-FU) and 0-1 uM (eq SN-38)

e On day 4, 72 h after the addition of the treatment, 96-well plates were checked for cell
confluence. Then, 10 uL MTT of a 5 mg/mL solution in PBS was added to each well of the
plate and cells incubated for 4 h. After this period of time, medium was removed using a
multi-channel pipette avoiding contact with the bottom of the well and 180 uL of DMSO
was added to each well to dissolve the formazan crystals. The optical density of the
solution was determined spectrophotometrically at 590 nm using a microtitre plate reader.

e Once absorbance at 590 nm was measured for treated and untreated cells, following the
equation [1], cell viability expressed in% for each concentration was calculated. Cell
viability is usually expressed as a percentage of the viable cells and as mean * standard
error of the mean (SEM).

Cell Viability (%) = (Abs590x x100) / Abs590Control Equation [1]

Where, Abs590x is the absorbance measured for the compound at a polymer-drug concentration x and
Abs590Control is the absorbance measured for control cells.

Finally, results were represented using the GraphPad Prism 6 Software in a dosage-response
graphic (cell viability vs. concentration) and 1Cs5, values were also calculated using the same
software.

3.9.2 Cell internalization

3.9.2.1 Confocal fluorescence microscopy

Cell internalization of nanoconjugates labeled with CF (excitation and emission wavelengths
492/517 nm, respectively) was studied by confocal fluorescence microscopy to evaluate lysosomal
co-localization and therefore establish if nanoparticle internalization followed the endocytic
pathway. Different times were studied to evaluate the internalization of PGA-5-FU conjugate
labeled with CF: 5 min, 30 min, 1 h and overnight. These experiments were performed in HCT-
116.Fluc2.C9 and HT-29.Fluc.C4 cell lines.
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On day 0, cells were seeded at a density of 5x10* cell/well, on 24-well plates with RPMI
medium and allowed to seed for 24 -36 h.

On day 1, PGA-5-FU-CF product [8] was added (100 uM eq 5-FU). Experiments were
performed after 5 min, 30 min, 1 h and overnight incubations at 37°C. Then medium was
removed, and cells washed twice with PBS. Lysotracker Red (5 M) was added after that
and incubated 30 min at 37 °C. Then cells were washed twice with PBS and
paraformaldehyde (4%) was added to fix cells. Incubation was done 20 min at 4 °C and then
cells washed twice with PBS. Cells were fixed with DAPI in a glass and visualized in the

confocal microscope FV1000, Olympus.

3.9.2.2 Flow cytometry

Cellular uptake was studied by the flow cytometry technique, a technology that can simultaneously

measure and analyze the relative fluorescence intensity of cells as they flow in a fluid stream

through out a light beam.

Different times were studied to evaluate the internalization of PGA-5-FU conjugate labeled with CF:
2,5, 10, 20, 40, 60, 120 min and overnight.

On day O cells were seeded (density of 7x10* cell/well) into a 24 well-plate using RPMI
medium. They were allowed to settle for 24 to 36 h in an incubator at 37 °C and 5% CO.,.

On day 1, for the overnight measure, medium was removed and cells were treated with
250 uL of PGA-5-FU-CF product [8] (0.25 mg/ml in PBS) and left at the incubator at 37°C
and 5% CO2.

On day 2, the product was added at specific times (120, 60, 40, 20, 10, 5 and 2 min before
the end point) after removing the medium. End point cells were washed twice with cold
PBS, trypsinized and analyzed by flow cytometry.

Absorption and emission wavelengths were set at 490 and 520 nm in the Facscalibur Becton

Dickinson Cytometer, and results analyzed by FCSExpress software. Average internalized cells was

measured at each time and represented as the average of positive cells vs. time.
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3.10 In vivo studies

All experiments carried out with animals were performed by personal of FVPR (CIBBIM-
Nanomedicine, VHIR) under the supervision of Dr. Yolanda Fernandez. Animal experiments were
performed following the protocols approved by the Animal Experimentation Ethical Committee of
Vall d’Hebron.

3.10.1 Tumor-accumulation and whole-body biodistribution of PGA-5FU-AF750

Tumor-accumulation and whole-body biodistribution of product [7] was measured by means of in
vivo and ex vivo fluorescence imaging (FLI) using the IVIS® Spectrum equipment. It is necessary to
mention that the in vivo and ex vivo FLI results were confirmed by quantification of the therapeutic
drug in the same organs by HPLC after homogenization (section 3.7).

Animals used in these experiments were 6-8 week-old athymic nude female mice (Hsd:Athymic
Nude-Foxn1, Harlan). Two different biodistributions of PGA-5FU-AF750 were performed. In the first
one (BD1), firefly luciferase expressing HCT-116.Fluc2-C9 human colorectal cancer cell line was
used, whereas in the second experiment (BD2), firefly luciferase expressing HT-29.Fluc-C4 human
colorectal cell line was used.

Mice received subcutaneous (s.c.) tumor cell injection (2 x 10° cells/100 uL PBS) into the rear right
flank. Body weight and tumor were measured twice a week by caliper measurements, and the
tumor volume was calculated according to the formula Dxd?/2. Once the tumors reach a defined
volume (133-158 mm?), mice were randomized accordingly to their tumor volume.

Mice were separated in 5 different groups: GO, Gla, G1b, G2a and G2b. GO correspond to the non-
treated group, Gla and G1b correspond to the 5-FU treated groups and G2a and G2b to the PGA-
5FU-AF750 treated groups. Two mice without tumor were included in groups Gla, G1b, G2a and
G2b. For the BD2 an additional group was added for the AF750 evaluation containing 1 animal
without tumor.

Thereafter, mice were treated with test substances by intravenous administration (i.v.) in a single
dose. At the specified times post-administration, tumor, plasma, liver, spleen, kidneys, lung, heart,
brain, muscle and kin were collected and frozen for 5-FU quantification by HPLC. Furthermore, in
the group of animals treated with fluorescent labeled compound, tumor-accumulation and whole-
body biodistribution were measured non-invasively by FLI from ventral, lateral and dorsal views.
The fluorescence signal was quantified in radiant efficiency units. In addition, at different end-time
points, tumor- and tissue-accumulations of compound were determined by ex vivo FLI.

The in vivo FLI time-points for the BD1.HCT-116 experiment were 1, 4, 9, 24 and 48 h post-
administration, and 4, 8 and 24 h post-administration for the BD2.HT-29 experiment. Experimental
groups, administered doses, end points of the experiment and ex vivo FLI time points for each
group are summarized in Table 3.12 of 5-FU, PGA-5-FU and AF750 for both biodistribution
experiments.
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Table 3. 12 Summary of the two biodistribution experiments performed with product [7].

Experiment Group Treatment (unique dose) n (animals) End point
GO Non-treated 4 4and 48 h
Gla 5-FU (50 mg/kg) 8 4h
BD1. HCT-116 G1b 5-FU (50 mg/kg) 8 48 h
G2a PGA-5FU-AF750 (50 mg/kg) 8 4h
G2b PGA-5FU-AF750 (50 mg/kg) 8 48 h
GO Non-treated 4 4and 48 h
Gla 5-FU (50 mg/kg) 8 4h
G1b 5-FU (50 mg/kg) 8 24 h
BD2. HT-29
G2a PGA-5FU-AF750 (50 - 25 mg/kg) 8 4h
G2b PGA-5FU-AF750 (25 mg/kg) 8 24 h
G4 AF750 (0.3 - 0.15 mg/kg) 4 24 h

3.10.2 Tumor growth inhibition of PGA-5-FU

The tumor growth inhibition of HCT-116.Fluc2-C9 colorectal cells induced by 5-FU or PGA-5-FU [6]
was followed by measuring the tumor volume using a caliper.

Animals used in these experiments were 6-8 week-old athymic nude female mice (HSd:Athymic
Nude-Foxn1, Harlan). Mice received subcutaneous (s.c.) tumor cell injection of HCT-116.Fluc2-C9
cells (2 x 10° cells/100 UL PBS) into the rear right flank.

Body weight and tumor volume were measured twice a week by caliper means, and tumor volume
calculated according to the formula Dxd?/2. Once tumors reach a defined volume (132 mm?,
median), mice were randomized accordingly.

Mice were separated in 3 different groups (10 animals/group): G1, G2 and G3. G1 corresponds to
the control group, injected with the vehicle (PBS); G2 group were treated with 5-FU and G3 group
were treated with PGA-5-FU.

The treatment consisted in i.v. administration during 40 days, twice a week (binary representation;
1001000).

Body weight change over time (measures twice per week) was recorded to evaluate toxicity
associated to the product. At the end of the experiment, ex vivo tumor volume was also measured
to study inhibition of the tumor growth.
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4.Results

As mentioned before, the main objective of this thesis is the design of a set of new polymer-drug
conjugates to improve the efficacy of the actual treatment for mCRC disease.

Since the difference between different PDC is found on the type of linkers used in the tripartite
structure as well as in the number of drugs conjugated to the polymeric carrier, the results
obtained during this work have been structured according the characteristics of the different
nanoconjugates.

For this reason, the results are presented individually for each type of PDC, and as for the
objectives, and therefore, discussion and conclusions for each PDC type are shown separately.
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4.1 Polymer-drug conjugates based on

Poly-(L-glutamic acid) and 5-Fluorouracil

Even though 5-FU is used as first-line treatment in CRC since 50 years ago, its use has several
drawbacks. One of the most relevant is related with its short plasma half-life (10 -20 min), thus
requiring the administration of high doses to reach efficacy. On the other hand, 5-FU sensitivity has
been associated to genetic alteration that upregulate DPD and TS levels. Gene amplification of TS
has been observed in cell lines resistant to 5-FU treatment’. In addition, its non-specific
distribution in tumor and healthy tissues is responsible for toxic side effects on bone marrow
(myelosupression) and the gastrointestinal tract, stomatitis, toxicity in the intestinal mucosa and
severe brain neurotoxicity reaction®. As mentioned in the Introduction of this thesis, polymer-drug
conjugates are a great alternative for delivering anticancer drugs to tumor sites. It has been
demonstrated that PDC enhance the accumulation of the novel macromolecular systems in the
damage tissue thanks to the EPR effect. This prompts the accumulation of drugs in cancerous
tissues, reducing side-effects. For this reason, this promising systems are a good alternative to the
actual cytotoxic treatment for mCRC based on 5-FU as a single agent.

Besides the innovation on 5-FU selectivity introduced with the 5-FU prodrugs generally for oral
administration, 5-FU has been conjugated or entrapped in different nanocarriers in order to
achieve a selective drug release while at the same time increasing its therapeutic activity. 5-FU
entrapped in liposome carriers” can be an alternative to the 5-FU injected as a single agent in

100

terms of reducing its non-specific biodistribution™". Another example of 5-FU encapsulation are

101 that show colon-

Eudragit-coated microspheres containing the cytotoxic drug for colon targeting
specific delivery of 5-FU once administered orally. Also, pH dependent hydrogels for targeted
delivery of 5-FU in CRC cells have been published in the literature, in which a release of 5-FU by

diffusion, produce cellular apoptosis in HCT-116 and HT-29 CRC cell lines'®.

Concerning the conjugation of 5-FU through a covalent linkage to the nanocarrier different
polymers have been reported. A pectin conjugate (polysaccharide natural polymer) containing 5-FU

covalently linked (5-FU-pectin)'®

showed the reduction of systemic absorption and effectively
delivery of 5-FU in the colon as well as its accumulation in the tumor. 5-FU-Chitosan
nanoparticles'® for the treatment of liver cancer provided a sustained release in the liver. Effective
drug exposure time against hepatic cancer cells was increased in comparison with the observed in
5-FU in vivo. PDC of poly(o-malyc acid) and 5-FU also showed increased survival rates and
decreased in vivo toxicity in mice'®. 5-FU has been also linked to dendrimers through covalent
bonds or ionic interactions'®®*’. As another example, the conjugation of 5-FU to macromolecules
of PEG and dextran are described. This conjugate causes an increase in the concentration of 5-FU in

colon tissues in comparison to the administration of 5-FU alone'®. It also
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has been reported the conjugation to the biodegradable poly(D,L-lactic-co-glycolic acid) (PLGA)
polymer'® containing a Translocatorprotein (TSPO) ligand and 5-FU for a selective targeting in CRC
cells overexpressing TSPO, showing an enhanced toxicity against human cancer cells due to the
synergistic effect of the TSPO ligand and 5-FU. A further example on 5-FU conjugation to polymer is
the HPMA-5-FU system containing the GPLG linker'™®
demonstrated that the treatment with the HPMA-5-FU conjugate displayed stronger tumor growth

. In this study the therapeutic evaluation

inhibition in comparison to 5-FU alone. Even though it is a promising carrier for improving the
therapeutic activity of 5-FU, it is worth mentioning that HPMA is not a biodegradable polymer.

In all these examples, 5-FU linked to a polymeric carrier showed improvements on the stability,
specificity and toxicity against tumor cells in comparison to the 5-FU administered as a single agent.

Thereby, in the present section it is studied the conjugation of the chemotherapeutic agent 5-FU to
a biodegradable polymeric chain of PGA through a covalent linkage. Since it is true that several
administration cycles of the new polymer-drug conjugate will be necessary for the
chemotherapeutic treatment of mCRC, biodegradable polymers has become the alternative to
those (e.g. HPMA or PEG) that can accumulate in the body once administered when its Mw is high
and renal elimination cannot be guaranteed.

The selection of the appropriate linkage between the drug and the carrier was based on the
previous research done in the UQC group by M. Melgarejo. The kinetic release of 5-FU covalently
linked to PEG-based dendrimers (with different linkages) was evaluated and it was found that
carbamate bond was too stable and did not allow sustained release of 5-FU. On the other hand, the
ester bond in first-generation PEG dendrimers showed high lability in plasma but higher stability in
acid conditions.

With all this information in hands, and knowing that polymer randomly coiled at pK< 5 (i.e, within
tumors), in this section we proposed the evaluation of the 5-FU conjugation to PGA through an
ester bond. We consider that the conformation of the macromolecular polymer-drug conjugate
would protect the ester linkage thus avoiding unspecific release during transport to the target
tumor site. In addition, taking profit also of the EPR effect, we expected that our new polymer-drug
conjugate would accumulate in the tumor, ensuring that most drug release would happen there.

4.1.1 Synthesis optimization of PGA-5-FU conjugates
4.1.1.1Synthesis of PGA-5-FU conjugate

4.1.1.1.1 5-FU derivatization

Since 2008, several studies carried out by Lorena Simdn, Daniel Pulido and Marta Melgarejo at the
uQcC group have been focused on the conjugation of 5-FU to PEG-based dendrimers™’. The
knowledge gained in this field has been very useful for this thesis, specifically regarding the
chemical modification of 5-FU for its conjugation to the PGA carrier.
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Results — PGA-5-FU

Derivatization of 5-FU for the synthesis of prodrugs normally
takes places through the reactive nitrogens of the uracil cycle o

(N1 and N3, Figure 4. 1). The literature describes several F\kay
substituents that can be introduced into N1 and N3 position NT YO

of 5-FU, but it has been reported that N1 is much more H

reactive than N3'****™* which makes synthesis much easier. Figure 4. 1 Chemical structure of 5-FU.

Table 4. 1 summarizes the different substituent’s that can be linked to 5-FU, classified according to

115

their antitumor activity, toxicity and relative stability"”. Among all subtituents, 5-FU is the most

active, but also the more toxic and less stable.

Table 4. 1 Types of 5-FU prodrug and its antitumoral activity, toxicity and stability.(adapted from Ozaki et al)™*.

F Antitumor
| NH Toxicity | Stability
/&O activity

(a)H A A
(b) COCOR

(c) COR

(d) COOR

(e) CONHR

(f) CONR2

(g) C(O)SR

(h) SO2R
()CH20R

(j) CH2SR

(k) CH2SOR

(1) CH2S02R
(m) CH2COR
(n) CH2COOR
(0) CH2NHCOR
(p) CH2CH2R

The most common prodrugs of 5-FU using the N1 position are the N-alkylcarbonyl-5-FU compounds
(Table 4. 1 (b and c), Figure 4. 2

(b)). They have very similar o o) o]

. F
properties to 5-FU because they | /I\E F | NH | NH
undergo a rapid decomposition Nk o] N/&o N/&O
once administered orally due to the @) R (b) O)\R (© ko R
acidic conditions of the o)
stomach™®*. These compounds Figure 4. 2 Structure of the N-alkyl-5-FU (a), N- alkylcarbonyl-5-FU (b) and (c)

. N-alkylcarboxymethyl-5-FU derivatives.
show a high release of 5-FU but alylearboxymetny erivatives

also low stability in the presence of water or protic solvents. On the other end of the table, we
found compounds that show lower anticancer activity but higher stability. Since they do not
decompose to give the 5-FU, these compounds, such the alkyl derivatives N-alkyl-5-FU (Table 4. 1
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entries p, o, n, m, |, k and j; Figure 4. 2 (a))"*#***!12 3re inactive and non-toxic. In order to achieve a
better release, N-alkylcarboxymethyl-5-FU prodrugs were studied (Figure 4. 2 (c)). It has been
reported for acetyl and butyryloxymethyl-5-FU derivatives that plasma half life increases at pH
7.4 and they are also reasonably stable compounds in protic solvents. This is due to the
introduction of an oxygen atom that makes the N-C bond more labile in respect to the N-alkyl-5-FU

120,121,122

derivatives . For this reason the N-alkylcarboxymethyl-5-FU derivatives are considered a

good alternative for the synthesis of 5-FU pro-drugs.

The hydrolysis steps of N3-alkylcarboxymethyl-5-FU derivatives are shown in Figure 4. 3. The first
step consists on the hydrolysis of the ester bond by a mechanism of addition-elimination and the
second step is the loss of formaldehyde from the N-hydroxymethyl-5-FU intermediate to rend 5-FU

rapidly. The estimated half-life of the N-hydroxymethyl-5-FU intermediate is 0.4 s,

0
F
NH NH NH
| a . b,
N/&O N[go H/go
T >

Figure 4. 3 Mechanism of 5-FU release from N3-alkylcarboxymethyl-5-FU derivatives.
(a) Addition-elimination reaction (b) Rapid elimination of formaldehyde.

A previous work performed by L. Simén in the UQC group studied the N3-alkylcarboxymethyl-5-FU
derivatization of 5-FU. In detail, the conjugation of 5-FU to a PEG-based dendrimer an ester bond in
the N3 position was studied. Although N3-alkylcarboxymethyl-5-FU prodrugs are more difficult to
synthesize and require a much more elaborate synthetic strategy’**, they are chemically more
stable (3.75 times) but more enzimatically labile (5 times) than the prodrug of N1-
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alkylcarboxymethyl-5-FU"~". The reason behind the high stability of N3 derivatives relays in the
number of oxygen atoms with negative charge distributed in the uracil ring in the ionized form,

which is close to the point of the nucleophilic attack on the ester (e.g. hydroxyl attack).

H
o o ° OuN,
R A~ H HN O_N
\ﬁ:’rioo N*\-\ O-/_/ w jc\)J\F
H o ~
has 0t/ °
- OH "
HN\EO OOTN
goONNN
N N
‘/‘O/‘/‘ r HO( \-\—O
0 —
b M /‘/‘O/‘/ 0'\0\/\.H o OYH
N "o NH N o N

Figure 4. 4 Chemical structure of the dendrimers studied by L.Simén with N3-alkylcarboxymethyl-5-FU substitution™".

In order to achieve the N3-alkylcarboxymethyl-5FU, it was necessary to protect the more reactive
N1 position prior to the 5-FU conjugation to the dendrimer. Therefore, L. Simdn proposed a succinic
acid molecule as a spacer between the drug and the carrier to ensure the generation of an ester
bond. Although the substitution on N3 position was achieved, decomposition of the 5-FU modified
molecule (Figure 4. 4) prevented further use of the molecule. Additional research, by M. Melgarejo
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and D. Pulido revealed that the decomposition problems could be avoided using a longer spacer
(adipic acid) and that it was not possible to obtain the N3 derivative.

With all the knowledge gained, the conjugation of 5-FU to PGA was proposed, in this thesis,
through the carboxylic groups of the monomer units of glutamic acid. This conjugation was done
through an amide bond because this linkage ensures the stability of the final conjugate. But, as
mentioned, the ester bond was selected for the 5-FU associated release. This ester bond was
introduced in an initial 5-FU derivatization prior to its conjugation to PGA. For this reason the
strategy of 5-FU modification proposed consisted on a multi step reaction (Figure 4. 5).

First, the derivatization of 5-FU through the N1 position incorporating an adipic acid molecule lead
the ester bond required. It was achieved in a two step process; first 5-FU was mixed with a
formaldehyde solution to obtain the 5-FU derivative [1] during 1 h at 55°C. This product is very
unstable so, it was necessary to complete the procedure fastly. Once the product was dried, it was
mixed with adipic acid in the presence of DCC (3 eq) and DMAP (0.5 eq) in anhydrous DMF and the
reaction was left at rt overnight. The crude of this reaction was dirty and the yield was relatively
low (33%). Different purification methods were evaluated in order to improve this result. The
product was purified by semipreparative-HPLC, manual SPE using an OASIS (C18) column and by
flash chromatography in a SiO, column. The best results were achieved with the first option, by
means of semipreparative-HPLC. The product 5-FU-adipic [2] was finally obtained in a high purity
(98.1%)(Figure 4. 6).
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Figure 4. 5 Synthesis scheme of product [5]. Conditions: a) HCOOH 37% (6 eq), 1 h, 55°C; b) Adipic acid, DCC (3eq), DMAP(0.5 eq), DMF,

overnight, rt; c) 5-F-pheno (1.5 eq), EDC (1.5 eq), DMAP (0.5 eq), DCM, 3 h, rt; d) N-Boc-ethylenamino (1.1 eq), pH=7, DMF, overnight, rt;
e) TFA/DCM (1:3), 1 h, rt.
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Figure 4. 6 HPLC-MS chromatograms of product [2] crude (left) and product [2] purified (right).
Once the purification of 5-FU derivative was carried out, the next step consisted on the
modification of product [2] by adding a N-Boc-ethylenediamine to obtain the 5-FU derivative [4]. To
achieve this product, the strategy consisted on the activation of the carboxylic group of the 5-FU
derivative [2] as pentafluorophenol ester. Product [3] was obtained in a reaction of product [2] in
the presence of EDC and DMAP in DCM during 3 h at rt. The product was purified by a simple
extraction process.
The coming next step consisted on the reaction of the 5-FU derivative [3] and N-Boc-
ethylenediamine to obtain product [4]. Ethylenediamine was chosen with one amino group
protected with the Boc group in order to avoid the formation of by-products. It is necessary to
mention that the amine has a pH of 11, so prior to its addition the pH was adjusted to pH=6 using
acetic acid to avoid the ester hydrolysis of product [3] once added. Purification was carried out in a
very reproductive and easy flash-chromatography process in a SiO2 column obtaining high yields
(90%) and also a pure product (99.3%).
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Figure 4. 7 HPLC-MS chromatograms of product [4] crude (left) and product [4] purified (right).



Results — PGA-5-FU

For the final conjugation of the 5-FU derivative [4] to the PGA polymeric chain it was necessary to
eliminate the Boc group (Figure 4. 8), thus, the amide bond between the 7y-carboxylic units of
glutamic acid and the 5-FU derivative [5] could occur.
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Figure 4. 8 HPLC-MS chromatogram of product [5].

4.1.1.1.2 Conjugation of the 5-FU derivatized to PGA

Once 5-FU was modified through the N1 position leading an ester bond derivative and a free amino
group, product [5] was conjugated to PGA.

PGA was purchased as poly-L-glutamic acid sodium salt form (PGA-COONa). To carry out the
conjugation of product [5] to the carboxylic groups of the polymeric chain it was necessary to
convert the PGA-COONa to its acidic form (PGA-COOH). Two strategies were followed: the use of a
H* exchange resin (Amberlite®)'*> or the precipitation of PGA-COOH through the acidification of a
PGA-COONa solution with HCl 1 M. In this later case, the product precipitated at pH below 5. The
second strategy was selected since it was simpler and faster.

Several syntheses were carried out in order to optimize the experimental conditions. Throughout
the optimization process, high Total Drug Loading (TDL) and low Free Drug (FD) values were aimed.
The TDL corresponds to the average of drug that is conjugated to the polymeric carrier through a
covalent bond. The FD corresponds to the average of drug that is entrapped in the structure due to
the random coiled conformation of the polymer, without any chemical conjugation and should be
ideally below 2%. TDL and FD were measured by means of RP-HPLC using an UV detector set at 254
nm, before and after the hydrolysis of PGA-5-FU (0.1 mg/mL solution in H,0) with NaOH 1 M which
released all the 5-FU covalently bound to the polymer (Figure 4. 9).
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Figure 4. 9 Example of the chromatograms obtained before and after the hydrolysis of the ester bond in the PGA-5-FU conjugate. The red
trace corresponds to the non-hydrolyzed conjugate. The green trace corresponds to the chromatogram of the hydrolyzed PGA-5-FU were
the 5-FU is released. The area of TDL corresponds to the difference between the areas of FD+TDL and FD peaks. Both, TDL and FD are
expressed in a mass average or a molar average. The higher TDL is, the lower doses of PDC will be administered, so, this value was really

relevant through the optimization process.

Table 4. 2 summarizes the different synthetic batches performed with the final TDL, yield and the

amount obtained.

Table 4. 2 Summary of the different reactions performed to set up the methodology for the synthesis of PGA-
5-FU. All the experiments were performed with the objective to obtain conjugated with an estimated 5-FU

TDL of 15%.
ket TDL% Mass obtained Yields
(mg/mg) (mg)

#1 1.6 28.5 27%
#2 7.63 225 27%
#3 10.2 32 22%
#4 3.29 168 25%
#5 7.23 102.1 40%
#6 11.89 103.6 48%
#7 9.06 40.5 37%
#8 12.82 246.9 28%
#9 9.18 250 35%
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Results — PGA-5-FU

The first coupling conditions (batch #1 in Table 4.2) evaluated consisted in 1.5 eq of DIC and a
catalytic amount of DMAP in DMF, yielding a very low TDL (1.6%). In batch #2, the coupling
reagents used were 1.5 eq of DIC and 1.5 eq of HOBt, in DMF adjusting the final pH at 8 with DIEA.
With these conditions, TDL (7.63%) was greatly improved (Figure 4.10).
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Figure 4.10 Synthesis scheme of PGA-5-FU [6]. Conditions: a) DIC (1.5 eq) 5min; b) HOBt (1.5 eq), 10 min;
¢)product [5] (1 eq), 36 h (24 h readdition DIC (1.5 eq)), rt.

The established procedure consisted on the precipitation of PGA-COOH aqueous solution using a
solution of HCl 1 M following a centrifugation process (3500 rpm, 10 min) because it was necessary
to eliminate the aqueous phase for the coupling of 5-FU derivative [5] in anhydrous DMF. The dry
pellet was lyophilized and then PGA-COOH was dissolved in DMF. Once a clear solution was
obtained, 1.5 eq of DIC were added and once mixed, 1.5 eq of HOBt were added 5 min later. The
mixture was left to react for 10 min, and then product [5] was added to the reaction vessel. The pH
was carefully adjusted to 8 with DIEA to avoid the hydrolysis of the ester bond in product [5]. It was
left to react under agitation during 36 h, and at 24 h 1.5 eq of DIC were added. Finally, the crude
was dried under vacuum and dissolved in a NaHCO; (0.1 M adjusted to pH 7 with HCl 1 M). In this
step, the exchange of H" and Na* lead again the PGA sodium salt form for those monomers where
the 5-FU derivative [5] was not attached. Once the product was dissolved, it was purified by means
of dialysis against distilled water for 24 h, followed by lyophilization and further characterization of
TDL and FD by HPLC. This strategy ensures the stability of the ester bond during the synthesis of the
PGA-5-FU conjugate and yields pure PGA-5-FU conjugates.

Batches #1 to #3 were performed with a PGA sodium salt (Mw between 15 and 50 kDa) purchased
from Sigma-Aldrich. Even though batches #2 and #3 showed a higher TDL, very low yields were
obtained. These results could be related with the high polydispersity index (PI) of Sigma’s polymer.
A SEC-MALS-IR analysis of this polymer (section 4.1.2.3), revealed an average Mw of 70.9 kDa (far
from the theoretical 15 — 50 kDa range) and a Pl of 3.43. To solve this problem, a PGA sodium salt
(Mw of 15 kDa) was purchased to Polypeptide Solutions S.L. (PPS), since they guaranteed a PI
around 1.1. This is very important factor in order to achieve higher and reproductive TDL result,
higher yields in the reactions and also permits working in a large scale. On batch #4 the coupling
conditions were DIC/HOBt and the PGA used was from PPS. Although the TDL of this batch was
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lower than 5%, the crude was more soluble, fact that facilitated the purification of product [6].
Batch #5 showed higher a TDL (7.23%) and also higher yields (40%). Batches #8 and #9 were
performed in a large scale with 800 mg of PGA-COOH as starting product to evaluate the
reproducibility of the established conditions. TDL higher than 10% were achieved, low yields were
obtained (28 and 35% respectively).

Different batches of a higher amount of starting product were synthesized and pooled in order to
achieve the necessary quantity of 5-FU eq drug in PGA-5-FU conjugate to perform all physico-
chemical characterization and the in vitro and in vivo biodistribution and efficacy studies with a
unique “single batch”.

Table 4. 3Table 4.3 summarizes all batches (#batch) that were pooled and analyzed as a single final
batch in terms of TDL, FD and further physic-chemical characterizations and in vitro and in vivo
assays. Prior to the final mixture, the TDL, FD and cytotoxicity of each batch was evaluated (section

). As shown in the table, higher yields were achieved when working in a big large scale, and TDL
around 10% were obtained in most of the reactions. The final batch used for the characterization
and in vitro and in vivo validation, corresponds to the PGA-5-FU pool [6] and has a TDL of 7.66%
and a FD <0.1%.

Table 4. 3 Summary of all PGA-5-FU batches pooled for the obtainment of PGA-5-FU-pool. *PGA-5-FU pool [6]
corresponds to the final product used to perform all the in vitro and in vivo validation experiments.

Mass obtained

# Batch TDL% (mg/mg) Yield%
(mg)
#8 12.82% 246.9 28%
#9 9.18% 250 35%
#10 10.2% 1203 61%
#11 9.51% 245 55%
#12 5.04% 175 66%
#13 1.92% 153.8 20%
#14 6.27% 509.2 42%
#15 5.68% 808.9 58%
#16 8.70% 586.2 68%
PGA-5-FU pool [6]* 7.66% 4175 -
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Results — PGA-5-FU

4.1.1.2 Synthesis of an AF750 labeled PGA-5-FU conjugate

Fluorescent based techniques applied to the diagnosis and detection of diseases or monitorization
of certain treatments in vivo has become a powerful tool for researchers and clinicians. Labeling
the compound with a fluorophore through a stable bond is mandatory to ensure the localization of
the studied product through imaging techniques. With the aim to study whole body biodistribution
and tumor accumulation of the PGA-5-FU conjugate in vivo, product [6] was labeled with a
fluorophore dye.

For in vivo imaging a fluorophore sensitive to the near infrared is required in order to avoid
interferences produced by autofluorescence from tissues. Accordingly, AlexaFluor750®(AF750) was
chosen as labeling fluorophore for in vivo experiments. Its emission and excitation spectra (Figure
4.11) are in the range of UV until the infrared wavelength. AF750 compounds are considered more
photostables, bright and less sensitive to pH than other fluorophores with similar emission and
excitation wavelengths.
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Figure 4. 11 Emission and excitation spectra of AF750. Ag=749 nm (blue) and Agm= 775 nm (red).

AF750 was purchased from Life Technologies™, in the form of succinimidyl ester. We approached
the labeling through the N-terminal free amino group position of the PGA chain. Because a very low
amount of dye has to be conjugated in comparison to 5-FU (only 0.1% of the TDL of 5-FU), we
expected that this minority free amino groups in the PGA chains should be enough to reach the
necessary amount of AF750 required. In addition, as AF750 has an expensive price and a high Mw
(~1300 g/mol), it was preferable to conjugate it directly, thus, avoiding the chemical modification to
make it reactive with the free carboxylic groups of the PGA chain and also reducing its cost.

Therefore, the linkage of the AF750 dye and the PGA-5-FU-pool [6] was made through an amide
bond that also offers the advantage of a higher stability, thus limiting the unspecific release of the
dye once administered to the animal.
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Figure 4. 12 Synthesis scheme of PGA-5FU-AF750 [7]. Conditions: a) AF750 (0.06% (w/w) of 5-FU TDL in product [6]), DMF, ovn, rt, light
protected.

Table 4. 4 Summary of the different reactions performed for the synthesis of PGA-5FU-AF750. BD stands for biodistribution.

Mass obtained AF750

# Batch Product code In vivo experiment
(mg) g
#1 PGA-5FU-AF750-1 410.88 206.6 BD1in HCT-116
#2 PGA-5FU-AF750-2 426.0 150 BD2 in HT-29

Table 4. 4 summarize the two different syntheses of PGA-5FU-AF750 performed. Each synthetic
product was used for a different biodistribution in vivo experiment (section 4.1.6.1). Both syntheses
were performed following the same methodology and using as a starting product PGA-5-FU-pool
[6]. PGA-5-FU-pool [6] was dissolved in DMF and AF750 (0.06% (w/w) of 5-FU) was added. The
reaction vessel was protected from light and it was left to react overnight under agitation. Then,
DMF was removed under vacuum and the crude was dissolved in 1 mL of water to purify it.
Purification was performed by SEC using a PD10 column in water. Fractions of 1 mL were collected
and then lyophilized, always light-protected. Then the unreacted AF750 was discarded and the
amount of dye conjugated to PGA-5FU-AF750 [7] was quantified.

In order to quantify the amount of AF750 conjugated different techniques were evaluated. The first
strategy was carried out by HPLC using a fluorescence detector. Unfortunately, some problems
appeared due to the low intensity detected by our fluorescence detector and imprecise results
were achieved. Moreover in the HPLC we found out an additional problem; the methodology
followed for the 5-FU TDL quantification contains a hydrolysis step with NaOH that was not capable
to cleave the amide bond formed between the PGA-5-FU and AF750. For this reason, narrow peaks
able to be integrated were not obtained and thus it was not possible to quantify it by HPLC. Since
the maximum of emission of this dye is 775 nm, we tried to measure the AF750 content by UV-
spectroscopy. A calibration curve of AF750 was performed at A=775 nm. Although product PGA-
5FU-AF750 [7] showed, for both syntheses performed, a maximum in its UV spectra at 775 nm, the
exact contain of AF750 was not possible to determine. It was due to the lowest limit of detection of
the UV-spectrophotometer and the A selected for the detection is near to the high UV limit of the
lamp. Even though this problems, an approximate result (206.6 g and 150 ug, batch #1 and #2,
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respectively) were obtained, and it was possible to monitor both biodistribution experiments using
a Xenogen IVIS® Spectrum system, that is a high-quality and low-noise imaging system that allows
visualization, monitoring and quantification in vivo in real time. Further, this equipment allows in
vitro, in vivo and ex vivo images, with both fluorescence and bioluminescence. To proceed, in the
FVPR Laboratory (CIBBIM-Nanomedicine, VHIR) they performed an FLI measurement to ensure that
the amount of AF750 was enough to monitor the experiment. In both cases the product contained
sufficient dye.

Concerning all difficulties found in the quantification of the conjugates dye, it was proposed as an
alternative the quantification by means of the Xenogen IVIS® Spectrum system. Thereby, by
preparing a calibration curve in a 96-well plate it would be possible to quantify the AF750 content
in a solution at a known concentration of product [7] in PBS. However, with our product this
alternative was not used.

4.1.1.3 Synthesis of a carboxyfluoresceine labeled PGA-5-FU conjugate

For cell internalization studies in vitro in the different cell lines studied it was necessary also to label
the PGA-5-FU conjugate. For this purpose the typical dyes used are fluoresceine derivatives that
have the emission wavelength at 521 nm and the excitation wavelength at 494 nm. In concrete, 6-
carboxyfluoresceine (CF) was select as the appropriate dye for the in vitro studies.

Whereas the dye was different, the synthetic strategy was the same: the conjugation of the dye to
the N-terminal free amino group of the PGA chains.
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Figure 4. 13 Synthesis scheme of PGA-5FU-CF [8] obtainment. Conditions: a) DIC (1.5 eq) 5min; b) HOBt (1.5 eq), 10 min;
¢) 6-Carboxyfluoresceine (1 eq), ovn, rt.

The synthesis of product [8] was performed using as a starting product PGA-5-FU-pool [6]. PGA-5-
FU-pool [6] was dissolved in DMF and then DIC and HOBt were added and the mixture was left to
react for 10 min. Then, 6-carboxyfluoreceine was added, the reaction vessel was protected from
light and stirred overnight. Then, DMF was removed under vacuum and the crude was dissolved in
1 mL of water to purify it. Purification was performed by SEC using a PD10 column in water.
Fractions of 1 mL were collected and then lyophilized, always light-protected. Then the unreacted
CF was discarded and the amount of dye conjugated to product [8] was quantified (7.5 mg
obtained).
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This quantification was performed by means of

Nanodrop spectrophotometry. A calibration curve 2,00
in the range of 0 to 0.1 mg/mL was performed g1,50 y=17'527x+3@/)
(A=492 nm) and the absorbance of a solution of E1,00 ’yg
PGA-5FU-CF (24 mg/mL) was analyzed. The CF iuso
content was calculated using the calibration curve 0,00

0 0,02 0,04 0,06 0,08 0,1
and it was expressed as a mass average. The CDFA mg/mL

amount of CF conjugated to PGA-5FU-CF product

Figure 4. 14 Calibration curve of CF at 492 nm b
[8] was 0.0325%. o J y

Nanodrop spectrophotometry.

4.1.2 Physico-chemical characterization of PGA-5-FU conjugates

The particle size of PGA-5-FU-pool conjugate [6], its aggregation in solution in different mediums
and the average molecular weight results are shown in this section.

4.1.2.1 Determination of PGA-5-FU size by Dynamic Light Scattering (DLS)

DLS was used to measure the particle size of PGA-5-FU conjugate. DLS measurements were
performed in a ZetaSizer Malvern Instrument at 25°C. PGA-5-FU conjugate was dissolved in MilliQ
H,O (0.1 mg/mL), the solution was filtered through a 0.22 um cellulose membrane before the
analysis and the average size of the product was measured. Results corresponding to the micelle
size distribution by volume (%) were expressed as the diameter of the nanoparticles (nm). Results
were achieved by an n=3 measurement.

The synthesized PGA-5-FU conjugate [6] showed a particle size of 89.23 nm and a polydispersity of
0.267 measured by means of DLS in H,O (Figure 4. 15). Therefore, the product adopts a
conformation in a water solution that leads to nanoparticles with a size below 100 nm and very
narrow peaks.
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Figure 4. 15 Size distribution by intensity of PGA-5-FU conjugate (measured at 0.1 mg/mL in H,0).

Becasue the product will be administered in vivo in a solution of PBS at pH 7.4, it was also studied
the particle size in that conditions. Although the study of its size would be more realistic if
performed in plasma, the biomolecules that it contains do not allow obtaining clear peaks. To
proceed, a solution of PGA-5-FU [6] in PBS was prepared (0.1 mg/mL), also filtered through a 0.22
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wm cellulose membrane and then, analyzed by DLS. The synthesized product PGA-5-FU [6] showed
a particle size of 85.55 nm and a polydispersity of 0.321 in a solution of PBS (Figure 4. 16). In both
mediums, the product showed an average size below 100 nm, but it is in PBS where a higher

polydispersity (represented in wider peaks) was found.
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Figure 4. 16 Size distribution by intensity of PGA-5-FU conjugate (measured at 0.1 mg/mL in PBS pH 7.4) .

4.1.2.2 Study of the aggregation of PGA-5-FU conjugate in solution measured by DLS

Conjugating an insoluble drug to a polymeric carrier helps to increase the dosage in intravenous
injections. Low maximum solubility values of several drugs, such as 5-FU, can be increased by their
conjugation to a water soluble polymer, such as PGA. Once the PGA-5-FU was obtained, the

maximum solubility in PBS and water were evaluated.

In order to evaluate the best way for the storage of PGA-5-FU [6] solutions for in vivo efficacy
experiments, a study of the conjugate aggregation by DLS was designed over a range of
concentrations, in a period time of one month. It was decided to study a long period because
efficacy trials in vivo last for about one month. Moreover, the range of concentrations studied was
chosen according to the value of maximum solubility found for two different media: PBS at pH 7.4
(in which the samples will be injected) and H,0. It was decided to study also the aggregation in
water to confirm if salts present in PBS buffer could induce faster aggregation. The range of
concentrations tested contained the concentration corresponding to the maximum solubility of the
conjugate, dilutions of it and a higher concentration in order to confirm the presence of aggregates

in suspensions of PGA-5-FU conjugate [6].

During this period of time, solutions were stored at 4°C and before the measurement they were
shaked in a vortex. For each concentration 3 different samples were prepared. The time

measurement points correspond to: 0 min and 3, 24, 72, 168, 240 and 640 h.

Calculation of the maximum solubility was performed by weighting 1 mg of the product and
sequentially adding volumes of 20 uL to the medium studied (PBS or H,0). After each addition,
centrifugation at 1350 rpm was performed and it was finalized when no solid was observed in the
transparent solution. It was found that PGA-5-FU [6] in H,O showed a maximum solubility of 174.3

mg/mL and 105.21 mg/mL in PBS.

The concentration range studied in the aggregation study was from 4.7 mg/mL to 200 mg/mL in
H,O and from 7.4 mg/mL to 150 mg/mL in PBS. The average particle size used for this
representation corresponded to the peak with a higher intensity. In some cases bi- or trimodal

profiles were observed.
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Figure 4. 17 (A and B) shows the profile of the aggregation in H,0 and PBS respectively of product
[6] over time. In both cases it was found that at concentrations higher than the maximum solubility
the synthetic nanoconjugate aggregate and larger particle sizes (up to 250 nm) were generated.
Also, it was seen that the average particle size during all measurements, except the last one at 640
h, showed a quite stable evolution around 100 nm from 37.5 mg/mL solutions onwards. Because
aggregates appeared almost one month later when the solution was kept at 4°C between
measurements, it was decided to prepare PGA-5-FU solutions for in vivo experiments at the
concentration corresponding to the maximum solubility in PBS and keep them in the freezer to
ensure its stability and avoid aggregates.
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Figure 4. 17 Representation of the aggregation study of PGA-5-FU by DLS in two different mediums, A: H,0
and B: PBS.
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Figure 4. 18 shows an example of the general behavior the results obtained for a PGA-5-FU solution
(50 mg/mL in PBS) in the different measurements. Overtime width peak increases as well as the
outcome of other particle size populations. Average particle size (of the peak of highest intensity in
the graphics in Figure 4. 18) showed a double increase: initially it had a value around 90 nm and at
the end of the experiment the particle size was in the range of 200 nm (Table 4. 5). For solutions
with a higher concentration this behavior was abrupt.

Table 4. 5 Summary of the average particle size and its Pdl at each measured time (in PBS).

Time/h  Size/nm (Pdl) | Time/h Size / nm (Pdl)
Oh 91.21(0.21) | 168h 117.85(0.45)
3h  91.89(0.59) | 240h 127.33(0.63)
24h  97.40(0.65) | 640h 223.41(0.91)
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Figure 4. 18 DLS traces of a PGA-5-FU solution over the time (50 mg/mL in PBS).
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4.1.2.3 Determination of the Molecular Weight and the Polydispersity Index of PGA-5-FU
conjugate by SEC-MALS-IR

Using a Size Exclusion Chromatography (SEC) system connected to a Multiangle light Scattering
(MALS) and a Refractive Index (RI) detectors it is possible to obtain information about the size and
the Mw of a particle or macromolecule by comparing the light that interacts with it by light
scattered as a result of this interaction.

The analysis of PGA-5-FU nanoconjugate [6] by SEC-MALS-RI was performed using as an elution
system of NaHCO; 50 mM buffer (isocratic flow 0.7 mL/min) in a SEC column (Symmetry 4.6 x250
mm, 5 um from WATERS), a MALS detector recorded the amount of light scattered at different
angles. Next, a second detector (RI) allows estimating sample concentration. Thus it was possible to
measure the average molecular weight (Mw) and the polydispersity (Pl) of the polymeric samples.

It was carried out also the analysis of both commercial PGA used as starting products for the
reactions (from Sigma and PPS, S.L). The analysis of the PGA from Sigma Aldrich (5 mg/mL) showed
a Mw = 70.9 kDa and polydispersity of 3.43. Mw result is so far from the one gave by Sigma-Aldrich
(15 -50 kDa). Figure 4. 19 shows the superposition of MALS (red line) and Rl (green line) traces.
MALS trace indicates that there is not a unique population because between minutes 7 to 18 a
superposition of peaks is showed. It is observed a high percentage at the beginning, thus increasing
the Mw value. Once it was analyzed by SEC-MALS-IR and seeing the low reproducibility in synthesis
carried out with this PGA, it was confirmed the need of a better PGA in term of polydipersity and
lower Mw.

LS #11, AUXZ
=)

Figure 4. 19 Light Scattering and Refraction index traces of PGA-COONa from Sigma-Aldrich.
(MALS (red line) and Rl (green line) chromatograms).

As mentioned, PGA from PPS, S.L. showed better reproducibility in the reactions developed with
higher yields and higher TDL of 5-FU in the nanoconjugates obtained. The Mw found for this PGA
was Mw= 13.2 kDa and a Pl= 1.3. These results are really similar to those gave by the commercial
source (Mw=15.2 kDa and a PI=1.18).
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Results — PGA-5-FU

PGA-5-FU product [6] was analyzed by SEC-MALS-RI (10 mg/mL) and the Mw found was Mw= 15.2
kDa and a PI= 1.49. Figure 4. 20 represents the superposition of MALS and IR traces for PGA-COOH
(from PPS, S.L, red color) and PGA-5-FU (product [6], blue color). An increase on the retention time
of PGA-5-FU (t;pga.coon=11 — 13.4 min and t,pga.5.ru=10 — 14.2 min) is observed suggesting a slightly
increase on its size, what is confirmed with the Mw and Pl obtained. Dotted lines in Figure 4. 20
represent the diminution of the molar mass through the time because in SEC molecules with higher
size exit first than the small ones. Although it is obtained a double population in PGA-5-FU
nanoconjugates the Pl obtained is similar to PGA-COOH.
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Figure 4. 20 Representation of Mw vs. time of PGA-COONa (red) from PPS and PGA-5-FU (blue).

4.1.2.4 Stability studies in vitro of PGA-5-FU conjugate

PGA-5-FU-pool [6] was fully characterized in terms of stability and degradability in vitro before in
vitro and in vivo validation studies. Even though several variables appears in vivo, and also in cell
medium, mimicking some specific conditions (such as different pHs or plasma environment) gives
us powerful information to understand the behavior of the synthesized product once inside the
body. So, it would be possible to hypothesize if the polymer-drug conjugate would be stable while
transport through the blood stream, if the polymer conformation would protect the ester bond
between the drug and the linker, as well as the behavior of the PGA-5-FU in different pHs. All this
information would let us know the unspecific release of the drug while transport and also the
stability of product [6].

In particular, the variables studied are plasma, different pHs and Cathepsin B. Regarding plasma
stability studies, PGA-5-FU-pool nanoconjugate [6] was incubated in mice plasma (from animals of
the FVPR Laboratory (CIBBIM-Nanomedicine, VHIR)) as well as in human plasma (from Sigma-
Aldrich) (10 mg/mL). In the case of pH dependant degradation studies, product [6] (10 mg/mL) was

89



incubated at three different pHs: 5.5, 6.5 and 7.4. The highest value was evaluated to mimic the pH
in which the conjugate will be once injected through the i.v. administration route. It is well known
that tumors have a lower pH than healthy tissues and that the vesicles generated in the endocytic

27 For this reason, it is a relevant information the degradation and

pathway have also an acid pH
stability of the conjugate at low pH. Moreover, because it is expected internalization through the
endocytic pathway, the degradation of the nanoconjugate PGA-5-FU [6] (10 mg/mL) by Cathepsin B
present in lysosomes (5 uL, 10 units/mL using PBS 7.4 buffer) will be studied, because it is well

known that this enzyme is responsible for the PGA degradation™®.

All experiments were performed according to the methodology described in section 3.6 and the
amount of 5-FU released in the specific conditions were quantified by RP-HPLC at 254 nm using a
C18 column. Integrated peaks of 5-FU detected were interpolated in a calibration curve of standard
5-FU. Experiments were performed at 37°C in triplicate and Resorcinol was used as an internal
standard.

Figure 4. 21 shows the degradation curves of PGA-5-FU over the time in the different mediums
studied.

e In plasma experiments it was observed a similar behavior between human and mice
plasma, nevertheless in mice plasma PGA-5-FU [6] showed a slightly higher unspecific
release of 5-FU. It was also observed that the 5-FU kinetic release from the PGA-5-FU
nanoconjugate in mice plasma was very fast during the first 30 min of study and then, it
reached a plateau of around 8% of 5-FU released. In the release curve corresponding to
human plasma the plateau was slightly lower (6%). Therefore, it is confirmed a high plasma
stability of the nanoconjugate [6]. This positive result led us to confirm that the
conformational structure that the nanoconjugate will adopt in solution protects the ester
bond between the drug and the carrier, what is a very important issue due to the high
lability of ester bonds in the presence of plasma esterases. Moreover, since 5-FU has a very
short half-life (10 -20 min) in plasma circulation, a prolonged half-life of PGA-5-FU is
positive for the treatment.

e In experiments at different pHs it was also observed a low dependant release of 5-FU from
product [6] over time. A very low difference was seen when comparing the curves obtained
for the different pH studied, however a higher release at pH 7.4 was observed. This is
related also with the nature of the linkage between 5-FU and the polymeric chain: ester
bonds are more labile to basic pH than acidic environments. Nevertheless, the amount of
drug released (less than 5%) at neutral pH was lower than in plasma. As it is known that
tumors and cell compartment in the endocytosis internalization have an acidic pH, with this
data we confirm that a very low released of 5-FU will be produced exclusively by the low
pH. For this reason, we hypothesize that other enzymes inside the cell will produce the
major release of the drug once internalized.
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Figure 4. 21 Degradation curves of PGA-5-FU over the time in different incubation mediums.
The blue box corresponds to an enlargement area of the first 10 h of the experiments.

In Cathepsin B experiment it was observed higher release than in plasma, but it was not
very pronounced. Around 10% of 5-FU release was achieved from the first 24 h and the
maximum result observed does not exceed 15%. It was expected that nanoconjugates
based on PGA experiments showed degradation of the polymeric chains by Cathepsin B. In
this experiment 5-FU released was measured, confirming the low 5-FU dependant release
by Cathepsin B. With this data obtained it could be said that the degradation of the
polymer by this enzyme has a lower kinetic profile. As mentioned, the experiment was
performed in PBS, therefore if the degradation of the polymer was higher, smaller moieties
of the polymeric chain would be released faster and thus, the ester bond would remain
more accessible than in the experiment at pH 7.4 and the release of the drug would be
higher. It can be confirmed that the nanoconjugate is biodegradable but the process is not
fast.
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% Cell Viability

(Mean + SEM)

4.1.3 In vitro cytotoxicity assays in HT-29 and HCT-116 colorectal cancer cell lines

In vitro efficacy studies were conducted at FVPR Laboratory (CIBBIM-Nanomedicine, VHIR) and were analyzed
by Helena Pla under the supervision of Dr. Ibane Abasolo.

The evaluation of the cytotoxicity of the different PGA-5-FU batches was performed using the
standard MTT assay in HT-29.Fluc.C4 and HCT-116.FlucC2.C9 cells.

Table 4.6 summarizes the ICsq values of the different PGA-5-FU batches in both CRC cell lines as well
as the values of free drug (5-FU) and PGA-5-FU-pool [6]. Initially, MTT evaluation was performed for
all PGA-5-FU batches, but once we found that the efficacy was similar in all batches, MTT assay was
only conducted with the product PGA-5-FU[6] batches (#8 to #16) that were pooled together.

In general, PDC showed lower cytotoxicities (higher 1Cs values) than 5-FU in both CRC lines studied.
ICso of free 5-FU was 4.88 UM in HCT-116 and 14.21 uM in HT-29, while PGA-5-FU-pool [6] values
were 82.25 and 33.38 uM for these cell lines. This can be explained due to the macromolecular
conformation of the new polymeric drug, that can contribute to the slower release of 5-FU. In
addition, the endocytosis process of polymer-drug conjugates is much slower than the diffusion of
free drug through cellular membrane®®. Interestingly, cytotoxicity of PGA-5-FU conjugates did not
only depend on the conformational structure of the monomer, but also on 5-FU content, being
slightly different when loadings below 5% are compared with those above. Hence, with higher the
TDLs, higher ICso values are achieved.

Between both cell lines, ICsy values of 5-FU of all PGA-5-FU tested were higher in HT-29 than in
HCT-116 cell line. Therefore, HCT-116 cell line resulted more sensitive to 5-FU and PGA-5-FU
treatment. Encouragingly, PGA-5-FU-pool [6] showed a similar ICsq as those single batches used for
its obtainment. Figure 4. 22 represents the cytotoxicity curves of PGA-5-FU-pool and 5-FU in both
cell lines studied.
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Figure 4. 22 Cytotoxicity of PGA-5-FU measured by MTT assay after 72 h incubation. (A) HCT.166.Fluc2.C9 cells (B):HT-29.Fluc.C4 cells.
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Results — PGA-5-FU

Table 4. 6 Summary of all PGA-5-FU products synthesized showing the ICso values in both CRC studied.
Results are expressed as Mean + SD.

# Batch DL (%) 1Cso UM HT-29. Fluc.C4 1Cso UM HCT-116. Fluc2.C9
#1 1.6 - -
#2 7.63 128.62 +0.02 34,58 +0.01
#3 10.2 108.73 £ 0.02 88.95+0.01
#4 3.29 22.42+0.03 10.65 +0.01
#5 7.23 29.33+0.01 23.61+0.01
#6 11.89 292.79 £0.02 157.81+£0.02
#7 9.06 24.23+0.01 12.02 +£0.01
#8 11.82 134.17 £0.02 32.31+£0.02
#9 9.8 105.96 +0.01 23.10+0.01
#10 10.2 106.96 + 0.03 33.21+£0.05
#11 9.51 - -
#12 5.04 - R
#13 1.92 - -
#14 6.27 - R
#15 5.68 45.69 +0.01 19.48 £0.01
#16 8.70 - -
PGA-5-FU-pool 7.66 82.25+0.02 33.38+0.01
5-FU 14.21 +£0.04 4.88 +0.01

4.1.4 Cell internalization studies of PGA-5FU-CF conjugate

Cell internalization studies were carried out at the FVPR Laboratory (CIBBIM-Nanomedicine, VHIR) under the
supervision of Dr. Ibane Abasolo.

As complementary in vitro studies, cell internalization experiments were carried out with product
[8] also in HCT-116 and HT-29 cell lines. The lysosomal co-localization of the compound was studied
by confocal microscopy and the quantification of the internalization was carried out by flow
cytometry.
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4.1.4.1 Confocal fluorescence microscopy studies of PGA-5FU-CF

Confocal microscopy allows the analysis of samples at different wavelengths. Thus, when analyzing
plates containing treated cells, it is possible to distinguish cell nuclei, which has been previously
stained with DAPI (blue color), lysosomes previously marked with Lysotracker red DND-99 (red
color), and product [8] labeled with the fluorophore CF (green color). By overlaying these images, it
is possible to identify the lysosomal co-localization (yellow color) produced when the product [8]
internalizes.
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Figure 4. 23 Confocal microscopy images taken from live HCT-116.Fluc2.C9 and HT-29.Fluc.C4 cells. (A) HCT-116.Fluc2.C9 cells at 100
mM 5-FU eq of product [8] after 30 min and overnight incubation (B) HT-29.Fluc.C4 cells at 100 mM 5-FU eq of product [8] after
overnight incubation. Lysotracker-Red was employed as lysosomal marker (in red, first line) and the polymer-drug conjugate was
labelled with CF (in green, second line). Co-localization is seen in yellow (third line).

Experiments were performed at different incubation times (30, 120 min and overnight) with PGA-
S5FU-CF [8] (100 uM eq of 5-FU) and Lysotracker red (5 uM). Figure 4. 23 shows microscope
confocal images after 30 min and overnight incubation. In both cell lines, HCT-116 and HT-29, the
product [8] was localized within the lysosomal compartment, with no clear difference between
them. In both cell lines, greater internalization was seen by increasing the incubation time.
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Results — PGA-5-FU

4.1.4.2 Flow cytometry studies of PGA-5FU-CF

Cell-uptake experiments of product [8] were performed by flow cytometry in HT-29.Fluc.C4 and
HCT-116.Fluc2.C9 CRC cell lines by comparing the efficiency of internalization at different times by
flow cytometry.

A range of concentrations of product [8] were tested (0.25, 1.75, 2.5 mg eq 5-FU/mL) at 2 h
incubation, in order to observe the degree of internalization of the product in both cell lines. As
shown in Figure 4. 24, at concentrations above 1.75 mg eq 5-FU/mL a 90 -100% internalization was
reached in both cell lines, indicating that at high concentrations of product [8] internalization
increased in the same way in both cell lines. As expected, internalization was dose dependent.
However, when the concentration of study was 0.25 mg eq 5-FU/mL a large difference in
internalization between both cell lines was observed, 20% in HT-29.Fluc-C4 and about 40% in HCT-
116.Fluc2-C9. For this reason 0.25 mg/mL was chosen as the concentration for subsequent

internalization assay.
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Figure 4. 24 Internalization quantification at different concentrations of PGA-5FU-CF in HT-29.Fluc.C4 and HCT-
116.Fluc2.C9 cell lines. % internalization refers to the average of positive cells (fluorescent) in a fluid stream measured
by flow cytometry.

Further, cell-uptake experiments of PGA-5FU-CF (0.25 mg eq 5-FU/mL) were performed in both CRC
cell lines at different times: 2, 5, 10, 20, 40, 60, 120 min and overnight. As shown in Figure 4.24,
PGA-5FU-CF product [8] showed cell-uptake in both CRC studied. However, a clear difference
between HCT-116 and HT-29 cell lines was observed. In the former one, product [8] internalized
faster. After 30 min incubation, 50% of HCT-116 cells showed positive CF signal, while for the HT-29
CRC cell line, only the 15% of cells had CF after 2 h. Thereby, cell-uptake properties are directly
related to the cell line tested.

Regarding the cytotoxicity studies of product PGA-5-FU [6] (section 4.1.3), it was found that the 1Cso
ratio between product [6] and free drug 5-FU was lower in HCT-116 cell line than in HT-29. This
could have direct relationship with a more rapid internalization of product [8] in HCT-116 cells.
However, it is important to note that the MTT assays were done at 72 h, whereas the
internalization studies were performed after 2 h of incubation.

It was also assessed if differences in the amount of product [8] internalized in both CRC cell line
were observed. Figure 4.25 shows the total mean intensity (level of fluorescence) over time for
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both cell lines. It was confirmed that besides product [8] was internalized more rapidly in HCT-116
cells, higher amounts of the product were also internalized in this CRC cell line.
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Figure 4. 25 Representation of internalization of PGA-5FU-CF product [8] in HCT-116.Fluc2.C9 and HT-29.Fluc.C4 cell lines, only measuring
positive cells (A) and the total mean intensity (B).

4.1.5 5-FU quantification in tissue and plasma: HPLC method development and

validation

A sensitive method for 5-FU quantification in plasma and tissues from the in vivo experiments
(section 0) was needed in order to (i) evaluate the benefit of 5-FU conjugation to a macromolecular
polymer and (ii) correlate the FLI measurements with real drug concentration values.

Several publications describe 5-FU quantification mostly in plasma but also in tissues by different
techniques such as HPLC-MS™*#*32 HpLC-MS/MS™3, HPLC-UV*">*%_|n our case, it was chosen
to combine HPLC with a UV detector set at 254 nm because all 5-FU quantifications performed

previously (FD and TDL measurements) were done with this equipment.

Besides homogenization, biological samples injected in HPLC equipment require a pre-treatment
process to remove interferences of unwanted biological metabolites that produce dirty
chromatograms or HPLC contaminations, low selectivity of 5-FU peaks, and reduce the lifetime of
the columns. Accordingly, the final validated method had three consecutive steps: (i)
homogenization of tissues; (ii) pre-treatment of tissue homogenates to remove interferences and
(iii) HPLC analysis.

4.1.5.1 Method validation: Tissue homogenization

Tissue homogenization was performed using the FastPrep 24 (MP Biomedicals) as described in
section 3.7. Tissue homogenates were first treated in acid conditions (HCI 0.1 M) and secondly, the
solid residue was treated in a basic digestion (NaOH 0.02 M). In both cases, a next step was added

to precipitate proteins with trichloroacetic acid (TCA 5%).
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4.1.5.2 Method Validation: Pre-treatment of tissue homogenates

The pre-treatment of the tissue homogenates was studied through different methods once all

tissues were homogenized a part from the protein precipitation by TCA®"***,

Two different approaches were tested, one based on liquid-liquid extractions” and the other on
liquid-solid extraction®®. However, 5-FU could not be extracted from tissue homogenates. Having
the need to remove biological interferences from homogenates before HPLC injection, a
mechanical technique was also tested. Wang et al*** described a simple and rapid method for 5-FU
quantification from tissues by HPLC including an ultrafiltration process (10 K cutoff membrane) to
remove interferences. To evaluate the recovery of the ultracentrifugation process, 100 uL of 5-FU
(0.1 mg/mL in PBS) were added to tissue homogenates and plasma from a control animal. Then,
Amicon Ultra centrifugal filter units (4 mL) of 3 K and 10 K form Merck Millipore were compared for
each group of samples (40 min x 2, 4000 rpm). Collected samples were analyzed by HPLC and the
recovery was calculated by comparison of the 5-FU peak areas and the theoretical content. In both
cases, 3 K and 10 K, the recovery was > 90%. The selectivity of 5-FU peaks increased considerably.
Finally, it was selected an Amicon Ultra 4 centrifugal tube with a 3 K cutoff membrane for the
ultracentrifugation of plasma and tissue homogenates. Thus, the interference peaks surrounding 5-
FU peak disappeared and the selectivity of 5-FU peaks increased considerably.

4.1.5.3 Method Validation: HPLC

HPLC method validation was performed once the tissue homogenization and the pre-treatment
process were established. The following validation parameters were set up: selectivity, linearity,
limit of detection (LOD), limit of quantification (LOQ) and recovery.

e Sample Preparation:

o Stock solution of 5-FU was prepared dissolving an accurately weighed amount in
PBS to achieve a theoretical concentration of 1000 pg/mL.

o Stock solution of Resorcinol (Internal Standard) was prepared by dissolving an
accurately weighed amount in H,0 to achieve a theoretical concentration of 1000

ug/mL.

e Chromatographic conditions:

HPLC separation of tissue homogenates was done with a C-18 reverse phase column
(XSelect HSS T3 3.5 mm, 4.6 x 250 mm, Waters). A guard column packed with the same
material was used to protect the column. 5-FU and Resorcinol (internal standard) were
detected at 254 nm wavelength. The elution system was A: H,0 and B: MeOH. Flow rate
was 0.6 mL/min and the gradient was: 100%A from 0 to 30 min, 20%A - 80%B from 30 to 45
min, 20%- 80%B during 5 min, 100%B until 56 min, then it was necessary to equilibrate the
column during 25 min with 100%A. The injection volume was 20 ulL. Retention times: 5-FU
(15 min) and Resorcinol (42 min). Thus it was confirmed the system suitability.
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Selectivity was evaluated through the chromatographic analysis of plasma, tumor, liver,
spleen, kidney and lung tissue homogenates. It was concluded that neither the matrix
effect or degradation products generated peaks in the chromatogram that could interfere
with 5-FU.

The Limit of Detection was determined from the peak and standard deviation of the noise
level (SN). The LOD corresponds to concentrations of 5-FU that resulted in peak heights
three fold higher than Signal Noise (SN) and was 3.25 ng 5-FU/mL.

The Limit of Quantification was determined from the peak and standard deviation of the
noise level (SN). The LOQ corresponds to concentrations of 5-FU that resulted in peak
heights tenfold higher than SN and was 10.0 ng 5-FU/mL.

Linearity was evaluated through a calibration curve using the peak area of 5-FU dissolved in
water and resorcinol as an internal standard. 5-FU concentration range was: 10 ng/mL to
25000 ng/mL (y = 71.62 x - 594.78 R*=0.9999).

Recovery of 5-FU was calculated by comparing the concentration obtained from extracts of
three Quality Control Samples (QC) with the theoretical concentration of 5-FU and
resorcinol standard compounds. QC levels representing low, middle and high 5-FU contents
(Table 4.7). Recovery was studied for plasma, tumor, liver, kidney, spleen and lung tissues.
For each concentration the process was repeated three times and all results were given as
Mean + SD.

Table 4. 7 Summary of the three different concentrations of 5-FU studied.

Low (L) Medium (M) High (H)

ng 5-FU/mL 8.125 750 7500

A standard solution (SS) containing the analyte and the IS (32.5 5-FU ug/mL, 1.2 mg
resorcinol/mL) was used for the addition of QC.

To proceed, tissue was washed with PBS and dried with a filter paper. Then ~200 mg of
sample were placed in bead-containing 2 mL homogenizer tubes (lysing matrix D, MP
Biomedicals). A known amount of 5-FU and resorcinol were added in three different
concentrations: L, M and H (0.5 uL, 46 plL and 461.5 uL of SS, respectively). A volume of 100
UL of 0.1M HCI and 900 uL of PBS were added to each tube. The tissue was homogenized
following the methodology detailed in section 3.7. The supernatant was ultrafiltrate to
remove the interference components for quantitative determination of 5-FU in mice
plasma and tissue samples using 4 mL ultrafiltration cell with a 3 K cut-off membrane
(Merck). The supernatant was placed in the cell and three consecutive centrifugation
processes at 4000 rpm at 4°C were carried out. 2 mL of filtrate were obtained, 20 uL of it
were analyzed by HPLC following the methodology described above and the rest were kept
in the refrigerator (-20°C).

In the case of plasma analysis, 5-FU and Resorcinol were added to 200 UL of plasma in three
different concentrations (QC): L, M and H (0.5 uL, 46 uL and 461.5 pL of SS, respectively).
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The solution was reconstituted to 2 mL with PBS. The mixture was ultracentrifugate
following the methodology explained for tissue samples.

HPLC analysis showed different recoveries concerning each QC and the different tissues.
Table 4.8 summarizes 5-FU recoveries expressed as Mean + SD for all concentration points
tested. Since the QC Low represented a theoretical concentration of 8.125 ng 5-FU/mL that
is slightly lower than the LOQ (10 ng 5-FU/mL) this QC could not be analyzed. It is necessary
to mention that only 0.5 pL of the solution SS were added, what correspond to a very small
amount of 5-FU (150 ng). Moreover, almost none of the chromatograms showed the 5-FU
peak, and if it was observed it was below the LOD. Regarding the QCs Medium and High
(Table 4.8 and Figure 4. 26) good recoveries were achieved. All of them higher than 70%
except for the lung and spleen in the QC medium.

Table 4. 8 Summary of 5-FU recoveries (%) for each QC concentration in different tissues and plasma expressed as mean £ SD.

QC - Low QC - Medium QC - High
Kidney <LOQ 90.87 £5.30 76.82 £ 4.64
Tumor <LOQ 91.19+12.32 73.15+ 3.88
Spleen <LOQ 32.88 £ 2.87 82.88 £ 15.98
Lung <LOQ 48.83+1.31 78.51+12.16
Plasma <LOQ 75.87 £ 10.53 84.04 +14.07
Liver <LOQ 88.97 £+ 15.70 85.36 £ 6.99
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Figure 4. 26 Representation of 5-FU recovery at three QC concentrations.
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4.1.6 Invivo studies in xenograft mice models

In vivo studies were carried out at the FVPR Laboratory (CIBBIM-Nanomedicine, VHIR) and the animal facilities
of the Vall d’Hebron Research Institute under the supervision of Dr. Yolanda Ferndndez. All experimental
procedures were approved by Vall d’Hebron Animal Experimentation Ethical Committee.

4.1.6.1Tumor-accumulation and whole-body Biodistribution in athymic nude female
mice bearing CRC tumors

To evaluate tumor-accumulation and whole-body biodistribution of PGA-5-FU labeled with
fluorophore AF750, two different in vivo experiments were carried out in animals bearing
subcutaneous (s.c.) tumors grown from HCT-116.Fluc2-C9 or HT-29.Fluc-C4 cells. In both cases, the
PGA-5FU-AF750 tumor and whole-body biodistribution were measured by means of in vivo and ex
vivo fluorescence imaging (FLI) using an IVIS® Spectrum equipment at specified times. The
monitorization of the FLI in vivo using an IVIS® Spectrum is possible by using a fluorophore in the
near-infrared (NIR) region, thus, avoiding the interferences caused by the autofluorescence of
tissues. The fluorescence signal was quantified in radiant efficiency units. In addition, PGA-5FU-
AF750 distribution was studied through the quantification of 5-FU in different tissue homogenates
and plasma by means of HPLC following the methodology set up in section 4.1.5.3.

4.1.6.2Tumor-accumulation and whole-body biodistribution on subcutaneous HCT-
116.Fluc2-C9 human CRC tumors growing in athymic nude female mice (BD1)

Animals (n=6) received a unique i.v. administration dose of PGA-5FU-AF750-1 product [7] (50 mg eq
5-FU/kg in PBS) or 5-FU (50 mg eq 5-FU/kg), respectively. It is important to note that the
administration of equivalent doses of 5-FU allows the comparison of results obtained between the
animals injected with the nanoconjugate and those injected only with 5-FU.

It was well-tolerated and adverse side-effects were not observed up to 48 h post-administration.
At the end of treatment, treated to control (T/C) values of body weight were 10% and 8% for the
PGA-5FU-AF750-1 and 5-FU treated-groups, respectively. These indicate that PGA-5-FU-AF750-1
and 5-FU did not induce acute weight loss.

In the BD1 experiment, in vivo FLI measurements were performed at 4, 9, 24 and 48 h, and ex vivo
FLI and 5-FU HPLC quantification were done to plasma, tumor, liver, kidney and lung of animals
sacrificed at 4 and 48 h.

Two animals without tumor were also included as control animals. Differences between these
animals and those bearing tumors are expected regarding the biodistribution of the injected
polymeric nanoconjugate product.
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Results — PGA-5-FU

4.1.6.2.1 Invivo FLI (BD1)

In BD1 experiment the AF750 tumor-accumulation was monitored and quantified at 1, 4, 9, 24 and
48 h post-administration. In vivo FLI showed that the PGA-5FU-AF750-1 tumor-accumulation was
maximal at 4 h post-administration, decreased very rapidly within the first 24 h, and then it was
maintained low for up to 48 h. Interestingly, in vivo tumor-accumulation kinetic images (Figure 4.
27) show a clear localization of product [7] in the whole animal, detecting a higher fluorescence in
tumors.
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Figure 4. 27 Non-invasive monitoring of PGA-5FU-AF750 tumor-accumulation over time. In vivo FLI tumor-accumulation of s.c. HCT-
116.Fluc2-C9 colon tumor-bearing mice after i.v. administration of PGA-5FU-AF750-1. Pseudocolor scale bars were consistent for all
images in order to show relative changes over time. A) Lateral mouse view. B) AF750 quantification by measurements of AF750 FLI
intensity (Radiant Efficiency). Mean values + SEM are displayed over time.

101



4.1.6.2.2 Exvivo FLI (BD1)

BD1 ex vivo FLI analysis at different end-time points (4 and 48 h) were performed for all tissues. The
ex vivo FLI images allow to determine more precisely the location of the compound of interest and
its quantification. Figure 4. 28 and 4.29 show ex vivo FLI images of tumors and kidneys, the only
organs in which the fluorescent signal was quantifiable above background levels. In good
agreement with the in vivo FLI images, this data confirmed the accumulation in tumors, but also the
excretion of the conjugate PGA-5FU-AF750-1 through the renal route. Figure 4. 30 include the
graphs of AF750 FLI quantification over the time of the rest of tissues and plasma. Clearly, FLI
accumulation in these tissues (liver, spleen, lung, heart, brain, muscle, skin and plasma) is not
significant. For this reason, unforeseen toxicities of the tested product in these tissues have not to

be expected.
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Figure 4. 28 (A) Ex vivo tumor FLI at 4 and 48 h post-administration of PGA-5FU-AF750-1 of s.c. HCT-116.Fluc2-C9 colon tumor-bearing
mice after i.v. administration of the test compound. Pseudocolor scale bars were consistent for all images in order to show relative
changes from 4 to 48 h. (B) AF750 tissue-accumulation per tissue weight were quantified by measurements of AF750 FLI intensity
(Radiant Efficiency). Mean values + SEM are displayed at each corresponding end point. S1 and S2 stands for Side 1 and 2 of the imaged

tissues.
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Figure 4. 29 (A) Ex vivo kidney FLI at 4 and 48 h post-administration of PGA-5FU-AF750-1 of s.c. HCT-116.Fluc2-C9 colon tumor-bearing
mice after i.v. administration of the test compound. Pseudocolor scale bars were consistent for all images in order to show relative
changes from 4 to 48 h. (B) AF750 tissue-accumulation per tissue weight were quantified by measurements of AF750 FLI intensity
(Radiant Efficiency). Mean values + SEM are displayed at each corresponding end point. S1 and S2 stands for Side 1 and 2 of the imaged

tissues.
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Figure 4. 30 AF750 quantification by measurements of AF750 FLI intensity (Radiant Efficiency) in liver, spleen, lung, heart, brain, muscle,

skin and plasma. Mean values + SEM are displayed over time.
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Results — PGA-5-FU

4.1.6.2.3 Ex vivo 5-FU quantification by HPLC (BD1)

5-FU quantification by HPLC in plasma, liver, kidney, lung and tumor of 5-FU and PGA-5FU-AF750-1
injected groups was determined following the methodology set up in section 4.1.5. The
measurements were performed with six different samples of each tissue in a unique determination
per sample. Results are expressed as mean value + SEM deviation. As the recovery found in spleen
(Figure 4. 26) was very low, it was not included in the list of tissues to be analyzed in the
biodistribution study.

In the PGA-5FU-AF750 group, an additional step for the complete hydrolysis of the ester linkage
between the 5-FU and the carrier was performed (NaOH 2 M) for the quantification of the PGA-
5FU-AF750-1 conjugate accumulation. After ultrafiltration of tissue homogenates and plasma
carried out for the removal of interferences in the chromatogram, samples were lyophilized. Finally
the residue was redissolved in 2 mL of PBS (pH 5) and 20 UL of the clear solution were analyzed by
HPLC using a C-18 reverse phase column (XSelect HSS T3 3.5 um, 4.6 x 250 mm, Waters) and the
conditions detailed in section 3.7.

A calibration curve in the range of 10 to 25000 ng/mL of 5-FU was used to quantify the drug
content in tissue and plasma samples. Table 4. 9 shows the results expressed as %ID/g tissue for
the HPLC quantification of 5-FU. Percentage of ID value of each tissue was multiplied with the
corresponding recovery factor (QC Medium, Table 4.8) determined in the validation of the method
in section 4.1.5.3. Very low amounts of 5-FU were detected suggesting that the majority could be
excreted during the first 4 h of the BD1 experiment and also metabolized in the liver.

Table 4. 9 PGA-5FU-AF750-1 and 5-FU tissue biodistribution and 5-FU levels quantification measured by HPLC at 4 and 48 h
post-administration in BD1 experiment.

5-FU Tissue Accumulation/Weight : ng 5-FU/g tissue (Mean +SEm)
Tumor Liver Kidney Lung Plasma
4 h 0.027 +0.012 0.023 +0.003 0.031 +0.003 0.007 +0.004 0
5-FU
48 h 0 0.025 +0.004 0.007 +0.003 0 0
4 h 0.015 + 0.005 0.002 + 0.002 0.025 +0.003 0.010 + 0.004 0.050 + 0.018
PGA-5FU-
AF750-1
48 h | 0.005+0.004 0.004 + 0.003 0.006 + 0.002 0.011 +0.003 0

The 5-FU quantification by HPLC of tissue homogenates and plasma gave us a deeper detail of the
complete biodistribution of 5-FU in animals injected either with 5-FU or PGA-5FU-AF750-1. Figure
4. 31 represents the comparison within the 5-FU and PGA-5FU-AF750-1 injected animals at 4 and
48 h.
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Figure 4. 31 PGA-5FU-AF750-1 and 5-FU tissue biodistribution and 5-FU levels quantification measured by HPLC at 4 and 48 h post-
administration in BD1 experiment.

In good agreement with the in vivo and ex vivo FLI results, the tumor accumulation of 5-FU was
confirmed by HPLC 5-FU quantification. Although is true that at 4 h post-administration a higher
amount of 5-FU was detected for those animals injected with the free drug, we confirmed that the
conjugate still remain accumulated in the tumor up to 48 h thanks to the EPR effect whereas the
free drug was not detected at that time.

Interestingly, animals treated with PGA-5FU-AF750-1 conjugate showed high levels of 5-FU in
plasma at 4 h post-administration, while no 5-FU was detected for those animals injected with free
drug. It is known that 5-FU has a very short half-life in plasma (10-20 min)** and for this reason no
5-FU was detected in plasma at 4 h, suggesting that the conjugation to the PGA carrier increases
the plasma half-life of 5-FU.

HPLC 5-FU quantification confirmed the excretion of the conjugate through the renal route, seen by
FLI imaging. Ex vivo liver imaging did not show a significant accumulation of the conjugate in this
organ, however, by 5-FU HPLC measurements quantifiable 5-FU levels were observed in the liver,
suggesting that PGA-5FU-AF750-1 was also excreted through the liver. It is remarkable that 5-FU
content of liver and kidney in animals administered with the free drug is considerably higher than in
animals that received the nanoconjugate. Yuan et al**® described the in vivo biodistribution of the
HPMA-5FU conjugate and showed that the preferential accumulation of those animals injected
with free drug (24 mg 5-FU/kg) at 4 h post-administration was in the liver tissue (0.065 %ID),
followed by the tumor (0.035 %ID), plasma (0.018 %ID) and kidney (0.010 %ID). In contrast, in our
experiment it was found out that the free drug was equally distributed between tumor, kidney and
liver tissues at 4 h post-administration time. In the case of the liver, it can be considered a positive
result because it is described that up to 80% of administered 5-FU is broken down by DPD in the
liver'*, Moreover, with this results in hand, when comparing the % ID detected in tumors and
kidneys-livers at 48 h post-administration, we confirmed that the amount of accumulated product
was similar to the quantity of excreted product.
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Regarding 5-FU quantifications in lung tissues, a higher 5-FU accumulation was observed in animals
that received the PGA-5FU-AF750-1 compared to those administered with the free drug. This result
might suggest aggregation of the polymeric nanoconjugate before or after the i.v. administration.
These aggregates would be sequestered in lung capillaries and would be dissolving over time
without negative consequences to the animal.

4.1.6.3 Tumor-accumulation and whole-body biodistribution on subcutaneous HT-
29.Fluc-C4 human CRC tumors growing in athymic nude female mice (BD2)

Animals (n=6) received a unique i.v. administration dose of 5-FU (50 mg eq 5-FU/kg) and it was
well-tolerated and adverse side effects were not observed up to 24 h post-administration. However
a unique i.v. administration dose of PGA-5FU-AF750-2 at 50 mg eq 5-FU/kg caused mouse death
immediately after therapeutic agent administration, unlike in BD1 experiment where PGA-5FU-
AF750-1 was well-tolerated. The death of the animal was caused by a pulmonary collapse. As
mentioned before, particle aggregates can be sequestered in lung capillaries after the i.v.
administration. For this reason we suspected that before the injection the PGA-5FU-AF750-2
product might aggregate. Unfortunately, the average particle size of the product could not be
analyzed by DLS since this technique could not be used with fluorophore substances. Consequently,
the 5-FU injected dose was decreased to 25 mg eq 5-FU/kg, which was well tolerated and no
adverse side effects were observed up to 24 h post-administration. Moreover, the same amount of
free AF750 (0.30 mg AF750 eqg/kg) loaded into the PGA-5FU-AF750-2 was injected in an additional
group of animals (n=6) and it did not cause death or any side effects, indicating that the
fluorophore was not inducing the toxicity observed.

In the BD2 experiment, in vivo FLI measurements were performed at 4, 8 and 24 h, and ex vivo FLI
and 5-FU HPLC quantification were done of plasma, tumor, liver, kidney and lung of animals
sacrificed at 4 and 24 h. The second end-point of this experiment was forwarded compared to the
BD1 experiment because no fluorescence was detected ex vivo at 48 h post-administration in the
first biodistribution assay.

4.1.6.3.1 Invivo FLI (BD2)

Since the administered dose of PGA-5FU-AF750-2 was reduced to 25 mg eq 5-FU/kg in the BD2
experiment, the amount of AF750 resulted also reduced (0.15 mg eq AF750/kg). Accordingly, in vivo
FLI showed that 0.15 mg eq AF750/kg was not sufficient for the detection of noninvasive
accumulations of AF750 in vivo.

4.1.6.3.2 Exvivo FLI (BD2)

BD2 ex vivo FLI analysis at different end-time points (4 and 24 h) was performed for all tissues.
Figure 4. 32 show the ex vivo FLI images of tumors (A), kidneys (B) and liver (C). Ex vivo FLI PGA-
5FU-AF750-2 fluorescence was detected mainly in kidney and liver. Kidney and liver-accumulations
were maximal at 4 h post-administration and decreased rapidly within the first 24 h, indicating that
PGA-5FU-AF750-2 was quickly excreted through both, renal and hepatic routes (see Figure 4. 32 B
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and C, respectively). In addition, it was observed that the non-tumor bearing mice that received the
PGA-5FU-AF750-2 showed similar kidney and liver-accumulation than tumor-bearing mice.
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Figure 4. 32. PGA-5FU-AF750, tumor and tissue-accumulations in s.c. HT-29.Fluc-C4 colon tumor-bearing mice after i.v. administration of
the test compound. Ex vivo tumor (A), kidney (B), liver (C), FLI at 4 and 24 h post-administration of PGA-5FU-AF750. Pseudocolor scale
bars were consistent for all images in order to show relative changes from 4 to 24 h. AF750 tissue-accumulation per tissue weight were
quantified by measurements of AF750 FLI intensity (Radiant efficiency). Mean values + SEM are displayed at each corresponding end
point. S1 and S2 stands for Side 1 and 2 of the imaged tissue.
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Figure 4. 33 PGA-5FU-AF750, tumor, kidney, spleen, lung, plasma, muscle, skin and liver-accumulations. Ex vivo spleen, lung, heart, brain,
muscle, skin and plasma FLI at 4 and 24 h post-administration of PGA-5FU-AF750-2. Pseudocolor scale bars were consistent for all images
in order to show relative changes from 4 to 24 h. AF750 tissue-accumulation per tissue weight were quantified by measurements of
AF750 FLI intensity (Radiant efficiency). Mean values + SEM are displayed at each corresponding end point. S1 and S2 stands for Side 1
and 2 of the imaged tissues.

4.1.6.3.3 Exvivo 5-FU quantification by HPLC (BD2)

5-FU quantification by HPLC in plasma, liver, kidney, lung and tumor of 5-FU and PGA-5FU-AF750-2
injected groups was determined following the methodology detailed in section 3.7. The
methodology followed was the same explained for the BD1 experiment in section 4.5.1.1.3. As the
recovery found in spleen (Figure 4. 26) was very low, it was not included in the list of tissues to be
analyzed in the biodistribution study.

Table 4. 10 shows the results of HPLC quantifications expressed as %ID/g tissue. Percentage of ID
value of each tissue was multiplied with the corresponding recovery factor (QC Medium, Table 4.8)
determined in the validation of the method in section 4.1.5.3. Very low amounts of 5-FU were
detected suggesting that the majority of the drug might be excreted/metabolized during the first 4
h.

5-FU quantification by HPLC of tissue homogenates and plasma gave us a deeper detail of the
complete biodistribution of 5-FU in animals injected either with 5-FU or PGA-5FU-AF750-2. Figure
4. 34 represents the comparison between 5-FU and PGA-5FU-AF750-2 injected animals.
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Table 4. 10 PGA-5FU-AF750-2 and 5-FU tissue biodistribution and 5-FU levels quantification measured by HPLC at 4 and 24 h post-
administration in BD2 experiment.

5-FU Tissue Accumulation/Weight : ng 5-FU/g tissue (Mean +SEm)
Tumor Liver Kidney Lung Plasma
4h 0.030 +0.005 0.030 +0.007 0.145 £ 0.011 0.049 +0.006 0
5-FU
24 h | 0.019+0.004 0 0.047 +0.005 0.034 +0.004 0
4 h 0.060 * 0.027 0.050 +0.016 0.233 +0.064 0.073 +0.006 0.009 * 0.004
PGA-5FU-
AF750-2
24 h | 0.032+0.010 0.031+0.014 0.049 +0.020 0.057 +0.007 0.026 +0.013
% ID / g tissue - BD2 (HT-29.Fluc-C4)
0.4 7 Measured by HPLC mm 5-FU4h
(3 5-FU24h
k- Bl PGA-5FU-AF750 4h
% = PGA-5FU-AF750 24h
3 03
=
= N
B+
25
E2 o,
2z
23
RS
£ 0.1
>
H-
i n dlp i’ﬂ
0.0- T ﬁ T T T

TUMOR PLASMA LIVER KIDNEY LUNG

Figure 4. 34 PGA-5FU-AF750-2 and 5-FU tissue biodistribution and 5-FU levels quantification measured by HPLC at 4 and 24 h post-
administration in BD2 experiment.

In good agreement with the ex vivo FLI results, with the HPLC 5-FU quantification it was possible to
confirm the tumor accumulation up to 24 h, as well as the excretion of the conjugate through the
renal and hepatic routes.

Regarding the 5-FU content in tumors from those animals that received an injection of PGA-5FU-
AF750-2, it was observed a maximum accumulation at 4 h post administration. At 24 h post-
administration 50% of the 5-FU detected at 4 h still remained accumulated in the tumor, confirming
the EPR effect. Contrary to the amount of 5-FU quantified at 4 h for the animals that received a 5-
FU injection in the BD1 experiment, in the BD2 the amount of 5-FU detected was lower than the
quantified for the PGA-5FU-AF750-2 injected animals. It is necessary to mention that at 24 h post-
administration 5-FU injected as a free drug still remained in tumors in the BD2 experiment whereas
at 48 h was not detected in the BD1 experiment.

Regarding kidney accumulation it is remarkable that at 4 h post-administration a high amount of
conjugate and 5-FU were excreted but it decreased up to 24 h. In a very low proportion, the same
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behavior was observed in the liver, confirming a higher hepatic excretion during the first hours of
the experiment for PGA-5FU-AF750-2 and 5-FU.

A positive finding was the detection of 5-FU in plasma up to 24 h, confirming the stability of the
conjugate PGA-5FU-AF750-2 in circulation.

Finally, it was confirmed that the higher particle size of the conjugate could induce to an
accumulation in lungs after the i.v. injection.

4.1.6.4 Comparison of the BD1 and BD2 experiments

It is noteworthy the difference between the percentages of ID values in both BD experiments
performed in two different xenograft models (HCT-116 (BD1) or HT-29 (BD2)). The lower results
were obtained for the first analysis (BD1). It could be attributed to the better manipulation of the
samples in the BD2 experiment, that can be attributed to the experience gained when the second
experiment BD2 was carried out. For this reason, the level of 5-FU of those animals injected with
the free drug of the second biodistribution assay (BD2) should be considered more representative.

In addition, the administered dose resulted different (BD1/BD2, 2:1) since the PGA-5FU-AF750-2
conjugate was toxic at the same dose in which was performed the BD1 experiment. Since both
PGA-5FU-AF750 conjugates were synthesized in two different reactions using as a starting product
the PGA-5-FU-pool [6], we hypothesized the toxicity associated to the PGA-5FU-AF750-2 to any
interference during the synthetic or lyophilization processes. It is necessary to mention that we
tried to measure the particle size of the administered solution, because animals died due to a
pulmonary collapse, usually associated to the administration of conjugates with a high
particle/aggregate size. Unfortunately, using the DLS system it was not possible to find out the
presence of aggregates because the fluorophore dye produced interferences in the reflection light
system. But when analyzing the relation of tumor vs. liver accumulations in BD1 and BD2
experiments it was observed that higher amounts of PDC were accumulated in the liver in the BD2
experiment in comparison to the tumor accumulation. This confirmed the difference of both
products and the aggregating process that was hypothesized at the beginning of the BD2 assay.

In the study of the in vivo biodistribution of the HPMA-5FU conjugate'™

al showed that the conjugate accumulation in tumor (0.035% ID) at 4 h post-administration was

mentioned before, Yuan et

lower than in the liver (0.065% ID). They also confirmed the excretion through the renal route and
the accumulation in spleen (0.002% ID), lung (0.001% ID) and plasma (0.018% ID). Our results
suggest that the use of our polymeric system loaded with the same drug could produce a benefit in
the biodistribution in comparison to the HPMA-based system. The liver accumulations of the PGA-
5FU-AF750 system are in BD1 and BD2 experiments lower than in the tumor. Thus, the undesired
metabolization of 5-FU in the liver is expected to be reduced. In addition, our system is composed
by a biodegradable polymeric carrier of poly-(glutamic acid) whereas HPMA is non-biodegradable
and can accumulate in the body once administered, particularly when its Mw is high and renal
elimination cannot be guaranteed.
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As mentioned before, free 5-FU is immediately distributed and metabolized in tissues such as liver,
kidney and intestine after i.v. injection, which is the main reason for its low in vivo antitumor
activity™'. With both techniques (FLI and HPLC) used to quantify the biodistribution of PGA-5FU-
AF750 it is suggested that by conjugating a PGA chain to 5-FU, 5-FU can be protected from a rapid
metabolism within the body and accumulate in the tumor up to 24 and 48 h post-administration.
This data suggests that an increased retention in tumor and lower renal elimination would benefit
PGA-5-FU antitumor efficacy. Although we detected 5-FU at 4 h post-administration in all tissues,
the study of the biodistribution at shorter time’s post-administration is needed in order to
understand the behavior of our PDC after i.v. injection.

4.1.6.5 In vivo tumor growth inhibition studies

Due to the promising results observed in the BD1 experiment performed in animals bearing CRC
tumors grown from HCT-116.Fluc2-C9, as well as the encouraging results in the in vitro experiments
performed in the same CRC cell line, we decided to study the tumor growth inhibition in HCT-
116.Fluc2-C9 tumor-bearing mice.

Athymic 6-8 week-old female mice (HSd:Athymic Nude-Foxnl, Harlan) were injected
subcutaneously (s.c.) with 2 x 10° cells HCT-116.Fluc2-C9 into the rear right flank. Tumor volume
measured using a caliper, in vivo (twice per week), according to the formula Dxd*/2.

Once tumors reached an average volume of 132 mm? (median), the animals were randomized in 3
different groups and treatment consisted in the i.v. administration of 5-FU, PGA-5-FU or vehicle
twice a week (1001000), during 5 weeks:

e G1 - Control Group/Vehicle: PBS injected i.v. (schedule 1001000), n=10 animals.
e G2 -5-FU Group: 5-FU injected i.v., 30 mg 5-FU/kg (schedule 1001000), n=10 animals.

e G3-PGA-5-FU Group: PGA-5-FU injected i.v., 30 mg eq 5-FU/kg (schedule 1001000), n=10
animals.

The i.v. administration dose of 5-FU (G2) at 50 mg eq 5-FU/kg was well-tolerated and adverse
effects were not observed up to 24 h post-administration. However, the first administration of
PGA-5-FU (G3) at 50 mg eq 5-FU/kg caused mouse death immediately after the administration.
Consequently, the 5-FU injected dose was reduced to 25 mg eq 5-FU/kg for the next four
administrations in both groups. Once the average body weight was stabilized (see Figure 4. 35), the
administered dose was increased to 40 mg eq 5-FU/kg. However, after administration of 40 mg eq
5-FU/kg, body weight of animals in G2 (PGA-5-FU) dropped dramatically. Therefore, the injected
dose was maintained at 30 mg eq 5-FU/kg until the end of the experiment for both groups.

The death of the animal administered with 50 mg eq 5-FU/kg of PGA-5-FU was produced due to a
pulmonary collapse, as it happened in BD2 experiment (section 4.1.6.3). Since it is known that
particle aggregates might block pulmonary capillaries, we suspected that the PGA-5-FU-pool

114



Results — PGA-5-FU

product suffered unexpected alterations during the storage period that could negatively contribute
to the increase of the particle size of the PGA-5-FU-pool product (See section 4.1.6.5.1)

A part from the above mentioned toxicities associated to PGA-5-FU administration at 40 or at 50
mg eq 5-FU/kg, no other toxicity sign was observed during the cause of the experiment and no
significant body weight loss was observed (Figure 4.35).
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Figure 4. 35 Body weight profiles of treated mice of G1, G2 and G3 groups monitored along the experiment. The arrows in the bottom
correspond to the dose administered.

Tumor-growth measurement for each animal was carried out in vivo. In addition, at the end point
(day 45), ex vivo tumor volume and tumor weight measurements were performed (Figure 4. 37,
Figure 4. 38, respectively). Figure 4.36 represents the evolution of tumor volume until 25 days,
when the major differences between groups were observed. However, at this point the differences
between groups are not statistically significant.
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Figure 4. 36 Tumor volume profiles of mice in G1, G2 and G3 groups monitored along the experiment. The arrows in the bottom
correspond to the dose administered.
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Figure 4. 37 Effect of the 5-FU or PGA-5-FU on tumor volume at the end of the experiment (day 45). Scatter plots of tumor volumes are
shown with the median value represented by a line. Statistical analysis was done using a Dunn’s Multiple Comparison test and no
statistical differences were observed.
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Figure 4. 38 Effect of the 5-FU or PGA-5-FU on tumor weight at the end of the experiment Scatter plots of tumor weight are shown with
the median value represented by a line. Statistical analysis was done using a Dunn’s Multiple Comparison test and no statistical
differences were observed.
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Figure 4. 39 Tumor photographs of treated animals. Comparative pictures of HCT-116
xenograft tumors excised at the end of the experiment.

Table 4.11 and Table 4.12 summarize the ratios between the treated vs. control groups (T/C ratios)
to evaluate the reduction of the tumor volume or tumor weight, respectively. As it can be seen,

only 5-FU treated animals have lower T/C values than the control.

Table 4. 11 T/C ratios of tumor volume measured ex vivo by means of caliper measurements.

Tumor Volume ex vivo (mm?®) G1 Vehicle G2 5-FU G3 PGA-5-FU
Median 928.9 846.4 1031.0
Mean 1146.0 904.0 1155.0
SEM 215.4 113.9 164.6
T/C ratio (%) 100 91 111

Table 4. 12 T/C ratios of tumor weight measured ex vivo.

Tumor Volume ex vivo (mm?®) G1 Vehicle G2 5-FU G3 PGA-5-FU
Median 1.1490 0.8222 1.1240
Mean 1.1640 0.8903 1.2100
SEM 0.1961 0.0949 0.1829
T/C ratio (%) 100 72 98
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Collectively these results (in vivo and ex vivo tumor volume and ex vivo tumor weights) indicate that
the administration of 30 mg eq 5-FU/kg twice a week does not induce a significant growth
inhibition, either when the 5-FU is administered as a free drug vehiculized along with PGA. If the
initial dose of 50 mg eq 5-FU/kg were maintained, a significant tumor growth inhibition could have
been recorded at least for the 5-FU control group (G2). However, the toxicity seen for PGA-5FU
forced us to reduce the dose in both PGA-5-FU and 5-FU treated groups and although slight
differences are observed between vehicle and 30 mg/kg 5-FU treated groups such differences are
not significant.

On the other hand, the absence of a significant effect in the PGA-5-FU treated group is due to the
alteration of the product during its storage. This detail, further explained in section 4.1.6.5.1, was
only detected after re-analyzing the PGA-5FU pool product, once the first toxicity effect were
recorded in the in vivo efficacy assay.

The evaluation of the efficacy of PGA-5-FU would therefore require performing additional
experiments where (i) PGA-5-FU is maintained stable (without aggregates or significant 5-FU
release) from its synthesis until its administration in vivo and (i) 50 mg/kg of 5-FU can be
administered safely.

4.1.6.5.1 Characterization of the PGA-5-FU injected into animals in the in vivo tumor growth
inhibition experiment

To better understand the low efficacy in the growth inhibition experiment and the toxicity
observed when administered 50 mg eq 5-FU/kg of PGA-5-FU-pool [6] the remaining product of the
injection solution (kept at -20°C after its solubilisation in PBS) at: 50 mg eq 5-FU/kg and 25 mg eq 5-
FU/kg was further analyzed. As mentioned before, we suspected that the formation of aggregates
in the solution injected into animals could be the cause of death by pulmonary collapse.

Therefore, the PGA-5-FU [6] (7.5 mg eq 5-FU/mL) solution prepared for the i.v. administration at
the FVPR Laboratory (CIBBIM-Nanomedicine, VHIR) was analyzed by DLS. Interestingly, the product
at a concentration of 3.75 mg 5-FU/mL that showed a particle size around 100 nm as detailed in
Figure 4. 15 carried out after the purification process, showed an average particle size of 364.11 nm
(see Figure 4. 40), confirming the aggregation of the PGA-5-FU [6] in the i.v. administered solution.

Therefore, the aggregation of the nanoconjugate might be the reason of the animal death in the
tumor growth inhibition experiment, because pulmonary collapse is normally associated to
particles with bigger nanometric size. In addition, we suspect that the toxicity observed in the BD2
experiment was due to the same aggregation problem, although PGA-5FU-AF750-2 product could
not be analyzed by means of DLS.

An HPLC-MS analysis of the aggregate product was performed to determine its stability during
storage. We expected some 5-FU release because the PGA-5-FU [6] conjugate was dissolved in PBS
and, during almost 1 h, it remained at rt before storage at -20 °C, but when we analyzed the
product, we detected the presence of 5-FU-adipic [2] (Mw=288 g/mol) released from PGA-5-FU
(Figure 4. 41).
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Figure 4. 40 Size distribution by intensity of PGA-5-FU conjugate after the growth inhibition
experiment, measured at the concentration injected into animals (25mg eq 5-FU/kg).

Regarding the structure of the PGA-5-FU [6] conjugate and the products detected in the HPLC-MS
analysis, we suggest that part of the 5-FU-adipic [2] linked to the polymeric carrier was released
leading free amino groups in some monomers of the PGA chain. Moreover, the conjugate
synthesized had a very low TDL (7.06%) and for this reason, we considered that the carboxylic
groups of the non-loaded glutamic acid monomers could interact with the free amino groups and

thus, produce an unexpected aggregation of the nanoconjugate.
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Figure 4. 41 HPLC-MS chromatogram of the PGA-5-FU [6] injected into animals in the tumor growth
inhibition experiment of section 2.6 (50 mg eq 5-FU/kg) and chemical structure of 5-FU-adipic
product [2].

To avoid this type of problems in the future, each batch of product should be tested immediately
after its synthesis, and if necessary stored at -20°C under argon, to eliminate any possible
degradation and avoid an aggregation of the nanoconjugate during storage for a long period of
time. In addition, quality controls (including particle size and HPLC-MS analysis) should be
performed to each batch stored at -202C before its administration into animals.
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4.1.7 Conclusions

This study indicated that the conjugation of 5-FU to a polyglutamic acid carrier with a molecular
weight of 15 kDa through an ester bond showed therapeutic activity in vitro in the HCT-116.Fluc2-
C9 and HT-29.FlucC4 CRC cell lines.

Additionally, the cellular uptake assays performed with the PGA-5-FU nanoconjugate labeled with a
carboxyfluoresceine fluorescent probe indicated that the internalization of the conjugate was
through the endocytic pathway, and this internalization proved to be more rapid and efficient in
HCT-116.Fluc2-C9 cell line compared to HT-29.Fluc-C4 cells.

The in vivo biodistribution experiments performed in murine models of CRC, with animals carrying
tumors grown from HCT-116.Fluc2-C9 or HT-29.FlucC4 injected subcutaneously, confirmed a
greater accumulation of the PGA-5-FU nanoconjugate labeled with AF750 at longer times in tumor
in comparison to 5-FU levels detected in animals injected only with 5-FU as a free drug, confirming
the EPR effect of the polymeric PGA-5-FU in these specific models. The studies also indicated that
conjugation of 5-FU to a PGA polymer allow to increase the plasma half-life of 5-FU, which is in the
range of min, up to 24 h after i.v. administration. Finally, BD assays also showed that the product
was preferentially excreted through the kidney, but it was also removed by the liver in smaller
amounts.

Finally, after the unexpected results observed in the in vivo tumor growth inhibition studies it was
confirmed that the storage conditions of the PGA-5-FU conjugate are of significant importance to
prevent the degradation of the conjugate and consequently the alteration of the nanoconjugate
size producing aggregates. Such aggregates seem to be the reason behind the toxicity observed in
the animals administered with PGA-5-FU.
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4.2 Polymer-drug conjugates based on
Poly-(L-glutamic acid) and 5-Fluorouracil

sensitive to Matrix Metalloproteinases

In this section a new class of PGA-based PDC with MMP-9 and MMP-7 sensitive peptides was
studied. The rationale behind using these enzyme-sensitive peptides relies on the increased
expression and activity of these enzymes in the extracellular microenvironment of CRC.

While PGA-5-FU [6] conjugate will accumulate in the tumor thanks to a passive targeting, PGA
polymers with MMP-cleavable linkers will combine passive targeting into the tumors with active
release of the drug due to the presence of MMP enzymes within tumor microenvironment. So, we
hypothesize that the new MMP-sensitive PDC would preferably accumulate in tumor areas thanks
to the EPR effect, but also, would improve the extracellular 5-FU release in tumor tissues, thus
increasing its therapeutic efficacy.

Given the good results of the ester linkage between 5-FU and PGA in the previous section (high
stability while transport leading a very low unspecific release and higher tumor accumulation in
vivo), we decided to explore this type of bond between 5-FU and the MMP-sensitive peptides.
However, we also explored a carbamate linkage between 5-FU and the MMP-sensitive peptides in
order to determine the best kinetic release conditions regarding MMP-mediated release.

4.2.1 Synthesis of MMP sensitive peptides

As mentioned in the Introduction (section 1.3.2.2.1), two different peptidyl sequences were
selected from the literature as substrates for MMP-9 and MMP-7.

The peptide linker composition sensitive to MMP-9 (GPVGLIG) was selected based on the work
published by Turk et al**
as MMP substrates and scored (regarding its selectivity) all amino acids at each position between 8
different possibilities (P4-P3-P2-P1-P1’-P2’-P3’-P4’, where the cleavage occurs between P1 and P1’).
Based on this study, Langer et al**' selected the PVGLIG sequence because it formed a MMP-9

and Langer et al*'. Turk et al built a combinatorial library of oligopeptides

sensitive hexapeptide (P3-..-P3’) without any functional side chains, and introduced it into a new
dextran polymer. Interestingly, the new Dextran-PVGLIG-Methotrexate conjugate showed
sensitivity to the target enzyme MMP-9 and stability in systemic circulation. As detailed in Table
1.2, this sequence was also successfully used in a MMP sensitive PEGylated-peptide-conjugate
adriamycin*®. Taking this information into account, we decided to use the PVGLIG sequence and to
add a Glycine as an extra amino acid to the N terminal of the sequence, to have a secondary
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amine instead of a primary amine, thus enhancing its reactivity. Thus, the final MMP-9 cleavable
peptide used in the MMP sensitive PDC corresponds to the sequence GPVGLIG.

On the other hand, in the area of optical in vivo fluorescence imaging research, novel entities have
been designed as proteolytic beacons selective for specific enzymes'****? including MMPs. In detail,
AHX-RPLALWRS-AHX sequences (where AHX stands for aminohexanoic acid) were used as the
MMP-7 substrates in PAMAM-dendrimers labeled with the fluorophore dye Cy5'**. Indeed, already
in 1995, Welch et al*** described that the best substrate for MMP-7 was the peptidyl sequence
Dnp-RPLALWRS (where Dnp stands for dinitrophenyl). Therefore, the MMP-7 cleavable peptide
selected in our project to design the MMP-7 sensitive PDC (PGA-MMP7pept-5FU) corresponded to
this sequence: AHX-RPLALWRS-AHX.

In addition to the two specific MMP cleavable sequences, two additional peptides composed by the
same amino acids (type and number) in a different order (scrambled peptides) were also
synthesized, as negative controls for MMP sensitivity (Table 4. 13).

Table 4. 13 Different MMP-sensitive peptides and its corresponding scrambled peptide.

MMP-9 MMP-7
MMP-Sensitive Peptide GPVGLIG [9] AHX-RPLALWRS-AHX [11]
Scrambled Peptide GIVGPLG [10] AHX-RSWLPLRA-AHX [12]

The synthesis of these four peptides was carried out in solid phase using 1-1.5 g of 2-chlorotrytil
resin (1.6 mmol/g peptide) using Fmoc-protected amino acids. The peptides were grown from C to
N terminal and the Fmoc group protected temporally the ai-amine of the coupled amino acid.
Figure 4. 42 represents the SPPS scheme followed in the synthesis of the GPVGLIG peptide.

Once the peptide sequence was finally achieved, the peptidil-resin was treated with an acidic
solution of DCM:TFA (95:5, v/v). The next step consisted on the evaporation of TFA and the
precipitation of the peptide in cold diethyl ether. For peptides [9] and [10] no further purification
was necessary. In the case of the MMP-7 and scrambled-MMP-7 peptides, it was necessary to
remove all the side-chain protecting amino groups with an overnight treatment with a solution of
TIS/H,O/EDT/TFA (1:2.5:2.5:94, v/v/v/v). Removal of protecting groups was monitored by HPLC-MS
and once completely eliminated, TFA solution was evaporated. Peptides were purified by RP-HPLC-
semipreparative. All synthesis steps were controlled following the Kaiser test and the Choranyl
tests.

Following this strategy peptides [9-12] were synthesized and purified. Peptide formation was
confirmed by HPLC-MS and MALDI-TOF, confirming the Mw of the desired products. A total amount
of 305.6 mg of GPVGLIG [9] and 149.8 mg of GIVGPLG [10] were obtained, with a purity of 97.3%
and 96.8%, respectively. In the case of MMP-7 sensitive peptides, after semi-preparative HPLC
purification 139.1 mg of AHX-RPLALWRS-AHX peptide [11] and 170.1 mg of AHX-RSWLPLRA-AHX
peptide [12] were obtained, with a purity of 97.7% and 97.8% respectively.
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Figure 4. 42 Synthesis scheme of GPVGLIG peptide by SPPS. Conditions: Cleaning and resin conditioning 5 x Imin DMF and 5 x 1 min DCM
; using 10 mL of solvent per gram of resin; a) Fmoc-Gly-OH (1eq), DIEA (5eq) in DCM, 45 min; b) (DMF (5 x 1 min), Piperidine / DMF (2:8) (
1x1min,2x20min), DMF (5 x 1 min), DCM (5 x 1 min); c) Fmoc-lle-OH (3eq), oxime (3eq), DIC (3eq) in DCM, 2h; d-h) repeat b) and c)
steps for each amino acid; j) (DMF (5 x 1 min), Piperidine / DMF (2:8) ( 1 x 1 min, 2 x 20 min), DMF (5 x 1 min), DCM (5 x 1 min), TFA 5%
in DCM (5min).

4.2.1.1 Sequence recognition cleavage assay of the MMP-sensitive peptides synthesized

The specificity of the enzymes for the selected sequences was tested in an assay were the peptides
were incubated against MMP-9 and MMP-7 enzymes. The experiment was carried out also with the
scrambled sequences to confirm that they were not MMP substrates.

To procede, 1 mg of peptides [9-12] was dissolved in PBS and MMP-9 (1ug/mL) for [9-10] peptides
or MMP-7 (0.1 mg/mL) for [11-12] peptides was added, thermomixed at 37°C during 24 h and
analyzed by HPLC-MS.

Figure 4. 43 shows HPLC-MS chromatograms, before and after incubation of the GPVGLIG peptide
[9] with MMP-9. As expected, the enzymatic activity of MMP-9, breaks down the PVGLIG peptide
[9] (Mw 612.35 g/mol) into two fragments of Mw 329.19 g/mol (GPVG [9-i]) and 302.19 g/mol (LIG
[9-ii]).

Similarly, the incubation of AHX-RPLALWRS-AHX peptide [11] (Mw 1224.50 g/mol) with MMP-7,
resulted in two peptide fragments: 569.3 g/mol (AHX-RPLA [11-i]) and 674.3 g/mol (LWRS-AHX [11-
ii]) as shown by HPLC-MS chromatograms.

In the case of the scrambled peptides (products [10] and [12]) no cleavage was observed, further
confirming the specificity of selected peptide sequences ([9] and [11]).
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Figure 4. 43 Sequence recognition cleavage assay with the MMP-9 human enzyme of GPVGLIG. (A) Cleavage reaction; (BJHPLC-MS analysis
of the GPVGLIG peptide before incubation with MMP-9 enzyme and (C) Crude HPLC-MS analysis of the incubation of GPVGLIG peptide with
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Figure 4. 44 Sequence recognition cleavage assay with the MMP-7 human enzyme of AHX-RPLALWRS-AHX. (A) Cleavage reaction; (B)
HPLC-MS analysis of the AHX-RPLALWRS-AHX peptide before incubation with MMP-7 enzyme and (C) Crude HPLC-MS analysis of the
incubation of AHX-RPLALWRS-AHX peptide with MMP-7 enzyme.
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4.2.2 Study of the bond nature between the drug and the MMP-sensitive peptide

The PGA-MMPpept-5FU conjugates were designed as a tripartite structure composed by: the PGA
carrier, the MMP-linker and the anticancer drug 5-FU. In section 4.1, the linker in the PGA-5-FU
system was an adipic acid molecule attached to 5-FU through an ester bond.

In the case of PGA-MMPpept-5FU conjugates, in addition to the ester bond, the carbamate bond
between 5-FU and the N-terminal of the peptides [9-12] was studied to evaluate the kinetic release
of 5-FU. It is worth mentioning that in these conjugates we expected the release of 5-FU produced
by the activity of the MMPs and that corresponding to the hydrolysis of the bond between the drug
and the MMP-sensitive linker.

—|_Peptide | —{ Peptide }—0_ p
0-5-FU g e
)

Ester Carbamate

Figure 4. 45 Drug-peptides bonds studied, where m represents the polymer backbone.

4.2.2.1 Methodology for the synthesis of the 5-FU conjugated to the MMP-sensitive
peptide containing a carbamate bond

The MMP-9 sequence was used in the first stage of the project to set up the synthetic methodology
to achieve the carbamate bond between the drug and the peptide. Once obtained, it was possible
to evaluate the suitability of the carbamate bond for the final conjugate in the in vitro tests (plasma
and pHs) and in the study of its cytotoxicity in the HCT-116 CRC cell line.

Unexpectedly, different strategies were checked to get the drug-peptide moiety (5FU-GPVGLIG)
containing the carbamate bond.

4.2.2.1.1 Carbamate bond formation: Strategy 1

The first strategy consisted on the activation of 5-FU to get an intermediate product that will
further react directly in the N-terminal of the peptide through a carbamate bond formation. Two
different alternatives were studied.

o The first alternative consisted on the formation of product [13] through the activation of 5-
FU with DSC. Then, in a second step this intermediate would react with the N-terminal of
the peptide forming the carbamate bond.

Initially, the reaction was performed with only 1.2 eq of DSC. Unlikely, it did not run and it
was evaluated an excess of 3 and 10 eq of DSC in the presence and absence of TEA. Finally
product formation was observed by HPLC-MS (Mw = 301.3 g/mol, ESluna[M+H]"= 301.95
g/mol) when using 10 eq of DSC and TEA. In order to evaluate the formation of the
carbamate bond, it was left to react overnight with 3-phenyl-1-propylamine. This product
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was used in this initial stage of the project to check the carbamate bond formation in a small
scale and thus avoid the peptide consumption. However, the desired product was not

0 0] 0]
N e L LI
\f:l\/go N/&O N/g
H ) (
HO 6} O—N
[ my L ?
O

Figure 4. 46 Synthesis of 5-FU derivative with DSC. Conditions: a) HCHO 37% (6eq), 1h,
55°C; b) DSC (10 eq), TEA (10 eq), 2h, rt, ACN.

obtained.

o The second alternative consisted on the formation of product [14] through the activation of
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5-FU with nitrophenylchloroformate™". Then, the carbamate bond formation was expected

through the reaction of the nitrophenyl activated 5-FU and the N-terminal of the peptide.

0 o} o
F NH a F NH b F NH
fi& — LA T A "
N0 NS0 N0
H H k /o)
S o
o)

Figure 4. 47 Synthesis of 5-FU derivative with nitrophenylchloroformate [14]. Conditions: a) HCHO 37%
(6eq), 1h, 55°C; b) TEA (1.5 eq), nitrophenylchloroformate (1.5 eq), ACN (anhydrous), ovn, rt.

Once product [1] was obtained, a first test was performed with nitrophenylchloroformate
and TEA in anhydrous ACN. The reaction mixture was left to react overnight at rt. Product
[14] was detected by HPLC-MS (Mwc= 325.21, ESliouna[M+H]"= 326.1). In order to check
the carbamate formation it was left to react with 3-phenyl-1-propylamine at 40 °C, during 1
h in anhydrous ACN. In this case the product [15] was obtained (Mw= 321.30,
ESltouna[M+H]"= 321.90) but conversion was very low.

(6]

B g
N (6]

KO 5 OM O\H/N\/\/©
b S

0]
0]

Figure 4. 48 Synthesis of product [15]. Conditions: a) 3-phenyl-1-propylamine (1.5 eq), ACN (anhydrous) 1 h, 40°C.

Regarding the dirty crude obtained in the product [14] formation, it was decided to
optimize the reaction conditions to avoid the purification step of the intermediate reagent.
A first test was performed in anhydrous piridine'® as a solvent and 2 eq of
nitrophenylchloroformate. In this case even dirtier crude was obtained. Then, it was tested
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the formation of 4-o-p-nitrophenyl-oxycarbonyl-5-FU™, product [14] by stirring the
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reaction mixture in anhydrous DCM under reflux (40 °C) overnight. Product was successfully
obtained (Mw,.= 325.21, ESliuna[M+H]"= 326.1) and purified by flash-chromatography. In
the same manner as in the previous test, the product was made to react with 3-phenyl-1-
propylamine, and, although the product was detected by HPLC-MS, conversion was very
low and the crude was dirtier.

4.2.2.1.2 Carbamate bond formation: Strategy 2

Since it was not possible to obtain the carbamate bond directly on the N-terminal position of the
peptide, a second strategy was thought in a two steps process (Figure 4. 49). The first step
consisted on the modification of 5-FU in the N1 position to get a 5-FU-derivative containing a
carbamate bond and a free carboxylic group that will further react in the second step of the process
with the N-terminal of the peptide.

o . o
F
L =G
Vo O . At
O\H/N\XJ\OH 0 TXTON-— GPVGLIG—LLOH
o

Figure 4. 49 Scheme of the synthesis strategy process proposed for the obtention of 5-FU-GPVGLIG moiety through a carbamate bond. a)
Corresponds to the formation of the 5-FU-derivative containing the carbamate bond in the N1 position of 5-FU. b) Corresponds to the
linkage of 5-FU-derivative to the N-terminal of the peptide through an amide bond.

In order to get the 5-FU derivative containing the carbamate bond it was necessary to synthesize
product [17] through the reaction of chloromethyl chloroformate and a glycine protected in the X
position™*®. Initially, to evaluate the suitability of the methodology the glycine ethyl ester was

selected.
(0]
0 0 F
H
+ 0. ab_ c_o_ N x _¢d %NH (7]
Cl)ko/\CI HZN/\[( X ~ \ﬂ/ \)J\O/ T . IN/gO
© O x,=Etyl[16] L H O
Xo= Benzyl [41] O\”/N\JJ\OH

Xa= tert-Butyl [42] o)

Figure 4. 50 Synthesis of product [17]. Different protecting groups were studied: ethyl, benzyl and tert-butyl (X). Conditions detailed are
based on the definitive conditions find out with tert-butyl protected glycine. Conditions: a) Glycine tertbutyl ester (1leq), TEA (1.5 eq), 10
min, -20°C, anhydrous DCM; b) chloromethylchloroformate (1.1 eq), 10 min, -20 °C. Work up in H20 and collection of the organic phase;
¢) 5-FU (0.8 eq), TEA (2.5 eq), 50°C, 3h, DCM, flash chromatography purification SiO2 column DCM /Ethyl Acetate ; d) TFA/DCM (1:3), 1h,
rt.

To proceed, glycine ethyl ester hydrochloride was dissolved in anhydrous DCM and TEA (1.5 eq)
added. The mixture was left at -20°C during 5 min and then chloromethyl chloroformate (1.1 eq)
was added. The reaction was left at -20°C for 10 min and product formation confirmed by HPLC-MS
(MWeaic= 195.6 g/mol, ESluna[M+H] "= 195.69 g/mol) and purified through liquid-liquid extraction in
H,0 and saturated NaCl. Product [16] was obtained with a high purity.
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Based on the results obtained previously in our group by L. Simén, prior to the reaction of product
[16] with 5-FU, it was decided to explore the carbamate formation also in the N3 position of 5-FU.
In spite of the fact that the N1 position of 5-FU is more reactive, derivatives through the N3

position are more stable!'>!**!!

though more difficult to synthesize. To reach the N3 substitution,
it is necessary to protect N1 position. L. Simén worked with 1-benzyloxicarbonyloxymethyl-5-FU
[18] to perform N3 substitutions on 5-FU, followed by a hydrogenation process to remove the Z
protecting group. With all this information in hands, the substitution on N1 position, performing
the reaction of product [16] with 5-FU directly was intended, as well as with product [18] to

substitute the N3 position.

The product 1-benzyloxycarbonyloxymethyl-5-FU [18] was obtained following the synthesis process
detailed in Figure 4. 51, and the crude was purified by flash chromatography.

o] o} o]
F\fLNH a F | N/_OH b F\“\)J\NH (18]

H&o Nk/&o Nk/&o
oH [ o O@

1

Figure 4. 51 Synthesis of product [18]. Conditions: a) HCHO 37% (6eq), 1h, 55°C; b) Benzyl
chloroformate (1.5 eq), TEA (1.5 eq), ovn, rt, anhydrous ACN.

At that point, product [16] was made to react with 5-FU and product [18] using different reaction
conditions. First, product [16] (1.2 eq) was mixed with 5-FU or product [18] (1 eq) in DMF with
potassium carbonate (1 eq) and the reaction was left at 50°C overnight. None of the reactions
worked properly. Then, TEA (3 eq) was used instead of potassium carbonate, either at rt or at 50°C,
for both 5-FU and product [18]. Final product formation was confirmed by HPLC-MS after 3 h
reaction at rt. Products [19] and [20] were obtained when reactions were performed at 50°C.
Reaction for product [20] ran slowly, due to the lower reactivity of the N3 amino group of 5-FU
(Figure 4.52), and therefore working with this product was discontinued. In the case of the reaction
with 5-FU, once the product [19] was formed it was also detected the 5-FU disubstituted product
(in N1 and N3 positions) in a very little quantity. In this case, product [19] was easily purified by
flash-chromatography and obtained in a high purity (98.6%).

Figure 4. 53 shows the "H-NMR spectra of product [19] prior to be hydrolyzed with Ba(OH),, and
Figure 4. 54 shows the 'H-NMR spectra of the [19] hydrolysis crude performed with Ba(OH),. In
both cases, the presence of free 5-FU confirmed the low stability of the carbamate bond in these
conditions.
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Figure 4.52-A HPLC-MS Chromatogram of product [19]. Conditions: a) product [16] (1.2 eq), 5-FU (1 eq), TEA (3 eq), DMF, 3 h, 50 °C.
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Figure 4. 52 HPLC-MS Chromatograms of products [19] and [20]. Conditions product [19]: a) product [16] (1.2 eq), 5-FU (1 eq), TEA (3 eq),
DMF, 3 h, 50 °C. Conditions product [20]: a) product [16] (1.2 eq), Product [18] (1 eq), TEA (3 eq), DMF, 3 h, 50 °C.

Table 4. 14 Summary of the different hydrolysis conditions tested for the ethyl ester elimination of product [19].

O
A,/

Hydrolysis conditions for R

Ba(OH), (1.5 eq), 1 h, rt, H,O/THF (1:1)
LiOH (1 and 3 eq), 1 h, rt H,0/THF (1:3),
147

NaOH (1 eq), ovn, rt, THF/H,0 (3:1) // NaOH (1 eq) in MeOH

Trimethylsilane, 80°C and rt, 2 h, ACN reflux
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Once clear the difficulty of removing the ethyl protecting group without releasing free 5-FU,
different protecting groups not labile in basic conditions as well as the coupling of not protected

Glycine were checked.

When using not protected Glycine, the product generated in the reaction with chloromethyl
chloroformate corresponded to the addition of two glycines. Even though it was made to react with
5-FU and a dirty crude was obtained and discarded for purification. Alternative protecting groups to

the ethyl ester were checked.

MGOS23hp25w1
H1 / s2pul / Miraury-400 0
cdcB/Temp: 28° /N req: D-PCRZ0S11161125 o
Usuari: uge a 320
Nom: HELENABLA SOLANS F.
Data:23/05/1 1/ Skt atomatic ‘I’l\ NH La0o
a ~ 280
N O o
MGOSZ3-hpZSH1 b kO H J.L_ d 0
(100 N
H1 / s2pul / Marary-400 | I - o
cocB/Termp: 25C /N reg: D-PCB230511161125 Leg c e 240
Usuan: uge / Mostra: bpes [ Q
Nom;: HELENA PLA SOLENS . 220
re0
Data:23/05/1} / Sst astomatic
40 200
| t
I [ 180
S ° 160
2
. . . : i 140
785 780| 775 770 765 780 755 750
f1 (pom)
b e 120
F10n
Feo
c
d teo
a 40
A
L L) \ [
|| EED W— U VNS EU— ¥ T VS B L LV I SR S | W ) W—
g 3 3 3 o -20
25 70 65 6.0 &8 S0 4. 3s 3.0 s 20 15 1.0

Figure 4. 53 'H-NMR of product [19] (400 MHz, CDCl3) &: 7.69 (d, J=5.6Hz, 2H), 5.62 (s, 2H), 4.21 (q, J=8 Hz,
3H), 3.95 (d, J=4 Hz, 2H), 1.26 (m, 3H).
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Figure 4. 54 Example of 'H-NMR of product [19] hydrolyzed in Ba(OH), conditions. As observed, product [19]
was hydrolyzed giving two different products: product [17] and 5-FU.
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Therefore, benzyl and tert-butyl protecting groups were evaluated. Both 5-FU derivatives [21] and
[22] (Figure 4. 55) were synthesized according to the previous conditions set up for the synthesis of
product [19] and also purified by flash chromatography.

F\EL F
NH NH
| \fL
Ko B
H
[21] O\H/N\JLO [22] OTH\JLO
o) o)

Figure 4. 55 Chemical structure of products [21] and [22].

Table 4. 15 summarizes the reaction conditions tested for the deprotection of the benzyl and tert-
butyl groups. Successfully, the hydrolysis of product [22] with TFA 95% the carbamate bond
between 5-FU and Glycine was stable and no 5-FU was released. This result was confirmed by *H-
NMR.

Table 4. 15 Summary of the different protecting groups and the conditions tested for the deprotection of product [21-22].

Protecting Group Hydrolysis conditions

(0]
RJ\OQ LiOH (1 and 3 eq), 1 h, rt, H,O/THF (1:3)

0 HCl 4M in 1,4-dioxane, ovn, rt
ot
TFA 95%, ovn, rt

Then, the use of B-alanine t-butyl ester (Figure 4. 56) instead of glycine t-butyl ester since -alanine

is a better spacer moiety was explored. The deprotection was evaluated in a mixture of TFA/DCM
(1:3) and analyzed after 1 h. Product [24] (5-FU-Ala-OtBu) was completely hydrolyzed leading
product [25] (5-FU-Ala) and the carbamate bond remained stable. This result was also confirmed by
'H-NMR and HPLC showing a high pure product (97.37%) (Figure 4. 57).

o o]

Figure 4. 56 Synthesis of product [29]. Conditions: a) [f-alanine t-butyl ester (leq), TEA (1.5 eq), 10 min, -20°C, anhydrous DCM,
chloromethylchloroformate (1.1 eq), 10 min, -20 °C. Work up in H,O and collection of the organic phase; b) 5-FU (0.8 eq), TEA (2.5 eq),
50°C, 3 h, DCM; ¢) TFA/DCM (1:3), 1 h, rt.
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Figure 4. 57 *H-NMR of product [25] obtained after the hydrolysis of product [24] in TFA/DCM (1:3), 1h,
rt. "H-NMR (400 MHz, CDCl3) §: 7.84 (d, =4 Hz, 1H), 5.50 (s, 2H), 3.27 (t, J=4 Hz, 2H), 2.45 (t, J=4 Hz, 2H).

4.2.2.1.3 Conjugation of the 5-FU modified through a carbamate bond and the MMP-sensitive
peptides

The following step consisted on conjugation of product 5-FU-Ala [25] and the MMP-sensitive
peptide. As mentioned before, the evaluation of the carbamate linkage was carried out with the
MMP-9 sensitive peptide and its corresponding scrambled peptide. To proceed, product 5-FU-Ala
[25] was activated with pentafuorophenol previously to the amide bond formation with the N-

terminal of products [9-10].

o - Q
F \EJ\NH
NH |
| N/&O a,b N/go

N H N—{Peptidel—OH

L H
OH O—~—N
O\”/N\/\n/ \él/ U P,= NH-GPVGLIG [26]
(0] (0]

P>= NH-GIVGPLG [27]
[25]
Figure 4. 58 Synthesis of products [26] (5-FU-Ala-MMP9pept) and [27] (5-FU-Ala-MMP9scram). Conditions: a) Activation (1.5 eq

pentafluorophenol, 1.5 eq EDC, 0.5 eq DMAP in DCM, 3h, rt); b) peptide [9]/[10] (0.9 eq), pH= 8 adjusted with DIEA, DCM, ovn, rt.

Both N-substituted peptides [26] (5-FU-Ala-MMP9pept) and [27] (5-FU-Ala-MMP9scram) were
purified by means of semi-preparative HPLC in H,0:ACN in acid media, finally obtaining purities of
98.7% and 97.5%, respectively.

4.2.2.1.4 Stability tests of the 5-FU-Ala-MMP9 product [26] containing a carbamate bond

Although the degradation of a PDC and a linker-drug moiety in media (plasma, pHs or cell medium)
is expected to be different since the conformation of both systems is clearly distinct. In section
4.1.2.4 we confirmed that the ester bond present in the PGA-5-FU system remains stable in plasma
thanks to the conformation of the polymer-drug conjugate, whereas it is labile when the linker-
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drug moiety is not conjugated to the polymer. At this stage of the project, the use of the carbamate
bond was new, so we decided to evaluate the stability and degradability of the linker-drug moiety
(product 5-FU-Ala-MMP9pept [26]), as an informative assay.

The kinetic release of 5-FU and the cytotoxicity of product [26] in HCT-116.Fluc CRC cell line was
addressed. It is necessary to mention that, besides the evaluation of product 5-FU-Ala-MMP9pept
[26] as a substrate for MMP-9, it is really important to know if the released product has a
cytotoxicity comparable to 5-FU. The product of the MMP-9 activity corresponds to a peptidyl drug
unit, containing 4 amino acids (GPVG) linked through a carbamate bond to 5-FU that ideally should
be degradated releasing free 5-FU. Therefore, it is important to study the stability of product (5-FU-
GPVG), hence the facility of the carbamate bond to release 5-FU.

o pH stability: 1 mg of product 5-FU-
Ala-MMP9 [26] was incubated at L pecordinol
37°C in 100 pL of PBS at 3 different by
pH (5.5, 6.5 and 7.3) and the amount S L_Jk R A pH=5£
of 5-FU released after 24 h
incubation was analyzed by HPLC-UV.

44— Product [26]

Resorcinol was used as an internal o)
standard.
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As shown in Figure 4. 59 only 0.5 % of
5-FU was released after 24 h of
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stability of the carbamate bond at

the pHS tEStEdf in contrast to the Figure 4. 59 HPLC chromatograms after 24 h of incubation at 37 °C

high Iability observed in basic of product 5-FU-Ala-MMPS9pept [26] at differen pH. Three different
peaks can be distinguished: 5-FU (purple), Resorcinol (IS) (green),
conditions (Table 4.14). product [26] (red). Only at pH= 7.3 a 5-FU release is detected.

o MMP-9 responsiveness: 1 mg of product 5-FU-Ala-MMP9pept [26] was dissolved in H,0 and
MMP-9 (10 pg/mL) was added. Aliquots of 5 UL were taken at different times and analyzed
by HPLC-MS to detect the 5-FU-GPVG Mw. Furthermore, the analysis by HPLC allowed the
quantification of the kinetic release of the peptidyl 5-FU. Figure 4. 60 represents the release
of 5-FU-GPVG, and as it can be clearly seen, product 5-FU-Ala-MMP9 [26] was able to be
cleaved by MMP-9. Interestingly, the release was not too fast and it confirmed that the
carbamate bond remained unaffected by the enzyme MMP-9.
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Figure 4. 60 Kinetic release of 5-FU-GPVG from product 5-FU-Ala-MMP9 [26] over the time when
incubated with MMP-9. The quantification was performed by HPLC.

o Cytotoxicity of product 5-FU-Ala-MMP9 [26] in HCT-116 CRC cell line: As mentioned before,
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although it was necessary to evaluate if the synthesized product was a substrate for MMP-9,
it was important to test its cytotoxicity to check if the released 5-FU peptidyl product (5-FU-
GPVG) was still effective in the inhibition of CRC cells proliferation.

An MTT experiment was
performed in HCT-116 CRC

cell line. Even though the 1251

= 5-FU

experiment could be done o 5-FU-Ala-MMPIpept [26]
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Figure 4. 61 Cytotoxicity curves of product [26] and 5-FU in HCT-116 CRC cell line.

polymer-drug conjugate sensitive to MMP-7 or MMP-9.

The cytotoxicity of product 5-FU-Ala-MMP9pept [26] was performed following the MTT
methodology with 72 h incubation time (section 3.9.1). The maximum concentration tested
was 200 UM eq of 5-FU. At the concentrations tested, when increasing product 5-FU-Ala-
MMP9pept [26] concentration the cell viability decreased. Nevertheless, still the maximum
concentration tested (200 UM eq 5-FU) was not sufficient to achieve significant toxicity.
Unfortunately, the stability of the carbamate linkage was too high, greatly limiting its
activity as a cytotoxic drug, similar to free 5-FU (ICso (5-FU): 3.36 + 0.04 uM; ICsq (5-FU-Ala-
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MMP9pept): 323.20 + 0.03 uM). Although the experiment was not performed in CRC cells
overexpressing MMP-9 and despite when we performed the incubation of product 5-FU-
Ala-MMP9 [26] with MMP-9 we saw a good sustained release associated to the MMP-9
cleavage.

In addition, a parallel work performed in our group (M. Melgarejo) with a 5-FU-PEG molecule
containing also a carbamate linkage between the carrier and 5-FU, demonstrated that the stability
of the carbamate bond in plasma was too high, and a very little amount of 5-FU was released.

With these results in hand it was decided to evaluate the suitability of an ester bond between the
drug and the carrier and abandon the carbamate bond strategy.

4.2.2.2 Conjugation of 5-FU to the MMP-sensitive peptide through an ester bond

As shown above, the study of the feasibility of using a carbamate bond in a PGA-MMPpept-5FU
conjugate was carried out with the MMP-9 sensitive peptide. However, for the study of the ester
bond we performed most of the work with the peptide sensitive to MMP-7. The reason for this
decision was the higher prevalence/selectivity of MMP-7 in CRC tissues. In addition to its
overexpression in CRC tissues, MMP-9, is also present at sites of inflammation. Thus, we decided to
focus mainly on the MMP-7 enzyme that is more exclusive of CRC tissues.

As for the carbamate bond, the feasibility of the ester linkage was evaluated with a model that
consisted in the drug conjugated to the peptide linker. Therefore, it was necessary to synthesize
products [28-30] that corresponded to 5-FU conjugated to the N-terminal of the peptides [9,11,12]
through an ester bond. Products [28], [29] and [30] were named: 5-FU-adipic-MMP7pept [28], 5-
FU-adipic-MMP7scram [29] and 5-FU-adipic-MMP9pept [30].

Figure 4. 62 shows the synthetic route that started from product 5-FU-adipic [2] used in section 4.1
for the synthesis of PGA-5-FU conjugates. The free carboxylic group of product [2] was activated
with pentafluorophenol (1.5 eq) in a reaction performed at rt with EDC (1.5 eq) and DMAP (0.5 eq)
in DCM. Then, the conjugation to the N-terminal of the peptides was carried out in DMF and DIEA
at rt. Products [28-30] were purified by semipreparative HPLC, and were obtained in a high purity
(99.3%, 99.9%, 99.9%, respectively).

0 O O
F NH F NH b F
S e
§
2] Bl F F O b NHRPLALWRS [28]

P,= NH-RSWLPLRA [29]
P;= NH-GPVGLIG  [30]

Figure 4. 62 Synthesis of products [28-30]. Conditions: a) pentafluorophenol (1.5 eq), EDC (1.5 eq), DMAP (0.5 eq), DCM, 3 h, rt; b)
Peptide [9]/[11]/[12] (0.9 eq), pH=8 adjusted DIEA, ovn, rt, DMF.
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4.2.2.3 Stability tests of the unit 5-FU-peptide moiety conjugated through an ester bond

Once the products were synthesized, the stability and degradation experiments were performed in
different mediums: plasma, 3 different pHs (in PBS) and in the presence of MMP-7 or MMP-9. In
addition, in vitro experiments were carried out in CRC cell lines in order to evaluate the cytotoxicity

of the synthesized products.

4.2.2.3.1 Stability tests of the 5-FU-adipic-MMP7pept and 5-FU-adipic-MMP7scram [28-29]

o pHs: 1.5 mg of product 5-FU-adipic-MMP7pept [28] was incubated at 37°C in 100 uL of PBS
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at 3 different pH (5.4, 6.53 and 7.47), aliquots of 5 UL were taken at scheduled times and
analyzed by HPLC-UV to quantify the amount of 5-FU released, as previously described.

Table 4. 16 summarizes the average release of 5-FU from product 5-FU-adipic-MMP7scram
[29] after 24 h and 72 h of incubation at 3 different pHs. As expected due to the nature of
the ester bond, confirming that the linkage remained stable in these conditions.

Table 4. 16 Summary of the % of 5-FU released from product [29] when incubated at different pH.

Time /h pH 5.40 pH 6.53 pH 7.47

0, 0, o)
% 5.FU 24 h 0.34% 0.45% 0.63%
release 72 h 0.40% 0.55% 1.21%

Plasma: 1 mg of products [28-29] was dissolved in 100 UL of mice plasma, aliquots of 5 puL
were taken at scheduled times and analyzed by HPLC-UV to quantify the amount of 5-FU
released. As shown in Figure 4.63, the stability of the ester bond was really low in plasma.
This could be explained due to the presence of esterases in plasma. However, it is
important to note that the PDC is a tripartite structure and that this experiment evaluated
the stability of the peptide-drug conjugate previous to its union to the polymeric carrier.
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Figure 4. 63 Kinetic release of 5-FU over the time when incubating product 5-FU-adipic-MMP7 [28] (red line)
and product 5-FU-adipic-ScramMMP7 [29] (blue) in plasma. 5-FU quantification was performed by HPLC.
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MMP-7 responsiveness: With the aim of evaluating the specificity against MMP-7 of
product [28], a sequence recognition cleavage assay with MMP-7 enzyme was performed.
To proceed, 1mg of product [28] was dissolved in PBS and then MMP-7 (0.1 mg/mL) was
added. It was left at 37°C during 24 h and then it was analyzed by HPLC-MS.

Figure 4.64 shows chromatograms of the starting product 5FU-peptide derivative and the
crude after incubation with the MMP-7 enzyme. The starting product [28] has a Mw of
1494.71 g/mol and the HPLC-MS detected a Mw of 748.20 g/mol that corresponds to the
[M+2H]** ion. After 24 h of incubation with MMP-7, when the crude was analyzed by HPLC-
MS two new peaks appeared (one of them is double peak with the same ionograme). The
main peak showed a Mw of 839.38 g/mol that corresponds to the [M+H]" of the 5-FU-RPLA
released product. Therefore, it was confirmed that the conjugation of the drug to the MMP-
7-sensitive linker did not avoid the MMP-7 enzymatic activity in product [28].
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Figure 4. 64 Sequence recognition cleavage assay with MMP-7 human enzyme of product [28]. (A) Cleavage reaction; (B) HPLC-MS
analysis of product [28] and (C) Crude HPLC-MS analysis of the incubation of product [28] with MMP-7 enzyme.
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o Cytotoxicity of products 5-FU-adipic-MMP7pept [28] and 5-FU-adipic-MMP7scram [29]
against HT-29 CRC cell line overexpressing MMP-7: The cytotoxicity evaluation of the
MMP-7-sensitive product [28] and scrambled control [29] 5-FU-adipic-MMP7scram was
performed in HT-29 CRC cells overexpressing MMP-7 at the FVPR Laboratory (CIBBIM-
Nanomedicine, VHIR). MMP-7 overexpression was accomplished by incubating the HT-29
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cells with Tumor Necrosis Factor (TNFo) (100 ng/mL)™", as further confirmed by a Western

Blot analysis of HT-29 cell lysates and conditioned media.
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Figure 4. 65 Cytotoxicity curves of products [28], [29] and 5-FU in HT-29 CRC cell line overexpressing MMP-7. On top is shown the
Western Blot of HT-29 cell lysates (L) and conditioned media (MC) showing signal when incubating with TNF ¢, thus demonstrating MMP-
7 overexpression. ICso(5-FU): 9.29 # 0.06uM; ICso(5-FU-adipic-MMP7): 16.20 + 0.007 uM; ICso(5-FU-adipic-ScramMMP7):10.8 + 0.04uM.

The cytotoxicity of products [28,29] was performed following the MTT methodology with
72 h incubation time (section 3.9.1) The maximum concentration tested was 200 uM eq of
5-FU. At the concentrations tested, it was noted that when increasing product [28,29]
concentration the cell viability experimented the same behavior to 5-FU. Nonetheless, the
same behavior was observed for the MMP-sensitive product and the negative control
(scrambled peptide). Thus, it could be confirmed that the low stability of the ester linkage
produced a fast kinetic release of 5-FU. For this reason, the evaluation of the influence of
the MMP-7 overexpression on the cytotoxic activity when comparing products [28] and
[29] could not be accomplished.

4.2.2.3.2 Stability tests of the 5-FU-adipic-MMP9pept [30] containing a ester bond

The experiments on this section were partially performed by a Master student (Bdrbara Gonzdlez)

under our supervision.

o pHs: 1.5 mg of product [30] was incubated at 37 °C in 100 pL of PBS at 3 different pH (5.4,
6.53 and 7.47), aliquots of 5 UL were taken at scheduled times and analyzed by HPLC-UV, to
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quantify the amount of 5-FU released as previously described. The product was stable at
all pHs and at 24 h, 5-FU release was 4.1% at pH = 7.4, 2.53% at pH= 6.5 and 1.76% at
pH=5.5. However, none of the 3 pHs display an important released of drug.

o Plasma: 1 mg of product 5-FU-adipic-MMP9pept [30] was dissolved in 100 pL of mice
plasma, aliquots of 5 uL were taken at scheduled times and analyzed by HPLC-UV to
quantify the amount of 5-FU released. As shown in Figure 4. 66, the stability of the ester
bond was really low in plasma. Product 5-FU-adipic-MMP9pept [30] was rapidly degraded
releasing more than the 80% of 5-FU after 10 min incubation. This experiment also
confirmed that enzymes present in plasma did not affect the stability of the MMP-9-
sensitive peptide since no fragmentation of this peptide was detected. This result would
indicate that more than 80% of product 5-FU-adipic-MMP9pept [30] would be degraded
when administrated intravenously. However, it is important to note that the PDC is a
tripartite structure and that this experiment evaluated the stability of the peptide-drug
conjugate previous to its union to the polymeric carrier.
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Figure 4. 66 Kinetic release of 5-FU over the time when incubating product 5-FU-adipic-
MMP9pept [30] in plasma. 5-FU quantification was performed by HPLC.

o MMP-9 responsiveness: With the aim of evaluating the specificity against MMP-9 of
product 5-FU-adipic-MMP9pept [30], a sequence recognition cleavage assay against MMP-
9 enzyme was performed. To proceed, MMP-9 (10ug/mL) was added to 1 mg of product 5-
FU-adipic-MMP9pept [30] and analyzed by HPLC-MS 24 h later. Unfortunately, no cleavage
was achieved for product 5-FU-adipic-MMP9 [30]. Although as previously confirmed
products GPVGLIG [9] and 5-FU-Ala-MMP9 [26] were cleaved by MMP-9, when the
GPVGLIG peptide [9] was conjugated with 5-FU through an ester bond no specific peptide
cleavage was observed. The experiment was performed in the same conditions as before,
and in addition, new MMP-9 was used to eliminate the suspect of the loose of enzyme
activity due to mishandling. Thus, there could be a hydrophobic attraction between the
adipic acid and the peptide in product 5-FU-Ala-MMP9pept [26], that blocks the access of

MMP-9 enzyme to the cleavage site.
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o Cytotoxicity of product 5-FU-adipic-MMP9pept [30] in HCT-116 and HT-29 CRC cell line:
Although in the sequence recognition experiment the product did not showed a MMP-9
selective release, we continued with the evaluation of the cytotoxicity of product [30] in HT-
29 and HCT-116 cell lines, following the methodology previously described. MTT assays
revealed that, as for the product 5-FU-adipic-MMP7pept [28], the 5-FU-adipic-MMP9pept
[30] had a very similar behavior to the free 5-FU thus, confirming the low stability of the

ester linkage in the cell culture conditions.
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Figure 4. 67 MTT cell viability assays of product [30] in HT-29 (A) and HCT-116(B) CRC cells.

Table 4. 17 ICso (UM) values of 5-FU and product [30] after 72 h incubation in HCT-116 and HT-29 cells.
Results are expressed as mean * SD.

Compound HCT-116. Fluc2.C9 HT-29. Fluc.C4

5-FU 6.10+0.01 27.47 £0.03
1Cso

(W) 5-FU-adipic-MMP9pept [30] 17.67 +0.03 43.38 £0.02

In good agreement with the results obtained when incubating products [26,28,30] in plasma, cell
culture experiments showed that the ester bond was not stable, releasing the 5-FU rapidly.
However, it was decided to stick to this type of bond for PGA-MMPpept-5FU conjugates based in
our experience with PGA-5FU conjugates, where the conformational structure of the PGA protects

the hydrolysis of the ester bond.

4.2.3 Synthesis of the PGA-based polymer-drug conjugate sensitive to MMP-7:
PGA-MMP7pept-5FU

Two different PDC were synthesized to evaluate their cytotoxicity in CRC cell cultures, the PGA-
MMP7pept-5FU conjugate [37] with the MMP-7-specific AHX-RPLALWR-AHX [11] linker and the
PGA-MMP7Scram-5FU conjugate [38] that contained the scrambled sequence.
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The synthetic methodology followed for the obtainment of both PDC was the same used for PGA-5-
FU [6] (section 4.1.1.1.2). The drug-linker moiety was modified in order to have an amino group
that would further react with the carboxylic groups of the PGA polymeric chain through an amide
bond. Hence, using as starting products 5-FU-adipic-MMP7pept [28] and 5-FU-adipic-MMP7scram
[29] previously purified by semipreparative HPLC, the synthesis of products [35-36] was carried out
in @ multistep process (Figure 4. 68).

Therefore, products [28] and [29] were activated by pentafluorophenol and reacted with N-Boc-
ethylenediamine (at pH=6 adjusted previously) to obtain products [33] and [34], respectively. The
purification of products [33] and [34] was carried out by semipreparative HPLC in a XSelect column,
yielding purities of 88.1% and 89.1%, respectively.
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Figure 4. 68 Synthesis of products PGA-MM7pept -5FU [37] and PGA-MMP7scram-5FU [38]. Conditions: a) pentafluorophenol (1.5 eq),
EDC (1.5 eq), DMAP (0.5 eq), DCM, rt, 3 h; b) ) N-Boc-ethylenamino (1.1 eq), pH=7, DMF, overnight, rt; c) TFA/DCM (1:3), 1 h, rt d) PGA-
COOH in DMF, DIC (1.5 eq) 5 min, HOBt (1.5 eq), 10 min; product [35]/[36] (1 eq), 36 h (24h readdition DIC (1.5 eq)), rt.

The amine protecting group (Boc) was eliminated with a mixture of TFA/DCM (1:3) during 1 h at rt
to get products [35] and [36] to finally conjugate them to the PGA chain. Then, 10 mg (0.76 mmol)
of PGA-COOH were dissolved in DMF and activated with DIC plus HOBT, as detailed before. The
mixture was left to react for 10 min, and then products [35] and [36] were added and pH was
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adjusted to 8 with DIEA. It was left to react under agitation during 36 h, and at 24 h DIC was added
yielding PGA-MMP7pept-5FU [37] and PGA-MMP7scram-5FU [38], respectively. The crude was
dried under vacuum and dissolved in a NaHCO; (0.1 M adjusted to pH 7 with HCl 1 M). In this step,
the exchange of H" and Na“ lead again the PGA sodium salt. The crude was dissolved, purified by
dialysis against distilled water and finally lyophilized for the further characterization of TDL and FD
by HPLC. The synthetic strategy used ensures the stability of the ester bond during the synthesis

and the achievement of pure conjugates.

Table 4. 18 summarizes the different syntheses performed to get the products. Unlike PGA-5-FU
[6], products [37] and [38] presented a surprisingly low TDL, around 1%. This could be explained
due to the nature and length of the peptides, which might have produced a steric hindrance and
would have not allowed the conjugation of more 5-FU-peptide units, and could have affected the

PDC conformation in solution.

Table 4. 18 Summary of the different reactions performed to get products [37] and [38].

Compound TDL% (mg/mg) Mass obtained (mg)
PGA-MMP7pept -5FU [37] 2.65% 111.8
PGA-MMP7scram-5FU [38] 0.73% 25.1

4.2.3.1 Determination of the particle size of PGA-MMP7pept-5FU conjugate [37]

DLS was used for the measurement of the particle size of PGA-MMP7pept-5FU conjugate [37]. DLS
measurements were performed in a ZetaSizer Malvern Instrument at 25°C following the same
methodology used for the PGA-5-FU conjugate [6].
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Figure 4. 69 Size distribution by intensity of PGA-MMP7pept-5FU conjugate [37] (measured at 0.1 mg/mL in H,0).
PGA-MMP7pept-5FU conjugate [37] showed a particle size of 208.2 nm and a polydispersity of
0.566 measured by means of DLS in H,0 (Figure 4. 69). In comparison to the results achieved in

product [6] analysis (89.23 nm), product [37] showed a slightly higher particle size. This could be
related with the conformation that the longer linkers (peptides) produce to the final conjugates.
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4.2.3.2 Stability studies in vitro of PGA-MMP7pept-5FU [37] conjugate

PGA-MMP7pept-5FU [37] conjugate was characterized in terms of stability and degradability in
vitro before the study of the cytotoxicity in HCT-116 and HT-29 CRC cell lines. The stability and
degradability tests were performed at 3 different pHs (in PBS), in mice and human plasma and
incubated with MMP-7.

All the experiments were performed according the methodology explained in section 3.6 and the
amount of 5-FU released in the specific conditions were quantified by RP-HPLC in a C18 column
with a UV detector set at 254 nm. Integrated peaks of 5-FU detected were interpolated in a
calibration curve of standard 5-FU. Experiments were performed at 37 °C in triplicate and
Resorcinol was used as an internal standard. In the case of the MMP-7 incubation experiment, a
part from the 5-FU quantification, it was quantified the amount of 5-FU-RPLA released.

4.2.3.2.1 Stability studies: Plasma and different pHs

To check the degradability of product PGA-MMP7pept-5FU [37] against 3 different pHs (5.5, 6.5
and 7.4) product [37] (10 mg/mL) was incubated in 100 uL of PBS at the corresponding pH.
Regarding the plasma experiments, PGA-MMP7pept-5FU [37] was incubated in mice and human
plasma (10 mg/mL). The aim of these experiments was to test if the polymer-drug conjugate would
be stable while transport through the bloodstream, and thus confirm if the polymer conformation
would protect the ester bond that showed low stability in the experiments performed with
products 5-FU-adipic-MMP7pept [28] and 5-FU-adipic-MMP7scram[29].

Figure 4. 70 represents the degradation curves of PGA-MMP7pept-5FU [37] in the different pHs and
in plasma over the time.

Degradation studies in plasma showed a similar behavior in human and mice plasma, nevertheless
in human plasma product [37] showed a slightly higher unspecific release of 5-FU compared to
mice plasma, contrary to the results obtained for product PGA-5-FU [6]. It was also observed that 5-
FU was released during the first 30 min, and then 5-FU release reached a plateau of 10% and 14%
in mice and human plasma, respectively. This positive finding confirmed that no more than 15% of
the 5-FU conjugated to the PGA-MMP7pept-5FU would be released in plasma circulation. So, it
suggested that the conjugate could reach the target tissue (CRC overexpressing MMP-7) without
suffering an important unspecific release of the active drug in circulation.

Regarding the pH degradation curves, a very low pH-dependent release of 5-FU was observed with
product [37] at acidic (5.5 and 6.5) and physiological (7.4) pHs. This suggests that when the PGA-
MMP7pept-5FU conjugate will reach the tumor, the release produced by the acidic environment,
typical in cancerous tissues might be low. This is a positive finding since the product was designed
for being sensitive to MMP-7 overexpressed in tumors.
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Figure 4. 70 Degradation curves of PGA-MMP7pept-5FU in different mediums of incubation over the time. The blue box corresponds to an
area enlargement of the first 10 h of the experiments.

4.2.3.2.2 Stability studies: MMP-7 responsiveness

The degradation of PGA-MMP7pept-5FU was studied against MMP-7 enzyme to determine the
selectivity of the PDC. To procede, 2 mg of PGA-MMP7pept-5FU [37] were dissolved in H,0 and
MMP-7 (0.1 mg/mL) was added. It was left at 37°C during 72 h and at scheduled times (0, 5, 15 and
30 min, 1, 4, 6, 24, 48 and 72 h) aliquots of 5 UL were taken and analyzed by HPLC-MS and HPLC-
uv.

To measure the amount of the 5-FU-RPLA released, a calibration curve was performed with 5-FU-
RPLA (product [39]). Product [39] was synthesized following the same methodology used for the
synthesis of products [28-30]. Previously the tetrapeptide AHX-RPLA [40] was synthesized by SPPS
using 100 mg of 2-chlorotrytil resin (1.6 mmol/g peptide) and Fmoc protected amino acids (see
protocol in section 3.3.1). Product AHX-RPLA [40] was finally obtained in a high purity (91.9%).

Then, following the same conditions explained in section 4.2.3 the product [39] was obtained and
also purified by semipreparative HPLC in a BEH column in acid (HCOOH). The product was obtained
in a high purity (99.8%).

The calibration curve of 5-FU-RPLA [39] was set with the same conditions used for the 5-FU
standard calibration curve. Therefore, HPLC analysis could be used to quantify either 5-FU (tr= 1.8
min) or 5-FU-RPLA (tr= 5.8 min).
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Figure 4. 71 Calibration curve of 5-FU-RPLA performed by HPLC.

Figure 4. 72 represents the degradation curve of PGA-MMP7pept-5FU [37] corresponding to the
release of 5-FU-RPLA. During the first hours almost the 50% of 5-FU was released from the
conjugate PGA-MMP7pept-5FU [37], reaching a maximum of 80% during the next two days. No free
5-FU was detected when PGA-MMP7pept-5FU [37] was incubated with MMP-7 (data not shown).

Thus, the conformation that the polymer-drug conjugate PGA-MMP7pept-5FU [37] adopted in
solution made the peptide chain very accessible for the MMP-7 enzyme, allowing its hydrolysis
even when conjugated to the macromolecular polymer. On the other hand, the product released is
5-FU linked to a tetrapeptide, instead of the bioactive drug 5-FU. For this reason, it was very
important to study the cytotoxic profile in CRC cells overexpressing MMP-7, in order to determine if
5-FU-RPLA offered a cytotoxicity comparable to the free 5-FU.
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Figure 4. 72 Kinetic release of 5-FU-RPLA from product [37] over the time when incubated with MMP-7. Product [39] is
the 5-FU-RPLA, the released moiety due to the cleavage produced by MMP-7. The quantification was performed by HPLC.
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4.2.3.3 Cytotoxicity assays of PGA-MMP7pept-5FU conjugate

In vitro efficacy studies were carried out at the FVPR laboratory (CIBBIM Nanomedicine, VHIR) under the
supervision of Dr. Ibane Abasolo.

The evaluation of the cytotoxicity of PGA-MMP7pept-5FU product [37] was performed using the
MTT assay, as previously detailed. In addition, for PGA-MMP7pept-5FU [37] and PGA-MMP7Scram-
5FU [38] the MTT assay was also performed in HCT-116 and HT-29 CRC cell lines overexpressing the
MMP-7 enzyme.

4.2.3.3.1 Cytotoxicity assays of PGA-MMP7pept-5FU conjugate in vitro in HT-29 and HCT-116
cell lines

In the evaluation of the cytotoxicity of PGA-MMP7pept-5FU [37], PGA-5-FU [6] and 5-FU were also
analyzed in the same experiment.

The MTT assay was performed in HCT-116 and HT-29 CRC cell lines and the maximum
concentration tested was 200 UM eq of 5-FU for all products. The ICs, values were compared after
72 h of incubation with products [6] and [37].

Table 4. 19 summarizes these results and Figure 4. 73 shows the cytotoxicity curves for the tested
compounds in both CRC cell lines. Both PDC showed ICsy higher than 5-FU, being lower for product
PGA-MMP7pept-5FU [37]. In good agreement with the stability and degradation experiments
discussed previously, the lower ICsy of product [37] could be related with the conformation of the
conjugate containing the peptide. This suggests that it was easier to release free 5-FU than 5-FU-
RPLA [39] from the conjugate PGA-MMP7pept-5FU [37].

Table 4. 19 ICso (M) values of 5-FU, product PGA-5-FU [6] and PGA-MMP7pept-5FU [37] in HCT-116 and HT-29. Results are
expressed as Mean + SD.

Compound HCT-116. Fluc2.C9 HT-29. Fluc.C4
5-FU 4.88 £+0.01 14.21 £ 0.05
ICso
(M) PGA-MMP7pept-5FU [37] 9.11 £ 0.05 55.92 £ 0.03
U
PGA-5-FU [6] 33.38+0.01 82.25+0.02
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Figure 4. 73 Cell viability of 5-FU and products PGA-5-FU [6] and PGA-MMP7Ppept-5FU [37] carried out by MTT in HT-29 (A) and HCT-116(B) CRC cells.

4.2.3.3.2 Cytotoxicity assays of PGA-MMP7pept-5FU conjugate in vitro in HT-29 and HCT-116
cell lines overexpressing MMP-7

The cytotoxicity of product PGA-MMP7pept-5FU [37] was studied in HCT-116 and HT-29 CRC cell
lines overexpressing MMP-7 and product PGA-MMP7Scram-5FU [38] was included as a negative

control.

The mentioned cells were treated with TNFa to induce the MMP-7 overexpression, what was
confirmed through a Western Blot analysis. The cytotoxicity was studied following the MTT assay,
described previously, and the maximum concentration tested was 100 UM eq of 5-FU. The

experiment was also performed without TNFo.

Table 4.20 summarizes the ICs, values obtained in both cell lines for the product PGA-MMP7pept-
5FU [37] and PGA-MMP7Scram-5FU [38] and 5-FU and the cytotoxic profiles are showed in Figure
4. 74. No significant difference was observed between both treatments regardless MMP-7
overexpression. None of the tested compounds offered the typical cytotoxic profile of PDC in these
conditions. Often, for the ICsq of the PDC is slightly higher than the 1C5, of the free drug due to the
internalization process and consecutive release of the drug. Previous PGA-MMP7pept-5FU [37]
degradation assays (section 4.2.3.2.2) showed that the product released was 5-FU-RPLA [39]. Thus,
after the cytotoxic study of product PGA-MMP7pept-5FU [37], it was confirmed that, even though
the released product when MMP-7 was overexpressed was the 5-FU linked with the tetrapeptide
RPLA, a fast hydrolysis of the ester bond should be occurring in cell cultures leaving 5-FU alone.
Indeed, the cytotoxic profile of products [37,38] (PGA-MMP7pept-5FU and PGA-MMP7Scram-5FU)
was very similar to that observed for products [28,29] (5-FU-adipic-MMP7pept and 5-FU-adipic-
MMP7scram) in an MTT experiment in the HT-29 CRC cell line overexpressing MMP-7 (section
4.2.2.3.1).
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Figure 4. 74 Cell viability graphics of 5-FU and products [37] and [38] carried out by the MTT procedure in HT-29 (A) and HCT-116(B) CRC cells
overexpressing MMP-7.

Table 4. 20 ICsp values (uM) of 5-FU, product PGA-MMP7Ppept-5FU [37] and PGA-MMP7Scram-5FU [38] in HCT-116 and HT-29 were
MMP-7 overexpresion was induced by TNFa. Results are expressed as Mean + SD.

Compound Treatment HCT-116. Fluc2.C9  HT-29. Fluc.C4

5-FU TNFa. 7.88+0.02 6.80 + 0.05

5-FU - 4.08 +0.04 6.64 £ 0.03

ICss PGA-MMP7pept-5FU [37] TNFQ 6.42 +0.02 10.47 £0.01
(M) PGA-MMP7pept-5FU [37] -- 10.77 +£0.03 13.15+0.02
PGA-MMP7scram-5FU [38] TNFo, 14.37 +0.03 16.46 + 0.05
PGA-MMP7scram-5FU [38] -- 7.36 £ 0.03 14.28 £ 0.04

These data confirm that the proposed design for a PGA-MMP7-sensitive polymer-drug conjugate
was not suitable to ensure an enzyme specific release of 5-FU. Although degradation studies
showed that the system was selective for MMP-7, a very fast 5-FU release from both, sensitive and
insensitive MMP-7 PDC ([37] and [38] respectively), was observed. These results also suggest that
once the product will find MMP-7 in the environment, the 5-FU-RPLA unit would be released from
the conjugate, and then, a fast hydrolysis of the ester bond would be produced. On the other hand,
since the same cytotoxicity for the non-sensitive-MMP-7 PDC (PGA-MMP7scram-5FU) was
demonstrated, it is considered that the undesirable fast drug release is not due to MMPs uniquely,
but rather to the high exposure of the ester bond to the microenvironment.
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4.2.4 Conclusions

In the study of a new PDC sensitive to MMP to deliver 5-FU we confirmed that it is of significant
importance the type of link between the MMP-sensitive peptide and the bioactive agent 5-FU.
Previous to the conjugation to the PGA carrier, it was confirmed through cytotoxic experiments of
the (MMP-9 sensitive peptide)-drug unit that the carbamate union was too stable in vitro, opposite
to the ester bond behavior, resulting as an undesirable linkage for their use in polymeric
nanoconjugates designed to release drugs gradually.

In this section data confirmed through in vitro therapeutic efficacy studies performed in HCT-
116.Fluc2-C9 and HT-29.Fluc-C4 cells overexpressing MMP-7, that the conjugation of 5-FU linked to
MMP7-sensitive peptide AHX-RPLALWRS-AHX through an ester bond, to a polyglutamic acid carrier
with a molecular weight of 15 kDa lead a PDC that adopted a conformation in solution that resulted
very accessible for the MMP7 enzyme and esterases. Thus, the cleavage of the sensitive peptide
and the ester bond were produced faster than expected.

When analyzing the results observed for the control nanoconjugate synthesized with a scrambled
sequence not sensitive to MMP-7, it was confirmed that the ester linkage for this type of
nanoconjugates was not a suitable option since it remained very exposed in the structure. For this
reason, it is suggested the study of different linkages between the peptide and the drug to enhance
the selectivity of the PGA-MMPpept-5FU conjugate, as well as the use of polymers with a higher
molecular weight to better protect the peptide-drug bond.
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4.3 Polymer-drug conjugates based on
Poly-(L-glutamic acid),
5-Fluorouracil and SN-38

Encouraged for the interesting results described for the combination of 5-FU and Irinotecan (CPT-
11) as free drugs, this section explores this combination in a single polymeric chain carrying 5-FU
and the active metabolite of Irinotecan (CPT-11), the SN-38 (7-ethyl-10-hydroxyl-

camptothecin)®**%’.

As mentioned in the introduction, Irinotecan (CPT-11) is used in clinics nowadays, nonetheless it
has several limitations and it is suggested that the direct delivery of the active metabolite SN-38
may improve the antitumor efficacy while limiting the gastrointestinal toxicity™.

Figure 4. 75 Chemical structures of Irinotecan (CPT-11) (A), SN-38(B) and CPT(C).

Drug delivery systems carrying 5-FU have been explored and discussed in section 4.1. Regarding
CPT, the literature describes different drug delivery systems carrying 20(S)-Camptothecin (CPT) or
biologically active CPT (such as SN-38) with the aim of improving the specificity and efficacy of the
Irinotecan based chemotherapeutic treatment.

Direct linkage of CPT was explored by Bhatt et al**, who designed a family of PGA-X-CPT
conjugates (where X stands for the linker) exploring different kind of linkers. Within all the
conjugates studied (PGA-CPT, PGA-Gly-CPT, PGA-Ala-CPT, PGA-(B-Ala)-CPT, PGA-(4-NH-butyryl)-
CPT, PGA-(2-O-acetyl)-CPT, PGA-(4-O-butyryl)-CPT, PGA-(y-Glu)-CPT), it was found an improved
efficacy of PGA-Gly-CPT in HT-29 colon and NCI-H460 lung carcinoma cells. Further, they also found
that higher CPT loadings (above 47% of TDL) on the PDC were traduced in a reduction of the
aqueous solubility. However, the in vivo pharmacokinetic studies examining plasma and tumor
levels of CPT showed a 6-fold improvement in exposure of tumor tissue to CPT in comparison to
free CPT.

Much research has been focused on the development of new CPT derivatives with the aim of
enhancing its solubility, ensuring the stabilization of the lactone ring and keeping its anticancer
properties. CPT derivatives can function as CPT pro-drugs to release CPT in vivo and enhance its
pharmacokinetic, biodistribution and toxicity profiles. As a result of these investigations, two CPT
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analogues, Topotecan and Irinotecan, that have been approved by the FDA for the treatment of
colon and ovarian cancers.

SN-38 shows a higher cytotoxicity than Irinotecan (CPT-11) against tumor cells in vitro (it is 100- to
1000-fold more potent), but it is very insoluble. For this reason SN-38 loaded drug delivery systems
have been extensively studied. One of the most interesting drug delivery systems is the pegylated
conjugate of SN-38, named PEG-SN38 (EZN-2208), that is being evaluated in phase Il Clinical trials in
patients with metastatic colorectal and breast cancers and a phase I/l study in pediatric patients
with cancer since it showed enhanced tumor accumulation and anticancer activity in comparison to
Irinotecan (CPT-11) administered alone. Its conjugation also allowed an enhancement of SN-38
solubility allowing its systemic administration®%***
is the SN-38 encapsulated in liposomes (LE-SN38)

micelles showing an increase of its solubility and anticancer activity in cancer cells**>. Complexes of

. Another example that has reached clinical trials

132 9N-38 has also been loaded in polymeric

SN-38 and PAMAM dendrimers are another drug delivery system proposed that shown promising

>4 SN-38 has also been conjugated to

results for oral delivery to minimize gastrointestinal toxicity
HPMA™’ and albumin®™® showing in both cases a good solubility and stability while retaining its in
vitro cytotoxicity. A part from the incorporation of SN-38 into drug delivery systems, a new pro-
drug of SN-38 showed to improve the therapeutic window of Irinotecan (CPT-11) when conjugating
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SN-38 to a cationic peptide via an esterase cleavable linker™’. A new antibody-drug conjugate for

the therapy of hematologic malignancies (Epratuzumab-SN38) also showed promising results in

lymphoma and leukemia™®.

In all these examples, the stabilization of SN-38 by its conjugation or encapsulation showed
improvements on the stability, specificity and toxicity against tumor cells in comparison to the
Irinotecan (CPT-11) administered as a single agent. Thereby, the present chapter will study the
conjugation of two chemotherapeutic agents: 5-FU and SN-38 to a biodegradable polymeric chain,
PGA, through a covalent linkage since PGA-Gly-CPT*® also showed improved anticancer activity.

As a preliminary step for the development of the PGA-5FU-SN38 conjugate with an optimal loading
of both drugs and adjusted kinetic release, it was decided to explore as a first trial the ester linkage
between the drug and the carrier for both bioactive agents.

4.3.1 Synthesis of PGA-SN38

With the aim of verifying the attachment of SN-38 to the polymeric carrier, it was first synthesized
a PDC based on PGA conjugated to SN-38 as a single agent. This initial trial is aimed to confirm the
synthetic methodology the SN-38 loading to PGA for the further design of the PDC combining both
drugs.

4.3.1.1 SN-38 derivatization

The product [47] was synthesized in a large scale in our laboratory by Rosario Ramon.

Camptothecins have a particular characteristic in its chemical structure: the lactone ring of the
20(S)-Camptothecin and its analogues. Figure 4. 76 represents the conversion of the SN-38 (active
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form, E-Ring, [N1) to the lactone hydrolyzed carboxylate form of SN-38 (inactive form, [Il]) by
opening of this ring. Although the conversion is reversible, in human blood the hydrolyzed
carboxylate form did not occur because it binds prefererentially to human albumin® avoiding the
possibility to return to lactone form. At equilibrium in human plasma, less than 0.2% of the CPT is in
1% |n addition, 24 h after Irinotecan (CPT-11) infusion in
humans, about 25-30% and 50-64% of CPT-11 and SN-38, respectively, are in the lactone form

compared with the total amount of both anticancer agents™®.

the lactone hydrolyzed carboxylate form

__>pH7

OH O

Figure 4. 76 pH dependant conversion of SN-38 [1] to the lactone hydrolyzed carboxylate form [ll].
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/

A clinical trial was performed by Muggia et al™> with the hydrolyzed form of CPT to evaluate its

anticancer activity, showing also toxicity and a weak activity in patients. In addition, it was found
that the carboxylate was a relatively inactive antitumor agent in vitro, compared to CPT™.
Considering these results, and the fact that the regeneration of the lactone ring does not take place

in human blood, the use of CPT as a chemotherapeutic agent was discarded.

Among all the CPT analogues discussed in the literature, special
emphasis has to be put in those called: 20(S)-O-acylated CPT
derivatives, (Figure 4. 77) that has better toxicity associated.
The 20(S)-hydroxyl group is believed to participate in the
enhanced rate of lactone hydrolysis to the carboxylate form. For

this reason, the acylation of this hydroxyl group to stabilize the
lactone ring is beneficial to block its participation in the Figure 4. 77 Chemical structure of the
hydrolysis by inhibiting the conversion, increasing its  20(S)-O-acylated CPT derivatives.
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therapeutic benefit™. For this reason, we decided to use in our PDC containing SN-38 this strategy

to avoid the lactone-carboxylate equilibrium in favor of the less active carboxylate form.

To ensure the obtainment of a 20(S)-O-acylated derivative of SN-38, it was necessary to protect
first the 10-OH hydroxyl group because it is more active than the 20-OH group. In the literature it
can be found different protecting groups (t-butylcarbonyl (Boc), tert-butyldimethylsilyl (TBDMSO),
t-butyldiphenylsilyl (TBDPSO))™**'®® have been used for this purpose. In the specific case of the
above mentioned, PEG-SN38 (EZN-2208) Zhao et al”*° showed that the 10-OH group with the
TBDPSO protecting group was the best approach to scale up the synthesis.
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The conjugation of the SN-38 derivative and the PGA polymeric chain was proposed through the y-

carboxylic groups of the glutamic acid
units, as it was carried out in the previous
PDC synthesized in this thesis. For this
reason, a free NH, group in the SN-38
derivative is necessary to ensure the amide
bond formation. We hypothesized that this
type of conjugation would enhance the
solubility of the drug, while improving its
E-ring stability.

Since the 20(S)-O-acylation of SN-38 was
the key aspect of the SN-38 derivatization,
we proposed to conjugate to the 20-OH
group a Boc-glycine molecule after the
TBDPSO protection of the 10-OH group.
Thus, the lactone stability and the
limitation of side-reactions with the 10-
OH group were guaranteed. Figure 4. 78
shows the synthetic procedure followed
for the SN-38 derivatization.

Figure 4. 78 Synthesis scheme of product [47]. Conditions: a) TEA (4 eq),
TBDPS (4.5 eq), DCM, reflux, ovn; b) Boc-Gly-OH (1.5eq), EDC (1.5 eq),
DMAP (0.5 eq), DCM, 0°C, 14 h; c) TBAF (1.5 eq), HCI (0.5 M), THF, 15 min,
09C: d) HCl 4 M in 1-4-dioxane. 2 h. RT.

To proceed, first the SN-38 was protected with the TBDPSO group to obtain product SN-38-TBDPSO
[44]. The reaction was performed in DCM using TEA and TBDPSO (4 eq) in a reaction performed

overnight under reflux. After purification, the product was obtained with a high purity (99.0%). The

following step was the incorporation of Boc-glycine to the 20-OH group of product SN-38-TBDPSO
[44] to yield product SN-38-TBDPSO-GlyBoc [45] using EDC as an activator agent. Final product was

obtained with a high purity (97.9%).
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Figure 4. 79 HPLC-MS chromatogram of product SN-38-TBDPSO-GlyBoc [45].
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4.3.1.2 Conjugation of the SN-38 derivatized to PGA (PGA-SN38)

Synthesis of the PDC PGA-SN38 (product [48]) required the following synthetic step. First, product
SN-38-TBDPSO-GlyBoc [45] was deprotected and the removal of TBDPS and Boc protecting groups
was achieved in a two step process. Product [45] was treated with tetrabutylammonium fluoride
(1.0 M in THF) and HCI (0.05 M) at 02C on ice during 15 min to remove the TBDPS protecting group.
Then, the Boc removal was achieved 2 h after treatment with HCI 4.0 M in 1,4-dioxane. Once
product SN-38-Gly [47] was obtained, it was conjugated with PGA following the same procedure set
up for the PGA-5-FU synthesis in section 4.1.1.

To proceed, 100 mg of PGA in the acidic form (previously precipitated in HCI), were dissolved in
anhydrous DMF and carboxylic groups were activated with DIC (5 min) and HOBt (10 min). Then,
product SN-38-Gly [47] was added and pH was adjusted to 8. The aim was to obtain a TDL of 15%.
After purification by dialysis, PGA-SN38 (Product [48]) was lyophilized and 12.5 mg of a white
foamy solid were obtained with a very low yield (8%).

Figure 4. 80 Synthesis scheme of PGA-SN38 [48]. Conditions: a) DIC (1.5 eq) 5 min; b) HOBt (1.5 eq), 10 min; c) Product [46] (1 eq), 36 h
(24 h readdition DIC (1.5 eq)), RT.

Since the final objective of this synthesis was the development of the methodology for the
synthesis of the PDC containing 5-FU and SN-38, an alternative way to quantify the total drug
loading of SN-38 in this PDC was explored. In the PDC carrying both drugs it would be useful to have
two different techniques for measuring the amount of drugs loaded. For this reason the
quantification of the SN-38 in the PGA-SN38 conjugate [48] was performed by UV-spectroscopy.
The SN-38 UV-spectra has different maximums of absorbance (Figure 4. 81), in this case, the A=378

nm was seleced as the set wavelength to perform absorbance measurements '**.
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Figure 4. 81 UV-vis experimental spectra of 5 uM CPT, CPT derivatized in the 20-OH position, SN-38
and Topotecan (TPT) in aqueous solution in the 300-400 nm region. Adapted from Sana et al*®*.

For the SN-38 TDL quantification, a calibration curve was used at A=378 nm in the range of 0-0.1
mg/mL. Two solutions containing PGA-SN38 conjugate [47] (0.23 mg/mL and 0.55 mg/mL) were
analyzed. The total TDL of SN-38 in the PGA-SN38 conjugate [48] was found to be 10.2%. To
measure the amount of Free Drug entrapped in the PDC structure, both solutions were mixed with
NaOH (1 M) and then the analytical process was repeated. By comparing both results obtained it
was possible to confirm a TDL of 10.2% and a FD< 0.1%.

This confirmed that the same methodology followed for the conjugation of 5-FU to the PGA carrier
was useful for the attachment of the 20(S)-O-acylated SN-38 derivative [47].

4.3.1.2.1 PGA-SN38 characterization

Although product [48] was synthesized as a preliminary step to ensure the conjugation of product
SN-38-Gly [47] to PGA, a complete physicochemical characterization was performed.

4.3.1.2.2 Determination of PGA-SN38 size by DLS

DLS was used for the measurement of the particle size of PGA-SN38 conjugate [48] following the
same methodology explained in the section 3.5 with the ZetaSizer Malvern Instrument at 25°C.

The synthesized PGA-SN38 conjugate [48] showed a particle size of 79.63 nm and a PDI of 0.195
measured by means of DLS in PBS at pH= 7.4 (Figure 4. 82). The product adopted a conformation in
a water solution that leads to nanoparticles with a size below 100 nm and very narrow peaks.

Intensity (%)
=

Size (r.nm)

Figure 4. 82 Size distribution by intensity of PGA-SN38 [48] (measured at 0.1 mg/ml in PBS at pH= 7.4).
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4.3.1.2.3 Stability studies in vitro of conjugate PGA-SN38 [48]
PGA-SN38 conjugate [48] was fully characterized in terms of stability and degradability in vitro.

In particular, the different variables studied were plasma, pH and Cathepsin B. Regarding plasma
stability studies, PGA-SN38 [48] was incubated in mice plasma (from animals of FVPR Laboratory
(CIBBIM-Nanomedicine, VHIR), 1.5 mg/mL). For pH dependant degradation studies, product PGA-
SN38 [48] (1.5 mg/mL) was incubated at 3 different pHs: 5.5, 6.5 and 7.4. Finally, it was studied the
degradation of the nanoconjugate [48] (1.5 mg/mL) by Cathepsin B present in lysosomes (5 L, 10
units/mL using PBS 7.4 as a solvent).

All the experiments were performed according to the methodology explained in section 3.6 and the
amount of SN-38 released in the specific conditions were quantified by HPLC-UV at A= 378 nm.
Integrated peaks of SN-38 detected were interpolated in a calibration curve of standard SN-38.
Experiments were performed at 37°C in triplicates and Resorcinol was used as an internal standard.

Figure 4. 83 represents the degradation curves of PGA-SN38 in the different mediums studied over

time.

e In plasma, a very low release of SN-38 during the time analyzed was observed. A faster
release of SN-38 was expected because the drug was linked to PGA by an ester bond as was
in the case of PGA-5-FU and PGA-MMPpept-5FU conjugates. The release of SN-38 was less
than 2% after 2 h of incubation. The plasma stability curve did not reach a plateau as it was
observed in previous experiments (PGA-5-FU and PGA-MMPpept-5FU). Nonetheless, the
maximum of drug released in plasma was less than 10% after 96 h of incubation. This was a
promising result since it demonstrated a very low unspecific release of the drug when
circuling in plasma.
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Figure 4. 83 Degradation curves of PGA-SN38 [48] in different mediums over the time. The blue box corresponds to an
area enlargement of the first 10 h of the experiment.
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e In pH experiments a low dependant release of SN-38 from product PGA-SN38 [48] overtime
was observed. Drug release curves obtained for the different pH were similar, being the
highest at pH 7.4. This could be related also to the nature of the linkage between SN-38
and the polymeric chain: ester bonds are more labile to basic pH than to acidic
environments. Nevertheless, the amount of drug released (less than 5%) at neutral pH was
lower than in plasma. Thus, the conjugate showed high pH stability.

e Contrary to the results obtained with PGA-5-FU conjugate [6] (section 4.1) in this
experiment a higher drug release in the presence of Cathepsin-B was observed than in
plasma during the first 10 h of the experiment. Around 6% of SN-38 release was achieved
during the first 24 h and drug release did not exceed 10%. Thus, the degradation of the
polymeric chain by Cathepsin has a lower kinetic profile, suggesting a biodegradation

process.

4.3.1.3 Cytotoxicity assays of PGA-SN38 [48] in vitro in HT-29 and HCT-116 CRC cell lines

In vitro efficacy studies were carried out at the FVPR Laboratory (CIBBIM Nanomedicine, VHIR) and analyzed
by Helena Pla under the supervision of Dr. Ibane Abasolo.

The evaluation of the therapeutic activity of the PGA-SN38 [48] was performed using the MTT assay
(section 3.9.1). Figure 4.84 represents the cytotoxicity curves of product [48] and free SN-38 in
HCT-116 and HT-29 CRC cell lines.

As expected, in both cases the free drug showed a lower ICsy than the PDC. But values did not differ
much, indicating that the PGA-SN38 [48] offers a similar therapeutic activity against CRC cells than
the single drug.

A
1251 HT-29.Fluc.C4 1254 HCT-116.Fluc2.C9

100 1001

-~
a
1
~
T

o
S
1

3
%o Cell Viability
(Mean + SEM)

% Cell Viability
(Mean + SEM)

-®- SN-38 - SN-38

-®- PGA-SN38 [48]

254 25+

- PGA-SN38 [48]

0‘.’0001 0.(;01 0.;)1 OI.1 1 10 0‘.'0001 0.(;01 0.I01 0:1 1 10
[SN-38] (um) [SN-38] (um)

Figure 4. 84 Cytotoxicity of PGA-SN38 [48] measured by MTT assay after 72 h of incubation. (A) HT-29.Fluc.C4 cells; (B) HCT-116.Fluc2.C9 cells.
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Table 4. 21 Summary of the ICsp (M) values obtained in the HCT-116 and HT-29 CRC cells. Results are
expressed as Mean + SEM.

Compound HCT-116. Fluc2.C9 HT-29. Fluc.C4
SN-38 0.013 £ 0.050 0.092 +£0.038

ICso (UM)
PGA-SN38 [48] 0.051 +0.040 0.261 £ 0.028

4.3.2 Design and synthesis of a PGA-5FU-SN38 family with different loadings of 5-
FU and SN-38

After confirming the suitability of the methodology proposed for the conjugation of the 20(S)-O-
acylated SN-38 through a linker containing an ester bond to the PGA carrier, next step was to
conjugate 5-FU and SN-38 in a single PDC.

The conjugation of the modified 5-FU and the 20(S)-O-acylated SN-38 in a single polymeric carrier
through an ester bond was evaluated and a small family of PGA-5FU-SN38 conjugates carrying
different ratios of both drugs synthesized.

Taking into account the slightly constant loading of 5-FU achieved in PGA-5-FU [6], the lower price
of the 5-FU and the expensiveness of SN-38, 5-FU was conjugated before SN-38. Related to this, the
synthesis of a PDC carrying more than one agent can be performed in two different ways: through a
one-pot reaction or in two steps synthesizing and purifying first the PGA-5-FU and then,
conjugating the SN-38. The main difference between both processes is the intermediate
purification of PGA-5-FU and the TDL of 5-FU quantification prior to the SN-38 conjugation.

4.3.2.1 Optimization of PGA-5FU-SN38 production

The PGA-5FU-SN38 [49 #1] was the first trial synthesized. In this trial, PGA-5FU-SN38 conjugate was
synthesized through a one-pot reaction (Table 4. 22).

Table 4. 22 Summary of the reaction performed for the synthesis of the PGA-5FU-SN38 conjugate (PGA-5FU-SN38 [49#1].

t# Mass Synthetic TDL (5-FU)% TDL(SN-38)% .
. Ratio 5-FU:SN-38
Batch obtained (mg) methodology (mg/mg) (mg/mg)
#1 66.5 One-pot 2.0% 8.8% 0.71

The batch #1 was performed with the aim of achieving a TDL of 10% (wt/wt) for both drugs.
Although SN-38 was more toxic than 5-FU, the synthesis was mainly intended to evaluate the
synthetic methodology. To poroceed 80 mg of PGA-COOH were dissolved in anhydrous DMF and
carboxylic groups were activated with DIC (5 min) and HOBt (10 min). Then, product [5] (5-FU-
adipic) was added and pH was adjusted at 8 with DIEA. It was left to react 24 h at rt and then DIC
and HOBt were added . After 10 min, product SN-38-Gly [46] was added and the pH was adjusted
again at 8 with DIEA, left to react at rt during 24 h. The crude was dissolved in 0.1M NaHCO; (pH=7

159



adjusted with acetic acid) solution and then purified by dialysis. Finally, the product PGA-5FU-SN38
was lyophilized and 66.5 mg of a slightly yellow foamy solid were obtained (Product [49 #1]). 5-FU
HPLC measurements quantified a FD below 0.1% and a TDL of 2.0%. SN-38 quantification was done
by UV-spectroscopy, rendering a TDL of 8.8% and a FD < 0.1%. The mM ratio of 5-FU against SN-38
attached to the polymeric chain was 1.40 (SN-38:5-FU).
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Figure 4. 85 Synthesis scheme of the methodology followed for the obtainment of product [49 #1].
For the one-pot reaction no purification and TDL of PGA-5-FU was performed. Conditions: a) DIC
(1.5 eq) 5min; b) HOBt (1.5 eq), 10 min; c) product [5] (1 eq), 24h), RT; d). DIC (1.5 eq) 5min; e)
HOBt (1.5 eq), 10 min; f) product [47] (1 eq), 24h, RT.

Synthetic efforts were so far aimed to achieve the same TDL for both drugs. Unsuccessfully a
problem arose related with the low TDL of 5-FU. During the second pH adjustment with DIEA
(pH=8), a considering amount of the conjugated 5-FU was released. Thus, using this one-pot
strategy the initial 5-FU loading previous to the SN-38 conjugation was not maintained. Therefore,
the following reactions (# batch A-D in Table 4. 22) were performed in a multistep process
quantifying the amount of 5-FU TDL before and after the 20(S)-O acylated SN-38 conjugation.
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4.3.2.1.1 In vitro cytotoxicity of PGA-5FU-SN38 [49 #1]

It was decided nonetheless, to evaluate product [49 #1] cytotoxicity against HCT-116 and HT-29
CRC cell lines and compare the cytotoxicity curves and the ICsy values with 5-FU, SN-38 and PGA-
SN38 [48].

In this experiment the cytotoxic profile of the combination of the single drugs at the same

molecular ratio was also evaluated.

Regarding the cytotoxicity curves of the products studied in vitro (Figure 4. 86), some findings were
observed. If we focus in the 5-FU profile, it was not observed in both cells lines studied any activity.
5-FU did not show efficacy. This was expected because the maximum concentration tested was 1.4
UM eq of 5-FU, and ICs, value for 5-FU in the cell lines was in the range of 5-10 UM (section 4.1.3).
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Figure 4. 86 Cytotoxicity of PGA-5FU-SN38 [49#1] measured by MTT assay after 72 h of incubation. (A) HT-29.Fluc.C4 cells; (B) HCT-
116.Fluc2.C9 cells. (A) 1Cso (5-FU )>2 uM, ICso(SN-38):0.148 +0.038 uM, ICso (5-FU+SN-38) :0.11 # 0.023 uM, ICso (PGA-5FU-SN38 [49#1]:
0.647 + 0.064 uM , PGA-SN38[48]: 0.320 + 0.028 uM; (B) ICsp(5-FU)>2uM, ICso(SN-38): 0.018 + 0.05 uM, ICso (5-FU+SN-38): 0.013 + 0.057 uM,
ICso(PGA-5FU-SN38 [49#1]: 0.059 + 0.044 uM, PGA-SN38[48]: 0.059 # 0.050 M. ICso values are expressed as a 1M of SN-38 eq.

In contrast, SN-38 and 5-FU+SN-38 showed activity although the combination of the single drugs
did not show a significant improvement. Regarding the PDC studied, in both CRC cells the ICs
values obtained are in the same order of magnitude to the corresponding one of the single drug
SN-38, showing in both cases a lower activity in comparison to the SN-38 or the combination of
both drugs 5-FU+SN-38 (ratio: 1.40 (SN-38:5-FU)). Although the PDC with a combination therapy
showed anticancer activity, the combination of both drugs in the polymeric carrier in a molar

proportion of 0.71 did not show any synergistic effect.

On the other hand it has to be mentioned that the activity of the SN-38 is extremely higher than
the activity of 5-FU, thus, the cytotoxic activity of PGA-5FU-SN38 [49 #1] was not due to the 5-FU
activity, but to the SN-38 anticancer agent.
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4.3.2.2 Synergism experiments of 5-FU and SN-38 as single drugs

The synergism experiments of 5-FU and SN-38 as single drugs were performed by personal of FVPR Laboratory
(CIBBIM-Nanomedicine, VHIR) under the supervision of Dr. Ibane Abasolo.

Synergy refers to the efficacy of a multidrug therapy when is greater than the sum of each drug
alone if used separately. However, often the result of a multidrug therapy is different from the
summation of the effect of each drug by its own. Therefore, when the sum of the effect of all drugs
is the same as the final effect as applying the multidrug therapy, it would be called additive effect.
When it is lower, there would be antagonism between these drugs. Finally, there would be
synergism if the effect is greater than the additive effect.

The experiments performed to find out the appropriate proportion of 5-FU and SN-38
(administered as single agents) in HCT-116 and HT-29 CRC cell lines to achieve a synergistic effect,
were done in parallel to the synthesis and in vitro evaluation of the first PGA-5FU-SN38 [49 #1]
conjugate.

As a summary, different MTT assays were conducted testing different concentrations of both drugs
in combination. 5-FU concentration range covered from 0.052 uM to 200 uM, whereas SN-38 was
studied from 5.2-:10 uM to 0.2 uM. In the MTT analysis, the minimum concentration of both drugs
that showed the lower cell viability was selected as the synergic concentration. It was found that
both drugs administered as single agents showed a synergistic effect at this proportion: 5-FU (1-8
UM):SN-38 (0.0332 uM), that corresponds to a 1:240 (SN-38:5-FU) ratio.

In good agreement with the ICsq values obtained in the MTT experiment performed with the PGA-
5FU-SN38 conjugate [49 #1] explained above, we confirmed that the synthesized conjugate
carrying both drugs must have a higher TDL of 5-FU than the corresponding for SN-38. Therefore, it
was also confirmed the need of an accurate synthetic methodology to achieve specific ratios of TDL
of both drugs in the final PDC.

4.3.2.3 Design of a small family of PGA-5FU-SN38 conjugates carrying different ratios of
drugs

4.3.2.3.1 Synthesis of the PGA-5FU-SN38 family

Regarding the results obtained in the screening experiments, the synthesis of a small family of
different PGA-5FU-SN38 conjugates was performed trying to reach the expected loadings in a two
step process with the purification and quantification of the intermediate product PGA-5-FU.

It was expected that the conjugation of a concrete amount of SN-38 to an intermediate PGA-5-FU
conjugate could be more precise if the total 5-FU attached in the first reaction was quantified first.
In addition, the ratio founded has two orders of magnitude of difference, and thus, it would be
necessary to work on a very small proportion of SN-38 to reach the desired ratio of both drugs.
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Two different batches of PGA-5-FU (-A and -B) were synthesized with a different TDL. The products
were synthesized and purified in the same manner as done in section 4.1.1. Concretely, these
batches were named PGA-5-FU-A and PGA-5-FU-B, and the TDL was measured by HPLC. For PGA-5-
FU-A, 445.4 mg were obtained with a TDL of 4.05%, whereas for the PGA-5-FU-B we obtained 112.3
mg and the TDL was 0.50%. For both PDC the FD was < 0.1%.

These two PGA-5-FU conjugates were used as the starting reagents for the family of PGA-5FU-SN38
conjugates. Precisely, the conjugates were named PGA-5FU-SN38-X, where X stands for A, B, C and
D. The difference between them is the ratio SN-38:5-FU.

The starting material for PGA-5FU-SN38-(A,C,D) was PGA-5-FU-A, and PGA-5-FU-B was used for the
combined conjugate PGA-5FU-SN38-(B). In all cases, the methodology followed for the conjugation
of the 20(S)-O-acylated SN-38, was the same detailed in section 4.3.1.5 for the synthesis of the
PGA-SN38 conjugate [48]. Once purified, the amount of drugs loaded in the PGA-5FU-SN38
conjugates was measured by HPLC and UV-spectroscopy for 5-FU and SN-38, respectively.

Table 4. 23 Summary of the PGA-5-FU batches used for the PGA-5FU-SN38-(A-D) synthesis.

# Batch PGA-5-FU source Initial TDL (5-FU) %
#A PGA-5-FU-A 4.05%
#B PGA-5-FU-B 0.5%
#C PGA-5-FU-A 4.05%
#D PGA-5-FU-A 4.05%

As it was hypothesized in the synthesis of PGA-5FU-SN38 [49 #1] using the one-pot strategy, in all
the products synthesized PGA-5FU-SN38-(A,B,C,D) (Table 4.24), the TDL of 5-FU suffered a decrease
when the conjugation of SN-38 was performed. Accordingly, the achievement of a fixed TDL of 5-FU
in the final PDC would not be related with the methodology followed (one-pot or multistep), but
with the pH adjustment with DIEA when product SN38-Gly [47] was added to the reaction vessel.

As an example, the synthesis of the PGA-5FU-SN38-(A) conjugate is described. 75 mg of PGA-5-FU-
A were dissolved in 10 mL of anhydrous DMF, then DIC (1.5 eq) was added and 5 min later HOBt
(1.5 eq) was also added as a solid. After 10 min, product SN38-Gly [47] (83 ug, 1.8 10 mmol) was
added. The pH was controlled and adjusted with DIEA to pH=8. At time 24h, the same amount of
DIC was added. The reaction was left to react during 36h at rt under agitation. After dialysis
purification, the product was lyophilized and 140.1 mg of a white foamy solid were obtained. SN-38
TDL and FD were measured following the protocol detailed in section 3.5 by UV-spectroscopy and it
was. TDL of 5-FU was confirmed also once SN-38 was conjugated by HPLC.
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Table 4. 24 Summary of PGA-5FU-SN38 conjugates family (PGA-5FU-SN38-(A,B,C,D) synthesized following a two step process.

# Mass TDL (5-FU)% TDL (SN-38)% Ratio
. mM 5-FU mM SN-38
Batch obtained (mg) (mg/mg) (mg/mg) SN-38:5-FU
#A 140.1 3.05% 0.025% 10 0.03 1:300
#B 179.4 0.26% 0.02% 0.34 0.02 1:40
#C 123.5 3.27% 5.15% 42.3 2.20 1:20
#D 260 2.55% 0.025% 10 0.03 1:300

As summarized in Table 4.24, the ratio of SN-38:5-FU obtained in the four syntheses was not
reproducible. It was also observed a decrease of the 5-FU conjugated in the second step of the
reaction, being the synthesis #D and #B the most affected, and causing an alteration of the desired
ratio between both drugs. For this reason in the future it would be necessary a more precise
optimization work seeking more specific pH conditions that allow to obtain more reproducible
results.

4.3.2.3.2 In vitro cytotoxicity of the PGA-5FU-SN38-(A,B,C,D) family

In vitro efficacy and synergy studies were carried out by personal of FVPR laboratory (CIBBIM Nanomedicine,
VHIR) under the supervision of Dr. Ibane Abasolo.

The in vitro therapeutic activity of these four conjugates PGA-5FU-SN38-(A,B,C,D) was evaluated at
the FVPR Laboratory (CIBBIM-Nanomedicine, VHIR).

The evaluation of the cytotoxicity of PGA-5FU-SN38-(A,B,C,D) conjugates was carried out in a
different manner than the studies performed with PGA-5FU-SN38 [49 #1]. In this case, two
different MTT experiments were performed with the difference of the fixed concentration tested
with the aim of evaluating the cytotoxicity associated to each drug. Unlike in section 4.3.2.1.1 (In
vitro cytotoxicity study of PGA-5FU-SN38 [49#1]), the maximum concentration tested was too low
(1.4 uM eq of 5-FU and 2 uM eq of SN-38), and the 5-FU associated cytotoxicity could not be
observed, in this experiments it was decided to duplicate the in vitro experiments. First it was
studied in the two CRC cell lines the cytotoxicity of products PGA-5FU-SN38-(A,B,C,D) at a
maximum concentration tested of 1 UM eq of SN-38 with the aim of evaluate the SN-38 cytotoxicity
associated, and secondly, a different experiment was performed fixing the maximum concentration
of PGA-5FU-SN38-(A,B,C,D) to 330 puM eq of 5-FU, with the aim of study the related 5-FU
cytotoxicity. In both experiments it was also evaluated the cytotoxicity of PGA-5-FU-A.

Figure 4.87 represents the cytotoxicity curves of all products tested in HCT-116 and HT-29 cell lines
when the maximum concentration tested was 1M eq of SN-38. The ICs, values are summarized in
Table 4.25. As depicted, SN-38 showed a clear activity against both CRC cells, being slightly lower
for the HCT-116 cells. PGA-5FU-SN38-(A,B,D) showed an ICs, value one order of magnitude higher
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than the free drug. Particularly, the most effective was PGA-5FU-SN38-D. On the other hand, PGA-
5FU-SN38-C did not offer any cytotoxicity associated.
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Figure 4. 87 Cytotoxicity of PGA-5FU-SN38 measured by MTT assay after 72 h of incubation fixing the maximum concentration tested to
1uM eq of SN-38. (A) HT-29.Fluc.C4 cells; (B) HCT-116.Fluc2.C9 cells.

Table 4. 25 SN-38 ICsp (14M) values of PGA-5FU-SN38 conjugates (A-D) .Results are expressed as Mean + SD.

Compound HCT-116. Fluc2.C9 HT-29. Fluc.C4
SN-38 0.031 £ 0.036 0.075 £ 0.045
PGA-5-FU-A - -
PGA-5FU-SN38-A 0.334 +0.027 0.304 + 0.029
ICso (UM)
PGA-5FU-SN38-B 0.285 + 0.038 0.225+0.221
PGA-5FU-SN38-C >1 >1
PGA-5FU-SN38-D 0.128 + 0.021 0.122+0.224

Figure 4. 88 represents the cytotoxicity curves of all products tested in HCT-116 and HT-29 cell
lines when the maximum concentration tested was 330 UM eq of 5-FU. The ICs, values are
summarized in Table 4.25. 5-FU as a single agent showed a clear activity and the PDC containing
only 5-FU (PGA-5-FU-A) was most effective than those containing the combination of both drugs.
Every PGA-5FU-SN38 of the family showed a different ICsq value. For PGA-5FU-SN38-A and PGA-
5FU-SN38-D, the IC5; was one order of magnitude higher than the ICsq of the free drug 5-FU in both
CRC cells, whereas for the PGA-5FU-SN38-B they were pretty similar. As it was observed in the
experiment performed with a maximum concentration of 1 UM eq of SN-38, the PGA-5FU-SN38-C
did not show any cytotoxicity in both CRC cells.
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Figure 4. 88 Cytotoxicity of PGA-5FU-SN38 measured by MTT assay after 72 h of incubation fixing the maximum concentration tested to
330uM eq of 5-FU. (A) HT-29.Fluc.C4 cells; (B) HCT-116.Fluc2.C9 cells.
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Table 4. 26 5-FU ICsp (uM) values obtained when evaluating the cytotoxicity of PGA-5FU-SN38 conjugates (A-D).
Results are expressed as Mean + SD.

ICso (LM)

Compound HCT-116. Fluc2.C9 HT-29. Fluc.C4
5-FU 9.86 £ 0.032 10.94 £ 0.55
PGA-5-FU-A 70.08 + 0.025 43.56 +0.035

PGA-5FU-SN38-A

PGA-5FU-SN38-B

PGA-5FU-SN38-C

PGA-5FU-SN38-D

111.46 £ 0.027

8.55+0.038

>20

38.55+0.021

101.30+£0.028

6.75+0.04

>20

40.56 £ 0.022
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4.3.2.3.3 Study of the synergy of 5-FU and SN-38 in the PGA-5FU-SN38-(B,D) through the
calculation of the combination index (Cl)

The study of the synergy of both drugs was performed by personal of FVPR (CIBBIM-Nanomedicine, VHIR)
under the supervision of Dr.Ilbane Abasolo.

4.3.2.3.3.1 Introduction to the Cl calculation

By the calculation of the Cl it is possible to quantitatively measure the dose-effect relationship of
each drug alone and its combination and to determine whether or not a given drug combination as
single agents or loaded in a polymeric chain would be traduced in a synergistic effect.

The synergy quantification of 5-FU and SN-38 loaded in a same polymeric carrier in products PGA-
5FU-SN38-(B,D) (that showed the lowest ICsy values) was carried out following the Chou-Talalay
Method™. It was in 1983-1984 when Prof. Pal Talalay and Dr. Ting-Chao Chou introduced the
scientific term Combination Index (Cl) with the aim of quantify the drug interactions as a synergism,
additive effect or antagonism. They found out the need to quantify the effect of combination of the
drugs because a combined effect greater than each drug alone does not necessarily indicate
synergism. This method is based on the multiple drug-effect equation of Chou-Talalay, which is
originally derived for use in enzyme kinetic models and results in a quantitative calculation of the
synergy in multidrug therapies.

Chou first defined the Unified Theory (Figure 4.89 (A)), which concluded in the Median-effect
equation (MME). MME correlates the “Dose” and the “Effect” of a drug in the simplest possible
form (Figure 4.89 (B)).

The Unified Theory
(A\)  perivation of major biochemical and biophysical equations from Median-effect equation

(B) Median-effect equation

Henderson-Hasselbach equation
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Figure 4. 89 A) Scheme of the unified theory to accomplish the median-effect equation. B) Median-effect equation and Cl equation
described by Chou-Talalay. D is the dose (or concentration) of a drug, fa is the fraction affected by D (i.e., percentage inhibition /100), fu
refers to the fraction unaffected (fu=1-fa), Dm is the median-effect dose signifying the potency (i.e., IC50 or ED50, dose that inhibits the
system under study by 50 %), and m is a coefficient signifying the shape of the dose-effect relationship.

According to Cl equation, a Cl value higher than 1 would mean antagonism, while a value near 0
represents synergism. When Cl equals 1, there would be an additive effect. Further Cl values
interpretation is included in Table 4.27.
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Table 4. 27 Cl interpretation values according to Chou-Talalay™.

Range of CI Effect Graded symbols
<0.1 very strong synergism +H4+++
0.1-0.3 strong synergism ++++
0.3-0.7 synergism +++
0.7-0.85 moderate synergism ++
0.85-0.90 slight synergism +
0.90-1.10 nearly additive +
1.10-1.20 slight antagonism -
1.20-1.45 moderate antagonism --
1.45-3.3 antagonism ---
3.3-10 strong antagonism -
>10 very strong antagonism -

Cl quantification and synergy determination of products PGA-5FU-SN38-(B,D) was carried out with
Compusyn software.

Data from cytotoxicity assays (4 to 7 values for each compound) was used to determine dose-effect
curves for single and combination treatments. Further, combination index values were calculated in
relation to effect-dose (ED) values 50, 75, 90 and 95. ED represents the drug/s dose at which the
effect corresponds to the dead of the 50, 75, 90 or 95% of the cells, being EDgs the maximum
effetivity of the treatment. The Cl values were then interpreted according to Table 4.27
parameters, described by Chou-Talalay.

4.3.2.3.3.2 Cl calculation of PGA-5FU-SN38-B,D

PGA-5FU-SN38-(B,D) (1:40 and 1:300 (SN-38:5-FU)) were studied with 5-FU, SN-38 and its
respective combinations as controls by MTT. In this case, 5-FU, SN-38 and combinations
concentrations were adjusted to PGA-SN38-5FU levels. Cytotoxicity assays (Figure 4.90, Table 4.28
and Table 4.29) showed that there were no large differences between PGA-5FU-SN38 conjugates
and their corresponding SN-38 and 5-FU combinations. Overall, free drugs presented better results
than PDC, but it has to be considered that drug release from PDC might not have been totally
accomplished. In addition, free drugs internalize by diffusion whereas the polymer-drug conjugates
enters through the endocytic pathway, resulting in completely different molecular drug kinetics.
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Results — PGA-5FU-SN38
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Figure 4. 90 Cytotoxicity of PGA-5FU-SN38 measured by MTT assay after 72 h of incubation fixing the maximum concentration tested to 1uM
eq of SN-38 (A and B) ((A) HT-29.Fluc.C4 cells; (B) HCT-116.Fluc2.C9 cells); and cytotoxicity of PGA-5FU-SN38 measured by MTT assay after 72
h of incubation fixing the maximum concentration tested to 330uM eq of 5-FU (C and D) ((C) HT-29.Fluc.C4 cells; (D) HCT-116.Fluc2.C9 cells).

Table 4. 28 ICso (M) values obtained when evaluating the cytotoxicity of PGA-5FU-SN38 conjugates (B
and D) when the maximum concentration tested was 1uM eq of SN-38. Results are expressed as Mean +

SEM.
Compound HCT-116. Fluc2.C9 HT-29. Fluc.C4
SN-38 0.075 +0.020 0.156 + 0.021
PGA-5FU-SN38-B 0.098 + 0.021 0.127 £ 0.043
ICso (uM)  (5-FU+SN38)-B* 0.024 £ 0.023 0.063 £ 0.049
PGA-5FU-SN38-D 0.022 £ 0.025 0.029 £0.032
(5-FU+SN38)-D* 0.006 + 0.019 0.08 +0.046

*Free drugs at the same ratio as in their corresponding PDC
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Table 4. 29 ICso (UM) values obtained when evaluating the cytotoxicity of PGA-5FU-SN38 conjugates (B
and D) when the maximum concentration tested was 330 (M eq of 5-FU. Results are expressed as Mean

+5D.
Compound HCT-116. Fluc2.C9 HT-29. Fluc.C4

5-FU 6.10 £ 0.037 5.16 £ 0.019

PGA-5FU-SN38-B 4.81+£0.041 6.02 £ 0.020

ICso (LM)  (5-FU+SN38)-B* 1.619 £ 0.034 3.52+0.016
PGA-5FU-SN38-D 12.34 £ 0.027 12.38 £+ 0.018
(5-FU+SN38)-D* 4.750 £ 0.035 5.90£0.014

*Free drugs at the same ratio as in their corresponding PDC

Using data from several cytotoxicity assays (Tables 4.27 and 4.28), Cl was calculated with Compusyn
software in order to determine the grade of synergy of PGA-SN38-5FU-(B,D) products. This
calculation was carried out by tanking as reference PGA-SN38 [48] and PGA-5FU-A (from previous
studies), or SN-38 and 5-FU free drugs. This way it was possible to differentiate the effect of SN-
38+5-FU conjugated to PGA, and the effect of PGA itself.

e Strong synergism was observed for both PGA-5FU-SN38-B,D conjugates, when PGA-SN38
[48] and PGA-5FU-A were used as reference drugs.

Thus, the conjugation of two drugs in the same vehicle produced higher synergic
interactions of drugs than the administration of two single PDC carrying the same drugs
separately.

Table 4. 30 Cl values and graded symbols of PGA-5FU-SN38-B,D calculated with Compusyn software at ED50, 75, 90 and 95
using PGA-SN38 and PGA-5FU-A as reference drugs. + and — value meaning are detailed previously in Table 4.27.

Single-reference cell lin Product Clvalues
drugs € oaucts ED50 ED75 ED90 ED95
PGA-5FU-SN38.8 (1:40) 2623 0.689 0.181 0.073
HCT-116.Fluc2-C9 = knkas =
’ PGA-5FU-SN38-D (1:300) 0.989 0.241 0.059 0.023
PGA-SN38 and ) + e bt R —
PGA-5FU X 5 X .
PGA-5FU-SN38-B (1:40) 0.407 0.444 0.521 0.594
HT-29.Fluc-Cd 44 4+ 4+ 4
’ 0.361 0.331 0.362 0.419
PGA-5FU-SN38-D (1:300)
44 R 4+ R

e When the Cl values were calculated using the single drugs as references, only in the HT-29
CRC cell ling, that is less responsive to 5-FU treatment than HT-116 CRC cell line at the 1:40
ratio, showed a strong synergism. Probably, the rapid diffusion of single drugs versus the
slower internalization of PDC might have an influence on the synergy results encountered.
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Results — PGA-5FU-SN38

Table 4. 311 Cl values and graded symbols of PGA-5FU-SN38-B,D calculated with Compusyn software at ED50, 75, 90 and 95

using SN-38 and 5-FU as reference drugs. + and — value meaning are detailed previously in Table 4.27.

Single-reference Cell line Products Cl values
drugs ED50 ED75 ED90 ED95

PGA-5FU-SN38-B (1:40)

2.943 1.585 1.148 1.052
- - - +

HCT-116.Fluc2-C9

PGA-5FU-SN38-D (1:300) 2.546 2.114 1.987 1.964
SN-38 and 5-FU
PGA-5FU-SN38-B (1:40) 1.724 1.023 0.824 0.762
--- + ++ +++
HT-29.Fluc-C4 2.733 2.819 3.102 3.346

PGA-5FU-SN38-D (1:300)

4.3.3 Conclusions

This study shows that the 20(S)-O-acylation of the SN-38 allows the conjugation of the SN-38 to a
polymeric carrier of PGA with a molecular weight of 15 kDa through an ester bond, avoiding the
conversion of the SN-38 in its active form (E-Ring) to the lactone hydrolyzed carboxylate form of
SN-38 (inactive form) by opening of this ring. The obtained PGA-SN38 conjugate showed
therapeutic activity in vitro in the HCT-116.Fluc2-C9 and HT-29.FlucC4 CRC cell lines studied.

The preliminary in vitro studies performed with the synthesized small family of PGA-5FU-SN38
conjugates through an ester bond showed an improvement of the cytotoxic activity in the HCT-
116.Fluc2-C9 and HT-29.Fluc4 CRC cell lines of the conjugates carrying both agents in a ratio of SN-
38/5-FU of 1:40 and 1:300 compared to the behavior observed with the combined drugs as single
agents at the same ratio.

Finally, the mentioned compounds showed a strong synergism at high effective doses in both CRC
cell lines studied measured through the calculation of the Combination Index with the Compusyn
software using as references the single PDC carrying both drugs separately. This positive result
confirmed that the conjugation of SN-38 and 5-FU in a single polymeric vehicle was translated into
a better efficacy. In addition, the slower internalization of the nanoconjugates vs. the entrance of
the single drugs by diffusion might explain the lower synergy detected when comparing the
combined PDC vs. the single drugs in combination.
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5.Discussion

This thesis provides a set of new PGA-drug conjugates designed to improve the current treatment
of advanced colorectal cancer based, mainly, on the administration of 5-FU. The use of this type of
nanomedicines offers good alternative for the treatment of CRC, by specifically delivering
chemotherapeutics to malignant sites, while reducing their side effects.

The first nanoplatform studied (PGA-5-FU) consisted in the conjugation of 5-FU to the PGA
polymeric backbone through an ester bond. This is a simple (single drug) nanoplatform, which
advantage compared to the free drug should come from the (i) stabilization/protection of 5-FU in
circulation; (ii) accumulation into tumors by the EPR effect (passive targeting); and (iii) reduction of
systemic toxicity of 5-FU. The first two hypotheses have been fully confirmed in this work. The
release of 5-FU from product PGA-5-FU in plasma is significantly low (below 6% after 30 min),
probably because the conformational structure that the nanoconjugate adopts in solution protects
the ester bond between the drug and the carrier from serum esterases. This has been also
observed for other PGA polymer-drug conjugates that confirmed the sustained drug release when
using ester bonds for linking other chemotherapeutic drugs such as PGA-PTX'®® and PGA-CPT'®’.
The protection of 5-FU in circulation was also confirmed in the in vivo biodistribution experiments.
In these assays, 5-FU remains in circulation 24 h post-administration; an especially long time
considering that free 5-FU has a very short plasma half-life (10-20 min'"). For this reason, the PGA-
5-FU conjugate offers a very encouraging alternative to the administration of 5-FU as a single agent.

Regarding passive tumor targeting, in vivo FLI biodistribution experiments as well as HPLC analysis
of tumor homogenates showed higher tumor-accumulation of PGA-5-FU (without any targeting
moiety in its structure) in comparison to free 5-FU at 24 and 48 h post administration. Although
tumor accumulation was anticipated, the clear and almost tumor-exclusive distribution of the PGA-
5-FU conjugate after 24 and 48 h was highly unexpected. Based in our previous experience and

similar studies published elsewhere®'®

, hanoparticles administered intravenously accumulate in
lungs, liver and spleen in a high extent, and in lower proportions into the tumor, due to the action
of the RES and the almost unavoidable nanoparticles aggregation. It is worth mentioning that in the
case of PGA-5-FU, drug accumulation in organs with RES is relatively low. Moreover, the presence
of the polymer-drug conjugate in kidneys suggests that PGA-5-FU is excreted through this organ

after its degradation.

Concerning the reduction of drug’s systemic toxicity, it is also important to highlight that PGA-5-FU
conjugate is a completely biodegradable polymer. During the last decades, the first-generation of
nanomedicines were mainly based on non-biodegradable PEG and HPMA polymers®*. One of them
is the HPMA-5FU™ conjugate, which reduces the toxicity associated to 5-FU anticancer treatment.
Even though is true that molecular weight of PEG and HPMA polymers can be tailored to maximize
the chance of renal elimination (< 40000 g/mol) and they are clinically well tolerated, these non-
biodegradable polymers have the potential to accumulate intracellularly. Therefore, in contrast to
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PGA-based PDC, PEG and HPMA polymers present the risk of “lysosomal storage disease” syndrome
caused by a biopersistent polymer backbone. Taking into account the benefits from the use of
biodegradable PGA polymers and the remarkable results found with the biodistribution of our PGA-
5-FU conjugate, we believe that the use of a PGA-based system might become a promising great
alternative to reduce the toxicity associated either with the use of 5-FU or with that of non-
biodegradable systems carrying 5-FU.

In addition to the confirmation of the EPR effect, results also demonstrated that internalization of
the PGA-5-FU system was through the endocytic pathway. This could partially explain the lower
efficacy observed in the cytotoxic experiments performed in HCT-116.Fluc2-C9 and HT-29.FlucC4
CRC cell lines, in comparison to free 5-FU, because free 5-FU enters the cell by diffusion through
the cellular membrane, that takes place faster than PGA-5-FU internalization by endocytosis.
However, differences in the in vitro efficacy could also be due to the fact that not all 5-FU
conjugated to the polymer might have been released from the PGA-system during the course of the
experiment.

The use of a negatively charged PGA based drug delivery system loaded with a hydrophobic drug,
such 5-FU, through covalent linkage could significantly reduce aggregability problems often seen in
drug delivery systems. In this sense, results in the particle size measured by DLS showed that this
system offers a nanometric size in the range of 100 nm, almost after 1 month from its synthesis.
Although in vitro and in vivo experiments in this thesis have confirmed that the new nanoconjugate
improves tumor accumulation and reduces 5-FU degradation while preventing drug metabolization
in liver due to the polymer protection, unexpected results were observed in terms of degradation
and consecutive aggregation of the nanoconjugate after a prolonged period of storage time (almost
one year) at 4°C. This problem should be overcome by storing the nanoconjugate in a more
protective atmosphere, under argon and if possible at -20°C, in order to ensure stability and avoid
aggregation. These aggregabilty/storage problems also emphasize the need of performing all
characterization and preclinical validation experiments with a unique batch of product. Indeed, in
our hands, all the characterization of the PGA-5-FU conjugate was conducted using the same
product. This fact later helped us to confirm that toxicities observed in vivo were due exclusively to
the degradation of PGA-5-FU during the storage period, and not to the presence of potential
contaminants as derived from the different synthetic processes.

The selection of the appropriate linkage between the drug and the carrier is a key issue to obtain a
good candidate for the improvement of the therapeutic efficacy of a single drug treatment. In
addition to this, the conformation adopted by the conjugate in solution is also a key aspect
regarding the exposure of the selected linkage to the environment. Fortunately, in the PGA-5-FU
conjugate, the combination of a polymeric carrier of PGA with a MW of 15 kDa together with, the
conjugation of the drug through an ester bond and the use of an aliphatic linker, resulted in a very
stable structure in terms of unspecific release of the drug during transport and internalization of
the nanoconjugate into the cells. Nonetheless, because it suffered unexpected degradation after
a large period of storage, new bonds should be studied in the future.
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Discussion

From a more technical point of view there are clear advantages of performing in vivo
biodistribution assays using fluorescently labeled PGA-5-FU to monitor the product biodistribution
in vivo. In addition, results reported here show the importance of using optical probes with
fluorescence during the preclinical validation of the system to monitor cell internalization processes
by confocal microscopy and flow cytometry, which showed us that the internalization was through
the endocytic pathway. Therefore, the use of these techniques is a powerful tool for the biological
evaluation of synthetic PDC behavior in vitro and in vivo in a preclinical stage.

Regarding to the enzyme-cleavable linkers studied in this thesis, we were able to synthesize and
test two different peptide linkers, one for MMP-7 enzyme and a second one for MMP-9. The use of
enzyme-cleavable linkers is a very promising alternative to achieve an active release of the drug in
the target site. This strategy is widely used for theracnostics applications using fluorescent

%1 and has been recently introduced also in drug delivery systems®. One of the most

probes
important examples is the GPLG linker that is cleaved by Cathepsin B. This linker present in the PK1
system that have reached clinical trials®. In our case, polymer-drug conjugates were only obtained
with the MMP-7 sensitive linker, whose specificity was confirmed when the conjugate was
incubated with the MMP-7 enzyme. However, the use of an MMP7-sensitive linker resulted in an
exposure of the ester bond to the environment. In this case, cytotoxicity experiments showed that
the polymeric carrier did not protect the linkage (although higher plasma stability was observed in
vitro). Further, therapeutic efficacy of PGA-MMP7pept-5FU similar to the single drug, suggesting
unexpected release was occurring. For this reason, selection of an adequate linkage to ensure high
stability until the target site is of most importance to improve efficacy and decrease systemic
toxicity. In this sense, the conjugation of the MMP-cleavable linker and the 5-FU through a
carbamate bond resulted very much stable. Amide and hydrazone bonds are probably alternatives
to overcome faster release of 5-FU in PGA-MMPpept-5FU systems because PGA-Daunorubicin®’
and PGA-Melphalan* conjugates using this bonds have shown already promising anticancer

activity.

In addition to the conjugation of 5-FU to a PGA carrier with and without MMP-sensitive linkers, this
thesis showed the versatility offered by the PGA polymeric platform. A new PDC carrying 5-FU and
SN-38 in the same vehicle was achieved in a simple synthetic strategy (PGA-5FU-SN38) as a
combination therapy approach. Although 5-FU is the mainstay of CRC cytotoxic treatment, the drug
is commonly administered in combination with other drugs. In this sense, the PGA-5FU-SN38 is a
combined nanoplatform, which advantages compared to the administration of free drugs in
combination should come from the co-delivery of both drugs at the malignant site simultaneously.
Thus, it is reasonable to expect that this polymer-based multi-drug conjugate will be able to deliver
drugs to a predetermined ratio and therefore diminish the administration regimens enhancing
patient compliance. Different studies based on these similar nanoplatforms are ongoing being the
HPMA-AGM-Dox>® and PGA-DOX-PTX'"> the most relevant examples. To our best knowledge, the
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PGA-5FU-SN38 system developed herein is the first nanoplatform combining 5-FU and SN-38""".

In this thesis, the 20(S)-O-acylation of the SN-38 allowed the conjugation of the SN-38 hydrophobic
agent to a polymeric carrier of PGA with a molecular weight of 15 kDa through an ester bond. This
avoids the conversion of the SN-38 in its active form (E-Ring) to the lactone hydrolyzed carboxylate
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form of SN-38 (inactive form) by opening of the ring and resulting in a water soluble product. The
PGA-SN38 conjugate showed therapeutic activity in vitro in the HCT-116.Fluc2-C9 and HT-29.FlucC4
CRC cell lines studied. Thus, this work positively confirmed the possibility to administer SN-38
which is more potent than Irinotecan, and overcome solubility problems of SN-38 due to its

166 conjugates, where CPT is

hydrophobic nature. Similar results have been obtained with PGA-CPT
conjugated through the hydroxyl group to polyglutamate. However, compared to CPT, direct
release of SN-38 might render a better efficacy because the SN38 is the most active CPT analogue

and offers a better PK/PD profilem.

In the preliminary studies carried out with the PGA-5FU-SN38 conjugates family exploring different
ratios of drugs, data confirmed that the ester bond used for the conjugation of both drugs
remained stable in cell culture media (cytotoxicity profiles showed lower cytotoxicity than single
drugs). Nonetheless, since a very extensive study is needed to determine the best combination of
drugs (loading, bonds, linkers,...), and also study different types of bonds. In addition, overall 3D
conformation needs to be carefully addressed, because the exposure of the bond might depend on
the TDL of each drug, and for this reason the study of every single PDC is required.

Furthermore, the new combined PDC PGA-5FU-SN38 showed very promising results in terms of
synergy between both bioactive agents in comparison to the single PDC carrying both drugs
separately, probably because the internalization and co-delivery of both drugs simultaneously at
the site of action. Thus, this thesis has provided a new class of combined PDC that offers better
therapeutic activity than combination of two platforms with single drugs. In addition, in the in vitro
experiments performed in the HT-29 CRC cell line, that has higher resistance to 5-FU treatment, a
better therapeutic profile of the conjugate PGA-5FU-SN38 was observed in comparison to the free
drugs. For all these reasons, the PGA-5FU-SN38 conjugate provided here seems a very interesting
alternative for the treatment of patients with advanced CRC in which, chemotherapy resistance
often occurs.

In conclusion, this thesis has provided a set of PDC, exploring different type of linkages, drugs and
combinations, to be considered in further studies as a starting point for the development of new
drug delivery systems based on PGA.
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6.General Conclusions

Different PDC based on polyglutamic acid and 5-FU with a molecular weight of 15 kDa have been
synthesized and characterized showing therapeutic activity in vitro in the HCT-116.Fluc2-C9 and
HT-29.FlucC4 CRC cell lines. 5-FU bioactive agent has been conjugated to PGA using ester cleavable
linkages (PGA-5-FU) or MMP-sensitive peptide linkers (PGA-MMPpept-5FU), as well as in
combination with the active metabolite of Irinotecan (CPT-11), the SN-38 (PGA-5FU-SN38), showing
in all cases good yields and reproducible synthetic strategies, thus confirming the versatility of the
PGA-biodegradable systems.

Cellular uptake experiments performed with PGA-5-FU conjugate labeled with carboxyfluoresceine
fluorescent probe and their colocalization with lysosomal makers indicated that the internalization
of the PDC was through the endocytic pathway, as expected for this type of macromolecules. In
vivo biodistribution experiments of PGA-5-FU conjugate labeled with an AlexaFluor dye confirmed
that the polymer accumulated into subcutaneous CRC tumors. These assays as well as 5-FU tissue
quantifications confirmed also that the product was excreted mainly through the kidneys.

Regarding the PDC carrying a peptidyl linker sensitive to MMPs, the nature and length of the
peptide sequence has a relevant importance in the therapeutic activity of the conjugate when
MMP are overexpressed, because the amino acid sequence is fully associated with the final
conformation of the PDC. MMP-9 sensitive peptide was used for the evaluation of the carbamate
bond between the peptide linker and the drug and it was confirmed, through cytotoxic
experiments, that this type of bond was too stable in vitro, resulting as an undesirable linkage for
their use in polymeric nanoconjugates designed to release drugs gradually. In the PGA-MMP7pept-
5FU study it was confirmed that the conjugation of the MMP7-sensitive peptide AHX-RPLALWRS-
AHX through an ester bond to the PGA carrier with a Mw of 15 kDa lead a PDC that adopted a
conformation in solution that resulted very accessible for the MMP-7 enzyme. In addition to the
cleavage of the sensitive peptide, the hydrolysis of the ester bond was produced faster than
expected. For this reason, a different linkage than the ester one between the drug and the linker
should be explored to control the faster release of the drug.

Finally, in the PGA-5FU-SN38 conjugate study confirmed that the 20(S)-O-acylation of the SN-38
allowed the conjugation of the SN-38 to a polymeric carrier of PGA with a molecular weight of 15
kDa through an ester bond, avoiding the conversion of the SN-38 in its active form (E-Ring) to the
lactone hydrolyzed carboxylate form of SN-38 (inactive form) by opening of this ring. Synergism
studies performed with the family of PGA-5FU-SN38 conjugates carrying different ratios of 5-FU
and SN-38, showed strong synergy measured through the calculation of the Combination Index, at
high effective doses in HCT-116.Fluc2-C9 and HT-29.FlucC4 CRC cell lines, using as references the
single PDC carrying both drugs separately.
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7.RESUMEN

“Diseno, sintesis y evaluacion biolégica de nuevos
conjugados polimero-droga basados en acido
poliglutamico y 5-fluorouracilo para el tratamiento de
cancer colorectal avanzado”

7.1 Introduccion

El indice de incidencia del cancer colorectal (CCR) es ligeramente mayor en los hombres que en las
mujeres de todo el mundo. En concreto, es el tercer cdncer mas frecuente en los hombres (después
del cancer de préstata y de pulmdn) y el segundo mas comun en mujeres (después del cancer de
mama)®. La cirugia es el tratamiento de primera linea para el cancer colorectal. En muchos casos
s6lo como una terapia adyuvante, después de la cirugia, los pacientes de CRC son tratados por
medio de la quimioterapia. Varios farmacos han sido estudiados durante las ultimas décadas para
el tratamiento de céncer colorectal metastasico, pero desde el 1960 el agente 5-fluorouracilo (5-
FU) sigue siendo el tratamiento sistémico esencial para este tipo de céncer. Sin embargo, la
supervivencia global y superaciéon de la enfermedad de los pacientes tratados con el agente
quimioterapéutico 5-FU como primera linea de tratamiento es sélo del 10-15%". Con el objetivo de
mejorar esta problematica, varias estrategias han sido estudiadas para aumentar la actividad
anticancerigena del 5-FU con el fin de obtener un mayor indice terapéutico y una mayor prevencién
de la degradacién de la droga. En este sentido, gracias al desarrollo de pro-farmacos de 5-FU y la
administracién de 5-FU en combinacion con otros agentes (Irinotecan u Oxaliplatino, entre otros)
se han obtenido resultados positivos. Asi, se ha conseguido una mejora en la eficacia terapéutica
del 5-FU, pero por otro lado, la administracién conjunta de mds de un farmaco produce un
incremento en los efectos secundarios. Por lo tanto, con el fin de mejorar el tratamiento actual, se
requieren férmulas que permitan la administracion de combinaciones de farmacos para mejorar la
esperanza y calidad de vida de los pacientes, reduciendo los efectos secundarios.

En las dos ultimas décadas mas de 40 nanomedicinas han sido aprobadas como nuevos farmacos y
hay muchos mds en investigacién en la actualidad®. Debido a su escala nanométrica, los
nanomedicamentos pueden pasar a través de varias barreras bioldgicas y generar su efecto en las
células de manera mas eficiente, por lo que se les considera una alternativa al disefio de farmacos.
Los nanomedicamentos se definen como un sistema nanométrico complejo, compuesto al menos
por 2 componentes, siendo uno de ellos el agente bioactivo.
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Figura 1. Esquema de las principales nanomedicinas (Adaptado de Duncan et af?).

Entre las distintas subclases de nanomedicinas, hemos centrado nuestra investigacion en los
Polimeros Terapéuticos (PT). Estos son definidos como nuevas entidades quimicas y a diferencia de
los sistemas convencionales de administraciéon de farmacos, en los que los farmacos son
internalizados o solubilizados en la estructura del complejo, en los PT existe una unidn covalente
entre el vehiculo y la droga (5-100 nm)*°. Asi pues, los PT son un enfoque positivo para controlar y
mejorar la administraciéon de farmacos. Por un lado, se caracterizan por proteger la droga y
mejorar su biodistribucién reduciendo la toxicidad, pero a su vez, impiden la degradacion del
farmaco y mejoran la absorcidn celular. Una de las caracteristicas mds importantes de los PT como
nuevas nanomedicinas es la reduccion de los efectos adversos de los farmacos debido al efecto EPR
(Enhanced Permeability and Retention Effect, efecto de aumento de la permeabilidad y retencidn).
Este efecto se produce por la alteracién de la vasculatura en el tumor y de los defectos existentes
en el sistema de drenaje linfatico. Asi, se produce una acumulacién selectiva de las
macromoléculas en el tumor, al contrario que los farmacos de bajo peso molecular donde la
biodistribucién no distingue entre el tumor y otros tejidos secundarios. Este fendmeno es también
conocido como direccionamiento pasivo (passive targeting), ya que las nanomedicicinas llegan a las
células tumorales sin tener moléculas directoras, asi como ocurre en el direccionamiento activo
(active targeting). La acumulacion preferencial en los tejidos tumorales permite, a su vez, el uso de
dosis sustancialmente mas bajas de farmacos y la minimizacion de los efectos secundarios.

En esta tesis se ha estudiado el disefio de nuevos conjugados polimero-droga (Polymer Drug
Conjugates, PDC). Los PDC estan compuestos por una estructura tripartita: la cadena principal del
polimero (vehiculo), el enlazador y el farmaco.

Polymer Backbone
Linker |
Drug

Figura 2. Esquema general de los conjugados polimero-droga.
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En concreto, el trabajo se ha estructurado en tres apartados diferentes en los que se han disefiado
y sintetizado diferentes PDC. Dado que los polimeros biodegradables se han convertido en los
vehiculos mas apropiados para el disefio de sistemas de administracién de farmacos para el
tratamiento de enfermedades que requieren la administracion parenteral crénica, o almenos
repetida, en este proyecto se ha escogido como portador el polimero biodegradable acido poli-L-
glutdmico (PGA) para el disefio de nuevos PDC vehiculizadores del 5-FU.

A parte de la conjugacion de 5-FU a una cadena de PGA, se ha estudiado también un conjugado con
una liberacidn selectiva de 5-FU sensible a metaloproteinasas de la matriz extracelular (Matrix
Metalloproteinases, MMP) que se encuentran sobreexpresadas en tumores, esperando una
liberacion selectiva de la droga en ambientes ricos en MMP. Por lo tanto, con los PDC sensibles a
MMPs, lo que se espera es combinar el efecto EPR con las ventajas adicionales de una liberacién
selectiva de 5-FU. Por ultimo, se ha estudiado un disefio basado en la terapia combinada para la
administracidn conjunta de 5-FU y SN-38 cargados en una misma cadena de PGA.

Durante todo el proceso el trabajo se ha realizado en colaboracién entre la Unidad de Quimica
Combinatoria en el Parque Cientifico de Barcelona (UQC-PCB), el Area de Validacidon Funcional y
Ensayos Preclinicos (FVPR) y el Grupo Drug Delivery and Targeting del CIBBIM-Nanomedicina en el
Instituto de Investigacién del Hospital de la Vall d’Hebrén (VHIR).

7.2 Objetivos

Como se ha comentado, el objetivo principal de esta tesis es el disefio y desarrollo de nuevos
conjugados polimero-droga basados en el portador polimérico biodegradable PGA para mejorar el
tratamiento del cancer colorectal avanzado basado en 5-FU. Dado que la estructura general estd
separada en 3 apartados principales (PGA-5-FU, PGA-MMPpept-5FU y PGA-5FU-SN38), se detallan a
continuacidn los objetivos concretos para cada seccion:

e Nanoconjugado PGA-5-FU

Sintesis, caracterizacion y validacidn in vitro e in vivo de un conjugado de PGA y 5-FU unidos
mediante un enlace éster para conseguir una baja liberacion del farmaco durante el
transporte y una mejora de la biodistribucion y actividad terapéutica de la macromolécula
PGA-5-FU en modelos murinos.

o Sintesis y caracterizacién fisico-quimica del conjugado PGA-5-FU mediante un
enlace éster: tamafio, carga de farmaco y estabilidad en diferentes medios.

o Sintesis y caracterizacién del conjugado PGA-5-FU marcado con dos sondas
fluorescentes para evaluar la biodistribucién in vivo y la internalizacidn celular
(PGA-5FU-AF750 y PGA-5FU-CF).
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o Evaluacion de la citotoxicidad in vitro e internalizacion celular en lineas celulares de
CRC del PGA-5-FU.

o Evaluacidn de la biodistribucién y la acumulacién de PGA-5FU-AF750 en el tumor y
la eficacia in vivo en modelos murinos.

Nanoconjugado PGA-MMPpept-5FU

Sintesis, caracterizacion y validacidn in vitro de un conjugado de PGA y 5-FU sensible a
MMPs sobreexpresadas en tumores. Para conseguir este objetivo se estudio la liberacion
con dos péptidos distintos sensibles a MMP-7 y MMP-9.

o Estudio de la naturaleza de la unién entre el 5-FU y los péptidos sensibles a MMP-7
y MMP-9 en términos de estabilidad en distintos medios y frente a las encimas
MMP-7 y MMP-9 mediante dos tipos de enlace quimico: éster y carbamato.

o Disefio, sintesis y caracterizacion fisico-quimica (tamafo, carga y estabilidad en
distintos medios) de un nuevo conjugado sensible a MMP-7 basado en PGA y 5-FU
(PGA-MMP7pept-5FU).

o Evaluacién de la citotoxicidad in vitro en lineas celulares de CRC con y sin
sobreexpresion de MMP-7 de PGA-MMP7pept-5FU.

Nanoconjugado PGA-5FU-SN38

Sintesis, caracterizacién, validacién in vitro y estudio de la sinergia de una familia de
nanoconjugados de PGA con 5-FU y SN-38 conjugados a distintas proporciones (PGA-5FU-
SN38).

o Sintesis, caracterizacion fisico-quimica (tamafio, carga y estabilidad en distintos
medios) y evaluacién de la citotoxicidad in vitro en lineas celulares de CRC de un
conjugado de PGA y SN-38 unidos mediante un enlace éster (PGA-SN38).

o Sintesis de una pequefia libreria de conjugados de PGA-5FU-SN38 con distintas
proporciones de SN-38:5-FU para la posterior evaluacién in vitro en células de CCR
y determinacion del indice de combinacidn (Cl) para el estudio del efecto sinérgico
entre farmacos.

7.3 Resultados y discusion

7.3.1 Conjugado polimérico PGA-5-FU

Antes de la conjugacion de 5-FU a los grupos carboxilicos de la cadena lateral del PGA fue necesario

sintetizar un derivado de 5-FU. En concreto, en la posicion N1 del 5-FU fue introducida una
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molécula de 4cido adipico mediante una unién éster, resultando la molécula 5-FU-adipico. En
segundo lugar, una diamina fue conjugada con el grupo carboxilico de la molécula de 5-FU-adipico
con el objetivo de tener un grupo amino libre en el derivado de 5-FU para reaccionar un siguiente
paso con los grupos carboxilicos de la cadena lateral de PGA a través de un enlace amida.
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Figura 3. Esquema de Sintesis de PGA-5-FU. Condiciones: a) DIC (1.5 eq) 5 min; b) HOBt (1.5 eq), 10 min; c) 5-FUadipic-diamine (1 eq), 36
h (24 h DIC (1.5 eg)), RT.

Se realizaron diversas sintesis de PGA-5-FU (Tabla 1) para poner a punto la metodologia sintética y
ademas generar una cantidad suficiente de producto considerado como un Unico lote (después de

mezclar algunos de los lotes individuales).

Tabla 1 Resumen de las distintas sintesis de PGA-5-FU realizadas.

TDL % TDL % TDL %
# Lote mg Rdto. % # Lote mg Rdto. % # Lote mg Rdto. %
mg/mg mg/mg mg/mg
#1 1.6 28.5 27% #7 9.06 40.5 37% #13 1.92 153.8 20%

#2 7.63 22.5 27% #8 12.82 246.9 28% #14 6.27 509.2 42%

#3 10.2 32 22% #9 9.18 250 35% #15 5.68 808.9 58%

#4 3.29 168 25% #10 10.2 1203 61% #16 8.70 586.2 68%

#5 7.23 102.1 40% #11 9.51 245 55% Pool* 7.66 4175 -

#6 11.89 103.6 48% #12 5.04 175 66%

* Pool corresponde al lote final considerados como un tnico broducto donde se mezclaron los lotes # 8-16.

Asi pues, la caracterizacion final y todos los ensayos de citotoxicidad y estabilidad in vitro y los
experimentos de biodistribucién e inhibicién del tumor in vivo se realizaron con el mismo lote. Para
cada sintesis, la cantidad de droga conjugada a la cadena polimérica (Total Drug Loading, TDL) se
cuantificé mediante HPLC-UV, asi como la droga atrapada en la estructura polimérica sin enlaces

quimicos (Free Drug, FD).
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El producto PGA-5-FU [6] fue totalmente caracterizado y mostré un tamafio de particula de 89.23
nm y una polidispersidad de 0.267 en agua (DLS).

Los estudios de estabilidad y
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A lo largo de esta tesis se han utilizado dos lineas celulares de CCR distintas para llevar a cabo los
experimentos de eficacia e internalizacién in vitro: HT-29.Fluc.C4 y HCT-116.FlucC2.C9. A las dos se
les introdujo el gen Firefly Luciferase (Fluc) con el fin de permitir su monitorizacién in vivo por
medio de imagen de bioluminiscencia.

La evaluacion de la citotoxicidad de los diferentes lotes de PGA-5-FU se realizé6 mediante el método
MTT. En todos los casos, la ICsy obtenida para el 5-FU era inferior a la correspondiente para el
conjugado polimérico PGA-5-FU-pool [6]. Sin embargo, se confirmé la eficacia terapéutica de los
compuestos sintetizados ya que los valores de ICs5, tenian el mismo orden de magnitud que el
farmaco solo (ICso de 5-FU, 4.88 + 0.01 uM en HCT-116y 14.21 + 0.05 uM en HT-29 vs. ICso de PGA
-5-FU-pool [6], 33.38 £0.01 uM en HCT-116 y 82.25 +0.02 uM en HT-29). Cabe destacar que tanto
para el agente 5-FU como para el conjugado polimérico, la citotoxicidad siempre fue mayor en la
linea celular HCT-116que en la HT-29. Asi pues, la linea celular HCT-116 mostré mayor sensibilidad
al tratamiento basado en 5-FU.

Con el fin de poder visualizar mediante microscopia confocal la colocalizacién lisosomal del
compuesto PGA-5-FU y confirmar su internalizacidn, se marcé en una primera etapa el producto [6]
con 6-carboxifluoreceina (PGA-5FU-CF [8]). Se realizaron los experimentos de internalizacion en las
dos lineas celulares anteriormente mencionadas y se tomaron imagenes de microscopia confocal
después de 30 minutos de incubacion y al dia siguiente (Figura 5). En ambos casos se observé
colocalizacidn lisosomal, de modo que se confirmé la internalizacién del producto PGA-5FU-CF por
endocitosis.

184



Por otro lado, se procedidé a cuantificar la internalizacién mediante citometria de flujo también en
ambas lineas celulares, y los resultados mostraron una mayor cantidad de PGA-5FU-CF
internalizado en las células HCT-116 que en las HT-29 ademas de internalizar mas rapidamente en
la primera linea celular.
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Figura 5 Imdgenes de microscopia
confocal in vitro: (A) células HCT-
116.Fluc2.C9 a 100 mM eq de 5-FU
después de 30 minutos y la
incubacion durante la noche (B)
células HT-29.Fluc.C4 a 100 mM eq
de 5-FU después de la incubacion
durante la noche. Se empled
Lysotracker-Red como  marcador
lisosomal (en rojo, primera linea) y el
conjugado de polimero-farmaco se
marcé con CF (en verde, segunda
linea). La colocalizacion se ve en
amarillo (tercera linea).
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Con el fin de evaluar la acumulaciéon tumoral y la biodistribucién del conjugado PGA-5-FU in vivo
mediante imagenes de fluorescencia, fue necesario marcar el producto con el fluoréforo AF750
(PGA-5FU-AF750 [7]). Se realizaron dos sintesis distintas: PGA-5FU-AF750-1 y PGA-5FU-AF750-2.
Cada producto fue utilizado para un experimento distinto. La diferencia de los ensayos yacia en la
naturaleza de tumores crecidos de células inyectadas por via subcutanea en el flanco trasero
derecho: HCT-116.Fluc2-C9 y HT-29.Fluc-C4, respectivamente. En ambos casos se evalud la
acumulacidén en los tumores y la biodistribucidn del producto PGA-5FU-AF750 in vivo y ex vivo a
partir de imagenes de fluorescencia con un equipo IVIS Spectrum®. Ademads, se cuantificaron con
mayor precisién los niveles de acumulacién a partir de una cuantificacién de 5-FU por HPLC en los
tejidos y plasma, mediante una metodologia de homogenizacién y anadlisis puesta a punto para tal
fin. Cabe destacar que en el experimento realizado con tumores crecidos de células HCT-116.Fluc2-
C9 (PGA-5FU-AF750-1) se inyectd una dosis de 50 mg eq de 5-FU/kg, mientras que en el segundo
experimento (HT-29.Fluc-C4, PGA-5FU-AF750-2) ésta resulté toxica y el experimento se realizd con
la mitad de la dosis (25 mg eq 5-FU/kg). La muerte del animal se produjo por un colapso pulmonar,
motivo por el cual se sospechd que el producto PGA-5FU-AF750-2 a una dosis de 50 mg eq 5-FU/kg,
podia haber agregado. Es conocido que las particulas de mayor tamafio pueden quedar atrapadas
en capilares pulmonares después de la inyeccién por via intravenosa. Desafortunadamente no se
pudo medir el tamafio de particula de la solucidn inyectada ya que la técnica DLS no permite
analizar muestras que emitan sefial de fluorescencia.
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Figura 6 Imdgenes FLI in vivo de ratones portadores de tumores crecidos de células ima genes de FLI in vivo.
HCT-116.Fluc2-C9.

Las imagenes de fluorescencia tomadas ex vivo mostraron que el producto PGA-5FU-AF750 se
encontraba en el rifidn 4 h después de la administracion y seguia presente hasta las primeras 48 h
(excrecidn via renal) en ambos experimentos. Por el contrario, sélo en el segundo experimento (HT-
29.Fluc-C4) se observd mediante esta técnica, acumulacién de producto en el higado. Se
recogieron tejidos (tumor, rifidn, higado y pulmén) y plasma de los animales inyectados con 5-FU o
PGA-5FU-AF750 y se cuantificd la cantidad de 5-FU por HPLC después de su homogenizacién. Los
resultados correlacionaron las medidas de FLI y proporcionaron informacion mas detallada de la
biodistribucion del producto entre los tejidos analizados. El 5-FU se detectd en casi todos los tejidos
y el plasma analizados para los animales inyectados con 5-FU y los inyectados con el conjugado
polimérico marcado con AF750 (Figura 7) y se confirmd la excrecién del nanoconjugado por via
renal y hepdtica. Ademas, en ambos experimentos se observd un aumento del tiempo de
circulacién del nanoconjugado respeto a la droga libre en plasma, confirmando asi la estabilidad

estudiada in vitro anteriormente.
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Figura 7. Representacion de los niveles de 5-FU detectados en tejidos y plasma de animales inyectados con 5-FU o PGA-5FU-AF750.
medido a 4 h'y 24/48 h después de la administracion en ratones portadores de tumores crecidos con células HCT-116.Fluc2-C9 (A) o HT-
29.Fluc-C4 (B) inyectadas por via subcutdnea.

Posteriormente, se realizd un estudio de inhibicidn del crecimiento tumoral realizado en ratones
portadores de tumores crecidos de células HCT-116.Fluc2-C9 inyectadas por via subcutanea en el
flanco trasero derecho. Cabe destacar que al igual que en el experimento de biodistribucion
realizado con animales portadores de tumores crecidos de células HT-29.Fluc-C4 la dosis de PGA-5-
FU 50 mg eq 5-FU/kg resultd toxica y se redujo a la mitad para la continuacion del experimento.
Desafortunadamente, a posteriori se confirmd que el producto se habia deteriorado durante su
almacenaje durante la espera a ser inyectado en los animales, confirmando la necesidad de
guardarlo en atmdsfera inerte para evitar agregaciones. Se prosiguid con el experimento de estudio
de inhibicién tumoral en ratones a una dosis de 30 mg eq 5-FU/kg y no se observoé eficacia para el
producto PGA-5-FU [6] en comparacion con los animales control (inyectados con PBS). Sélo se
observé una ligera eficacia (T/C=72%) para el grupo de animales tratados con 5-FU a una dosis de
30 mg eq 5-FU/kg. Esto confirmd también que la dosis administrada debido a los problemas de
toxicidad estaba por debajo de la dosis eficaz para la droga libre.
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7.3.2 Conjugado polimérico PGA-MMPpept-5FU

Como se ha mencionado, varias MMP se encuentran sobreexpresadas en estadios avanzados de
CCR. En concreto, las encimas MMP-7 y MMP-9 fueron seleccionadas como diana para lograr una
liberacion controlada de farmacos de 5-FU en los tumores con el uso de péptidos sensibles a
MMPs. Asi pues, dos secuencias peptidicas sensibles a MMP-9 y MMP-7 se sintetizaron en fase
solida: GPVGLIG y AHX-RPLALWRS-AHX, respectivamente. Ademds, se sintetizaron los
correspondientes péptidos alternados como un control negativo (GIVGPLG y AHX-RSWLPLRA-AHX,
respectivamente). Posteriormente, se confirmd la selectividad respecto a MMP-7 y MMP-9 al
incubar los péptidos con las enzimas.

En esta seccion, si bien es cierto que se esperaba que existiera una liberaciéon selectiva a MMP para
el nanoconjugado PGA-MMPpept-5FU, decidimos explorar diferentes uniones (éster y carbamato)
en la unidad 5-FU-péptido, para evaluar también la liberacién del fdrmaco asociada a la hidrélisis de
este enlace.

Para el estudio de la unién carbamato, se utilizé la secuencia sensible a MMP-9 (GPVGLIG) en la
primera etapa del proyecto para la creacién de la metodologia sintética para conseguir este enlace.
Se estudiaron varias estrategias y finalmente se obtuvo el producto 5-FU-Ala-COOH [26]
(conjugando una B-alanina en la posicidon N1 de 5-FU a través de un enlace carbamato) para la
posterior union con el N-terminal del péptido mediante un enlace amida.

Se confirmé por HPLC-MS que el producto 5-FU-Ala-MMP9pept [26] es un sustrato para la enzima
MMP-9 después de incubar el producto en presencia de la encima, mientras que el producto 5-FU-
ScramMMP9 no resulté sensible a MMP-9.

Para la evaluacion de la idoneidad del

enlace carbamato se realizd un ensayo 1257

de MTT in vitro. Si bien es cierto que se 0. o iiﬂ_Ala_MMpgpem[ze]
esperaria un comportamiento distinto z

una vez esta unidad droga-linker se %% 751

conjugara con el polimero, se quiso %§ .

estudiar si el enlace se hidrolizaba en ;v

las condiciones del ensayo celular. 251

Sorprendentemente, no se observd i

H HP 1 10 100 1000
citotoxicidad  destacada para el [5-FU] (uM)

producto 5-FU-Ala-MMP9pept a las

concentraciones ensayadas (méximo Figure 1. Curva de citotoxicidad del producto 5-FU-Ala-MMPSpept y 5-FU

en la linea celular HCT-116.Fluc2-C9. ICso (5-FU): 3.36 + 0.039 uM, ICso
testado: 200 UM eq de 5-FU). Se  (product[26]):323.30.031 uM.

observé que al aumentar Ia

concentracion de producto de 5-FU-Ala-MMP9pept la viabilidad celular disminuia. Sin embargo, la
concentracion maxima probada no era suficiente para lograr una toxicidad significativa, en
comparacion con el farmaco solo.
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Desafortunadamente, se confirmé que la estabilidad del enlace carbamato era demasiado alta, lo
que limitd en gran medida la actividad de 5-FU-Ala-MMP9pept [26] como compuesto citotdxico.
Por lo tanto, decidimos evaluar el enlace éster para la sintesis del conjugado de PGA-MMPpept-
5FU, teniendo en cuenta los buenos resultados obtenidos para el producto PGA-5-FU [6].

Se decidid sintetizar el nanoconjugado con el péptido sensible a MMP-7 unido a 5-FU a través de un
enlace éster. La razén de esta decision fue la mayor sobreexpresion de MMP-7 que MMP-9 en los
tejidos de CCR. Ademas de la sobreexpresién de la encima MMP-9 en los tumores no se debe a las
células tumorales Unicamente, sino al comportamiento inflamatorio del tumor. Por lo tanto,
decidimos trabajar principalmente con la enzima MMP-7, que si esta sobreexpresada por las células
tumorales. La sintesis se realizd en un proceso de varias etapas utilizando el producto 5-FU-adipic
[2] como producto de partida para obtener la molécula 5-FU-adipic-MMP7pept. Se incorpord una
dimanina en el extremo C-terminal para la posterior conjugacion a los grupos carboxilicos de la
cadena de PGA. Se sintetizd también el conjugado de PGA-MMP7scram-5FU [38] como control
negativo, con la secuencia alternada AHX-RSWLPLRA-AHX.
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Figura 8 Esquema de sintesis de PGA-MMP-5-FU. Condiciones: a) DIC (1.5 eq) de 5 minutos; b) HOBt
(1.5 eq), 10 min; c) 5-FUadipic-MMP-diamina (1 eq), 36 h (24 h DIC (1.5 eq)), RT.

El conjugado de PGA-MMP7pept-5FU [37] sintetizado mostrd un tamafio de particula de 208.2 nm
y una polidispersidad de 0.566 en H,0 medida mediante DLS. Los estudios de degradacion
mostraron una alta estabilidad en plasma y baja liberaciéon dependiente del pH, pero al incubar el
producto PGA-MMP7pept-5FU con MMP-7 se observé una alta liberacidn de la unidad 5-FU-RPLA
(50%) durante las primeras 2 h. La enzima MMP-7 escinde el péptido inicial en las secuencias RPLA
y LALWRS. Por lo tanto, se confirmé que la conformacién que el conjugado polimérico PGA-
MMP7pept-5FU [37] adopta en solucion deja la cadena peptidica muy accesible para la enzima,
permitiendo asi su hidrdlisis, incluso cuando se conjuga con el polimero macromolecular. Por otro
lado, se confirmd que el producto liberado seria un 5-FU unido a un tetrapéptido (5-FU-RPLA).

Se realizd la evaluacién de la citotoxicidad de producto de PGA-MMP7pept-5FU [37] mediante
ensayos de MTT en las lineas celulares HCT-116 y HT-29 células con o sin sobreexpresion de MMP-7
(Figura 9).
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Desafortunadamente, no se observaron diferencias significativas entre los dos tratamientos, con y
sin sobreexpresion de MMP-7. Ninguno de los compuestos ensayados mostrd el tipico
comportamiento esperado para los conjugados poliméricos, que normalmente tiene una ICsy
ligeramente mas alta que el farmaco libre debido al proceso de internalizacidn y liberacién
posterior de la droga. Después del estudio de incubacion del producto de PGA-MMP7pept-5FU [37]
con MMP-7 se observd que el producto liberado cuando habia sobreexpresién de MMP-7 era el 5-
FU unido al tetrapéptido AHX-RPLA. Posteriormente al ensayo de MTT, se confirmd una hidrélisis
rapida del enlace éster de la unidad 5-FU-RPLA liberando 5-FU libre. Esto se confirmd también al
ver que no existian diferencias significativas entre los experimentos de incubaciéon de PGA-
MMP7pept-5FU y PGA-MMP7scram-5U, ya que no se detectd una liberacion dependiente de
MMP7.

A B
1259 HT-29.Fluc.C4 1259 HCT-116.Fluc2.C9

- PGA-MMP7pept-5FU [37]+TNFo -®- PGA-MMP7pept-5FU [37] +TNFo
100 PGA-MMP7pept-5FU[37]-TNFa. 1004 PGA-MMP7pept-5FU [37] -TNFou

&~ PGA-MMP7scram-5FU [38] +TNFo.
PGA-MMP7scram-5FU [38] -TNFo

-# 5-FU +TNFo

5-FU -TNFa
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Figura 9. Grdficos de viabilidad celular de 5-FU y los productos de PGA-MMP7pept-5FU y PGA-MMP7scram-5FU obtenidos por el ensayo de MTT en
las lineas celulares HT-29 (A) y HCT-116 (B) con y sin sobreexpresion de MMP-7. ICso HCT-116 (uM): 7.88 (5-FU+TNF ), 4.08 (5-FU-TNF¢), 6.42 (PGA-
MMP7-5FU+TNF ), 10.77 (PGA-MMP7-5FU-TNF ), 14.37(PGA-MMP7scram-5FU +TNF @), 7.36 (PGA-MMP7scram-5FU +TNF¢); ICso HT-29 (uM): 6.8
(5-FU+TNF @), 6.64 (5-FU-TNF @), 10.47(PGA-MMP7pept-5FU+TNF ), 13.15 (PGA-MMP7pept-5FU-TNF ), 16.46(PGA-MMP7scram-5FU +TNF¢), 14.28
(PGA-MMP7scram-5FU +TNF ).

7.3.3 Conjugado polimérico PGA-5FU-SN38

En este apartado se decidié iniciar un estudio preliminar sobre el disefio de los conjugados
poliméricos para el tratamiento de CCR con terapia combinada. En concreto, se estudid la
conjugacion de 5-FU y SN-38 (el metabolito activo de Irinotecan (CPT-11)) en un mismo portador

polimérico de PGA.

Al tratarse de una etapa muy inicial para el desarrollo de un conjugado PGA-5FU-SN38 con una
carga Optima de cada droga y una cinética de liberacién de los dos farmacos ajustada, decidimos
explorar inicialmente el enlace éster entre el farmaco y el vehiculo de PGA para las dos drogas.

Entre todos los analogos de la CPT publicados en la literatura, se debe poner especial énfasis en los
llamados: derivados 20-(S)-CPT-O-acilado. Dentro de todos los derivados de CPT descritos, los

derivados 20-(S)-CPT-O-acilado tiene una mejor toxicidad asociada. El grupo hidroxilo de la posicién
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20(S) tiene una alta participacion en el aumento de velocidad de hidrdlisis de la lactona a la forma
carboxilada (Figura 10). Por esta razdn, la acilacion del grupo hidroxilo para estabilizar el anillo de
lactona es beneficiosa para bloquear su participacidn en la hidrélisis mediante la inhibicion de la
conversion hacia la forma carboxilada, lo que sugiere un beneficio
terapéutico. Por lo tanto, decidimos utilizar en nuestro PDC con SN-
38 esta estrategia para evitar el equilibrio lactona-carboxilato en
favor de la forma carboxilada que es menos activa. En concreto, la
O-acilacién se realizé con una glicina. Por lo tanto, la conjugacion

del derivado de SN-38 a los grupos carboxilicos de la cadena de

PGA se pudo realizar también a través de un enlace amida. Figura 10 Estructura quimica de los
derivados 20-(S)-CPT-0O-acilado.

Con el fin de evaluar la ruta de sintesis para la conjugacion del SN-
38 a una cadena de PGA se realizé una primera sintesis de PGA-SN38 [48].

Se evalué por espectroscopia la carga de SN-38 en el conjugado final (TDL), asi como la droga libre
atrapada sin unién quimica (FD) y se cuantifico el TDL en un 10% y el FD <0.1%. El conjugado de
PGA-SN38 sintetizado [48] mostré un tamafio de particula de 79.63 nm y una polidispersidad de
0.195 en PBS a pH 7.4 medido por DLS.

En los ensayos de estabilidad en distintos medios (plasma, pHs y Catespsina B), del mismo modo
que el conjugado PGA-5-FU [6], el conjugado PGA-SN38 [48] mostré una liberacién muy baja en
relacidn al pH, una alta estabilidad en plasma y mostré degradacién por la catepsina B in vitro.

Se realizaron ensayos de eficacia terapéutica in vitro mediante el ensayo de MTT, y se observd un
comportamiento tipico para los conjugados poliméricos, siendo mas activa la droga sola pero
mostrando actividad a las concentraciones testadas en las dos lineas celulares, siendo mas
resistente al SN-38 la linea HT-29. (ICs, de SN-38 0.013+ 0.05 uM en HCT-116 y 0.09 £ 0.04 uM en
HT-29; ICso de PGA-SN38 0.05 + 0.04 uM en HCT-116 y 0.26 + 0.03 UM en HT-29).

Una vez que se confirmd que el producto de SN38-Gly [47] se podia conjugar al vehiculo de PGA,
una pequefia familia de conjugados de PGA-5FU-SN38 fue sintetizada con el objetivo de evaluar el
posible efecto sinérgico de los productos sintetizados con diferentes cargas de 5-FU y SN-38. Se
estudid la citotoxicidad in vitro con la combinacidn de los farmacos individuales en diferentes
proporciones. Finalmente, se vio que una proporcién de 1:240 (SN-38:5-FU) mostraba una actividad
sinérgica de los farmacos solos. Es por ello que se intenté conseguir que los conjugados de PGA-
5FU-SN38 [49] tuviesen esta relacion de carga entre los dos farmacos.
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Figura 11 Esquema de sintesis de PGA-SN38. Condiciones: a) DIC (1.5 eq) de 5 min; b) HOBt
(1.5 eq), 10 min; c) SN-38-Gly (1 eq), 36 h (24 h DIC (1.5 eq)), RT.

En la Tabla 2 se resumen los diferentes PGA-5FU-SN38 sintetizados. Los experimentos de MTT se
realizaron también en las dos lineas celulares HT-29 y HCT-116 pero al contrario de los
experimentos llevados a cabo antes, en este caso se duplicaron los experimentos para poder ver el
efecto de los dos farmacos fijando la concentracién maxima a 330 UM eq de 5-FU y 1 uM eq de SN-
38, respectivamente. Ademads, también se estudiaron las combinaciones de los farmacos

individuales en las mismas proporciones que en cada PDC.

Tabla 2. Resumen de los diferentes conjugados de PGA-5FU-SN38 [49] sintetizados.

mg TDL (5-FU)%  TDL(SN-38) % Ratio
# Lote > mM5-FU  mM SN-38
obtenidos (mg/mg) (mg/mg) SN-38:5-FU
#HA 140.1 3.05% 0.025% 10 0.03 1:300
#B 179.4 0.26% 0.02% 0.34 0.02 1:40
#C 123.5 3.27% 5.15% 42.3 2.20 1:20
#D 260 2.55% 0.025% 10 0.03 1:300

Posteriormente se evalué en Indice de Combinacién (Combinatory Index, Cl) para los conjugados #B
y #D ya que fueron los que presentaban mayor actividad terapéutica in vitro, con el objetivo de
evaluar la sinergia entre los dos farmacos unidos a una misma cadena de PGA, a partir del método
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de Chou-Talalay ™. Se observé que la conjugacion de SN-38 y 5-FU a proporciones 1:40 y 1:300,
respectivamente, presentaba un efecto sinérgico fuerte al comparar estas mismas proporciones
con conjugados simples (Unicamente cargados con 5-FU o SN-38) o las drogas libres. Este resultado
positivo se observd en las dos lineas celulares testadas. A partir de estos datos se pudo confirmar
que la conjugacién de las dos drogas en un mismo vehiculo presentd mayor eficacia posiblemente
debido a que ambas drogas se liberan simultdneamente en el mismo sitio. Ademds, cabe destacar

que la fuerte sinergia se observé también en la linea celular HT-29, la cual a lo largo del proyecto ha
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demostrado ser mas resistente al tratamiento de 5-FU. Se sabe que los focos metastaticos pueden
aparecer debido a la resistencia al tratamiento, por este motivo, consideramos que el tratamiento
basado en terapia combinada de 5-FU y SN-38 utilizando un unico vehiculo, seria una gran
alternativa para el tratamiento de pacientes con cancer colorectal en estado avanzado.

7.4 Conclusiones

e En relacidn al primer nanoconjugado estudiado, PGA-5-FU, en esta tesis se ha demostrado
que la conjugacién de 5-FU a un portador polimérico de PGA de peso molecular 15 kDa
mediante un enlace éster y un espaciador (acido adipico) muestra actividad terapéutica in
vitro en las dos lineas de CRC estudiadas (HCT-116 y HT-29).

Ademas, los ensayos de internalizacidn celular realizados con el nanoconjugado marcado
con una sonda fluorescente, demostraron la internalizacion del conjugado de PGA-5-FU por
via endocitica, que resultd ser mas rapida en la linea celular HCT-116 que no en la HT-29,
internalizando ademds mayor cantidad de compuesto. En los ensayos de biodistribucién in
vivo realizados en modelos murinos de CRC con animales portadores de tumores crecidos
de células HCT-116 o HT-29 inyectadas por via subcutanea, se pudo confirmar una mayor
acumulacidn de PGA-5-FU a tiempos largos en tumor en comparacién con los niveles de 5-
FU detectados en animales inyectados con la droga libre. Se demostré también que el
producto se excretd preferencialmente por via renal, aunque también se elimind en menor
cantidad por via hepatica. Ademas se confirmé también que la conjugacién de 5-FU a un
polimero de PGA mediante la estrategia de sintesis utilizada, permitia aumentar el tiempo
de vida media en plasma que es del orden de minutos para el 5-FU, al detectarlo hasta 24 h
después de la inyeccion.

Finalmente, se detectd un problema de estabilidad del compuesto PGA-5-FU a las
condiciones de almacenamiento utilizadas, que produjo un problema de degradacién y
posterior agregacion del producto que resultd ser téxico para los animales.

e Los resultados obtenidos en el apartado de estudio de nanoconjugados de PGA sensible a
MMP (PGA-MMPpept-5FU) confirmaron que es de relevante importancia el tipo de enlace
entre el péptido sintetizado sensible a MMP-7 o MMP-9 y el agente 5-FU. Se confirmd
mediante la evaluacidn citotdxica de la unidad péptido-droga (con el péptido sensible a
MMP-9), que la unién carbamato resultaba ser demasiado estable in vitro, ofreciendo un
comportamiento opuesto al enlace éster, siendo asi no aconsejable su uso en
nanoconjugados poliméricos disefiados para una liberacion progresiva de la droga.

En este apartado se confirmé mediante ensayos de actividad terapéutica con HCT-
116.Fluc2-C9 y HT-29.FlucC4 que sobreexpresaban MMP-7 que la conformacion que adopta
el nanoconjugado PGA-MMP7-5FU, sintetizado a partir de la conjugacién de la unidad
péptido droga (con unidn éster) a la cadena polimérica de PGA de peso molecular 15 kDa,
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en solucién deja las cadenas peptidicas muy accesibles al exterior del compuesto. Asi pues,
la ruptura del péptido se produjo a mayor velocidad de lo esperado a diferencia de lo
observado in vitro en ensayos de actividad terapéutica con las células HCT-116.Fluc2-C9 y
HT-29.FlucC4 sin sobreexpresién de MMP-7 asi como en los estudios de incubacién en los
distintos medios por separado.

Al analizar los resultados observados para un nanoconjugado control sintetizado con una
secuencia alternada no sensible a MMP-7 se concluyd que el enlace éster para este tipo de
nanoconjugado con los péptidos AHX-RPLALWRS-AHX o AHX-RSWLPLRA-AHX no era una
buena opcién, ya que quedaba demasiado expuesto. Es por este motivo por el que se
sugiere el estudio de distintos tipos de enlace entre péptido y droga para mejorar la
selectividad del conjugado de PGA-MMP7pept-5FU, asi como la evaluacién del uso de
polimeros de mayor peso molecular.

Finalmente, en el estudio basado en la terapia combinada con el nanoconjugado PGA-5FU-
SN38 y se observd que mediante la O-acilacién del SN-38 en la posicidn 20(S) se consiguia
conjugar la droga a un portador polimérico de PGA de peso molecular 15 kDa mediante un
enlace éster. Se confirmd asi que el SN-38 permanecia en su forma activa evitando la
hidrélisis de la lactona (SN-38 inactivo, anillo abierto) ya que el conjugado resultante PGA-
SN38 mostré actividad terapéutica in vitro en las dos lineas de CRC estudiadas (HCT-116 y
HT-29). Posteriormente, en los estudios preliminares in vitro realizados con una pequefia
familia de conjugados sintetizados para conseguir una terapia combinada de 5-FU y SN-38
cargados con distintas proporciones de farmacos, sintetizados a través de un enlace éster
(PGA-5FU-SN38), se observod actividad citotoxica en las lineas celulares mencionadas de
ambos agentes en una relacién de SN-38:5-FU de 1:40 y 1:300 en comparacién con el
comportamiento observado con los farmacos combinados como agentes individuales en la
misma proporcion. Ademas se confirmé un efecto sinérgico fuerte entre 5-FU y SN-38 en
estos conjugados combinados a partir del célculo del indice de Combinacién, demostrando
los beneficios de unir los dos farmacos en un mismo vehiculo y asegurar una liberacion
conjunta y simultanea de ambos.
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