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Introduction

1 Pediatric solid tumors

When talking about pediatrics, the range of age involved as “pediatric
age” is not always clear. Biologically speaking, young adults may also
present pediatric tumors and thus, be considered as pediatric cancer
patients. It is increasingly accepted that pediatric cancer is a disease related
to the phenomenon of development and growth [1], which involves many
processes. From a single fertilized cell, there are roughly 2 x 10" cells in the
adult. Taking into account that in each cell division there is some chance of
errors in nucleotide incorporation, that the average net mutation rate is 107
for single base changes per replicative cycle and that breaks in the double-
stranded DNA occur spontaneously 50 times per cycle [2, 3], it seems that
there are enough chances for a cell to undergo some mutations during the

fetal development that could lead to developmental tumors.

1.1 Neuroblastoma

Neuroblastoma is the most common extracraneal solid tumor of the
childhood. These tumors are a kind of developmental tumors because they
are originated from undifferentiated cells of the neural crest during fetus
development [4]. Due to its embryonic origin, neuroblastomas can be virtually
found in any part of the sympathetic nervous system [4, 5], but the most
common localization of the locoregional disease is on the adrenal gland
(44%) (see Figure 1) [6].

The estimated incidence of this disease is about 1 in every 7000 alive
newborns [5], which represents 50-70 new cases per year in Spain [7] and
about 40% of the solid tumors in children above 4 years of age [8, 9] and the
15% of deaths by cancer in children under 15 years of age [9].

The clinical appearance is heterogeneous. Different locations, genetics
and pathology change from one patient to another and the stage of the tumor
and the age of the patient at diagnosis will dramatically change the
prognoses of the disease. Classification of neuroblastoma tumors is made in

stages according to the International Neuroblastoma Staging System (INSS)
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[10]. The stratification of neuroblastoma stages by the COG group is

represented in Table 1.

Neuroblastoma Stage 1

~ Neuroblastoma Stage 4
- .\MWMM ~—

. possible metastatis locations

N

\ U Spinal (Nerve Root)

| neuroblasioma can
sometimes develop here

Figure 1. Most common localization of neuroblastoma in patients with stage 1 (left) and
stage 4 (right) neuroblastoma. Primary stage 1 neuroblastomas are commonly found over
the adrenal gland while stage 4 neuroblastomas can be virtually found anywhere in the
sympathetic nervous system. Image from http://pedsurg.ucsf.edu

Locoregional or localized neuroblastoma usually requires only surgery
and disseminated stage “4s” neuroblastomas (that appear only in newborns
and infants until one year of age) are limited to skin, liver and bone marrow
and regress spontaneously [11, 12]. Children under 18 months of age at
diagnosis have better outcome than those diagnosed with neuroblastoma at
a more advanced age. Some of these small children undergo spontaneous
regression of their tumors. For stage 4 neuroblastoma, the most aggressive
stage (with survival of around 30-40%), the best outcome is for those patients
diagnosed before 18 months of age [13].

Children between 1.5-6 years of age at diagnosis still can still be cured
with conventional treatments, but their probability of survival decreases when
they are diagnosed with metastatic disease (stage 4 neuroblastoma). About
50% of the newly diagnosed patients already present metastasis to bone
(60%), bone marrow (50%), lymph nodes (42%) and/or liver (15%) [10, 14,
15] and need intensive chemotherapy treatment, surgery and radiotherapy
[13], but their survival remains poor and few advances have been made over

the last decades. In contrast, patients diagnosed with locoregional tumors, or
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those with stage 4s neuroblastoma without MYCN gene amplification (an
indicator of poor prognoses) usually have good prognoses [16, 17]. MYCN
gene is amplified in 25% of the patients [18, 19].
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Table 1. Neuroblastoma stratification proposed by the Children’s Oncology Group. Modified

from Maris et al. 2007 [7].

Stage and definition A(‘g;a MYCN Ploidy Histology Other Risk group
Localized tumor with
macroscopic total
resection.
1 Microscopically Low
negative ipsilateral
and contralateral
lymph nodes
Localized tumor with
incomplete resection. th_ >500./° Low
2 Microscopically amplified resection
A negative ipsilateral o
and contralateral Not <50% Intermediate
lymph nodes amplified resection
Localized tumor with Not
or without complete lified Biopsy only | Intermediate
resection. ampiiie
2 Microscopically
B positive ipsilateral
lymph nodes and
negative contralateral Amplified High
lymph nodes
Unresectable Not
localized unilateral <547 amplified Intermediate
tumor infiltrating P
across the midline; or Not
localized tumor with =547 amplified Favorable Intermediate
3 involvement of the P
contralateral regional
lymph node; or Amplified High
midline tumor with
bilateral extension by Not
infiltration or by lymph | 2547 amplified Unfavorable High
node involvement P
<365 | Amplified High
<365 th_ Intermediate
. . amplified
Primary tumor with
. L 365- e .
dissemination to 547 Amplified High
lymph nodes, bone,
: 365- _ .
4  bone marrow, liver, 547 DI=1 High
skin, or other organs 365-
(except as defined by Unfavorable High
547
stage 4S)
365- Not DI>1 Favorable Intermediate
547 amplified
=547 High
<365 | _ Not DI>1 | Favorable No Low
amplified symptomatic
Localized primary <3e5 | Not DI=1 Intermediate
. . amplified
tumor in patients up
4 to 1 year of age with <365 Missing | Missing Missing Intermediate
s dissemination limited Not
to skin, liver, or bone <365 amplified Symptomatic | Intermediate
marrow (<10% ,S n
malignant cells) <365 ot Unfavorable Intermediate
amplified
<365 | Amplified High
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1.1.1 Treatment of neuroblastoma

Conventional drug treatments for neuroblastoma need to be improved.
Combinations of conventional drugs such as doxorubicin, cyclophosphamide,
etoposide, cisplatin and vincristine are the most used for the induction phase
of the treatment [20] and after progression or relapse the conventional
treatment is usually carried out with combinations of irinotecan with
temozolamide [21] or topotecan with cyclophosphamide [22-24]. Stage 4
neuroblastomas can initially respond to treatment but then they relapse and
become resistant to the standard therapy. Then patients receive new
treatments that, depending on the host clinical institution, involve retinoic acid
for differentiation of tissues [25], anti-GD2 immunotherapy [26] or autologous

bone marrow transplant [27].

The reason for the poor outcome of patients with stage 4 neuroblastoma,
(as well for patients with other pediatric solid tumors such as high-risk Ewing
sarcoma and rhabdomyosarcomas) is the development of resistance to
conventional treatments, but the mechanisms of chemoresistance are poorly
understood. Chemoresistance of neuroblastoma is usually attributed to
biological reasons such as MYCN amplification [28], chromosomes 1p and
11q alterations [29], inactivation of the p53 pathway [30] or overexpression of
multidrug resistance proteins [31]. It is not clearly understood if the
insufficient drug distribution into the tumor tissue might lead to treatment
failure and chemoresistance observed in tumors in late stages.

Despite the observed preclinical activity of novel candidates for the
treatment of neuroblastoma such as anti-MDM2 [32], anti-TKR [33], anti-AKT
[34] or anti-proteasome [35] their clinical efficacy has not been strongly
proved yet [36, 37].

Most of the current research about chemoresistance in neuroblastoma is
based on the study of overexpression of multidrug resistance proteins, p53
mutations or amplification of MYCN gene. Recently, molecular strategies
have been also studied in neuroblastoma [18, 32, 35, 38-40]. By molecularly
targeting drugs it is possible to specifically carry drugs to tumor tissues,

increasing drug concentration at the required site of action while reducing

21| Page



Introduction

systemic toxicities responsible of very usual secondary malignances such as
neutropenia or diarrhea. Increased activity of MDM2 [38] and the abnormal
activity of the tyrosine kinase receptors RET (25) and ALK (24) are part of the

most studied molecular pathways.

The inadequate penetration of drugs to the tumor tissue might play an
important role on the acquired chemoresistance in neuroblastoma and other
pediatric solid tumors [41] [42]. However, this field has not been thoroughly
investigated yet. Thus, we propose the study of the tumor drug distribution to

evaluate its role in resistance to chemotherapy.

1.2 Ewing sarcoma

Described first by James Stephen Ewing on 1921 [43], Ewing sarcoma
(ES) tumor belongs to a bigger group of sarcomas that includes also
extraosseous ES, peripheral primitive neuroectodermal tumor and Askin’s
tumor. ES can be a very aggressive kind of tumor and can be virtually found
in any individual of any age but is most common in teenagers and young
adults with a median age of presentation at 15 years and a slight tendency
for presentation in male patients [44]. Moreover, 25% of the patients present
metastatic disease at diagnosis [45].

ES belongs to the wide group of small round-cell tumors poorly
differentiated, whose origin is not clear yet despite many different theories.
However, it has been lately believed to have its origin on the mesenchymal
stem cells (MSC) [46, 47].

The incidence of these tumors in the United States has been the same
for over 3 decades [45]. From a total of 1631 diagnosed cases between 1973
and 2005 in US (about 45-50 cases a year in Spain), more than 75% were
pediatric patients, i.e, infants, children, teenagers and young adults [48], and
the 5-year survival is less than 30% for the metastatic disease (Source: St
Jude Children’s Hospital, Memphis, TN).

For the bone disease the primary tumor presentation is mostly in lower
extremity (41%) and pelvis (26%) [49]. A representation of the most common

localizations for ES is depicted in figure 2.
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1.21 Treatment of Ewing sarcoma

Despite 70% of children with ES are cured thanks to the improvements in
chemotherapy over the last 30 years [50], those patients with diagnosed ES
aged above 15 years have a poor survival rate of about 50%, and those
diagnosed with metastases have a mortality rate of about 70%.
Chemotherapy continues being the key in the standard of care of these
patients together with a great importance of local control
(surgery/radiotherapy) to secure more probabilities of curability [51, 52].
Current treatment from Euro Ewing 99 trial for non-metastatic ES includes
combinations of vincristine, etoposide, doxorubicin and ifosfamide for 42
weeks and local control at week 15 [53]. Nevertheless, about 1 out of 4
patients already present metastasis at the moment of diagnosis. Table 2
shows the staging system for ES. Patients who respond to treatment undergo
local control and consolidation phase with chemotherapy with combinations
of different agents [54]. However, acute and long-term toxicities are also
associated with the chemotherapeutic treatment while survival of patients
with aggressive ES remains poor. Thus, new strategies are needed to
overcome these limitations. Some chemotherapy trials for low- and high-risk

ES are shown in Table 3.

Skull 2%
Chest wall 16%
Clavicle 1.5% Upper extremity 16%
Scapula 4% Humerus 6%
Ribs 10% Ulna 1%
Sternum 0.5% Radius 1%
Hand 1%
Spine 6%

Lower extremity 41%

Pelvis 26% Femur 20%
Tibia 10%
Fibula 8%

Foot3%

Figure 2. Most common distribution of Ewing sarcoma tumors. Extracted from the book of
Valvi S & Kellie SJ [49].
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Table 2. Staging system of the Ewing sarcoma. Adapted from the American Joint Committee
on Cancer (AJCC).

Stage Grade Tumor size Depth Node Met.asta 3 year
sis survival
IA Low grade <8 cm Any None None 98%
IB Low grade >8 cm None
A g|-r|;%he <8 cm Any None None 82%
IIB High >8 cm Superﬂ None None 82%
grade cial
[l Any Discontinuous lesion | Deep None None 52%
IVA Any Any Any None Lung
IVB Any Any Any | Present |, Other 30%
than lung
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Study Duration Randomization Num.ber of Treatment %EFS at3| % OS at 3
patients years years
VAID 74 86
EICESS-92 (79) 1992-1999 Yes 155
VACD 73 90
VAI 78.2 85.5
EURO-EWING99-R1 (80) 2000-2010 Yes 856
VAC 75.4 85.9
MO IR L 80.5"
INT-O154/CC§?371£;42/POG9354 1995-1998 Yes 478
VCD+IE 70.1* 77*
Intensified '
VCD+IE 65* g3+
3 weeks
AEWS0031/CCG7983 (82) 2001-2005 Yes 568
VCD+IE . .
2 weeks 3 [
VAID 47 59
EICESS-92 (79) 1992-1999 Yes 492
EVAID 52 62
EWING99-R3 (24) 1999-2005 No 281 High dose 27 34
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1.3 Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is also a small round-cell childhood tumor. It
is clinically presented with a wide variation of symptoms depending on the
localization of the tumor, the presence or absence of metastases and the age
of the patient.

With an incidence of 4 to 7 per million of children up to 15 years old,
RMS is the third most common extracraneal childhood solid tumor after
neuroblastoma and Wilm’s tumor [55] and more than a half are diagnosed in
children before 10 years of age with a slightly higher number of male patients
[56, 57].

Common sites of primary presentation are head and neck, genitourinary
tract and extremities (figure 3) [57]. While head and neck presentation is
most commonly found in young children, RMS in adolescents is mostly
present in extremities. Furthermore, the disease has been associated to

familiar syndromes such as Li-Fraumeni or neurofibromatosis.

Clinical features of rhabdomyosarcoma

14 35% Other head and neck 10%
Parameningeal 16%
- Genitourinary Orbit 9%
<1 ™% 27%
5.9 25%
15+ 13%
" . Other 25%
10-14 20% ———
Age at presentation Site of primary
W SN Embryonal 53%
Other 11%
Botryoidal 6%
Pleomorphic 1%
Female 42% Alveolar 21% Undifferentiated 8%
Gender Histology

Figure 3. Clinical features of rhabdomyosarcoma tumors in children. From Dagher and
Helman, The Oncologist. 1999.
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1.3.1 Treatment of rhabdomyosarcoma

Current treatment of RMS recommends complete resection of the tumor
whenever it is possible. Radiation plays an important role on fighting macro
and microscopic residues after surgery but also on the treatment of those
distant metastases localized in anatomic places of difficult resection. The use
of radiation in certain areas of the body might be of concern because of the
radiation doses might damage healthy tissues. On this line, in small RMS
tumors located in areas such as head, vagina or prostate one of the best
options for radiation delivery is the use of local implants to restrict delivery of
radiation [58, 59]. Adjuvant and neoadjuvant chemotherapy is useful for the
control of localized disease with or without micrometastatic disease.
Common agents used in the treatment of childhood RMS include the same
agents used for Ewing sarcoma (ifosfamide, etoposide, doxorubicin and
vincristine) and also cyclophosphamide and actinomycin D. The standard of
care at some institutions includes vincristine, actinomycin D and
cyclophosphamide, which have resulted in good outcome for most patients
with RMS.

Children diagnosed with localized disease present around 70% survival
rates, but the 5-year survival rate is much lower (about 20-40%) for those
with high-risk disseminated RMS (Source www.cancer.org). Thus, there is
still much to do on the treatment of RMS to improve the survival rates of
these patients.

Table 4. Rhabdomyosarcoma staging and risk. Adapted from Dagher and Helman, 1999
[57].

Stage | Localization Size Lymph n.ode Metastasis
affectation
I Localized or Any Yes /No/ No distant
infiltrated Unknown metastasis
1 Localized or <5cm Unknown / not No distant
infiltrated involved metastasis
11 Localized or <5cm No distant
infiltrated Yes metastasis
=5 cm
Any

Y Lgcgllzed or Any Yes / No Dlstantl

infiltrated metastasis
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2 Tumor drug chemoresistance

Tumors are not static systems since they can evolve towards more
resistant phenotypes due to clonal evolution or acquisition of new mutations,
becoming more aggressive.

There are two possible scenarios regarding tumor chemoresistance.
There are tumors that respond upon first treatment and relapse is shown
afterwards, and others are chemoresistant from diagnosis. Those tumors that
undergo remission upon treatment and then relapse after some months, or
even years, do not respond anymore to conventional treatment, thus new
therapies are needed to overcome this situation.

Experimental studies about acquired tumor resistance to anticancer
drugs after treatment are scarce. For instance, inhibition of tumor
angiogenesis with anti-VEGFR2 therapy in a mouse model of pancreatic islet
carcinogenesis led to marked activity against early-stage tumors, but late-
stage tumors showed no response to the same treatment [60]. Tumors were
able to escape from the effects of anti-VEGFR2 treatment by upregulation of
other proangiogenic factors that are capable to stimulate again tumor
angiogenesis independently from VEGF. Another example is provided by the
acquired resistance to sunitinib in U87MG subcutaneous xenograft model,
likely due to upregulation of BCRP expression in tumors that underwent
treatment [61]. The authors of the study suggested that tumor resistance to
chemotherapy may be due to low intracellular drug exposure caused by
altered drug transport through the cellular membrane. Multidrug resistance
(MDR) proteins like BCRP are known to be responsible of the active efflux of
anticancer drugs from tumor cells [62]. In pediatric oncology the expression
of MDR proteins have been widely studied, and the family of ATP-binding
cassette (ABC) transporters is well studied [31, 63-68]. ABC transporters
pump drugs outside the cell decreasing their intracellular concentration. Two
MDR-associated proteins that are well known are permeability-glycoprotein 1
(P-gp) and MDR-associated protein 1 (MRP1). High-level of MRP1
expression has been associated with poor prognosis in primary
neuroblastoma [31] and soft tissue sarcomas [69]. P-gp expression has been

also correlated with poor prognosis in high-grade soft tissue sarcomas [67]
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and the co-expression of MRP1 and MDR3 has been also shown in these
kind of tumors [70]. Citti et al. demonstrated that the expression of MDR
proteins was either induced or increased after chemotherapy [70]. However,
it is still unclear if the increase in the expression of MDR proteins is mainly
due to a clonal selection of tumor cells (Figure 4) expressing MDR proteins,
upregulation of MDR proteins or both. Nevertheless what seems to be clear
is that MDR proteins have an important role in tumor acquired

chemoresistance.
Treatment Treatment
Resistant tumor

Figure 4. Tumor acquired resistance model by clonal selection of resistant cells upon
treatment.
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3 The patient-derived model for the study of

drug resistance and delivery in oncology

Preclinical models used for pharmacological studies must represent
faithfully the disease in the patients. Preestablished tumor cells lines are
widely used for pharmacological studies [32, 33, 35, 71]. However, despite
they can provide some powerful information and fast drug screening, long
term culture selects for cells that show genetic changes as compared to the
primary tumor [72, 73]. Some studies suggest that cells that have been
grown in vitro have adapted to growth in conditions that differ from the natural
tumor microenvironment [74]. It seems that gene expression can change in
vitro and that this differential expression is not restored when growing again
these cell lines in vivo [74]. Moreover, preestablished tumor cell lines
demonstrated poor prediction of clinical efficacy of anticancer agents [75].
Preclinical studies have been performed using animal models for years to
test novel anticancer drugs as well as to evaluate response and resistance
proteins in preclinical research demonstrating to be a useful and reliable
platform [76, 77].

Since the preclinical model must be representative of the clinical tumor,
patient-derived xenograft (PDX) models have recently become the preferred
option to reproduce the genetics and the structural microenvironment
properties of the tumor in humans. It is widely accepted that transplanting a
fresh fragment of a primary human tumor to immunodeficient mice keeps
similarities with the genetics and genomics, histology, protein expression
and tumor biomarkers of the original tumor even after several generations of
the xenograft [74, 78-81]. Neale et al. showed how main genes kept their
expression in xenografts established from fresh fragments of primary
pediatric solid tumors subcutaneously implanted [82].

The establishment of tumor xenografts requires fresh tumor tissue from a
biopsy (or a tumor resection) from a patient, followed by subcutaneous or
orthotopic implantation of such human tissue into the flank of
immunodeficient rodents [77, 83, 84]. Not all the tumors will engraft in a

mouse model. In our experience, only about 30% of the transplanted tumors
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grow in immunodeficient mice. Moreover, the amount of time that tumors
need to grow is variable between different tumor models and also depends
on the viability of the fresh tumor tissue directly obtained from the patient.
Some tumors that may not grow in some immunodeficient mouse strains like
athymic nude (which do not have T lymphocytes), and might be able to grow
in nod-scid mice because they lack of T cells, B cells and their innate
immunity is also diminished [85].

Since PDX models have been already applied to drug development
studies in oncology [76, 86, 87], thus we proposed the use of PDX models
obtained from fresh tumor biopsies from pediatric patients from Sant Joan de
Deu Barcelona Hospital (Esplugues de Llobregat, Barcelona, Spain) for our
drug delivery and efficacy studies. Figure 5 depicts the use of PDX models in

oncology preclinical research.

Long Term Utility Chart of
Patient-Derived Xenograft
Interaction between the '
Patient tumor and
mouse microenvironment

J . o -
Reproducibilty of IHC and %j
genetic characteristcs as ir
paLient tumors
i
. 2
' F
la £
Drug Testing ﬂ/
v g

Reproduchbility of IHC and PDX expansion .

penetic dhar actienis Uy as in * o =

patient tumors tollowing

drugs Prediction of PDX expansion ‘ .

drug effects "
Preciction of PDX expansion
drug resislance * Qummﬂtrﬂi
Repovitony & Retrieval ‘

IHC and genetic guality

of a large amount of s
control in late passages

Tumor materal

Figure 5. Usefulness of PDX models in oncology. The model reproduces with fidelity the
original tumor in the patient through successive passages in contrast with what is observed
in cell cultures. Those models serve as a platform to the study of drug interactions and
effects. Figure extracted bfrom Dey et al. [88].
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4 Camptothecins as model anticancer drugs

Camptothecins (CPT) are a family of topoisomerase-| inhibitor molecules.
Its name comes from the Chinese bush named Camptotheca acuminata, the
plant from which the classic CPT was obtained from the first time on 1966
[89]. However it wasn’t until 1985 [90] that the activity against topoisomerase-
| was known. The mechanism of action of CPT is by binding to
topoisomerase-| forming a complex that impedes DNA replication. This CPT
— Topoisomerase-I — DNA complex leads to single strand breaks that can be
repaired when the CPT is removed [91]. However, when the replication fork
meets the complex it leads to double-strand breaks that are not reparable
and accumulate in the cell. If CPT are not removed from the cell, double-
strand breaks accumulate leading to cell death [92].

Originally CPT was first administered as a soluble sodium salt but only
11.5% was present as lactone (less soluble) form in vivo [93]. The poor
solubility of the CPT is due to the nitrogen atom in the quinoleine subunit
which causes basicity of the molecule, and this hydrophobicity is much higher
for the lactone form, but CPT lactone is also 10-fold more active than the
carboxylate (soluble) counterpart [94]. This poor solubility was the reason
why the first clinical trials were done using the carboxylate form, but poor
activity with high toxicity was observed [93, 95]. The chemical structure of the
classic CPT includes 5 rings with a quinoleine subunit fused to an a-hidroxy-
O-lactone terminal ring with a chiral center in carbon C-20 (see Figure 6).
CPTs are presented in two alternative chemical forms in pH-dependent
reversible equilibrium, lactone and carboxylate, being the first one the most
active against tumor cells. The proportion of one or another counterpart
depends on the pH, thus, the lactone form can be hydrolyzed spontaneously
to carboxylate when the molecule is in basic or neutral (physiologic) pH,
while in acid pH the lactone counterpart is predominant [96]. Moreover,
protein binding affects to the proportion of both counterparts as well [97] and
this proportion can be different from proteins of different species as the
affinity protein-CPT can be modified [98]. It is currently possible to determine
the concentration of carboxylate and lactone separately in a given sample,
though HPLC [99-101].
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Figure 6. Chemical structure of a camptothecin. Modified from Garcia-Carbonero [92].

Modifications on carbons C-9 and C-10 of the A aromatic ring of the
quinoleine subunit have incremented the power of the CPT by improving its
solubility with the aim of obtaining CPT derivates such as topotecan (TPT),
with a basic group N-N-dimethylaminomethyl on C-9 (Figure 7), or irinotecan
(IRN or CPT-11), with a dibasic bispiperidine on C-10 (Figure 8), both FDA-
approved for chemotherapeutic use in cancer treatment [102]. Comercial
TPT has to be formulated with dextrose [103] or tartaric acid [104] otherwise
it would rapidly turn to its carboxylate form upon resuspension with saline
solution before administration. Upon administration of TPT, its main
clearance pathway is through its conversion to the carboxylate form, followed

by renal excretion.
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Figure 7. Chemical structure of topotecan. Lactone (active) and carboxylate forms at left and
right, respectively. Extracted from Abraham [105].

IRN is the soluble prodrug of the active metabolite 7-ethyl-10-
hydroxycamptothecin (SN-38) which is highly hydrophobic (insoluble in
water) but very active, especially the lactone form (SN-38L), while the
carboxylate form (SN-38C) presents high aqueous solubility. The

bispiperidine group on the IRN molecule is cleaved by enzymatic excision
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because of the carboxylesterases [106] and the final molecule is the active
SN-38, which is 1000-fold more active than IRN. The process is briefly
depicted in Figure 8. Although only about 4% of the administered IRN is
converted to SN-38 in humans [107], the half-life of the lactone form (SN-
38L) is above 11 hours, much higher than the one of the TPT. The reason for
this seems to be the high affinity between SN-38 or IRN lactones and
albumin. Such protein binding increases the half-life of drugs in the organism.

OO 'alal N
CPT-11
Lactone SN-38
Lactone

o
oot g ouge
H
M
Qi OH
CPT-11 _
Carboxylate CHitHy B, 0 SN-38 cHieHT N

Carboxylate

Figure 8. Metabolic conversion from irinotecan (left side) to SN-38 (right side) by
carboxylesterases. Under acid pH conditions lactone forms are predominant (above) while
carboxylate forms are predominant under neutral or basic pH (below). From Grivicich [108].

Although in preclinical assays SN-38 is highly active against solid tumors
[109], it cannot be directly administered because of its poor solubility.
Moreover, due to the poor conversion rate from IRN to SN-38 the distribution
of SN-38 in the tumor stroma might be hindered [110]. Furthermore, IRN can
be highly toxic at the concentration that it might be required to achieve
activity, causing severe diarrhea [111].

While TPT has shown remarkable activity both in preclinical [112] studies
as well as in patients [113] the high activity observed for IRN in preclinical
models in resistant neuroblastomas [114, 115] has not been reproduced in
refractory patients [21]. This lack of clinical activity could be correlated with

higher activity of the carboxylesterases in murine models, with the
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subsequent conversion from IRN to SN-38 in mice, up to 70%, as compared
to 4-10% in humans [116].

Currently there are many research projects ongoing to develop new
nanoparticulate formulations of SN-38 that have shown to be more active
against several solid tumors [116-119] with less toxicity on the intestinal
mucosa [120, 121]. Such new formulations allow the direct administration of
SN-38 and overcome the problem of the poor conversion rate from IRN.
Thus, we believe that using new drug delivery systems (DDS) for SN-38
delivery will be a good alternative for the treatment of chemoresistant

aggressive pediatric solid tumors.
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5 Drug distribution in solid tumors

5.1 Determination of compartmental drug distribution in vivo

The relationship between tissue drug concentration and efficacy of
anticancer drugs has been shown in several studies [112, 122, 123]. Assays
with animals, rats and mice mostly, have been useful to demonstrate the
feasibility of microdialysis techniques for the measurement of the active
metabolites of chemotherapeutic drugs into tumor tissue to characterize their
pharmacodynamic (PD) and PK profiles not only in the tumor
microenvironment but also in other parts of the organism distant from tumor.

Microdialysis is a minimally invasive technique [124-126] that allows
continuous sampling of analytes from tissue interstitial fluids in vivo, and it
may be used for sampling both exogenous and endogenous small molecules.
The in vivo microdialysis technique consists on the insertion of a dialysis
probe into a target tissue to sample the extracellular fluid, as depicted in
figure 9 [127-129]. This technique allows continuous sampling in awake
animals for PK and PD studies in vivo without the need of sacrificing large
series of animals [130, 131]. Furthermore, improved restraining methods
allow free-mobility of individuals used in the studies [127, 132-135].

Microdialysis was originally developed to measure concentrations of
endogenous compounds in the extracellular fluid (ECF) as neurotransmitters
[136-139]. This technique is based on the free diffusion of the analytes
through a semi-permeable membrane due to a concentration gradient
between the ECF and the perfusion fluid flowing inside the probe lumen [140,
141], thus enabling to assess the concentration of analytes in the ECF in
vivo. Since the perfusate is being continuously pumped through the inlet
tubing of the probe to the outlet tubing, and finally driven out of the probe, the
complete equilibrium of concentrations between both sides of the membrane
is never reached [142]. This is the principle of the microdialysis. This
continuous traffic of analytes through the membrane is known as relative
recovery (RR) and it is used, together with a calibration method, to know the

real concentration of an analyte in a target tissue.

37| Page



Introduction

38 |
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Figure 9. Example of extracellular fluid sampling by inserting a microdialysis probe in a
tissue. ECF means ‘extracellular fluid’. Adapted from Tisdall and Smith [143].

Under identical experimental conditions results for recovery and delivery
experiments (when the traced analyte is within the perfusate) should be the
same, but several factors may affect the RR of the probe including perfusate
flow rate and composition [144-146], microdialysis device characteristics as
membrane length or diameter cut-off, tube material and diameter, which
could non-specifically interact with dialyzed compounds, analytes
physicochemical properties such as solubility, temperature, tissue properties
such as ECF pressure or metabolic processes, and the interaction between
the analyte of interest and the tissue to be sampled [147-150]. Diverse in vivo
calibration methods have been used to assess RR. Among those established
methods the easiest and the most commonly used is retrodialysis [151].
There are also other calibration methods such as the zero net flux (ZNF) and
the zero flow rate (ZFR) that might be more suitable in specific conditions,
specifically when sampling hydrophobic compounds using solubilizer agents
in the perfusion fluid, as we will detail in Chapter 1 of this thesis.

Lipophilic compounds generally result in low and usually non-
reproducible RR due to non-specific binding to the microdialysis device.

Several different approaches have been reported for enhancing microdialysis
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RR for lipophilic compounds [141, 144, 152-156] adding different compounds
such as polysorbate [157] or cyclodextrins [141, 152, 155, 158] to the
perfusate in order to solubilize these drugs and to avoid the non-specific
binding to the microdialysis system. In the same way, the addition of dextran
has been reported to enhance the RR of large molecules [159-161]. Loos et
al. showed how docetaxel, an anti-mitotic chemotherapeutic drug, was non-
specifically bound to the microdialysis device in in vitro experiments [157].
Polysorbate 80 added to the perfusate overcame the problem to some
(limited) extent but they could not obtain reproducible results and ruled out
docetaxel for further microdialysis studies. Whitaker et al. encountered the
same problem sampling doxorubicin (see figure 10), a compound used in
chemotherapy because it inhibits replication of cells by stabilizing the
topoisomerase-Il [162]. These two studies are examples of possible troubles
when trying to microdialyze lipophilic compounds. One commonly proposed
solution is the use of mathematical models to correct the results [146] but the
validation of results is difficult since many variables that could affect the RR

must be considered.

() " by Figure 10. Images of probe

membranes perfused with (a)

Ringer’s solution (control) and

(b) antipyrine and doxorubicin

(10 pM each). Arrow indicates

flow direction. Doxorubicin

shows strong adhesion (red

staining) to the internal surface.

i Image adapted from Whitaker et
h al. [162]

When combined with tumor homogenates and blood samples,
microdialysis is a wuseful technique to accurately determine the
compartmental (vascular, extra- and intracellular) drug distribution in a
specific tissue, which is of high importance to know whether the drug reaches
the desired target at relevant active concentrations or not [127, 163]. The

relationship between tissue drug disposition and treatment efficacy has been
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explored by inserting microdialysis probes in some solid tumors to sample
chemotherapeutic drugs such as cisplatin [164] and topotecan [165].
Microenvironment of a tumor tissue is significantly different from that in
healthy tissue. Many factors such as heterogeneous tumor blood flow,
abnormal vascular permeability, and cell density, as well as increased
interstitial pressure, may impede penetration and delivery of drugs from blood
into the tumor and disturb drug distribution within the tumor. Furthermore, the
study of tumor homogenates provides information regarding total
concentration of drug in the tumor bulk, both intra- and extracellular, as well
as in the vascular compartment. The use of microdialysis allows to fully
determine the penetration and distribution of drugs used in anticancer
treatments and to know whether the lack of penetration and/or distribution
could be a reason of treatment failure.

Microdialysis probes have been inserted in many types of tumors in order
to understand the PD and PK not only into the tumor tissue but also in
peripheral tissues, even at the same time using dual- or multi-probe systems,
in order to observe the differences between the composition of the tumor
ECF and the ECF in other parts of the body in the same individual at the
same time. Sziraki et al. performed dual- and triple-probe microdialysis
assays to determine drug-drug interactions with Pg-p in mice [166]. The
authors employed quinidine and PSC-833 as P-gp substrate and inhibitor,
respectively, to determine interactions with P-gp at the blood-brain barrier
and the vascular compartment. A dose-dependent relation was seen in the
penetration of quinidine into the brain. It was demonstrated that dual-probe
microdialysis approach is an effective tool to design PK and PD studies in
vivo in two different places simultaneously in the same organism [166].

In this thesis work, microdialysis has been used together with tumor
homogenates to determine the compartmental distribution of the
chemotherapeutic drug SN-38 in PDX models of neuroblastoma, Ewing
sarcoma and rhabdomyosarcoma when given as either its prodrug
formulation irinotecan (Chapter 2). Additionally, microdialysis was also useful

to characterize newly developed polymeric DDS in vivo (Chapters 3 and 4).
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5.2 Improving drug distribution within pediatric solid tumors

Pediatric solid tumors are treated by combined therapies that include
radiation, surgery and chemotherapy based on the type, stage and
localization of the tumor, but these approaches are not enough to eradicate
all kind of tumors, because some of them have a high recurrence rate and
develop resistance against chemotherapeutic drugs used as the standard of
care. Thus, alternative drug treatments are needed for these patients.
However, many of the new chemotherapeutic drugs have short half-live in the
organism and others are too hydrophobic to be suitable for systemic
administration in vivo despite their remarkable in vitro activity. Others are
excessively toxic at the systemic concentrations needed to exert a
therapeutic effect. New DDS, many of them based on biocompatible
polymeric devices or liposomal formulations are being developed in order to
overcome these limitations. Body fluids can penetrate through the pores on
the surface of polymeric DDS with the subsequent gradual diffusion of the
hydrophobic drugs entrapped inside these structures [167]. Furthermore,
biocompatible polymer degradation may also release the drug that is still
entrapped in the system.

New strategies to improve drug delivery in pediatric solid tumors could
take advantage of unique features such as gene translocations like
EWS/FLI1 in most Ewing sarcomas [168], highly expressed membrane
gangliosides like GD2 in most neuroblastomas [169], and homogeneous
mutations like K27M in H3 histones that is common to more than 80% of
diffuse intrinsic pontine gliomas (DIPG) [170]. Those are homogenous targets
found in most tumors of each type and could be used as special targets for
drug delivery.

SN-38 and its water-soluble prodrug IRN are good models for the study
of the limited drug distribution in chemoresistant pediatric solid tumors and to
determine whether new drug formulations improve intratumoral drug
distribution. As mentioned before, with around 1000-fold more activity than
IRN [171], the high hydrophobicity of SN-38 precludes its systemic
administration. To overcome this limitation IRN was developed but the high

activity observed against neuroblastoma in preclinical murine models was not
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reproduced in patients, probably due to the reduced activity of the human
carboxylesterases, as compared to the mouse enzymes.

Encapsulation of SN-38 into polymeric NPs could overcome the limitation
of the conversion rate from IRN by directly administering the active
metabolite SN-38. One of such formulations of polymeric NPs could include
surface modifications, such as polyethylene glycol (PEG), which allows
increasing the half-life of the NPs in the organism before clearance [172-
175]. Other surface modifications could address to targeted therapy by
attaching antibodies against antigens overexpressed in some tissues,
reducing systemic exposure and increasing local efficacy [176].

The enhanced permeability and retention (EPR) effect based on the
vascular abnormality of the tumor tissue allows NPs to be retained for a
longer period of time in the tumor microenvironment with a local-based effect
[177-180]. A relevant nanodrug that has proved activity against pediatric
tumors like Ewing sarcoma is nab-paclitaxel (Abraxane), which has been
already approved by the FDA for adult refractory breast cancer [181], gastric
cancer [182] and metastatic pancreatic cancer [183] and has been studied in
rhabdomyosarcoma, osteosarcoma and neuroblastoma [184]. Some
preclinical studies with nab-paclitaxel in pediatric tumors showed high activity
against Ewing sarcoma, rhabdomyosarcoma, osteosarcoma and several
pediatric tumor cell lines [184-186]. Clinical trials in pediatric patients with
recurrent or refractory solid tumors [187] and malignant germ cells [188] are
still ongoing and no results are published yet. A new preclinical study
evaluated its activity against several pediatric solid tumors [185]. Abraxane
was well tolerated and showed significant increase in event free survival as
compared to control treatment. In Ewing sarcoma models, 5 out of 8
underwent complete responses as well as 6 out of 8 rhabdomyosarcomas,
but response was not observed neither in neuroblastoma nor in
osteosarcoma xenografts. Doxorubicin has been also highly studied in
clinical trials. A nanodrug with proven activity is the PEGylated liposomal
formulation of doxorubicin, known as Doxil, which has been already
demonstrated active in adult cancer and it has been approved for its use by
the FDA [189]. Munoz et al. determined the efficacy of the formulation in

children with advanced sarcoma and they observed that patients who
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previously underwent treatment with free doxorubicin experienced tumor
response to the liposomal formulation [190], which is in contradiction with
other previous results [191]. Upon its proven efficacy, some groups have
investigated combinations of the liposomal formulation with other agents.

The use of polymeric nanofiber matrices as a platform for local release
with increased local activity and minimum systemic effect has gained interest
lately as well [192]. Body fluids can penetrate into the nanofiber matrices
structure due to their high porosity and wide surface leading to diffusion of
the entrapped drug. Chemotherapeutic agents have already been loaded into
the polymer matrix of these structures [193-195]. Paclitaxel-loaded films have
been tested against Lewis Lung Carcinoma cell line showing an increased
survival of those mice treated with this new DDS compared with the
administration of systemic or local free paclitaxel in a formulation of
cremophor/ethanol [196]. The same group also tested paclitaxel-loaded films
against CS-1 human chondrosarcoma, a model of locoregional recurrent
sarcoma, showing promising results again [197]. Other drugs more similar to
SN-38 have been also loaded into polymeric films showing promising
antitumor activity. Hydroxycamptothecin is an analogue of the CPT that has
been loaded into polymer films for the in vivo assessment of the antitumor
efficacy over the Lewis Lung Carcinoma cell line [198]. This DDS showed a
controlled release of the drug that lasted over a month leading to a significant
tumor growth delay as compared to treatment with free systemic
hydroxycamptothecin. Because of its high versatility, reproducibility and easy
manipulation, polymeric nanofibers are being considered one of the best

platforms for the local administration of chemotherapeutic drugs [199].
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Successful drug distribution in solid tumors is essential for an efficient
treatment since all tumor cells must be exposed to relevant cytotoxic
concentration of the anticancer drug. However, drug penetration might be
impeded in chemoresistant solid tumors [165]. Inadequate distribution of
chemotherapeutic drugs into the solid tumor tissue could be related to
treatment failure, but the mechanisms that limit drug distribution in solid
tumors are not completely understood [41]. Drug penetration to the cancer
cells might be impeded by several microenvironmental factors, like the
abnormal phenotype of the tumor vasculature, which leads to areas of
hypoxia, high interstitial pressure in the tissue, or vasculature leaks limiting
drug delivery to these areas [200, 201]. We believe that a better
understanding of the in vivo drug distribution in pediatric solid tumors might
help us predict whether drugs that are active in in vitro models will have a
clinical activity, and to propose new pharmaceutical strategies to improve
drug distribution in solid tumors.

We used SN-38, the active metabolite of IRN, as a model drug because
of its remarkable activity against different cell lines and PDX models
generated from tumor biopsies or resections from patients at our institution.
We took advantage of the low solubility of SN-38 to load it in different DDS
that would release the drug in the targeted tissues. One of such DDS
consisted in a local nanofiber matrix for local SN-38 release in the surgical
bed after tumor resection surgery. The second DDS was a GD2-targeted
nanoparticle formulation for neuroblastoma treatment.

Our overall hypothesis was that systemic drug delivery is limited in
chemoresistant pediatric solid tumors and that in such cases, drug delivery
could be improved by the mentioned pharmacological approaches. We used
immunodeficient mice to establish PDX models in which we performed all the

in vivo experiments to:

1. Develop a microdialysis method for continuous sampling of SN-38 from

the tumor extracellular fluid in vivo. The developed methodology had to

47 |Page



Objectives

48 |Page

be carefully validated as it was the basic technique for all the studies of
SN-38 distribution included in this work.

. Study the distribution of the highly active SN-38 within the tumor bulk of

patient-derived xenografts of highly aggressive pediatric solid tumors
generated from paired biopsies of pediatric solid tumor patients obtained
at different stages during treatment. This work would allow us to
determine whether tumor evolution —due to treatment pressure- towards
a more chemoresistant phenotype leads to limited intratumor drug

distribution.

. Develop and characterize new nanofiber matrices loaded with SN-38, for

local control of pediatric solid tumors after subtotal resection surgery.
This work would include a precise characterization of local SN-38
distribution in the surgical bed and in pediatric solid tumors, in order to
select the candidate patients that would benefit from this new delivery

system.

. To develop and characterize SN-38-loaded, GD2-targeted systemic NPs

for the treatment of neuroblastoma. To achieve this goal, we evaluated
the long term SN-38 distribution and efficacy achieved by the GD2-
targeted nanoparticles in the tumor tissue, as compared to control (non-

targeted) formulations or to the prodrug (IRN).
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Chapter 1:

Combined Microdialysis-Tumor Homogenate Method for the
Study of the Steady State Compartmental Distribution of a

Hydrophobic Anticancer Drug in Patient-Derived Xenografts

Here we developed and validated a microdialysis method useful to
sample, detect and quantify SN-38, a potent topoisomerase-| inhibitor, from
dialysates and to determine the unbound SN-38 volume of distribution (i.e.,
the volume of drug in the intracellular compartment) in the PDX models when
combined with terminal tumor homogenates and blood samples. The
microdialysis technique described on the following published work was
essential for all the other works developed in this thesis, as it will be
explained on the upcoming chapters. This is the first time that it is possible to
study the compartmental SN-38 distribution in PDX models in alive animals
being able to distinguish between the two counterparts of the SN-38

molecule, the active and highly hydrophobic lactone and the carboxylate.
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ABSTRACT

Purpose To develop a reproducible microdialysis-tumor
homogenate method for the study of the intratumor distri-
bution of a highly hydrophobic anticancer drug (SN-38; 7-ethyl-10-
hydroxycamptothecin) in neuroblastoma patient-derived xenografts.
Methods We studied the nonspecific binding of SN-38 to the
microdialysis tubing in the presence of 2-hydroxypropyl-beta-
cyclodextrin (HPBCD) in the perfusate. We calibrated the micro-
dialysis probes by the zero flow rate (ZFR) method and calculated
the enhancement factor (f = extrapolated SN-38 concentration at
the ZFR / SN-38 concentration in the dialysed solution) of
HPBCD. We characterized the extravasation of HPBCD to tu-
mors engrafted in mice. In vivo microdialysis and terminal homog-
enate data at the steady state (subcutaneous pump infusions)
were used to calculate the volume of distribution of unbound
SN-38 (V,,.tumor) in neuroblastoma.

Results HPBCD (10%w/) in the perfusate prevented the non-
specific binding of SN-38 to the microdialysis probe and enhanced
SN-38 recovery (f=1.86). The extravasation of HPBCD in the
tumor during microdialysis was lower than 19%. V, ymor Values
were above 3 mL/g tumor for both neuroblastoma models and
suggested efficient cellular penetration of SN-38.

Electronic supplementary material The online version of this article
(doi: 10.1007/511095-015-1671-9) contains supplementary material, which is
available to authorized users.

Conclusions The method contributes to overcome the limita-
tions of the microdialysis technique in hydrophobic drugs and
provides a powerful tool to characterize compartmental antican-
cer drug distribution in xenografts.

KEY WORDS drug distribution - drug penetration -
hydrophobic anticancer drugs - microdialysis - neuroblastoma -
patient-derived xenograft (PDX) - SN-38 - solid tumor - steady
state - tumor homogenate - tumor microenvironment
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INTRODUCTION

Many potentially active anticancer agents are poorly distrib-
uted in tumors or display excessive systemic toxicity at con-
centrations required to achieve their pharmacological effect at
the tumor cell level (1, 2). Thus, optimization of chemothera-
peutic drug delivery to the solid tumor microenvironment has
become one of the most studied fields in cancer research (3).
Drug penetration of solid tumors might be improved by con-
comitant treatments targeting biological and physical proper-
ties of the tumor stroma (4), active transport at the tumor cells
(5), or via new drug delivery systems (6). All these approaches
require an accurate evaluation of the pursued pharmacokinet-
ic effects, z.e., accumulation of the drug in the tumor cell to
increase therapeutic efficacy and, ideally, low systemic expo-
sure to reduce side effects. Such pharmacokinetic evaluation
may be achieved by measuring the amount of drug in the
tumor by methods involving drug administration to preclini-
cal models (usually mice), blood sampling at different time
points and terminal collection of tumor tissue. This approach
requires a large number of animals to provide a complete
concentration-time profile of drug distribution in the tumor
(7). The simplicity of the analysis of tumor homogenates is an
advantage of this method. However, this —the traditional—
approach does not provide information regarding drug distri-
bution in the solid tumor compartments (extracellular, intra-
cellular and vascular). Such information is relevant to under-
stand drug activity (or lack thereof) and pharmacokinetic in-
teractions. For instance, if the amount of drug detected in the
homogenate is predominantly accumulated in the extracellu-
lar fluid of tumor (tECF), suitable intracellular drug targets
might not be reached (7).

The combination of two different sampling methods, mi-
crodialysis and tumor homogenates, under steady state drug
pharmacokinetics helps to accurately determine drug distribu-
tion in solid tumors using a low number of experimental an-
imals. Microdialysis is used to sample the tECF for the subse-
quent analysis of levels of free (protein unbound) compounds,
in equilibrium with the free compound in plasma (8). Then,
the ratio at the steady state between the total drug concentra-
tion in the tumor homogenate and the unbound drug concen-
tration in the tECF (calculated by microdialysis) provides the
unbound drug volume of distribution in tumor (V, wmor)s
measured in mL/g tumor (9), as calculated from Eq. 1

_ ALol, tumor —VLOL blood X Clot7 blood 1
Vu,tumor - ( )

c ss,tumor

where Ao umor 18 the total amount of drug per gram of tumor
homogenate (including tumor blood), V4 piood 15 the volume
of blood per gram of tumor, C, pio0d is the total concentration
of drug in blood, and C yumor 18 the concentration of unbound
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drug in the tECF at the steady state. High values of the
Vi umor Parameter indicate high distribution of the drug in
the intracellular compartment of the tumor or nonspecifically
bound to tumor tissue components, whereas low values sug-
gest that the drug is predominantly distributed in the extra-
cellular space.

The steady state approach in animals with microdialysis
probes allows the determination of real-time effects of con-
comitant treatments on the compartmental distribution of
the assayed chemotherapeutic drug. Steady state intratumor
microdialysis in combination with terminal tumor sampling
(homogenates) was utilized for the first time to study the shift
in the distribution toward the cellular compartment of the
water-soluble drug topotecan in brain tumors upon the effect
of efflux pump inhibition at the tumor cell level (10). However,
the application of the microdialysis technique to highly hydro-
phobic anticancer drugs has remained elusive, due to the lack
of reproducibility of the conventional microdialysis principle
in compounds that bind nonspecifically to parts of the micro-
dialysis device (internal surface of tubing and probe mem-
brane) and other plastic or glass surfaces used during the pos-
terior analysis (11-13). For instance, previous studies on the
microdialysis of the anticancer drugs docetaxel and doxorubi-
cin have resulted in low or erratic probe recovery due to
nonspecific binding (11, 12). To overcome such problem some
authors propose the addition of solubilizers to the perfusate,
such as 2-hydroxypropyl-beta-cyclodextrin (HPBCD) (14, 15),
proteins to block the nonspecific binding sites in the circuit
(16), or chemical agents with affinity to the collected molecule
(17), while others have applied mathematical approaches to
eliminate the binding component from the microdialysis re-
covery value (13, 18).

The objective of this study was to develop a reproducible
method for the assessment of the tumor pharmacokinetics of
the highly hydrophobic anticancer drug SN-38 (7-cthyl-10-
hydroxycamptothecin) in mice bearing patient-derived xeno-
grafts (PDX) of the pediatric solid tumor neuroblastoma. SN-
38 1s a potent topoisomerase I inhibitor that results from the
hydrolysis of irinotecan, its soluble prodrug. Two forms of SN-
38 are in equilibrium in water, the active lactone (SN-38 L) and
the non-active hydrophilic carboxylate (SN-38 C). SN-38 L
predominates under acidic pH conditions, whereas SN-38 C
at neutral and basic pH. Here, we propose a steady state
microdialysis-homogenate method to study the intratumor dis-
tribution of SN-38 L without the interference of SN-38 C.

MATERIALS AND METHODS
Reagents

SN-38 was obtained from Seqchem (Pangbourne, UK).
Irinotecan for i vivo studies was purchased from Hospira
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(Lake City, IL). Phosphate buffered saline (PBS) tablets,
HPBCD (molecular weight of 1400 g/mol), collagenase IV,
fluorescein isothiocyanate (FITC), N N-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich (St. Louis, MO). Triethylamine (TEA), glacial
acetic acid, sodium phosphate monobasic monohydrate and
di-sodium tetra-borate 10-hydrate were from Panreac
(Barcelona, Spain), and acetonitrile and methanol from
Merck (Darmstad, Germany).

Tumor Models

Two patient-derived neuroblastoma animal models were
used: HSJD-NB-003 and HSDJ-NB-004. Both models have
been produced from patient biopsies obtained at Hospital
Sant Joan de Déu (HSJD) (Barcelona, Spain) from patients
at diagnosis as part of an IRB-approved protocol. Additional
information of both models is available in Suppl. Material.
Fresh tumor fragments were transplanted to the flank of
athymic nude mice (Harlan, Indianapolis, IN) to establish xe-
nografts models. The research performed with mice adhered
to the Principles of Laboratory Animal Care (NIH publication
#85-23, revised in 1985).

SN-38 Analysis by High Performance Liquid
Chromatography (HPLC)

The analytical technique was slightly modified from the one
described by Warner and Burke (19). A stock solution of SN-
38 (1 mg/mL in DMSO, stored at —80°C) was used to pre-
pare standards (STDs) and quality controls (QQCs) for analysis
of SN-38 in dialysates, mouse plasma, mouse blood and tumor
homogenates, prepared as previously described (10). The
stock solution was first diluted in methanol to obtain an inter-
mediate concentration of 0.02 mg/mL of SN-38. This solu-
tion was further diluted either in methanol (working solutions
for SN-38 L) or di-sodium tetra-borate 10-hydrate 0.04 N in
water (working solutions for SN-38 C) to achieve concentra-
tions of 50, 100, 200, 500, 1000 and 2000 ng/mL (to prepare
STDs) and 150 and 1500 ng/mL (to prepare QCs). Working
solutions for SN-38 C were kept at room temperature for
45 min protected from light to achieve total conversion from
lactone to carboxylate. Then, each working solution (5 pL) of
each SN-38 concentration was added to PBS, 10% HPBCD
in PBS (w/v), mouse plasma (Janvier, Saint Berthevin Cedex,
France), mouse blood or tumor homogenate (490 puL) to build
the STDs (final concentrations of 0.5, 1, 2, 5, 10, 20 ng/mlL)
and QCs (final concentrations of 1.5 and 15 ng/mL). The
solution was then vortexed and quickly added (200 pL) to cold
methanol (800 uL) to avoid the pH-dependent interconver-
sion between SN-38 C and SN-38 L. Mouse plasma required
centrifugation (2 min, 10,000 rpm) to separate methanol-
precipitated plasma proteins before injection of the

supernatant to the HPLC system (10 pL). Tumor homoge-
nates and mouse blood required centrifugation (2 min, 10,
000 rpm) and filtration of the supernatant through 0.45 pm
pore membrane CA Spin-X centrifuge tube filters (Costar,
Cambridge, MA) before injection in the HPLC.

The HPLC system (Shimadzu, Kyoto, Japan) consisted of a
pump model LC-20 AD, an autosampler module SIL-20 AC
XR and a fluorescence detector RF-20A XS set at 379 nm
and 560 nm for excitation and emission wavelengths. The
mobile phase consisted of a pH 5.5 TE-acetate buffer (3%
TE in water, v/v) and acetonitrile (74:26) and the column
was a Tracer Excel 120 ODSA C18 (150 mmx 4.6 mm,
5 um) (Teknokroma, Barcelona, Spain).

Binding to Tubing

We studied whether increasing amounts of HPBCD in the
perfusate would prevent nonspecific adsorption of SN-38 (L.
and C) to the plastic tubing of the microdialysis circuit. In a
preliminary experiment, we determined the time to achieve
the equilibrium between SN-38 L and SN-38 C (defined as
less than 1% of SN-38 L-to-SN-38 C conversion in a period of
1 h) at pH 7.4 at room temperature by sequential sampling
and HPLC analysis of a 20 ng/mL SN-38 L solution prepared
in PBS. Then, 20 ng/mL SN-38 L solutions were prepared in
PBS and allowed to reach the lactone-carboxylate equilibrium
for the time determined. HPBCD in different proportions (0,
2,4, 6, 8 and 10%w/v) was added to the equilibrated SN-38
solution. The solutions were then loaded into syringes and
perfused with a pump (Kd Scientific KDS-101-CE,
Holliston, MA) at a flow rate of 0.5 pLL/min through polyure-
thane (0.35 mm internal diameter, donated by Raumedic,
Voiron, France) and fluorinated ethylene propylene tubes
(FEP, 0.13 mm internal diameter, Idex Health and Science,
Oak Harbor, WA). The length of the tubes was selected to
provide a total internal surface of 100 mm?. Then, samples
were collected every 20 min in glass sealed vials containing
40 pL methanol (methanol stops the interconversion of both
SN-38 forms upon storage) placed in a CMA 470 refrigerated
fraction collector (CMA, Kista, Sweden), at 6°C. Samples
were stored at —80°C until HPLC analysis. Tube binding
was defined as the absolute change in the concentration of
the perfused solution during perfusion through the tube and
calculated according to Eq. 2

Binding (%) = ’1—% x 100 (2)

per

where C,.. is the concentration of SN-38 recovered after per-
fusion through the tube and C,., is the concentration of SN-
38 in the perfused solution.
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We applied the one-sample #test to compare mean tube
binding values to a hypothetical zero value using Graphpad
Prism 5 software (La Jolla, CA).

SN-38 Microdialysis: Enhanced Relative Recovery
and Repeatability

Since the addition of HPBCD to the perfusate has been shown
to enhance the relative recovery of hydrophobic drugs by
microdialysis (14, 20, 21), we expected a similar result for
SN-38, and more specifically for its hydrophobic and active
form SN-38 L. Thus, we performed an experiment to address
such enhancing effect. We used the CMA 20 microdialysis
probe with a membrane length of 4 mm and 20 kDa molec-
ular weight cutoff (CMA, Kista, Sweden), in a microdialysis
circuit composed of a pump, a swivel (Instech 375/D/220QM,;
Plymouth Meeting, PA), a 25 cm length FEP tube and a CMA
470 refrigerated sample collector.

For enhanced relative recovery experiments, a clinically
relevant 20 ng/mL SN-38 solution was prepared in PBS
pH 7.4 and placed in a glass light-protected beaker, and
stirred at room temperature overnight for equilibration be-
tween SN-38 L and SN-38 C. The next day, 10% HPBCD
in PBS was perfused through the probe at 0.5 uL/min. An
identical experiment was run in parallel using PBS alone (no
HPBCD) as perfusate. Dialysate samples were collected over
20 min intervals for a total of 7 sampling periods and the
relative recovery (RR) assessed according to Eq. 3

~ Cgial

RR (%) x 100 (3)

0

where C g, s the concentration of SN-38 in the dialysates and
C 1s the concentration of SN-38 in the dialysed solution.

To address the repeatability of the enhanced recovery, fol-
lowing the relative recovery experiment the probe was trans-
ferred to SN-38-free PBS for 7 sampling periods and finally
returneto the original 20 ng/mlL SN-38 to collect 6 more
sampling periods. Sealed glass vials with 40 pL of cold meth-
anol were used to collect the samples.

To further study the enhancing effect of the cyclodextrin
additive on the microdialysis relative recovery, a third exper-
iment was performed under the same conditions; the SN-38
20 ng/mL solution was prepared in 10% HPBCD in PBS
and dialyzed with a 10% HPBCD solution perfused at
0.5 pL/min.

Probe Calibration by the Zero Flow Rate Method (ZFR)
The predicted enhancing effect of HPBCD on the relative

recovery of SN-38 is likely due to the formation of the inclu-
sion complex between the drug and HPBCD in the probe

@ Springer

lumen that drives additional mass transport of the drug to-
wards the dialysate (21). Thus, the retrodialysis method or
the use of internal standard in the perfusate were excluded
to calculate the probe recovery i vwo. Alternatively, the most
suitable method to calibrate the probe i vwo was the ZFR,
which takes advantage of (1) the constant tECI concentration
of the analyte at steady state plasma drug levels and (ii) the
exponential relationship between relative recovery and flow
rate through the probe (22). A set of experiments was per-
formed n vitro to calculate the relative recovery by the ZFR
method, in which SN-38 (20 ng/mlL concentrations prepared
in PBS and kept overnight to equilibrate SN-38 L and SN-
38 C) was dialyzed with a CMA 20 probe perfused with 10%
HPBCD in PBS at 0.5, 1, 1.5 and 2 pL./min flow rates.
Dialysates were allowed to stabilize for at least twice the time
required to wash the dead volume of the circuit after changing
flow rates (80, 40, 30 and 20 min for 0.5, 1, 1.5 and 2 pL./min
respectively). The exponential ZFR curve was extrapolated by
nonlinear regression to fit the data using the following Eq. 4

Caial = Czpr X KD (4)

where Cg, 1s the concentration of SN-38 in dialysate samples
at flow rate F, Czpg 1s the concentration of SN-38 calculated
by nonlinear regression at the zero flow rate value, and K is a
constant defined by the product of the mass transport coeffi-
cient and the surface area of the probe membrane, as previ-
ously described (23). Under enhancement conditions (z.e., pres-
ence of 10% HPBCD as enhancer in the dialysate), the value
calculated for Cizpyg 1s higher than Gy and their relationship is
defined by the enhancement factor (/] of the recovery, accord-

ing to Eq. 5
Czrr
= 5
S== (3)

where Cj and Cypr have been defined in Eqs. 3 and 4, re-
spectively. Thus, the enhanced recovery (ER) at a given flow
rate, when Cg 1s unknown (e.g., upon  viwo conditions), is the
dialysate concentration at such flow rate divided by Cyzpr and
multiplied by £, as expressed in Eq. 6

Ciu
ER (%) = —2!

x £ x 100 (6)
ZFR

As an intermediate step between i vitro and in vivo assays,
SN-38 microdialyses were performed using a suspension of
digested tumor tissue as dialysis solution, stirred and main-
tained at 37°C during the experiments. Briefly, 1 g of tumor
freshly excised from a mouse was digested with collagenase IV
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(Sigma) for 1 h in a Thermomixer® shaking incubator
(Eppendorf, Hamburg, Germany) set at 37°C and
1300 rpm. The digested tissue was filtered through a 40 pm
pore cell strainer, centrifuged at 400 g and the pellet was
resuspended with PBS (1 g tumor/1 mL PBS). A solution of
SN-38 (10 pg/mL in methanol) was added to the suspension
of digested tumor for a final concentration of 20 ng/mL SN-
38. Once in equilibrium, a ZFR experiment was performed
keeping the solution at 37°C and 300 rpm in the shaking
incubator. Samples were collected and stored as detailed
above.

Extravasation of HPBCD during Microdialysis

Because dialysates contain 10% HPBCD, we expected that a
fraction of the enhancer would be transferred to the dialyzed
sample or tissue during the microdialysis experiment. To
study such effect i vitro, we labeled HPBCD with FITC by
reacting 300 mg of cyclodextrin and 83 mg of the tracer in
5 mL of DMF at 32°C for 12 h protected from light. The
product (HPBCD-FITC) was then dissolved 10%w/v in PBS
and perfused at a flow rate of 0.5 pL./min through a CMA 20
probe immersed in a blank PBS solution. Perfusate, dialysate
and blank solution were analyzed for HPBCD-FITC with a
ND-1000 nanodrop spectrophotometer (Thermo Scientific,
Waltham, MA) at 495 nm.

For m viwo studies, 10% HPBCD-FITC in PBS was per-
fused at 0.5 pL/min through CMA 20 microdialysis probes
inserted in subcutaneous tumors (HSJD-NB-003) grown in the
flank of athymic nude mice (n=3) in accordance with the
institutional ethics committee for animal welfare. Perfusate
and dialysate samples were analyzed after 2 h collection
by spectrophotometry. At the end of the experiment,
mice were anesthetized and perfused with PBS and for-
malin. Then the probe was removed, the tumor excised
and cut frozen to study the distribution of HPBCD-
FITC surrounding the probe by microscopy (Leica DM
5000 B, Wetzlar, Germany).

Blood Volume in Tumors

To calculate the fraction of blood volume in the tumor we
counted the number of erythrocytes in blood and tumor
(HSJD-NB-003 and HSJD-NB-004) in athymic nude mice
(n=4 and n=3, respectively) using an Advia 2120 hematology
analyzer (Siemens, Erlangen, Germany). Briefly, blood sam-
ples were obtained by retroorbital plexus and diluted with
PBS prior to analysis. Then mice were euthanized and tumors
(15 mm diameter) excised, weighed and digested with colla-
genase IV at a concentration of 100 mg tumor per mL of
collagenase IV (1 h, 1300 rpm, 37°C). After digestion the cell
suspension was filtered through a 40 pm pore nylon filter
(Teknokroma), 5 mL. PBS were added and the mixture

centrifuged for 10 min at 400 g. The supernatant was re-
moved and the pellet was resuspended in 5 mL PBS, filtered
and centrifuged again. The pellet was finally resuspended in
PBS for a final concentration of 100 mg tumor/mL and the
number of erythrocytes quantified. From the erythrocyte
counts in blood and tumor, we calculated the volume of blood
(%0 v/w) in tumor tissue.

Plasma Protein Binding

To calculate the unbound fraction of SN-38 in plasma we
used the ultrafiltration method (Centrifree Ultrafiltration
Device with Ultracel YM-T membrane, Merk Millipore,
Billerica, MA). Briefly, 150 pL samples of 200 ng/mlL SN-
38 in equilibrium in mouse plasma were ultrafiltrated in trip-
licate. The difference of concentration between the initial
sample (bound and unbound SN-38, Cg) and the filtrated
sample (free drug, Cg was equivalent to the SN-38 protein
binding (PB), as detailed in Eq. 7

Co— Cy

0

PB (%) = % 100 (7)

SN-38 Steady State Pharmacokinetics after Irinotecan
Infusion

To achieve steady state concentrations of unbound SN-38 L
in plasma (Ci plasma) and tECF (Cg qumor) We loaded the
prodrug irinotecan in osmotic pumps (model 2001D, Alzet,
Cupertino, CA) and implanted them subcutaneously in
athymic nude mice. We performed a preliminary pharmaco-
kinetic study to characterize the steady state concentrations of
unbound SN-38 L achieved for 24 h, in which 19 mice re-
ceived a dose of 130 pg/h irinotecan and were bled (50 pL) by
the retroorbital plexus at times 1, 2, 3, 6, 16 and 24 h (max-
imum of 3 blood samples per mouse) after pump implanta-
tion. Samples were processed for HPLC analysis and data
were fitted with ADAPT 5 software (BMSR, Los Angeles,
CA) (24).

Combined Microdialysis-Tumor Homogenate Method

To produce subcutaneous solid tumors in nude mice (4 week
old females), one fragment of viable tumor tissue (5-10 mm®
of HSJD-NB-003 and HSJD-NB-004 models) was implanted
in one flank under isoflurane anesthesia. When the tumor
reached 15 mm diameter (7-8 weeks after insertion) a micro-
dialysis experiment was performed in #=3 and n=4 mice,
respectively. First, a CMA 20 probe was inserted in the tumor
under isoflurane anesthesia. After probe equilibration (90 min
at 0.5 pL./min; 10% HPBCD in PBS), an irinotecan-loaded

osmotic pump (130 pg/h) was inserted subcutaneously in the
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opposite flank under isoflurane anesthesia. Dialysates were
collected overnight every 90 min, into glass sealed vials pre-
filled with 180 pL. methanol in the refrigerated automatic
fraction collector at 6°C. Mice remained awake and freely
moving during sample collection. The next day (16—19 h after
pump insertion), a blood sample was collected to determine
the steady state concentration of SN-38 Lin plasma (Ci; prasma)
and blood (Ciopiood)- Then, taking advantage of the steady
state concentrations of SN-38 L in tECF, the ZFR method
was performed during the last 3 h of the i vwo experiment, to
calculate the recovery (ER) of the probe as detailed in Eq. 6.
Thus, the real steady-state concentration of SN-38 L in tECF
(Css.cumor) Was calculated according to Eq. 8

Caia
Css umor — 100 8
: ER(%) | (®)

where Cg;, 15 the concentration in tumor dialysates (mean of 3
samples in steady state equilibrium). The steady state drug
penetration of tECTF (Pyyn0,) by unbound SN-38 L was calcu-
lated according to Eq. 9

C ss,tumor
Ptumor = ( 9)
CssA,plasma.

After the microdialysis experiment mice were eutha-
nized and the tumor terminally collected to process as
homogenate. To calculate the V, ymor parameter as de-
fined in Eq. 1, homogenates and blood samples were
terminally obtained from additional »=8 (HSJD-NB-
003) and »=8 (HSJD-NB-004) mice at 16-19 h after
the implantation of the pump. The tumor was weighed,
mechanically minced and 10 pL of distilled water was added
per mg of tumor. The mixture was sonicated with a Vibracell
VCX 750 (Sonics, Newtown, C'T) and processed for HPLC
analysis.

RESULTS
HPLC Technique

Retention times of SN-38 C and SN-38 L were 7 and 10 min,
respectively, and they were not altered by the presence of
HPBCD in the samples. The lowest limit of quantification
was 0.5 ng/mL for SN-38 L. and SN-38 C in PBS, PBS with
10% HPBCD, plasma and blood and 5 ng/g for SN-38 L and
SN-38 C in tumor homogenates. No carryover was detected
upon the injection of analytical blanks. STDs and QCs were
stable at —80°C for at least 2 months.

@ Springer

Binding to Tubing

Because SN-38 L undergoes conversion predominantly to
SN-38 C in PBS at pH 7.4, we studied the time required to
achieve the equilibrium between both forms in this medium at
room temperature (Fig. 1). The conversion rate followed first-
order kinetics. After 11 h, SN-38 C and SN-38 L. were in
equilibrium, with a final molar ratio of 7:93 (SN-38 L:SN-
38 C) with a standard deviation of+0.4%. Such equilibrated
solution was used to study the binding of each SN-38 form to
both tubing types. Results are shown in Fig. 2. The first ob-
servation was that in the absence of HPBCD SN-38 binds
tightly and erratically to tubing (28-72%), regardless of its
kind. The addition of increasing amounts of HPBCD reduced
the binding until the values were not distinguishable from the
0% value observed with 10% HPBCD (one-sample #test;
P=0.960).

SN-38 Microdialysis

In vitro microdialysis experiments mimicked materials and
dead volumes of the tubing and connections (i.e. swivel,
CMA 20 probe, FEP tube and cannula for septa of the frac-
tion collector) employed further for i viwo experiments. As
shown in Fig. 3a, the recovery of SN-38 L. and SN-38 C was
neither enhanced nor repeatable when the perfusate solution
was plain PBS. Carryover of SN-38 L persisted during several
sampling periods after the probe was transferred to SN-38-
free PBS. In contrast, the addition of 10% HPBCD to the
perfusate enhanced RR up to 129.6£8.1% for SN-38 L. and
71.9£8.9% for SN-38 C (Fig. 3b). There was no quantifiable
SN-38 after 3 washing periods (60 min total) in SN-38-free
PBS, corresponding to 1.8 times the dead volume (17 pL) of
the system.

The enhancing effect of HPBCD was abolished, as expect-
ed, by the addition of the same compound (10% HPBCD) to
the perfused SN-38 solution. Under this condition, RR for
SN-38 L and SN-38 C were 23.9+1.2 and 18.2£0.7%, re-
spectively, and remained constant during the experiment.

Probe Calibration by the ZFR Method

The ZFR method was performed at the end of each i vitro
experiment to determine RR of SN-38 C and SN-38 L. Data
from the ZFR experiments could be fitted to exponential
curves by nonlinear regression. For experiments in PBS, R
values were 0.96910.02 and 0.974£0.025 for SN-38 C and
SN-38 L, respectively (n=8) (Fig. 4a). For experiments with
tumor disaggregate suspensions, R? was 0.979+0.027 and
0.986+0.003 for SN-38 C and SN-38 L respectively (n=3)
(Fig. 4b).

At 0.5 pL/min flow rate, the calculated recovery by the
ZFR method was 70.8+4.9 and 70.3+7.8% for SN-38 L. and
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Fig. I Kinetics of the conversion of 100
SN-38 L (red bar) to SN-38 C
(blue bar) in PBS pH 7.4 at 20°C. At
t=0h SN-38 L was 100%;
equilibrium was achieved after | | h 3’3
of conversion with a final proportion z2
of 7:93 (SN-38 L:SN-38 C). g 50
s
BN
0-
N N

SN-38 C in PBS solution, respectively. Slightly lower values of
56.616.7 and 64.3+ 3.8% were obtained for the lactone and
the carboxylate in disaggregated tumor suspension. The fof
SN-38 L in PBS was 1.94£0.18. As expected, the RR of the
hydrophilic SN-38 C was not significantly enhanced by
HPBCD (=1.07£0.20). When using disaggregated tumor
as dialysis solution, fwas 1.86+0.26 and 1.131+0.24 for SN-
38 L and SN-38 C, respectively. Thus, fvalues in PBS solu-
tions and stirred tumor suspensions matched well. The mean f
value for SN-38 L obtained from experiments with SN-38 in
digested tumor was consequently used to calculate the ER
in vivo by the ZFR method.

Extravasation of HPBCD during Microdialysis

In vitro, 99.2% of the perfused HPBCD-FITC was recovered
in the dialysate and 0.8% was delivered to the perfusate.
In vwo, the recovered fraction of HPBCD-FITC was 100.2+
2.8%. The tumor in contact with the probe track in the
HPBCD-FITC perfused tumors presented a microscopic his-
tology similar to the tumor distant to the probe (Fig. 5a and b).
The extravasation of the fluorescent HPBCD could be detect-
ed by microscopy at a distance of 1.6 mm surrounding the
probe track (Fig. 5c¢).

Fig.2 Binding of SN-38 Cand SN- a B
38 L to FEP (a) and polyurethane FEP tubing
(b) tubing perfused with and 100 4
equilibrated SN-38 solution
(20 ng/mL)in 0, 2, 6 and 10% 80 +
HPBCD in PBS. o
£ 60+
S
£
0 40
X
20
04
Q v ©
%HPBCD

Time (h)

Plasma Protein Binding and Blood Volume in Tumors

The ultrafiltrated fraction of SN-38 L. was 18.6+2.1%. Thus,
81.4% of SN-38 L. was bound to plasma proteins. Blood vol-
ume in tumors determined by the hematology analyzer was
26.5+5.4 pL./g tumor and 15.4£4.5 pL./g tumor for HSJD-
NB-003 and HSJD-NB-004, respectively (n=3).

Pharmacokinetics of SN-38 Infusions

We evaluated the steady state concentration of SN-38 L in
plasma samples obtained from 19 mice infused with
irinotecan-loaded pumps at a rate of 130 pg irinotecan/h.
The mean plasma concentration of unbound SN-38 L
achieved after 16—24 h of infusion was 6.6+ 1.9 ng/mL
(Fig. 6).

Combined Microdialysis-Tumor Homogenate Method

The microdialysis-tumor homogenate experiment focused on
the determination of SN-38 L in tumor dialysates, blood and
tumor homogenates upon the administration of irinotecan by
infusion. The enhancement factor (/= 1.86) determined in dis-
aggregated tumors i vitro was used to calculate the enhanced
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Fig. 3 Relative recoveries of SN-38 C and SN-38 L using plain PBS (HPBCD-free) (@) and PBS 0% HPBCD (W) (b) perfusates. Solid lines indicate the time
when the microdialysis probe was transferred from the dialysis solution containing SN-38 to a plain PBS solution. Dashed lines indicate the time when the
microdialysis probe was transferred from the plain PBS solution to the dialysis solution containing SN-38.

recoveries of the microdialysis experiments. After i viwo mi-
crodialysis experiments, ER values for SN-38 L were 132.2+
23.7% and 130.4£25.9% for HSJD-NB-003 (»=3) and
HSJD-NB-004 (n=4), respectively. These data were used to
estimate the real concentration in tECF according to Eq. 8
(Fig. 7). Additionally, terminal homogenates and blood sam-
ples collected from additional mice infused with irinotecan
were analyzed. Results of the whole set of experiments are
shown in Table L.

DISCUSSION

Preclinical intratumor distribution of anticancer drugs is ac-
curately addressed by specific sampling and analysis methods
combining microdialysis and tumor homogenates (10).
However, the application of microdialysis to lipophilic agents
in a reproducible and controlled (calibrated) way i vivo has
remained an unmet challenge (11, 25). Here, we describe a
new method for the accurate determination of the distribution
parameter V,, yumor Of the highly hydrophobic agent SN-38 in
patient derived solid tumor xenografts, using HPBCD-
enhanced microdialysis under steady-state pharmacokinetics.

Fig. 4 Nonlinear regression
analysis of data obtained from ZFR
experiments using a dialysis solution
consisting of SN-38 in (@)
equilibrium in PBS solution (=8
experiments) and (b) tumor
disaggregate (b) (n=3
experiments). The value
extrapolated in the curve at the
theoretical zero flow rate gives

(V]

1000

100

RR of SN-38 (%)
>

Czrr.

We provide a way to calibrate the probe i viwo, based on the
application of an enhancement factor-corrected ZFR method.

The microdialysis method proposed here is based on the
addition of HPBCD as enhancer to the perfusate, as previous-
ly described for other drugs (21, 26). HPBCD was more effec-
tive than lipids (27) and polymeric surfactant (own experi-
ments; data not shown). Cyclodextrins are cyclic oligosaccha-
rides used in the pharmaceutical field to increment the appar-
ent solubility and stability of compounds (28, 29). We demon-
strated that without the addition of at least 10% HPBCD to
the dialysate, drug recovery was erratic and low, as reported
for doxorubicin and docetaxel elsewhere (11, 12). Our exper-
imental design proved that, in the presence of 10% HPBCD
in the perfusate, changes in concentration of the dialysate
were not due to tubing uptake and washout. As expected,
we found that the recovery of the hydrophilic SN-38 C com-
pound in equilibrium with the hydrophobic SN-38 L was not
enhanced by HPBCD, which is a direct evidence that
HPBCD enhances only the recovery of hydrophobic com-
pounds due to the formation of inclusion complexes (30).
Our experimental observations contrast with previous reports
using enhancer-free microdialysis for i vivo sampling of SN-38
(31, 32). However, such reports did not provide experimental
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Fig.5 Histological study of the microdialysis probe track after in vivo perfusion
of 10% HPBCD-FITC. (a) HE-stained section of the probe track. (b) HE-
stained section of tumor tissue distant from the probe. (€) Extravasation of
fluorescent HPBCD-FITC from the probe. Cell nuclei were stained with
DAPI. Dashed yellow lines mark the probe track. Scale bar: 500 um.

evidences addressing the specific challenges associated with
the technique, and they could not distinguish between SN-
38 LL and SN-38 C forms.

The use of HPBCD as enhancer raises concerns about its
interference with the HPLC analytical technique (26). In fact,
drug/cyclodextrin complexes are new entities and some of
them, especially the complexes with hydrophobic cyclodex-
trins, display different retention time in HPLC than the free
counterparts. This phenomenon takes place when the drug is
forming a complex during the chromatographic analysis. Our
data showed that the retention times of both SN-38 L and SN-
38 C fitted those of cyclodextrin-free SN-38 and suggested
that HPBCD complexes underwent decomplexation upon
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Fig. 6 Plasma concentration of unbound SN-38 L upon infusion with
innotecan-loaded osmotic pumps. Individual data collected during 24 h of
study is represented. The line represents the best-fitting model obtained after
analysis with ADAPT 5 software. Model-fitted g piasma Was 7.7 ng/mL.

the addition of methanol and mobile phase for HPL.C analy-
sis. At the same time, care should be taken in new applications
with other drugs because specific cyclodextrins interfere with
columns during drug analysis (33).

The question whether HPBCD interferes with drug distri-
bution within the tumor tissue immediately surrounding the
probe is not fully answered by our work. However, our data
show limited extravasation of the fluorescent HPBCD deriv-
ative from the microdialysis probe, thus it is unlikely that
HPBCD modifies drug distribution significantly in the
dialyzed tissue. Also, we do not expect that the cyclo-
dextrin will have enough affinity for the drug to alter
the distribution in the tumor, because previous work
shows that drug delivery from hydrophilic HPBCD-
based systems is immediate i viwo (34). In a recent mi-
crodialysis study in patients using 10% HPBCD in per-
fusate, tissue metabolite concentrations were within the
expected physiological range and tissue blood flow in the
probe area was unaltered (26).
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Fig. 7 Representative concentration-time data of unbound SN-38 L in tECE
Data represented come from the analysis of tumor dialysates upon the appli-
cation of the f factor-corrected ZFR method in two animals, bearing the
HSJD-NB-003 and HSJD-NB-004 subcutaneous tumor models. Plasma
steady state unbound SN-38 L levels achieved for both experiments were
4.2 and 7.0 ng/mL, respectively.
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Table |

Results of the Combined Microdialysis-Tumor Homogenate Method Experiments for HSJD-NB-003 and HSJD-NB-004 Tumor Models. Data is
Represented as mean == SD (Value in Parenthesis is the Number of Experiments)

b

Tumor model Css‘tumor Css.plasma Atot,tumor vtot‘blood Ctot.blood Ptumora vu‘tumor
(ng/mL) (ng/mL) (ng/g tumor) (uL/g tumor) (ng/mL) (mL/g tumor)
HSJD-NB-003 77+46 44=19 254+8.5 265*6.6 21374 23x14 32=1.1
©) (1 (10) *) * ©)
HSD-NB-004 104+7.6 62+22 76.4+=58.7 15445 197137 1912 7.7%6.0
) (12) (12) ©) @ *

* Caleulated from Eq. 9
® Calculated from Eq. |

To calibrate the probe i viwo we introduced for the first
time the parameter f(Eq. 5) to correct for the extra convection
of drug due to the presence of HPBCD in the perfusate. Thus,
we preliminarily calculated fin tumor disaggregates ex vwo. We
acknowledge the difficulty of reproducing intratumor micro-
dialysis conditions ex vivo. This issue was addressed by the
addition of extracellular volume to the tumor cell suspension
and the careful reproduction of the experimental setup (probe,
tubing connections, dead volume, flow rate, temperature, tu-
mor cells) used i vio. The validity of the method is strongly
supported by the good reproducibility of the parameter f
across several independent i vitro experiments. Moreover, f
values were similar to those obtained in experiments per-
formed under classical i vitro conditions (sample in PBS dial-
ysate, unstirred, room temperature). We cannot exclude that
our ex viwo estimation of f might change upon in viwo applica-
tion. However, previous publications have shown similar
in vitro and i vwo microdialysis recoveries (35, 36).

The hypothesis that suggests that only the free drug (plasma
protein unbound) is able to distribute within tissues requires
careful consideration in solid tumors. From microdialysis stud-
ies in our neuroblastoma models, Py, values higher than
1 at steady state suggest enhanced drug permeability and re-
tention (EPR effect (37)) in tECF. Such effect was expected
from previous microdialysis-based studies detecting enhanced
unbound drug distribution in solid tumors (10, 38). Ours is the
first report to assess it in neuroblastoma PDX.

From the combination of microdialysis and homogenate
data, a 'V, yymor value greater than 3 mL/g tumor for both
neuroblastoma models suggested that SN-38 L efficiently pen-
etrates tumor cells; compounds that do not enter tumor cells
show V., umor smaller than 1. The relative contribution of the
drug in the tumor vascular compartment (Vo piood X Ciotblood)
to Vy wumor Was almost negligible in our models. In fact, the
elimination of the drug in the vascular compartment (Eq. 1)
diminished this parameter in 0.07 and 0.03 mL/g tumor for
HSJD-NB-003 and HSJD-NB-004, respectively, which is less
than 3% of the V,, qumor value.

The in vivo microdialysis technique is challenging and thus,
only few studies combined microdialysis and homogenate da-
ta to characterize drug distribution in tissues. Two of the most

@ Springer

comprehensive works in the field showed the heterogeneity in
the colchicine distribution in intra- and extracellular spaces of
the hippocampus and other regions of the brain (39) and in-
troduced the parameter of unbound volume of distribution in
the brain upon the analysis of gabapentin in brain dialysates
and homogenates (9). Such approaches have been further re-
fined to describe the rate and extent of drug delivery to the
brain compartments, including the intracellular one (40).

In summary, our detailed  vitro and i vivo study of the
effect of the microdialysis enhancer HPBCD substantiates
the reproducible sampling of a very potent and hydrophobic
anticancer drug in tECF. We propose the calculation ex viwo of
an enhancement factor to apply for i viwo probe calibration
with the ZFR method. Upon the combination of the
microdialysis-tumor homogenate method described here, we
provide a powerful tool for further distribution studies of lipo-
philic drugs within solid tumors. In this context, this novel
method 1s being used in our laboratory not only to character-
1ze resistance mechanisms to anticancer agents related to drug
distribution parameters in neuroblastoma, Ewing sarcoma
and rhabdomyosarcoma PDX models but also to study the
effect of novel delivery methods on drug distribution within
tumor compartments. These investigations will further con-
tribute to support the relevance of the developed analytical
approach and refine it.
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Supplemental table. Molecular characterization of solid tumor models

Tumor model Clinical stage MYCN TP53 ALK DNA ploidy Chromosome alterations
1p 11q 17q
a , , . ¢ no evidence ,
HSJD-NB-003 4 NA wild type wild type quasi-2n LOH of alterations gain
V173L monosomy;
HSJD-NB-004 4 AP P ' wild type quasi-2n trisomy LOH 17921-qter
GTG>TTG anOHd

®No amplification

b Amplification

‘Loss of heterozygosity
dCopy neutral LOH









Results

Chapter 2:

Intratumor drug distribution is reduced in xenografts derived
from paired pediatric solid tumor biopsies obtained at later

stages during patient treatment

Microdialysis technique combined with tumor homogenates and blood samples
were of great value for the study of tumor chemoresistance. Here we present a
manuscript that is of high interest in pediatric oncology since few works about
tumor evolution have been published before. Our study is the first one using
paired pediatric patient-derived xenografts at different stages of treatment
showing that penetration issues could be involved in chemoresistance upon

treatment.
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Abstract

Most patients with extracranial pediatric solid tumors are sensitive to
chemotherapy at diagnosis, but most of the ones who relapse after treatment
become chemoresistant. The changes in intratumoral drug pharmacokinetics
associated to tumor evolution during treatment remain unknown. We
hypothesized that intracellular drug distribution in tumors at later stages during
treatment may be reduced as compared to earlier tumor stages, explaining in
part acquired drug resistance in the patients. To explore this, we established
several pairs of xenograft models from tumor biopsies obtained from patients
with pediatric solid tumors (neuroblastoma, Ewing sarcoma and alveolar
rhabdomyosarcoma) at different stages of their disease. We performed a
combined microdialysis-tumor homogenate technique to study the unbound
volume of distribution (Vywmor) Of SN-38 (as a model drug with wide activity
against these diseases) in the tumors. We found that V,wmoer Was significantly
lower in late stage tumors, as compared to the paired early stage tumors
derived from the same patient, meaning that the distribution of the anticancer
drug was shifted towards the extracellular compartment during tumor evolution.
This observation held true when the original patients were initially responsive to
treatment, becoming resistant at later stages, but not when they were refractory
to treatment since diagnosis. Our findings substantiate the need of improved

drug delivery systems in refractory pediatric solid tumors.



Introduction

Around 80% of extracranial pediatric solid tumors are sensitive to chemotherapy
at diagnosis (1,2). However, at relapse a significant proportion of them respond
poorly to anticancer drugs (3,4). This functional evolution of tumors towards
chemoresistance may be related to new genomic alterations arising due to the
selective pressure of treatments (5-7). As a consequence of them, multidrug-
resistance associated genes might be increased in tumors or in endothelial cells

associated to tumors, impeding intratumor drug distribution (8,9).

The inadequate penetration of chemotherapy to the solid tumor cells may
account for an important tumor property that leads to drug resistance (10-13).
However, whether tumor evolution during treatment produces intratumoral drug
pharmacokinetic changes remains not characterized. In fact, the in vivo
evaluation of drug distribution in tumor compartments (intracellular, extracellular
and vascular) has been rarely studied, due to the challeging techniques that are
needed (14-16). We have recently developed a reproducible microdialysis-
tumor homogenate method that overcomes the limitations of the microdialysis
technique in the highly hydrophobic drug 7-ethyl-10-hydroxycamptothecin (SN-
38) by adding the solubilizer agent 2-hydroxypropyl-beta-cyclodextrin (HPBCD)
in the perfusate solution (17). This technique provides a powerful tool to

characterize compartmental anticancer drug distribution in tumors (17).

In this work, we hypothesized that tumors under clinical treatments evolve
towards a drug-impenetrable phenotype. We have focused on the study of the
distribution of the active metabolite of irinotecan, SN-38, in patient-derived

xenografts (PDX) of highly aggressive pediatric solid tumors generated from



paired biopsies of pediatric solid tumor patients obtained at different stages

during treatment.

Materials and methods

Patient samples and establishment of xenografts. Pediatric tumor biopsies
were obtained under an IRB-approved protocol and informed consent at

Hospital Sant Joan de Deu (HSJD, Barcelona, Spain).

Research with mice adhered to European regulations and was approved by the
Universidad de Barcelona Animal Care and Use Committee. PDX models were
established subcutaneously in athymic nude or nod.scid mice (Envigo,
Barcelona, Spain) as previously described (17,18). For further experiments
involving animals, upon initial engraftment neuroblastomas and Ewing
sarcomas were propagated subcutaneously in athymic nude mice, and

rhabdomyosarcomas in nod.scid mice.

Characterization of paired xenografts through analysis of copy number
alterations (CNA). CNA analysis was performed using the high-density
genome-wide CytoScan® HD platform (Affymetrix, Thermo Fischer Scientific).
DNA was extracted from fresh frozen tumour xenograft samples using standard
procedures. Analysis of the CytoScan® HD Array data was performed using the
Chromosome Analysis Suite (ChAS) software (Affymetrix Thermo Fischer

Scientific).



Drugs and reagents. SN-38 was from Carbosynth (Compton, UK). Irinotecan
was purchased from Hospira (Lake City, IL, USA). Reagents for HPLC were
from Merck (Darmstad, Germany). Reagents for cultures were from Life

Technologies (Grand Island, NY, USA).

SN-38 penetration of tumor extracellular fluid. Immunodeficient mice were
subcutaneously inoculated in one flank with freshly excised tumors from the
previous generation of xenografts. All the drug distribution experiments were

performed after the tumors achieved 10 mm diameter.

To calculate the extent of penetration of tumor extracellular fluid (tECF) by
unbound SN-38 lactone (Pwmor), We used a microdialysis method with
continuous infusion of irinotecan to maintain steady state (constant)
concentrations in plasma (Csspiasma) and tECF (Csswmor) (17). Briefly, we
inserted 4 mm-length CMA 20 microdialysis probes (CMA, Kista, Sweden) in
the tumors of mice under brief isoflurane anesthesia. The probes were
continuously perfused at 0.5 pL/min with pH 7.4 phosphate buffered saline
containing 10% HPBCD. After 90 min, mice were anesthetized with isoflurane to
insert subcutaneous Alzet 2001D pumps (Durect, Palo Alto, CA) that infused
the prodrug irinotecan at a rate of 130 pg/h constantly for 24 h. With this
method, reported Css piasma Of unbound SN-38 is in the range 7 = 2 ng/mL (17).
We calculated unbound plasma SN-38 lactone concentrations using already
published plasma binding data in athymic nude mice (unbound fraction 18.6%)

(17).

Tumor dialysates (90 min fractions) were collected overnight in a refrigerated

fraction collector and conserved at -80 °C until HPLC analysis. The next day



one blood sample was collected from the retroorbital plexus to determine the
steady state concentration of SN-38 in plasma (Css plasma) @and blood (Ciot,biood) bY
HPLC (17). Then the probes were individually calibrated with a previously
described zero flow rate method (17). Upon HPLC analysis and recovery
correction, Csswmor Values were calculated as the mean of 3 consecutive
dialysate samples at steady state. After the microdialysis experiment mice were

euthanized and the tumor terminally collected to process as homogenate.

Pwmor Was calculated as the tECF-to-plasma steady state concentration ratio,

according to Equation 1:

Css,tumor
Ptumor - C (l)
ss,plasma

Compartmental distribution of SN-38 in tumors. Tumor homogenates and
blood samples collected at steady state from the microdialysis experiments and
from additional mice with tumors receiving the same irinotecan dose through
infusion (3-6 mice of each tumor model) were processed as previously
described to quantify SN-38 (17). Then, to characterize the relative distribution
of SN-38 in tumor compartments (i.e., tECF, vascular compartment and tumor
cells) in each tumor model, we calculated the unbound drug volume of

distribution in tumor (Vy wmor; ML/g tumor) (15,17) as follows:

Atot,tumor — Vtot,blood X Ctotblood
Vi tumor = (2)

Css,tumor

where At wmor 1S the total concentration of SN-38 in tumor homogenate (ng/g),
Viotblood IS the volume of blood in tumor (mL/g; calculated by erythrocyte counts

in blood and tumor for each xenograft model, as already described (17)),



Ciotblood IS the total concentration of SN-38 in blood (ng/mL), and Css twumor IS the
mean Cgswmor Of SN-38 (ng/mL) determined in each xenograft model by

microdialysis.

If Vuwmor 1S high it suggests a preferential distribution of the drug in the tumor
cells (intracellular compartment). If Vy wmor IS low then the drug is predominantly
distributed in the extracellular compartment of the tumor. The subtraction of
Viotblood X Crot,blood COIrects the tumor homogenate data for the drug contained in

blood (vascular compartment).

Drug activity assays. To study whether changes in intratumor drug distribution
correlated with changes in drug activity, we performed in vitro and in vivo
activity assays. Primary cultures of xenograft models were established and
antiproliferative activity of SN-38 was evaluated with the MTS Cell Proliferation

Colorimetric assay (Promega, Madison, WI, USA) as previously described (18).

For the in vivo activity studies, athymic nude mice (n=6-11 per tumor model,
paired models from each patient) bearing 100-500 mm?® subcutaneous tumors
were randomized to control or treatment groups. Treatment groups received
one cycle of intraperitoneal irinotecan 10 mg/kg/day doses in a 5 consecutive
days a week for two consecutive weeks regimen , following published methods
(19). Control groups did not receive treatment. Tumor volume was measured
three times a week with an electronic caliper, until day 14, in which response to
treatment was evaluated. We defined complete response (CR) as tumor mass
<50 mm?® and >50% reduction at the end of treatment (day 14); partial response
(PR) was tumor volume regression 250% at day 14 but tumor =50 mm?; stable

disease (SD) was <50% regression and <25% increase in initial volume at day



14; and progressive disease (PD) was <50% regression from initial volume and

>25% increase in initial volume at day 14.

Xenograft models showing 100% CR at day 14 were enrolled in a long term
survival study and followed up weekly until tumor regrowth to endpoint (1500

mm?) or day 100.

MRNA expression analysis of ATP-binding cassete (ABC) transporters.
Total RNA from freshly excised engrafted tumors was isolated using TRIzol
(Life Technologies). Quantity and quality of the total RNA was determined with
a Nanodrop ND-2000 Spectrophotometer (Thermo Scientific). Previously, we
treated all RNA samples with Turbo DNA-free kit (Applied Biosystems) to
remove genomic DNA. For gene expression analysis we used 1 pg of total RNA
for the reverse transcription using the High Capacity reverse transcription kit
(Applied Biosystems) according to the manufacturer's protocol. The real-time
guantitative RT-PCR (gRT-PCR) were performed with gene-specific fluorescent
Tagman probes (Tagman Gene Expression Assays, Applied Biosystems)
including probes for: ABCG2/BCRP (Hs01053790_m1l), P-gp/MDR1
(Hs00184500_m1) and MRP1 (Hs01561502_m1). TPT1 (Hs02621289-g1) was
used as endogenous control to normalize variations in the quantities of input
cDNA. Applied Biosystems 7900HT Fast Real Time PCR System was used with
the following PCR conditions: 50C 2 min; 94.5C 10 min; 40 cycles of melting
97T 30 sec and annealing 59.7C 1 min. All gqRT-PCR measurements were

analysed with the ExpressionSuite Software v1.0 (Applied Biosystems).



Statistics. Replicate data are presented as mean + SD. Student’s t test was
used for comparisons of two groups with similar variances. Mann Whitney test

was used to compare two groups when the variances where different.

Results
Paired xenograft models of pediatric solid tumor patients.

We established 4 pairs of xenograft models from biopsies of 4 different patients.
Each pair of biopsies was obtained from the same patient at different stages of
treatment, namely “early” and “late” biopsies, to establish “early” and “late”
xenografts. All patients died due to disease progression. Clinical data of each

patient was as follows.

Patient 1 was a 2 year old (y.0.) male diagnosed of stage 4 neuroblastoma and
treated in an external institution with chemotherapy and incomplete surgery.
Upon progression he was treated at HSJD. First, his suprarrenal tumor was
biopsed (to establish early xenograft HSJD-NB-001; TP53-mutated and MYCN-
amplified) and treated with chemotherapy and surgery according to a published
protocol (1), achieving partial response. Upon further progression he was
treated with irinotecan and CTX. Late xenograft HSJD-NB-002 was established
from a bone marrow biopsy refractory to treatment at this late stage (during

progression in treatment).

Patient 2 (2 y.o. female) was biopsied at diagnosis (early xenograft HSJD-NB-
004; from lymph node). Her primary tumor (from suprarrenal origin) was a

TP53-mutated and MYCN-amplified stage 4 neuroblastoma, and it progressed



during intensive chemotherapy treatment (1). A bone marrow biopsy was
obtained 5 months after diagnosis (late xenograft HSJD-NB-005), during
progression in treatment. The tumor did not respond to additional rescue

treatments that included irinotecan.

Patient 3 (12 y.o. male) was diagnosed of non metastatic Ewing sarcoma with
EWS-FLI1 type 1 fusion gene (early xenograft HSJD-ES-002; obtained from the
fibula at diagnosis). He was treated with 5 cycles of chemotherapy, surgery and
radiation therapy (RT), according to a published protocol (2). He was in
remission until tumor relapsed in the lung 1.5 years after diagnosis (late
xenograft HSJD-ES-006). The relapsed tumor was refractory to further

chemotherapy treatments.

Patient 4 (10 y.o. male) was diagnosed of alveolar rhabdomyosarcoma (PAX3-
FKHR fusion-positive) and achieved complete response after intensive
treatment of chemotherapy (several agents including irinotecan), surgery and
RT, following a published protocol (20). Three months after completing the
treatment he relapsed with massive pleural effusion (early xenograft HSJD-
ARMS-001) that was treated with chemotherapy (including topotecan) and RT
achieving complete response by PET evaluation. Second relapse appeared
shortly with massive pleural effusion, unresponsive to further chemotherapy
treatment. The late xenograft HSIJD-ARMS-002 was established from such

pleural relapse 1.2 years after first relapse.



Comparison of overall copy number alterations between xenografts

derived from early and late tumor biopsies.

We characterized and compared genomic copy number (CN) profiles of

xenograft samples derived from paired biopsies of patients 1, 2 and 3.

Neuroblastoma xenografts from patients 1 and 2 showed highly unstable
genomes with several CN alterations (CNAs) in the early xenograft and
additional aberrations in the late xenograft. For patient 1, genomic profiles of the
early xenograft HSJD-NB-001 showed, among others, chromosome 1p, 1q, 39
and 17q gain, and chromosome 3p and 7p loss. In the late xenograft (HSJD-
NB-002), we observed additional CNAs including segmental and numerical
gains and losses affecting a large proportion of chromosomes (Fig. 1A and 1B).
For patient 2, the early xenograft (HSJD-NB-004) showed both segmental and
numerical CNAs affecting numerous chromosomes, including chromosome 1, 2,
11 and 17, whereas the late xenograft HSJD-NB-005 showed exclusively
segmental CNAs, part of which were similar to the paired xenograft,

chromosome 11q, 16q and 17p (Fig. 1C and 1D).

For patient 3 (Ewing sarcoma) both early and late xenografts showed similar
profiles with a CN gain of chromosome 8 (gain of 1-2 copies of the entire
chromosome) and a focal deletion of the CDKN2A locus (9p21.3) (Fig. 1E and
1F). Both alterations have been reported previously as highly recurrent in Ewing
sarcoma (7). The presence of no additional CN alteration at relapse,
underscores that pediatric tumors driven by recurrent translocations, such as

Ewing sarcoma, have relatively stable genomes.

Xenografts from patient 4 (alveolar rhabdomyosarcoma) showed aberrant ploidy

(data not shown).



SN-38 penetration of tECF was similar in patient-matched xenografts. We
performed microdialysis experiments in each of the xenograft models (3-7 mice
per model). Representative microdialysis experiments in single mice are shown
in Figure 2. Upon individual calibration of the probes and analysis of the
dialysate and plasma samples, we compared mean Pymor Values between
patient-matched paired models (Table 1). Pumor Values were in the range 1.0-

3.5 and were not significantly different among the patient-matched models.

Drug distribution is reduced in the intracellular compartment of patient-

matched xenografts obtained at later stages of treatment.

To test our hypothesis that during the evolution of tumors anticancer drugs
would be displaced from the intracellular compartment, we compiled the data
from microdialysis samples, blood samples and tumor homogenates at the
steady state in each tumor model (Table 2), and calculated the unbound volume
of distribution in tumors (Vy wmor). As shown in Figure 3, we observed that paired
tumors from patients 1, 2 and 4 (patients that became refractory to treatments
after being responders at earlier stages) presented significantly lower V. wmor
values in late xenografts, as compared to early ones. Thus, at earlier stages
during treatment a greater proportion of SN-38 was intracellular rather than as
unbound drug in the tECF. For patient 3, whose tumor was refractory to
treatment since diagnosis, we did not observe the same shift in the
compartmental distribution of the drug, and her Vywmor Was higher in the later

xenograft.



Antiproliferative activity of irinotecan was diminished in patient-matched

preclinical models obtained at later stages of treatment.

To evaluate whether the shift in drug distribution towards the extracellular
compartment correlated with decreased efficacy of SN-38 (a drug targeting an
intracellular protein), we studied the antitumor activity of SN-38 in vitro against
cell lines derived from the biopsies of patient 1, and against primary cultures
from freshly excised xenograft tissues for patients 2, 3 and 4, as previously
described (18) (Fig. 4A). Resistance to SN-38 was increased in late-stage
tumors as compared to their early counterparts in patients 1 (HSJD-NB-001 and
-002 models) and 3 (HSJD-ES-002 and -006 models). For patient 1, IC50
increased from 2.15 (1.27-3.64) nM to 37.4 (17.1-81.7) nM; for patient 3, from
276 (167-454) nM to 2,024 (1,309-3,130) nM (means and 95% confidence
intervals). In patient 2, IC50 values were 2.39 (1.92-2.98) nM for HSJD-NB-004
and 1.06 (0.946-1.18) nM for HSJD-NB-005. Primary cultures from xenograft
models from patient 4 (alveolar rhabdomyosarcoma) were highly resistant to

SN-38 and IC50 values could not be calculated.

The activity of a single cycle of irinotecan was evaluated in paired models from
patients 2 and 3 (Fig. 4B). At day 14, response of neuroblastoma xenografts
from patient 2 was predominantly SD (10/11) in the early xenograft and PR
(5/11) in the late xenograft. In both Ewing sarcoma xenografts derived from
patient 3, 100% tumors achieved complete response. These tumors were
followed until day 100 or endpoint. Mice bearing the late model HSJD-ES-006
relapsed in 100% of cases (6/6) achieving endpoint before day 100, whereas
83% (5/6) tumors from the early model HSJD-ES-002 maintained the complete

response by day 100.



Expression of BCRP was increased in late xenograft models showing

increased resistance to SN-38.

We expected that the expression of genes (ABC transporters) involved in SN-38
efflux would be increased in the cases in which SN-38 was reduced in the
intracellular compartment upon tumor evolution (i.e., patients 1, 3 and 4). We
found BCRP upregulated in the late model of patient 1, as compared to the
early model (P < 0.05). Expression of MDR1 and MRP1 was not significantly

increased in the late tumors derived from these patients (Figure 5).

Discussion

Our results show for the first time in patient-matched xenografts obtained at
different stages of treatment that drug penetration issues might be involved in
chemoresistance of pediatric solid tumors acquired upon treatment. Such
“pharmacokinetic evolution” of tumors had not been shown to date using in vivo

models.

Previous studies on the evolution of tumors have been focused in finding
genomic alterations, but have not addressed functional changes. Tumors
acquire new mutations during treatment that confer a more aggressive
phenotype (5,6). A mutational analysis conducted by Johnson et al.
demonstrated such evolution as a result of treatment pressure in patients with
brain tumors. They showed high grade glioma recurrences contained increased
number of somatic mutations restricted to the relapsed tumor as compared with
the initial one (5). In children with neuroblastoma, several mutations have been

identified at relapse, some of them related with signaling pathways involved in



messenchymal transition and tumor suppressor genes such as CHD5 (6). In
Ewing sarcoma, treatment pressure also results in an increased number of
mutations (which are very few in the original tumors), including TP53 and
STAG2 (7). The mentioned changes during treatment are involved in worse
prognosis and drug resistance (7,21). The genomic landscape of
rhabdomyosarcoma has been studied in samples at diagnosis, showing a low

number of mutations, but not in relapsed samples (22).

In neuroblastoma, clonal evolution and chromosomic changes have been
identified during the course of therapy and clinical progression, including
chromosome 9p losses and changes in ploidy (6,23). Our analysis of copy
number alterations in paired early and late xenografts revealed similar changes
in neuroblastomas, in contrast with stable chromosomic profile in Ewing

sarcoma.

To address our experimental approach there were two main limiting steps to
establish the PDX models: (i) the collection of more than one sample from the
same patient at different treatment stages, and (ii) the engraftment of the patient
sample in immunodeficient mice. We observed that relapse samples are more
likely to engraft, as compared to biopsies at diagnosis (data not shown).
Overall, our success rate of engraftment (around 30%; not shown) was in line

with published records from St. Jude Children’s Research Hospital (24).

Once we established the models, our experimental results suggested that
pediatric solid tumors acquiring resistance during treatment (patients 1, 3 and 4)
evolve towards a *“drug-impenetrable” phenotype. In contrast, treatment-
refractory tumors at diagnosis (patient 2) did not show such evolution. These

functional observations are limited to these specific cases, although they might



explain that drug delivery systems increasing drug distribution in these or similar
tumor models are able to improve antitumor efficacy, as we have previously
observed with our model drug SN-38 (18), and other authors have shown with

the same drug (25).

Using the combined microdialysis-homogenate method we have previously
observed changes in the compartmental distribution of topotecan in brain
tumors upon the administration of drug transporter inhibitors (14), suggesting
that drug transport might be involved in intra-tumor cell drug delivery in vivo.
Because SN-38 is a substrate of the ABC transporters BCRP, MDR1 and MRP1
(26-28), in the present study we evaluated the gene expression of such
transporters in the xenograft pairs. Our finding of BCRP gene overexpressed in
the late model of patient 1 (a model with a highly significant shift in the drug
distribution phenotype) is consistent with previous findings by Citti et al.
demonstrating by immunohistochemistry (IHC) increased expression of MDR1
and MRP1 proteins after chemotherapy of pediatric soft tissue sarcomas (29).
Another IHC study in patient-matched samples has shown that the transporter
lung resistance-related protein (LRP-1) is upregulated in rhabdomyosarcomas
after treatment (30). Our attempts to stain and quantify BCRP, MDR1 and

MRP1 by IHC did not produce interpretable data (not shown).

Our findings of changes in drug delivery during tumor evolution might be
clinically relevant because genes related with drug delivery, such as MRP1 and
MRP4, are prognostic indicators of poor outcome in neuroblastoma (31-33).
MRP4 also confers resistance to irinotecan in neuroblastoma (33). Henderson
et al. demonstrated that neuroblastoma tumors can be sensitized to drugs

known as MRP1 substrates by pharmacological or genetic inhibition of MRP1



(34). Surprisingly, Henderson et al. also determined MRP1 as a contributor in
the development of neuroblastoma tumors probably independent of the drug

efflux function (34).

In summary, we have identified that drug distribution in tumor cells becomes
restricted during tumor evolution under treatment pressure. Our results might be
relevant to justify novel treatments that enhance drug delivery in the tumors at

relapse.
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Figure 1. Comparison of whole-genome copy number profiles of paired xenografts derived of
tumor biopsies obtained at early and late stages during treatment of patient 1 (A: HSJD-NB-001,
early; B: HSJD-NB-002, late), patient 2 (C: HSJD-NB-004, early; D: HSJD-NB-005, late) and
patient 3 (E: HSJD-ES-002, early; F: HSJD-ES-006, late). The log2 copy number track and the
smooth signal represent the segmental and high copy number (amplification) aberrations

observed in the samples. Each column represents a different chromosome.
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Figure 2. Representative concentration-time data of unbound SN-38 in tECF, obtained from

individual microdialysis experiments in paired xenograft models obtained from each patient.

Data represented in each curve come from the analysis of tumor dialysates, recovery-corrected,

from one single mouse.



P = 0.0367

HSJD-NB-001 HSJD-NB-002 HSJD-NB-004  HSJD-NB-005
40- P =0.0037 P = 0.0008

a€ .

®
=3
'
o
n
o
o
o
o
@
N
(=]

Vu,tumor
(mL/g tumor)
'S
el

{

L
vu,tumor
(mL/g tumor)

e @

(3,
2

(=}

N
(=]
M

-_—
(54}
1

vu,tumor
(mL/g tumor)
N
<
Vu, tumor
(mL/g tumor)
2

10{ °¢¢°

a
2

o
HSJD-ES-002  HSJD-ES-006 HSJD-ARMS-001 HSJD-ARMS-002

Figure 3. Vu,tumor values (data from individual mice) calculated at steady state in paired

tumor models. Points, mean; bars, SD. Values were calculated using the data shown in

Table 2 and applying Equation 2.



>

S 100 1004 100 100
€
8 A
% 501 50- 504 504
R - HSJD-NB-001 -~ HSJD-NB-004 - HSJD-ES-002 -+ HSJD-ARMS-001
o] = Hesp-NB-002 of = issp-NB-005 | —~ HsJD-Es-006 ol * HSJD-ARMS-002
10° 10° 10¢ 102 10° 10° 10° 10+ 102 10° 10 10% 104 102 10°  10° 10% 10¢ 102 10°
SN-38 (uM) SN-38 (uM) SN-38 (uM) SN-38 (uM)
B :
Xenografts from early biopsy Xenografts from late biopsy
Control Control
10000 10000 Treated 10000 10000 Treated
N — HSJD-NB-004 HSJD-NB-004 HSJD-NB-005 HSJD-NB-005
S £ 1000 1000 1000 1000
= T
© g ;
o E 100 100 100 100
=
104 ; v . — 10+ ; : r . 104 v . v ~ 10 r
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 20
Days Days Days
10000: Control 10000 Treated 10000 Control 10000 Treated
2 — HSJD-ES-002 HSJD-ES-002 HSJD-ES-006 HSJD-ES-006
5 E 1000 1000 1000 1000
= 8
o £ 100 100 100 100
=
1+— = 10— 10 ————
0 20 40 60 8 100 O 20 40 60 80 100 0 20 40 60 8 100 0 20 40 60 80 100
Days Days Days Days

Figure 4. In vitro (A) and in vivo (B) activity of SN-38 and irinotecan. A) Efficacy of SN-38 against patient-matched tumor models. Dots, mean percentage of
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004 and -005) and 3 (HSJD-ES-002 and -006). Lines represent tumor volumes of individual mice.
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Figure 5. Expression of ABC-transporters BCRP, MDR1 and MRP1 in patient-matched
xenografts. Transcript levels in xenografts obtained at later stages during patient treatment
(black columns) were quantified relative to those detected in the paired xenografts obtained at

earlier stage (white columns); mean and standard deviation. *P = 0.034 as compared to the

reference.



Tables

Table 1. Results of the microdialysis experiments in tumor pairs. Data is represented as mean £ SD. Value in parenthesis is the

number of mice.

Patlent Tumor m0de| DISG&SG Cssltumor Css’p|asma Ptumora
stage (ng/mL) (ng/mL)
1 HSJD-NB-001 Early 84+45 52+4.7 26+2.0
(6) (6) (6)
HSJD-NB-002 Late 16.2+10.0 5.1+£25 3.2+0.8°
(5) ©) (5)
2 HSJD-NB-004 Early 246 +£26.1 6.7x2.2 3.5+3.6
(6) (6) (6)
HSJD-NB-005 Late 95+5.6 7.6+1.3 1.2+0.7°
(7) (1) (7)
3 HSJD-ES-002 Early 3.2+1.8 41+1.3 1.0+0.9
3) (3) 3)
HSJD-ES-006 Late 50+2.5 21+03 25+1.3¢
3) 3) 3)
4 HSJD-ARMS-001 Early 42+24 3.6+0.9 1.1+04
3) (3) 3)
HSJD-ARMS-002 Late 88+54 6.3+2.5 1.4 +0.5°
3) ) 3)

Calculated from Equation 1.

PP = 0.6055, as compared to paired model.
‘P =0.1199, as compared to paired model.
dp = 0.1718, as compared to paired model.
°P = 0.5023, as compared to paired model.



Table 2. Results of the combined microdialysis-tumor homogenate experiments for tumor pairs. Data is represented as mean + SD.
Value in parenthesis is the number of mice with tumors homogenized.

Patient_ Tumor model (ugii'timion) (mLlg tumon) (i) (ogimly

. HSIDNB-00L 273.8(;)119.7 005 6.1(;)5.1 o4
HSJD-NB-002 57'4(%17'0 0.07 4'7(%2'0 16.2

2 HSJD-NB-004 76'152;58'7 0.02 6'2(1i2)2'3 24.6
HSJD-NB-005 58'7(1i3)39'3 0.03 6'353)1'7 9.5

3 HSJD-ES-002 28'3(5)14'1 0.03 3'5(5)1'0 3.2
HSJD-ES-006 17'6(%10'5 0.02 4'0(%3'2 5.0

4 HSJD-ARMS-001 43'7(813 8.7 0.03 4'2(3)1'0 4.2
HSJD-ARMS-002 48'9(3)21'4 0.02 5'1(3)2'0 8.8




Results

Chapter 3:

SN-38-loaded nanofiber matrices for local control of pediatric

solid tumors after subtotal resection surgery

In this published work we explain with detail the procedures of generating
electrospun polymeric nanofiber matrices for local administration of SN-38 at
the tumor site and the preclinical in vitro and in vivo evaluation. The
previously developed microdialysis technique was useful to determine the
local PK of SN-38 at the virtual surgical bed when released from this new
local DDS as well as to evaluate the extent of diffusion of the SN-38 through
the tumor tissue in vivo, which was limited to the first millimeters of tissue in

contact with the loaded nanofibers.
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In addition to surgery, local tumor control in pediatric oncology requires new treatments as an alter-
native to radiotherapy. SN-38 is an anticancer drug with proved activity against several pediatric solid
tumors including neuroblastoma, rhabdomyosarcoma and Ewing sarcoma. Taking advantage of the
extremely low aqueous solubility of SN-38, we have developed a novel drug delivery system (DDS)
consisting of matrices made of poly(lactic acid) electrospun polymer nanofibers loaded with SN-38
microcrystals for local release in difficult-to-treat pediatric solid tumors. To model the clinical sce-
nario, we conducted extensive preclinical experiments to characterize the biodistribution of the released

Keywords: . . . . . . . . . .
LoJc/al chemotherapy delivery SN-38 using microdialysis sampling in vivo. We observed that the drug achieves high concentrations in
SN-38 the virtual space of the surgical bed and penetrates a maximum distance of 2 mm within the tumor bulk.

Subsequently, we developed a model of subtotal tumor resection in clinically relevant pediatric patient-
derived xenografts and used such models to provide evidence of the activity of the SN-38 DDS to inhibit
tumor regrowth. We propose that this novel DDS could represent a potential future strategy to avoid
harmful radiation therapy as a primary tumor control together with surgery.

© 2015 Elsevier Ltd. All rights reserved.

Poly(lactic acid) electrospun nanofibers
Pediatric solid tumor
Pharmacokinetics

Microdialysis

1. Introduction

Treatment of most malignant solid tumors in children relies on a
combination of local control (surgery and radiation therapy; RT)
and systemic chemotherapy [1]. Local tumor recurrence after
resection surgery and RT remains a challenge. Despite local control
of high-risk neuroblastoma, local tumor recurrences are developed
in 10% of newly diagnosed patients and 50% of patients with locally

* Corresponding author. Address: Fundacié Sant Joan de Déu, Santa Rosa 39-57,
Esplugues de Llobregat, 08950, Barcelona, Spain.
E-mail address: amontero@fsjd.org (A.M. Carcaboso).

http://dx.doi.org/10.1016/j.biomaterials.2015.11.055
0142-9612/© 2015 Elsevier Ltd. All rights reserved.

persistent re-resected disease [2,3]. Incidence of local recurrence
after first complete remission in other pediatric malignancies such
as Ewing sarcoma and primary localized rhabdomyosarcoma is 25%
and 22%, respectively [4,5]. The relevance of an adequate local
control is underscored by the worse outcome observed in patients
that develop local failure after initial complete remission [6].

The intensification of RT to improve local control after resection
surgery is limited by unacceptable toxicity, especially in young
children [7], and the increased risk of second malignancies [8]. In
this context, new technology platforms are urgently called for to
overcome the drawbacks associated with RT after tumor resection
in children [9].
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Polymeric drug delivery systems (DDSs) for the localized de-
livery of anticancer drugs emerged as one of the most promising
approaches to treat resectable solid tumors [10]. Advantages of
localized delivery comprise reduced systemic exposure to highly
toxic agents and achievement of high local concentration of potent
anticancer agents that are not suitable for systemic administration
due to poor aqueous solubility [10,11]. However, the lack of
comprehensive preclinical studies aiming to understand the phar-
macokinetics of localized DDS in cancer still represents a significant
hurdle towards a robust bench-to-bedside translation. One of the
fundamental questions that remain unanswered is whether a
substance locally released in the proximity of a solid tumor pene-
trates into the bulk of the malignant tissue or, conversely, the
penetration is restricted to the tumor margins in direct contact
with the DDS. To elucidate this, complex imaging techniques [12],
radiation [13], or computer simulation [14] are usually required. In
a previous study, we demonstrated the potential use of micro-
dialysis to gain insight into these complex mechanisms in vivo [15].

SN-38 (10-hydroxy-campthothecin) in its lactone (active) form
is a poorly soluble molecule that has shown potent preclinical ac-
tivity against several pediatric solid tumors [16,17]. Irinotecan, the
marketed soluble prodrug of SN-38, undergoes extensive conver-
sion (>70%) to SN-38 in nude mice [ 18], though it has demonstrated
low clinical efficacy, likely due to only partial conversion (less than
10%) into the active derivative upon systemic administration in
patients [19]. In addition, SN-38 is rapidly hydrolyzed to an inactive
carboxylate form in plasma. The encapsulation of SN-38 into
polymeric nanocarriers protected it from biodegradation and pro-
longed the half-life of the active form [20]. In this framework, SN-
38 emerges as an optimal model anticancer drug to investigate
the development of a novel DDS for application in the localized
chemotherapy of pediatric solid tumors.

Electrospun polymer nanofiber matrices appear as one of the
most versatile, reproducible and scalable nano-DDS [21]. They
allow to adjust their size and shape to fill the space left by tumor
resection, and provide a large surface area and porosity that facil-
itate the efficient release of the active cargo from the DDS to the
tumor tissue [21]. Moreover, their monolithic nature eases
manipulation, implantation and retention in the action body site,
and prevents the characteristic migration of nanoparticles and
microparticles.

Following this rationale, the present work reports for the first
time on the development of a novel nanofiber DDS loaded with SN-
38 microcrystals for the localized chemotherapy of pediatric solid
tumors and the comprehensive characterization of the release rate,
the in vivo localized biodistribution, the systemic pharmacokinetics
and the antitumor activity in pediatric solid tumor models. A
unique feature of the study is the use of microdialysis probes
inserted in the tissue targeted by the localized release of SN-38 to
quantify local drug levels at different depths in the tumor bulk or in
the virtual space of the resection bed [15]. To our knowledge, such
sampling technique has not yet been employed to monitor local-
ized drug delivery in tumors.

2. Materials and methods
2.1. Reagents

SN-38 was obtained from Seqchem (Pangbourne, UK). Poly(-
lactic acid) (PLA) was from Velox, GmbH (Hamburg, Germany).
Pluronic® F68 block polymer was a gift from BASF (Ludwigshafen,
Germany). Irinotecan was purchased from Hospira (Lake City, IL,
USA). 2-Hydroxypropyl-beta-cyclodextrin (HPBCD; molecular
weight of 1400 g/mol) and dimethyl sulfoxide (DMSO) were from
Sigma—Aldrich (St. Louis, MO, USA). Methanol was from Merck

(Darmstad, Germany). RPMI high glucose medium and supple-
ments (fetal bovine serum, glutamine, penicillin and streptomycin)
were from Life Technologies (Grand Island, NY, USA).

2.2. Preparation of PLA nanofiber matrices loaded with SN-38
microcrystals

SN-38 microcrystal suspensions were prepared by pH-
dependent crystallization the day before the preparation of the
nanofiber matrices. The crystallization method takes advantage of
the pH-dependent reversible equilibrium between SN-38 carbox-
ylate (water soluble and predominant at basic or neutral pH) and
SN-38 lactone (insoluble in water and predominant at acidic pH). To
form the microcrystals, one volume (100 pL) of SN-38 solubilized in
basic pH (4 mg/mL in NaOH 0.1 N) was mixed with 9 volumes
(900 pL) of pH 5.0 acetate buffer containing 2% Pluronic® F68. The
mixture resulted in a final pH value of 5.5 and it was stored at 4 °C
for 24 h with hourly agitation during the first 6 h to favor the slow
precipitation of the SN-38 lactone microcrystals. The size of the
crystals at 24 h was measured by dynamic light scattering (DLS)
with a ZetaSizer Nano ZS (Malvern Instruments, Malvern, UK).

SN-38 microcrystal-loaded nanofiber matrices were prepared
by electrospinning. PLA (10% in dichloromethane) was loaded in a
2 mL syringe and pumped at a constant rate of 0.5 mL/h at a 10 kV
voltage. The PLA solution was spun for 20 min on a rotating rod
wrapped with vegetal paper, to build a first layer of SN-38-free
nanofibers that would prevent the direct release of the intact
drug microcrystals to the physiologic medium. During the
following 45 min, the SN-38 microcrystal suspension (loaded in a
syringe) was pumped (90 pL/min) simultaneously from the oppo-
site part of the rotating rod, and sprayed with a pneumatic nozzle.
The theoretical load of SN-38 in the matrix was 18 pg/cm?. Finally,
after loading the complete suspension of the drug microcrystals,
the PLA solution was spun for extra 20 min to generate another
free-drug layer that isolates the cargo. Finally, the matrix was dried
under vacuum for 24 h, at room temperature. The products (SN-38-
loaded nanofiber matrices cut into 0.25, 0.5 or 1 cm? sheets) were
characterized by scanning electron microscopy (SEM; Phenom G1,
Eindhoven, The Netherlands), fluorescence microscopy (Leica DM
5000 B, Wetzlar, Germany), and differential scanning calorimetry
(DSC 2 STAR® system simultaneous thermal analyzer with STAR®
Software V13, Mettler-Toledo, Schwerzenbach, Switzerland)
equipped with intra-cooler Huber TC100 under dry N, atmosphere
and In as standard. The amount of SN-38 loaded in the matrices was
analyzed by extraction of the drug with methanol and injection of
the extract in a high-performance liquid chromatography (HPLC)
system with fluorescence detector, as previously described [15].

2.3. SN-38 release

Several in vitro and in vivo experiments characterized the release
profile of SN-38 from the matrices upon dissolution of internal SN-
38 microcrystals in physiologic conditions.

In vitro, SN-38 matrices containing 5 pg SN-38 in 0.25 cm?
(n = 24) were placed in glass vials with 5 mL of pre-warmed PBS
(pH 7.4) and incubated at 37 °C away from light. At time points 0.25,
2,4, 8, 24, 48, 72 and 96 h, three matrices were removed from the
vials for drug analysis by HPLC. The removed matrices were
vigorously vortexed in 5 mL methanol to extract the unreleased SN-
38 for analysis. To favor sink conditions, the release medium of the
remaining matrices was completely replaced with fresh pre-
warmed PBS at all sampling times.

We repeated the in vitro release experiment described above
though in the presence of the solubilizer HPBCD (10% w/v in PBS).
The sampling times in these experiments were 0.25, 0.5, 0.75, 1, 2,
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4,8 and 24 h.

In a third experiment, 0.25 cm? matrices containing 5 pg SN-38
crystals were introduced in 24 well plates containing 400 pL of cell
culture medium (RPMI supplemented with 10% FBS, 2 mM L-
glutamine, penicillin 100 U/mL and streptomycin 100 pg/mL) at
37 °C. We used culture medium to simulate the conditions of the
in vitro cytotoxicity studies. The complete volume was removed for
HPLC analysis at 8 h and renewed with fresh medium. At 24 h, SN-
38 release was analyzed again.

Finally, SN-38 release in vivo was evaluated using 0.5 cm?
matrices containing 9 pg of SN-38 and subcutaneously (s.c.)
implanted in 12 mice. Mice were sacrificed and matrices were
removed at different time points (1, 4, 24 and 48 h). The amount of
SN-38 remaining in the matrices was extracted with methanol and
analyzed as already described.

2.4. Tumor models

Pediatric solid tumor models (neuroblastoma cell lines LAN-1
and SK-N-AS, Ewing sarcoma cell line SK-ES-1 and rhabdomyosar-
coma cell line Rh30) were obtained from the repository maintained
at Hospital Sant Joan de Déu (HS]D, Barcelona, Spain). Two patient-
derived xenografts (PDX), HSJD-NB-005 (neuroblastoma) and
HSJD-ES-001 (Ewing sarcoma) were established and maintained in
athymic nude mice (Harlan, Barcelona, Spain) as previously
described [15,22]. Primary cultures were established by disaggre-
gation of the PDX models with collagenase-DNase enzymes (Sig-
ma—Aldrich). Additional information of the PDX models is available
in Table 1 and published elsewhere [23]. The research performed
with mice was approved by the institutional ethics committee.

2.5. In vitro activity

The MTS assay (Promega, Fitchburg, WI, USA) was used for
determination of cell viability after in vitro cytotoxicity experi-
ments. Each treatment condition was assayed at least in triplicate.

To determine the activity of SN-38 against the pediatric solid
tumor cell models (LAN-1, SK-N-AS, SK-ES-1 and Rh30 cell lines;
HSJD-NB-005 and HSJD-ES-001 primary cultures), we performed
assays in 96 well-plates with 3000 cells per well and 3—4 days of
incubation with the drug (stock solubilized in DMSO), as previously
described [24].

The activity of the SN-38 matrices (0.25 cm?; 5 pg SN-38) was
studied in 24-well plates. For this, 12,000 cells were plated in each
well and cultured until they formed monolayers of tumor cells
covering the growth area of 1.9 cm? provided by the well. In a first
experiment, SN-38 matrices were added to the culture monolayers
and removed after 8, 24, 48 and 96 h, renewing the culture medium
at each time point. After 96 h, cell viability was determined as
described before. Blank matrices (no SN-38 content) were used as a
control.

In a second experiment, SN-38 matrices were preconditioned in
cell culture medium without cells (400 pL) at 37 °C for 24 or 48 h.
After the preconditioning stage, the matrices were transferred to
the wells with cell monolayers in culture. Thus, a significant frac-
tion of the drug would have been released before cell treatments.
After 72 h of incubation, the matrices were removed and the
viability of the cells was determined.

In a third assay, blank matrices and SN-38-loaded matrices were
co-incubated for 24 h in 24-well plates containing 400 pL cell-free
culture medium. Thus, SN-38 from drug-loaded matrices that un-
derwent solubilization in the medium could be absorbed by blank
matrices during the co-incubation time. Then, all the matrices were
washed by fast immersion in cold PBS, and transferred to 24 well-
plates containing tumor cells monolayers in culture. Cell viability
was determined after 72 h.

2.6. Systemic pharmacokinetics

One cm? SN-38-loaded matrix containing 18 pg SN-38 was
implanted s.c. in 6-weeks old athymic nude mice (n = 13). Such
administration provides a 1 mg/kg SN-38 dose (the average weight
of the mice was 18 g). At 0.25,0.5, 1, 3, 6,12, 24 and 48 h after matrix
implantation, mice were bled (50 pL) by the retroorbital plexus.

A second group of mice received an intravenous injection of
irinotecan at an equimolar dose (44 pg irinotecan trihydrate in
100 pL vehicle) and they were bled at 0.25, 1, 4 and 10 h after in-
jection. To calculate the equimolar dose of irinotecan and SN-38, we
considered published work in which 70% of systemic irinotecan is
converted to SN-38 in nude mice [18].

A maximum of 3 blood samples were obtained from each
mouse. SN-38 in plasma was analyzed as previously described [15].
We used the trapezoid method to calculate the area under the
concentration-time curve (AUC) of SN-38 lactone in plasma.

2.7. Local pharmacokinetics of SN-38 matrices in the surgical bed

To study the release of soluble SN-38 in the virtual space of the
subcutaneous surgical bed upon administration of SN-38 matrices
or soluble prodrug irinotecan, we performed a series of in vivo
microdialysis experiments in 9 nude mice, as previously described
[15]. First, we inserted a CMA 20 microdialysis probe (CMA, Kista,
Sweden) s.c. in the flank of the mouse, under isoflurane anesthesia.
The probe was infused continuously with perfusate (PBS containing
10% HPBCD) using an infusion pump at 0.5 pL/min. The micro-
dialysis probe was stabilized for 1 h before the administration of
the dose. A first group of mice (n = 3) was anesthetized with iso-
flurane, a small incision was made in the skin 1 cm away from the
probe, and a 1 cm? SN-38 matrix (18 pg SN-38; 1 mg/kg) was
inserted between the probe and the mouse skin. The wound was
sutured with clips. A second group (n = 3) was slightly anesthetized
with isoflurane to receive a local injection of irinotecan s.c. in the

Table 1
Clinical details of the PDX models.
Model  Source of biopsy® Age at  Primary tumor Age at Metastasis at Demography Tumor properties Patient
code biopsy diagnosis diagnosis status
HSJD-  Tumor refractory to treatment 2.5y Mass arising 20y Yes (ganglia, bone Female, Stage 4 neuroblastoma, MYCN Died of
NB- (metastasis in bone marrow) from kidney marrow, lungs) white amplified, P53 mutation disease
005
HSJD-  Local relapse in scapula® 21.7y  Scapula 17y Yes (lungs, bone, Male, white EWS-FLI1 fusion gene, STAG2 Died of
ES- bone marrow) mutation, P53 mutation disease
001

2 Tumor tissue was collected with informed consent under an Institutional Review Board-approved protocol.
b Further details on this tumor are published in Refs. [23], named after the code SJDES023.
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probe area, at a dose (44 pg irinotecan in 100 pL) that was equi-
molar to the one used for SN-38. A third group (n = 3) received
44 ug irinotecan intravenously. Dialyzate samples were collected in
an autosampler and analyzed by HPLC [15]. Probes were calibrated
using the mean recovery value (70%) previously determined in vivo
at steady state SN-38 plasma levels [15]. Blood samples (30 pL)
were obtained at 0.25, 1, 4 and 24 h after dose administration and
every 24 h until the end of the experiment with SN-38 matrices;
and at 0.25, 1, 4 and 10 h after irinotecan injections. After HPLC
analysis, we calculated the AUC of SN-38 lactone in the surgical bed
and plasma from each individual microdialysis experiment.

2.8. Diffusion of locally released SN-38 through the solid tumor
tissue

To investigate the depth of local SN-38 diffusion into the
extracellular fluid (ECF) of tumor tissue upon localized release in
the tumor periphery by SN-38 matrices, we implanted (s.c.) the
HSJD-NB-005 PDX model in one flank of 16 mice. When the tumor
reached a diameter of at least 10 mm, we anesthetized the mice
with isoflurane and inserted a microdialysis probe into the tumor.
The 4 mm length probe was introduced so that it was aligned in
parallel to the tumor surface, at a determined distance from the
tumor surface (range 0—8 mm, depending on each individual
experiment).

After probe equilibration, a small incision was made in the skin
1 cm away from the probe, and a 1 cm? SN-38-loaded matrix (18 pg
SN-38; 1 mg/kg) was inserted in 14 mice between the probe and
the mouse skin. In a subgroup of 2 mice, the SN-38 matrix was
implanted in the contralateral flank. The wound was sutured with
clips. Dialyzate samples were taken overnight. At the endpoint of
the experiment the probe was perfused with methylene blue to
stain the probe track, the tumor was sectioned transversally to the
probe track and the distance between the blue track and the SN-38
matrix was measured with a caliper. After HPLC analysis, we
calculated the AUC (0—9 h) of SN-38 lactone in tumor ECF from
each individual microdialysis experiment.

2.9. In vivo antitumor activity

We evaluated the local activity of the SN-38 matrices in the PDX
models HSJD-NB-005 and HSJD-ES-001. In a first set of experi-
ments, both tumor models were implanted s.c. in both flanks of
n = 8 and n = 7 mice, respectively. When the tumors reached
1000—2000 mm?, we performed a subtotal resection surgery under
ketamine-xylazine anesthesia. At that point, tumors were infil-
trating the surrounding tissues (muscle and skin). Most of the tu-
mor volume was macroscopically removed from both flanks with
the exception of a well-vascularized and viable tumor fragment of
approximately 2 x 1 mm (length x width). We covered such tumor
rest with one SN-38 matrix in one flank, and a blank matrix in the
opposite. Wounds were closed with clips and the animals recov-
ered. The size of tumor recurrences in both flanks was measured
with a caliper at different time points during the following 3 weeks.

Finally, we performed a survival experiment in the HSJD-NB-
005 PDX model. For the survival studies, 31 nude mice bearing
s.c. tumors of 0.1-0.5 cm> in one flank were randomized in 4
groups of 7—8 mice for subtotal tumor resection surgery. One group
received local SN-38 matrix (18 pg SN-38); a second group was
treated with equimolar local s.c. irinotecan; a third group received
equimolar systemic irinotecan (via intraperitoneal injection); and a
fourth group received a blank matrix on the tumor bed. Tumor
recurrences were measured 3 times a week and mice were sacri-
ficed when the tumor diameter reached 2 cm?>. The study finalized
at day 100 after resection surgery. Animal survival was defined as

the time interval between the initial date of treatment and the date
in which 2 cm?® tumor volume was reached.

2.10. Statistics

Statistical analysis was performed with Graphpad Prism 5
software (La Jolla, CA). Aggregate data are presented as mean + SD.
Pharmacokinetic data was log-transformed before analysis and the
one-way ANOVA test with Bonferroni's multiple comparison was
used to compare parameters between groups. Paired t test was
used to compare tumor size in treated animals with tumors in both
flanks (treated versus control). Median survivals were calculated
using Kaplan—Meier curves and the log-rank test with Bonferroni-
corrected threshold was applied for comparison of multiple sur-
vival curves.

3. Results
3.1. Characterization of SN-38-loaded matrices

The size of the SN-38 microcrystals before spraying in the
nanofiber matrices was 1.7 + 0.34 um (mean + SD z-average; poly-
dispersion index 0.201). SEM analysis of dry matrices showed the
presence of SN-38 microcrystals on the surface of PLA nanofibers,
covered by a thin layer of surfactant (Fig. 1A). The presence of SN-38
microcrystals in the internal layer of the matrix (Fig. 1B) but not in
the external layer (Fig. 1C) was also detected by fluorescence

SN-38 matrix

mwW
Blank matrix

20 40 60 80 100 120 140 160 180 200 220 °C
Fig. 1. Physical characterization of the SN-38-loaded matrices. A. SEM micrograph of
the internal layer of the nanofiber matrix. Note the fibers are covered by a layer of
surfactant (Pluronic F68). SN-38 microcrystals are labeled with arrows. B. Fluorescent
image of SN-38 microcrystals in the internal layer of the matrix. Bar = 10 pm. C.
Absence of fluorescent SN-38 microcrystals in the external layer of the matrix.
Bar = 10 pm. D. DSC thermograms of SN-38-loaded and SN-38 free (blank) matrices.
The endothermal peak at 232 °C in the SN-38-loaded matrices corresponds to crys-
talline SN38.
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microscopy.

DSC analysis provided comparable thermograms of blank
matrices and SN-38-loaded matrices that included characteristic
thermal transitions of semi-crystalline PLA, with the exception of
an endothermal peak at 232 °C in the latter that was consistent
with the presence of crystalline SN-38 (Fig. 1D). Drug load was
analyzed in 1 cm? SN-38 matrices containing a theoretical load of
18 pg SN-38/cm?. Loading efficiency was 97.7 + 9.2% (mean =+ SD;
n=9).

3.2. SN-38 release from matrices

Fig. 2A shows the in vitro release profile from SN-38-loaded
matrices incubated in the absence of HPBCD solubilizer. Release
was sustained in time and achieved 72.1 + 10.6% of the payload
after 96 h of incubation. Unreleased SN-38 remained mainly in the
lactone form (98.5 + 0.2%) and not in the carboxylate one
(1.5 + 0.2%). Drug analysis was not performed in the release me-
dium because, in the absence of HPBCD, SN-38 extensively binds to
glassware and plasticware, leading to irreproducible results [15]. As
expected, the addition of HPBCD permitted reproducible drug
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Fig. 2. Release from the SN-38 matrices. A. In vitro release profile without solubilizer.
The remaining amount of SN-38 was analyzed in individual matrices (n = 24; black
dots) and the released drug was calculated as the difference between the theoretical
payload (100%) and the remaining drug. In vivo release data (red triangles) are su-
perposed in the in vitro curve. Each dot represents one individual matrix removed from
one mouse (n = 12). B. Cumulative in vitro release profile from SN-38 matrices in the
presence of HPBCD in the release medium (n = 3). Because SN-38 is unstable upon
solubilization in the release medium, release values were corrected to 100% of the
amount analyzed by HPLC (i.e., 100% was the sum of the released amounts of drug and
the remaining amount analyzed at the end of the experiment). C. Concentrations
achieved in cell culture medium (400 pL) upon incubation of SN-38 matrices con-
taining 5 pg SN-38 during 8 or 24 h (n = 6). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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analysis in the release medium in a cumulative release experiment
(Fig. 2B). Due to the presence of HPBCD in the release medium, the
released SN-38 was water-solubilized and the matrices were
completely deprived of the cargo within 24 h; drug load in the
matrices was 0.49 + 0.77% at the end of the study. In vivo release
data from individual SN-38 matrices overlapped the in vitro release
curve (Fig. 2A). SN-38 remaining in the matrices of the in vivo assay
was mainly lactone (93.1 + 3.2%) over carboxylate SN-38
(6.9 + 3.2%) at all the time points. In culture medium, SN-38
matrices achieved concentrations above 1 uM (range 0.88—6.07;
n = 6) after 8 h of incubation, and above 0.1 uM at 24 h (range
0.14—3.54; n = 6) (Fig. 2C).

3.3. In vitro activity

As shown in Table 2, all the pediatric solid tumor cell models
employed in the study were sensitive to SN-38, and the concen-
trations causing 50% decrease in cell proliferation (IC50) were in the
nM range. The proliferation of culture monolayers exposed to SN-
38 matrices was significantly reduced even at short exposures
(8 h), as compared to blank matrices that did not induce changes in
cell proliferation (Fig. 3A). SN-38-loaded matrices preconditioned
in cell culture medium during 24 or 48 h conserved their anti-
proliferative activity when transferred to cell monolayers in culture
(Fig. 3B). Blank matrices co-cultured with SN-38 matrices and
transferred subsequently to cell cultures did not acquire anti-
proliferative activity (Fig. 3C).

3.4. Plasma pharmacokinetics

SN-38 lactone levels in mouse plasma are shown in Fig. 4. Mice
receiving SN-38 matrices achieved median lactone SN-38 peak
plasma level (Cpax) of 1.05 ng/mL (range 0.53—1.27) at 1 h after s.c.
insertion. SN-38 plasma concentrations were below the limit of
quantification (0.25 ng/mL) at 12 h. The calculated AUC (0—6 h) was
3.78 ng*h/mL. After intravenous injections, SN-38 plasma levels
were fitted to a two compartment model and the extrapolated Cpax
was 122 ng/mL and the calculated AUC (0—7 h) was 104 ng*h/mL.

3.5. SN-38 pharmacokinetics in the surgical bed

Lactone SN-38 concentrations were quantified in the s.c. space
and plasma from mice with microdialysis probes placed in the s.c.
surgical bed (Fig. 5). SN-38-loaded matrices induced high drug
concentrations in the surgical bed (408 + 284 ng/mL; mean con-
centration during the first 12 h of three experiments). Such levels
were sustained and above 10 ng/mL (i.e. 25 nM; above the IC50 in 4
out of 6 cell models shown in Table 2) until the end of the 4-day
microdialysis experiments. A representative experiment in which
the probe was in close proximity to the SN-38 matrix is shown in
Fig. 5A. In comparison, local s.c. injection of equimolar irinotecan
achieved peak levels in the surgical bed of 41.6 + 3.4 ng/mL (mean
Cmax from 3 experiments), which dropped to less than 10 ng/mL
after 7 h (Fig. 5B). Maximum SN-38 levels in the surgical bed of
mice injected i.v. were 3.55 + 1.16 ng/mL and they were below
0.25 ng/mL, the limit of quantification (L.0.Q.), after 6 h (Fig. 5C).

SN-38 plasma levels were slightly above the L.0.Q. only until 6 h
in mice receiving SN-38 matrices, as compared to higher plasma
levels in mice receiving irinotecan s.c. or iv. (Fig. 5A—C). SN-38
exposure (AUC) in the surgical bed surrounding the SN-38-loaded
matrices, and surgical bed-to-plasma AUC ratio, were at least 2
logs higher as compared to the exposures of animals receiving s.c.
or i.v. irinotecan (Fig. 5D and E). Concomitantly, plasma AUC in
animals receiving SN-38-loaded matrices was lower than in
counterparts receiving irinotecan s.c. or i.v (Fig. 5D).
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Table 2

Antiproliferative activity of SN-38 (stock solution in DMSO) against pediatric solid tumor models.

Model Properties IC50 (nM) 95% Confidence interval (nM)
LAN-1 NB cell line 60.8 33.1-111
SK-N-AS NB cell line 215 162—-284
HSJD-NB-005 NB PDX primary culture 25.2 17.1-37.1
SK-ES-1 ES cell line 0.927 0.747-1.15
HSJD-ES-001 ES PDX primary culture 1.48 1.06—2.06
Rh30 aRMS cell line 7.57 4.62—-12.4
NB: neuroblastoma; ES: Ewing sarcoma; aRMS: alveolar rhabdomyosarcoma.
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Fig. 3. Antiproliferative activity of the SN-38 matrices. A) Activity of the SN-38 matrices against pediatric cell culture monolayers upon exposures ranging 8—96 h. Blank matrices
did not exhibit antiproliferative activity. B) SN-38 matrices preconditioned in cell culture medium during 24 or 48 h conserved their activity, as compared to the activity of the not
preconditioned (intact) formulation. C) Blank matrices co-incubated with SN-38 matrices during 24 h did not acquire antiproliferative activity, whereas co-cultured SN-38 matrices
conserved their activity as compared to the activity of the intact SN-38 matrices. All the experiments were performed in triplicate.
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Fig. 4. Plasma concentration-time data of SN-38 lactone upon administration of
equimolar dosages of SN-38 matrices (1 mg/kg; s.c.; local matrix) and systemic iri-
notecan (i.v. IRN) in nude mice (n = 13 and n = 4, respectively).

3.6. Diffusion of locally released SN-38 through the solid tumor
tissue

Upon measuring the distance between the peritumoral SN-38-
loaded matrix and the intratumoral microdialysis probe track at
the experimental endpoint, we grouped the experiments in dis-
tance ranges of 0—1 mm (n = 4), 1-2 mm (n = 3), 2—5 mm (n = 4),
and 5—10 mm (n = 3). Release from SN-38-loaded matrices resulted
in significantly higher SN-38 concentrations in tumor ECF when the
probe was placed up to 2 mm distance from the matrix, as
compared to when such distance was >2—5 mm (P < 0.05; Fig. 6A).
Mean SN-38 concentration achieved in the 2—5 mm distance range

experiments was 2.0 + 1.1 ng/mL (i.e., 5.1 + 2.8 nM) and thus it was
below the IC50 of 4 out of 6 cell models studied in this work
(Table 2). SN-38 in tumor ECF was undetectable at distances greater
than 5 mm or when it was released in the flank contralateral to the
tumor. Tumor SN-38 exposures (AUC 0—9 h) were significantly
higher in the <1 mm and 1—2 mm distance groups, as compared to
the 2—5 mm group (P < 0.01 and P < 0.05; Fig. 6B). Exposures were
below the detection limit when the distance between tumor and
probe was greater than 5 mm. Two representative microdialysis
experiments are shown from mice with s.c. probes located either in
close contact with the matrix (Fig. 6C; < 1 mm) or distant from the
matrix (Fig. 6D; 4 mm).

3.7. In vivo antitumor activity

SN-38 matrices delayed tumor growth in the surgical bed after
subtotal resection of PDX models HSJD-NB-005 and HSJD-ES-001.
Contralateral tumors receiving blank matrices were significantly
larger than the treated ones at the studied time points (P < 0.05;
paired t test; Fig. 7).

3.8. Survival

Median survival of the animals receiving SN-38-loaded matrices
(n = 8), blank matrices (n = 8), s.c. irinotecan (n = 7) and systemic
irinotecan (n = 8) after subtotal tumor resection was 76, 37, 46 and
40 days, respectively (Fig. 8). Mice treated with SN-38-loaded
matrices after surgery survived significantly longer than mice
treated with blank matrices (P = 0.0068). In contrast, localized s.c.
or systemic irinotecan did not provide a significant benefit in
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Fig. 5. SN-38 pharmacokinetics in the s.c. surgical bed and in plasma upon administration of equimolar doses from s.c. SN-38 matrices (1 mg/kg) or irinotecan (IRN), either s.c. or i.v.
Representative individual experiments are shown in A (SN-38 matrix, s.c.), B (IRN s.c. local), and C (IRN i.v.). Black dots represent SN-38 levels (dialyzable fraction, recovery-
corrected) in the virtual space of the s.c. surgical bed. Red triangles are plasma data. L.0.Q: Limit of quantification (0.25 ng/mL). D. SN-38 AUCs in surgical bed and plasma. E.
Surgical bed-to-plasma SN-38 AUC ratios. Data are mean + SD from triplicate experiments. *P < 0.01 and **P < 0.001 as compared to IRN i.v. and IRN s.c. local groups (one-way
ANOVA test with Bonferroni's multiple comparison). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Intratumoral penetration of SN-38 upon administration of SN-38 matrices. A. SN-38 concentrations in tumor ECF sampled by an intratumoral microdialysis probe positioned
at different depths (<1 mm, 1-2 mm, 2—5 mm, 5—-10 mm) relative to the position of the SN-38 matrix covering the tumor periphery. Mean + SD concentrations during the first 9 h
of 3—4 experiments are shown. “Contralateral” refers to experiments in which the SN-38 matrix was located s.c. in the flank contralateral to the intratumoral probe (n = 2 ex-
periments). B. AUC data obtained in each relative position (mean + SD). C, D. Individual microdialysis experiments showing plots of SN-38 levels in tumor ECF. Side pictures in C and
D are corresponding tumor sections displaying the relative position between the probe track (black arrow) and the SN-38 matrix (empty arrow). The distance track-matrix was
<1 mm in C and 4.3 mm in D. BLQ: Below limit of quantification. *P < 0.05 as compared to the 2—5 mm group (one-way ANOVA test with Bonferroni's multiple comparison).

animal survival (P = 0.3292 and P = 0.5944, respectively) as 4. Discussion

compared to blank matrices. Treatment with SN-38 matrices per-

formed better than s.c. irinotecan (P = 0.0080). Difference in sur- Local tumor control in pediatric oncology requires new treat-
vival between the SN-38-loaded matrix group and the systemic ments in addition to surgery, to delay or replace radiotherapy.
irinotecan group was not statistically significant (P = 0.120). However, such innovative treatments are currently unavailable in
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Fig. 7. In vivo activity of the SN-38 matrices in HSJD-NB-005 (A) and HSJD-ES-001 (B)
PDX models after subtotal bilateral tumor resection. Time from surgery until recur-
rence in the tumor side treated with SN-38 matrices (SN-38) was significantly delayed
as compared to recurrence in the opposite flank treated with blank matrix (Blank).
Mean and SD data from 8 to 11 mice with bilateral tumors are represented. *P < 0.05
(Paired t test). Sampling times are different between both models because of different
tumor growth kinetics.
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Fig. 8. Survival of mice bearing HSJD-NB-005 tumors, upon subtotal resection and
treatment with local SN-38 matrices (SN-38 matrix) or control treatments (Blank
matrix, systemic IRN, s.c. IRN). Median survival of each group was determined and the
Bonferroni-corrected threshold was applied for comparison of multiple survival curves
(i.e. for 4 groups, there are 6 pairwise comparisons). With the Bonferroni correction,
P < 0.0083 was considered significant. *P = 0.0080 as compared to control group
(Blank matrix).

the clinic. Motivated by this unmet need, we have developed a
clinically translatable nano-DDS for the local release of SN-38, a
poorly-water soluble camptothecin with proved antitumor activity
against several pediatric solid tumors. To select the surgical sce-
narios in which the new system would be suitable, we first con-
ducted preclinical experiments to characterize the distribution of
the released drug in the surgical bed and in the tumor bulk, using
microdialysis sampling in vivo. We observed that the released drug
achieves high concentrations in the virtual space of the surgical bed
and it penetrates a maximum distance of 2 mm within the bulk of
the tumor. Therefore, we propose that surgeries achieving macro-
scopically complete resection or minimal tumor residues sur-
rounding vital structures could be optimal candidates for the new
treatment strategy. Subsequently, we developed a model of sub-
total tumor resection in clinically relevant pediatric PDX models
and we used such model to provide evidence of the activity of the
SN-38 DDS to inhibit tumor growth after surgical resection.
Irinotecan is potently active as single agent in preclinical models
of neuroblastoma [17], rhabdomyosarcoma [25] and Ewing sar-
coma (own results in PDX models, unpublished). In our present
study, we confirmed the potency of its active metabolite SN-38
against pediatric cancer cell lines and against primary cultures
derived from PDX models established at our institution (Tables 1
and 2 and Fig. 3). However, irinotecan in pediatric cancer clinical
trials has not replicated the reported preclinical activity, either as

single agent [26,27] or combined with other drugs [28]. The reasons
for this lack of correlation between preclinical and clinical efficacies
are not totally understood, but they could be related to suboptimal
SN-38 distribution in human tumors. Greater activity of murine
carboxylesterases (the enzymes required to metabolize systemic
irinotecan into SN-38) as compared to the human counterparts
leads to 70% irinotecan conversion into SN-38 in mice as opposed to
less than 10% in humans [18,19,29,30]. As a consequence of this,
higher tumor exposure to SN-38 might be achieved in the murine
model. Further evidence supports that increased SN-38 exposure in
tumors leads to improved survival of mice with aggressive neuro-
blastoma [31].

The identification of the pharmacokinetic limitations of irino-
tecan warranted the development of several DDS carrying SN-38
for systemic and local administration [32,33]. In our study, an
electrospun nanofiber matrix made of an approved biodegradable
biocompatible polyester, PLA, was chosen as drug carrier because
the shape and malleability of the matrix is adaptable to the surgical
bed that may vary between patients. The manufacturing process
(simultaneous microcrystal spraying during polymer electro-
spinning) was selected after a series of preliminary feasibility
studies where the drug was blended with the polymer solution and
electrospun, an approach that resulted in extremely slow delivery
rates controlled mainly by the polymer degradation (data not
shown and [33]). The final configuration took advantage of the poor
solubility and dissolution rate of SN-38 in the physiologic medium
that was slow enough to produce a bimodal release kinetics (initial
fast release and terminal slow release), as demonstrated both
in vitro and in vivo (Fig. 2A,B). This type of release is likely clinically
relevant because initially faster release would achieve high local
drug concentration (as we demonstrate by the microdialysis sam-
pling approach), whereas long-lasting release at a slower rate could
be important for recruiting more tumor cells at the S-phase of the
cycle. Because the microcrystals are incrusted in the internal layers
of the nanofiber matrix, the drug cannot be released from the DDS
unless the fluids permeating through the highly porous nanofiber
mesh solubilize it.

To demonstrate that the drug crystals loaded in the polymeric
matrix provide a sustained localized release and confer long-term
antitumor activity, we performed two specifically designed
in vitro experiments (preconditioning in culture medium and co-
incubation with blank matrices). In fact, preservation of long term
activity might be related to the chemical stabilization of the SN-38
lactone in the hydrophobic PLA matrix, in line with previous studies
reporting that campthothecins loaded in polymers or gels were
stabilized in the active lactone form [34—37]. Drugs blended in
polymers are usually in molecular dispersion (amorphous) and not
crystalline [38]. Our work shows for the first time that microcrys-
tals of a poorly water-soluble hydrolyzable drug such as SN-38
could be stabilized by incorporation into the nanofiber mesh.

One fundamental contribution of our research in pediatric
cancer is the application of the microdialysis method to study local
drug delivery to the tumor bulk in vivo. In this work, we showed
that the local penetration was restricted to 2 mm depth into the
solid tumor tissue. These findings are consistent with the report of
Arifin et al. using computer simulation that showed penetration of
less than 2 mm after local (intracerebral) release of BCNU from
Gliadel implants [14]. Interestingly, the Arifin study defined the
term “therapeutic penetration” as “the length from the remnant
tumor interface for which the drug concentration is above the
therapeutic concentration” [14]. Other authors have used terminal
sampling methods to propose that localized drug delivery might
achieve such therapeutic penetration to ratios greater than 2 mm
[38]. However, we suggest that the terminal sampling methods
(after animal death) might have overestimated the drug
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penetration distance due to maintained drug release from the DDS
into the tissue until sample collection. For instance, in a previous
study, we demonstrated that upon local administration in the
periocular space of topotecan, another camptothecin used in the
treatment of pediatric solid tumors like retinoblastoma, postmor-
tem sampling dramatically increased topotecan levels in the pos-
terior segment of the eye (an organ with positive pressure, like
most solid tumors). The reason for this observation would be the
termination of the active drug elimination process upon the animal
death [39]. In another study of local drug release in ocular cancer,
we increased intraocular drug distribution by the administration of
concomitant local adrenaline to inhibit local blood flow [40]. We
thus speculate that the inclusion of vasoconstrictors in the local
DDS might help achieve deeper therapeutic drug penetration in
solid tumors and further studies will be focused on this topic.

Previous preclinical models of local DDS activity against extra-
cranial tumors have been based on the insertion of the local DDS
next to intact solid tumors established in mice, either in s.c. or
orthotopic location. In such scenario, local DDS releasing paclitaxel
and cisplatin have performed poorly to control s.c. glioma xeno-
grafts [41] and mouse uterine tumors [42], respectively. Such re-
sults could be explained by our studies of therapeutic penetration
into the solid tumor bulk. In contrast, other preclinical models
reproduced the context of “microscopic tumor rests”, either by the
injection of cancer cells on top of a previously implanted local DDS
[37] or by the total macroscopic resection of established xenografts
previous to the insertion of the local DDS [43—45]. Such strategies
have been used in the work of Grinstaff and Colson to study the
activity of hydroxycampthothecin-loaded DDS polymer films
against lung carcinoma cells [37] and paclitaxel-loaded films
against non-small-cell lung cancer cell line xenografts [44] and
sarcoma xenografts [43], achieving prolonged control of local tu-
mor recurrences.

The results of our local pharmacokinetic studies led us to design
preclinical in vivo models resembling subtotal tumor resection
surgery. Such surgical model is likely the most realistic approach to
study the activity of local DDSs in pediatric oncology because in
most patients, especially the ones with stage 4 neuroblastoma,
tumors infiltrate or invade tissues surrounding vital vascular
structures, a phenomenon that precludes complete tumor resec-
tion. Importantly, a recent study has reported on the activity of a
doxorubicin-loaded local DDS to control neuroblastoma local re-
currences after subtotal resection of orthotopic xenografts of neu-
roblastoma cell lines [46]. Because SN-38 is not in the standard of
care regimen of the pediatric oncologic disease (as opposed to
doxorubicin), our candidate DDS would provide an additional
alternative in patients previously exposed to doxorubicin and
showing resistance or tumor relapse. In addition, we performed all
the in vivo activity studies in PDX models because they are likely
more predictive of drug activity than cell lines and represent a first
step towards a personalized therapy [47]. The Ewing sarcoma
model HSJD-ES-001 is a subset of aggressive tumor with STAG2 and
P53 mutation [48], whereas the neuroblastoma HSJD-NB-005 was
derived from a stage 4 neuroblastoma tumor with amplification of
MYCN and mutation of p53.

Our first set of in vivo studies in mice with bilateral tumors
confirmed local activity of the DDS, because control tumors
contralateral to the local DDS did not respond to local treatment
upon subtotal bilateral resection (Fig. 7). Such selective local ac-
tivity is further supported by the finding of almost undetectable
plasma SN-38 levels upon administration of the matrices, so that
contralateral tumors are not exposed to SN-38 (Figs. 4—6). The
survival experiment on the neuroblastoma PDX model confirmed
that the local DDS provided significant control of tumor recurrence,
whilst equimolar injections of irinotecan (either local or systemic)

did not perform better than the control treatment with blank
matrices. Because a few tumors responded in the group receiving
systemic irinotecan upon resection, we did not find a significant
difference in survival between the group receiving SN-38 matrices
and the one receiving systemic irinotecan. Nevertheless, systemic
treatment immediately after resection is not a clinically acceptable
practice because systemic drug exposure may lead to hematological
(including thrombocytopenia), gastrointestinal and renal adverse
effects, among others, that interfere with the surgical recovery.
Although it was out of the scope of this work, we did not observe
bleeding or alterations in wound healing upon the administration
of the local DDS. However, whether the exposure to the local DDS
may lead to adverse events in the surgery niche or not should be
addressed carefully in future work.

In summary, we have addressed an unmet medical need in pe-
diatric oncology by developing an advanced DDS that localizes the
release of an anticancer drug with broad activity spectrum in pe-
diatric cancers. We have also characterized local drug distribution,
a procedure that we believe is critical to select the patients that
would likely benefit of this novel therapeutic approach. Moreover,
due to the potency of the model drug employed for the develop-
ment, the system could be applicable to other oncologic diseases in
which local control is crucial for the improvement of the thera-
peutic index. Ongoing work in the laboratory is focused on the
activity of the new DDS on orthotopic pediatric tumor PDX models,
and in the study of the systemic and local toxicology of the DDS
upon administration next to vital organs like vessels, nerves and
viscera.
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Results

Chapter 4:

Targeted polymeric nanoparticles for long-term SN-38
biodistribution and efficacy in GD2-positive pediatric patient-

derived xenografts

The development, characterization and efficacy of a new systemic DDS
consisting on polymeric monolithic nanoparticles targeted to the ganglioside
GD2, a protein highly expressed on the surface of neuroblastoma cells, is
exposed in this manuscript. Microdialysis was used to determine SN-38
distribution at the tumor tissue when released from the nanoparticles
compared with the commercially available prodrug IRN. /n vivo studies
evaluated the efficacy of this DDS over neuroblastoma PDX implanted in
immunodeficient mice as well as drug exposure in plasma and the
extracellular fluid of the tumor, showing promising long-term disposition of

SN-38 at the tumor site while keeping low plasma concentration.
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Abstract:

Some pediatric solid tumors, such as neuroblastoma, express the tumor antigen
ganglioside GDZ2. It remains not totally understood whether drugs can be
targeted, while carried in nanoparticle (NP) formulations, to specific tumor
antigens. In this work we have loaded the potent chemotherapy agent SN-38 in
polymer nanoparticles conjugated to the anti-GD2 mouse monoclonal antibody
3F8. In animals bearing neuroblastoma patient-derived xenografts, we used a
microdialysis technique to sample tumor extracellular fluid upon administration
of the 3F8-conjugated (targeted) and nontargeted (conjugated to a similar
mouse antibody) formulations. We observed that the extent of penetration of the
tumor by unbound SN-38 was significantly higher in mice receiving the targeted
formulation. In agreement with the pharmacokinetic result, the antitumor activity
of the targeted formulation in vivo improved the one provided by the prodrug
irinotecan administered at equimolar SN-38 dosages and schedules. Thus, our
work shows for the first time that drug delivery can be targeted to antigens
expressed by pediatric solid tumors, resulting in improved drug accumulation

and efficacy.

Keywords
SN-38, delivery, polymeric nanoparticle, neuroblastoma, distribution,

microdialysis, targeted therapy

Neuroblastoma is the most frequent extracranial solid tumor in children under 5
years of age and 50-60% of the patients present high-risk disease.>? Although

the standard of care (intensive chemotherapy and surgery) has improved the



outcome of these patients in the past decades, several patients develop
chemoresistance.® Because inadequate drug distribution within the tumor tissue
might play an important role in limiting drug efficacy,*® several nanotechnology

approaches are focused on improving drug delivery to tumors.®

Tumors may express surface proteins that can be used as potential targets for
drug delivery. Active targeting with antibody-drug conjugates likely improves
drug distribution in antigen-bearing tumors.'® However, it remains not totally
understood whether drugs can be targeted, while carried in nanoparticle (NP)
formulations, to specific tumor antigens. In this context, GD2 ganglioside is a
membrane protein highly expressed in the surface of neuroblastoma cells and
other pediatric tumors as compared to its expression in healthy tissues.'*®
Ch14.18 humanized anti-GD2 antibody, commercially known as dinutuximab
(Unituxin®, United Therapeutics Corporation, Silver Spring, USA), has been
approved for clinical use showing promising results in pediatric patients with
high-risk neuroblastoma.?* Novel paclitaxel-loaded gold nanocarriers target
neuroblastoma cells throughout conjugation to the humanized anti-GD2
antibody (Hul14.18K322A), making cells more vulnerable to radiotherapy, thus
enhancing neuroblastoma cell death.?? Although different nanodrugs targeting
GD2 have been evaluated,??%° whether drug distribution is improved by active
targeting rather than by the enhanced permeability and retention effect (EPR)*°
leading to NP accumulation, has not been thoroughly demonstrated.
Microdialysis is a sampling technique for the determination of drug
concentration in the extracellular fluid (ECF) of tissues.*** The potential of this

technique to characterize drug delivery obtained by liposome formulations in

tumor ECF (tECF) has been previously demonstrated.***® We have recently



developed a microdialysis technique to assess the intratumor drug distribution
of SN-38, a potent topoisomerase-l inhibitor.>**” In this study, we have
developed SN-38-loaded polymeric NPs conjugated to a murine anti-GD2
monoclonal antibody, 3F8, to target GD2-expressing neuroblastoma cells. We
have used the microdialysis technique to study drug distribution in tECF of

patient-derived xenograft (PDX) models of neuroblastoma.

RESULTS AND DISCUSSION

Development of GD2-targeted, SN-38-loaded NPs.  Our approach to target
the potent chemotherapy agent SN-38 in neuroblastoma was substantiated by
the low solubility of the drug, that allows encapsulation in hydrophobic
biodegradable polymers,® the availability of clinical-grade antibodies targeting
GD2,® and previous work showing the feasibility of clinical translation of similar
approaches targeting other cancer antigens.*® Our first goal was to develop
drug-loaded NPs with an appropriate size and technical reproducibility. In
preliminary tests we determined that 10% w/w was an appropriate load for SN-
38 in PLGA-PEG and PLGA NPs by the single emulsion technique. Then, to
provide a hydrophilic surface with chemically reactive groups to conjugate
antibodies, we optimized the proportion of our synthetic PLA-PEG-COOH
copolymer (Mw 15 kDa as determined by Gel Permeation Chromatography,
GPC) in the PLGA polymer. We set such proportion at 5% for further
formulations because 10 and 20% batches resulted in unstable emulsions and
free SN-38 crystals (Table 1). Upon conjugation of antibodies through

EDC/NHS chemistry, Table 1 summarizes the properties of reference NPs (R-



NPs), NPs conjugated to a nonspecific IgG3 (NPs-lgG3) and NPs conjugated to
the anti-GD2 mouse monoclonal antibody 3F8 (NPs-3F8). As observed by
dynamic light scattering (DLS) and scanning electron microscopy (SEM), mean
NP size was below 300 nm and thus it was considered appropriate for the
accumulation of NPs in tumors through extravasation®***! (Figure 1). SEM
images showed smooth surface in R-NPs, while the conjugation of both
antibodies produced dots smaller than 20 nm in the surface of NPs-3F8 and
NPs-IgG3 (Figure 1), similar to the ones previously reported upon conjugation
of proteins to monolithic NPs** and in line with the reported size of 1gG
antibodies.*® Zeta potential and drug load efficiency were in a similar range for
the developed formulations with 5% PLA-PEG-COOH (Table 1), including the

fluorescent ones (conjugated to FITC).

Because SN-38 crystallizes and adheres to surfaces upon release from NPs in
vitro,®* we included a solubilizer (2-hydroxypropyl-B-cyclodextrin, HPBCD) in the
pH 7.4 medium for the release assays. We observed identical release profiles in
GD2-targeted and nontargeted NPs, with no relevant burst release and first
order release kinetics that achieved the plateau at 48 h and released the
complete load in 72 h (Figure 2). This release profile is likely relevant for in vivo
studies because the drug is released fast enough once in the target tissue, but

slow enough while in the systemic blood.

Expression of the tumor antigen GD2 in pediatric so lid tumor models.
LAN-1 (neuroblastoma cell line) and HelLa cells were selected a priori as

GD2(+) and GD2(-) models, respectively, because of available data.*** We



confirmed their expected expression of GD2 by immunofluorescence (IF)
(Figure 3A). Through a real-time quantitative PCR (RT-gPCR) we quantified the
expression of GD2 synthase in both models, and also in a battery of
neuroblastoma cell lines and pediatric patient-derived xenograft (PDX) models
established at our institution including 5 neuroblastomas, 6 Ewing sarcomas
and 3 rhabdomyosarcomas (Figure 3B). Upon this analysis, we confirmed the
high expression of GD2 synthase in most neuroblastomas, as compared to
lower or absent expression in Ewing sarcomas and rhabdomyosarcomas.
Because adherent cultures of primary PDX models are challenging to
establish,*® we selected the cell lines LAN-1 and HeLa for further in vitro assays
in adherent conditions, and the high-GD2-expressing PDX HSJD-NB-007 for in

Vivo assays.

Functional stability of 3F8 conjugated in NPs. To evaluate whether the
activity of 3F8 antibody was conserved upon chemical conjugation to NPs, we
performed a competitive binding assay on plates covered by LAN-1 cells
expressing GD2 antigens (Figure 4A). We observed that incremental
concentrations of NPs-3F8 added to LAN-1 cells, from 1 pg/mL (Figure 4A) to
1000 pg/mL (Figure 4B), saturated GD2 binding sites for competing free 3F8, in
a dose-response fashion (Figure 4C). As controls, NPs-IgG3 (10000 pg/mL) did
not compete for GD2 sites on LAN-1 cells (Figure 4D). Thus, it was concluded
that 3F8 antibody conserved its selectivity and affinity for GD2 upon chemical

conjugation.



Antiproliferative activity of NPs in culture. We evaluated whether the
encapsulation of SN-38 in polymer NPs conserved the potent antiproliferative
effect of SN-38 in vitro. In LAN-1 cells we found that the activity of SN-38-
loaded NPs (R-NPs, NPs-IgG3 and NPs-3F8) was in the low nanomolar
concentration range, similar to the one of the free drug (SN-38 stock in DMSO)
(Figure 5A). The half maximal inhibitory concentration (IC50; mean and 95%
confidence intervals) were 5.8 (3.8-8.8) nM for free SN-38, 1.7 (0.65-4.2) nM for
R-NPs, 0.54 (0.24-1.2) nM for NPs-IlgG3 and 3.3 (1.8-6.4) nM for NPs-3F8.
Thus, the conjugation of antibodies on the NPs surface did not decrease
significantly the cytotoxicity of SN-38, as previously shown for other SN-38
nanoparticle formulations.*” We also tested the antiproliferative activity of the
antibody 3F8 alone, and found that it inhibited the proliferation of GD2-
expressing cells LAN-1 (IC50 1.6 nM; range 0.96-2.5), but not the one of control
GD2(-) cells (HeLa) (Figure 5B). This direct antiproliferative effect of 3F8 on the

proliferation of LAN-1 cells is consistent with previously reported data.*®

Distribution of SN-38 in plasma and tumor extracell ular fluid (tECF). To
answer the question whether GD2 targeting enhances drug delivery in the tECF
of GD2(+) neuroblastoma, we obtained pharmacokinetic data from plasma and
tumor dialysates of mice with tumors upon receiving either irinotecan or
equimolar SN-38 dosages carried by NPs-IgG3 and NPs-3F8. Conjugation of
IgG3 in non-targeted formulations allowed discriminating between the
nonspecific targeting (produced by the EPR effect in vivo or by nonspecific

protein-protein binding) and the putative GD2-targeting effect provided by 3F8.



Plasma SN-38 concentration-time curves are shown in Figure 6A. Because total
amount of SN-38 in plasma of mice receiving NPs was a combination of SN-38
encapsulated in NPs and SN-38 released from NPs (either bound or unbound to
proteins), we processed these samples as ultrafiltrates to determine unbound
SN-38 in the released fraction. Then, unbound SN-38 plasma levels were fitted
to a two compartment model and the extrapolated peak SN-38 levels (Chax)
were 28.4, 53.3 and 30.0 ng/mL for irinotecan, NPs-IgG3 and NPs-3F8 groups,
respectively. As expected, we observed that the half life of SN-38 in the terminal
elimination phase was greater for the NP formulations (3.8 and 5.3 h for NPs-
IgG3 and NPs-3F8), as compared to irinotecan (2.1 h), which could be due to
sustained release of SN-38 from circulating NPs. Similar pharmacokinetics have
been observed in other SN-38-releasing formulations.*® The calculated areas
under the concentration-time curves (AUC) defining plasma exposures to SN-38
are represented in Figure 6C. Lower plasma exposures to unbound SN-38 upon

administration of NPs might have implications for safer treatments.*

Upon recovery-corrected analysis of tumor dialysates from microdialysis
experiments (3-5 individual experiments per condition), we built unbound SN-38
concentration-time curves in the tECF of mice (Figure 6B). SN-38 levels were
measurable during periods longer than 24 h after administration of GD2-
targeting NPs-3F8 in 3 out of 3 experiments. Two of these experiments reached
48 h with detectable drug levels. In contrast, in 5 out of 5 experiments, SN-38
was below the limit of quantification in tECF after 15 h of a single injection of
intravenous irinotecan. Also, mice receiving NPs-IgG3 showed longer SN-38

tECF exposure as compared with the irinotecan group, although SN-38 levels



dropped below the detectable level after 21 h. Mean AUCs of SN-38 in tECF

are shown in Figure 6C.

The extent of penetration of the targeted tumor by unbound SN-38, calculated
as the mean tECF-to-plasma AUC ratio, was significantly higher in mice
receiving NPs-3F8 (Figure 6D). Together, these results suggest that GD2-
targeted SN-38 was released slowly in the extracellular compartment of the
tumor, due to accumulation of NPs. Whether the NPs remained in the tECF, or
reached the intracellular compartment, could not be addressed with our
experimental design. We did not analyze SN-38 from tumor homogenates in
this study because such analysis would detect a combination of released and
unreleased drug in different tumor compartments (intracellular, extracellular,
and vascular).?" In contrast, analysis of dialysates made possible to compare
the distribution of free SN-38 in a single compartment (tECF) for the 3 groups.
The microdialysis approach has been previously reported to characterize tECF
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distribution of drugs released from liposomal formulations.
knowledge, our study is the first using microdialysis to characterize tECF
distribution of drug released from systemic monolithic polymer formulations, and
the first to report enhanced drug distribution in tECF provided by targeting a
specific tumor antigen. Because unbound drug concentrations in tECF

51-53

correlated well with antitumor activity in previous microdialysis studies, and

protracted exposure to irinotecan and topotecan improve antitumor response,>*
57

our result suggest that GD2 targeted formulations carrying SN-38 might

improve activity in neuroblastoma.



Targeted accumulation of NPs in tumor.  We used fluorescent NPs to study
the GD2-targeting effect of 3F8 conjugation in neuroblastoma, as compared to
conjugation to the control murine antibody IgG3. Both fluorescent NPs-IgG3 and
NPs-3F8 were detected in the studied tissues, although the intensity of the
signal was greater in tumors treated with GD2-targeted NPs (Figure 7A). The
tumor-to-liver region of interest (ROI) intensity ratio was 3.4-fold higher for the
mouse receiving NPs-3F8, as compared to the mouse receiving NPs-IgG3.
Microscopic images from cryosections showed preferential accumulation of

NPs-3F8 for the tumor tissue, as compared to other organs (Figure 7B).

In vivo antitumor activity. We evaluated the activity of the new NP
formulations, administered intravenously twice a week, for 3 weeks, as
compared to equimolar irinotecan (same schedule) and the published
protracted regimen of irinotecan,> in mice bearing the PDX model HSJD-NB-
007 (Figure 8A). Treatments were well tolerated by the animals, as shown by
their weight curves (Figure 8B). Median survival of the animals receiving 5 days
per week for 2 consecutive weeks (n=5), irinotecan 10 mg/kg at days 1 and 4
each week for 3 weeks (n=5), 4 mg/kg SN-38 in NPs-IgG3 at days 1 and 4 each
week for 3 weeks (n=5), 4 mg/kg SN-38 in NPs-3F8 at days 1 and 4 each week
for 3 weeks (n=5), or control treatment (n=5) was 44, 27.5, 45, 55 and 30 days,
respectively (Figure 8C). Mice treated with NPs-3F8 survived significantly
longer than control mice (P=0.0064) and both groups of mice treated with
irinotecan (P = 0.0067). Difference in survival between NPs-3F8 and NPs-IgG3
was not statistically significant upon application of the Bonferroni correction for

comparison of multiple groups (P = 0.0409). NPs-IgG3-treated mice improved



survival versus control mice (P=0064) but not as compared to irinotecan groups

(P>0.05).

While irinotecan has shown promising results in preclinical research in mice

with neuroblastoma,>®>°

this activity has not been translated to the bedside,
probably because of the reduced activity of human carboxylesterases.®® In this
context, SN-38-loaded NK012 NPs have improved the activity of irinotecan in
several tumor models, likely because of the better safety/activity profile of SN-
38 released by this formulation.*® Our current work adds relevant evidence that
SN-38 delivery can be targeted to antigens expressed by pediatric solid tumors,

resulting in improved accumulation and efficacy as compared to non-targeted

formulations.

METHODS

Materials. SN-38 was obtained from Seqchem (Pangbourne, UK). Irinotecan for
in vivo studies was purchased from Hospira (Lake City, IL). Clinical grade
mouse monoclonal antibody 3F8 was supplied by Dr. Nai-Kong Cheung at
Memorial Sloan Kettering Cancer Center (New York, NY). Murine IgG3 (purified
immunoglobulin from murine myeloma, clone DX), HPBCD, polyvinyl alcohol
(PVA, Mw 30-70 kDa), 2-(N-morpholino)ethanesulfonic acid (MES) buffer, N-
hydroxysulfosuccinimide (NHS), 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride  (EDC), 3,6-Dimethyl-1,4-dioxane-2,5-dione  (D,L-lactide),
stannous octoate (tin(ll) octanoate), fluorescein 5(6)-isothiocyanate (FITC,
anhydrous acetate, phosphate buffered saline (PBS) tablets, sodium hydroxide

(NaOH) and dimethyl sulfoxide (DMSQO) were purchased from Sigma-Aldrich



(St. Louis, MO). Tetrahydrofuran (THF) was from Chen Samuel Chemicals
(Haifa, Israel). Glacial acetic acid, triethylamine (TEA), ethyl acetate (EtOAc)
and di-sodium tetra-borate 10-hydrate were from Panreac (Barcelona, Spain).
Water was from Milli-Q water purification system (Millipore, Beldford, MA).
Heterobifunctional polyethylene glycol (HO-PEG-COOH, Mw 3,400) was from
Laysanbio (Arab, AL, USA). Reagents for cell culture were from Life

Technologies (Grand Island, NY, USA).

Preparation of SN-38-loaded NPs targeting GD2. NPs were prepared by a
single emulsion method.®*® NP matrix was composed of a mixture of acid-
terminated PLGA (Mw 7-17 kDa, Evonik, Germany) and PLA-PEG-COOH
(5%:95%). PLA-PEG-COOH was synthetized by the ring-opening
polymerization of D,L-lactide by the terminal -OH moieties of HO-PEG-COOH in
presence of tin(ll) octanoate as catalyst at 145 °C under magnetic stirring (2.5
h). For the preparation of 200 mg batches of the reference nanoparticle
formulation (R-NPs), 9 mg PLA-PEG-COOH were dissolved in 3.6 mL ethyl
acetate and added to 171 mg of PLGA. Alternatively, the proportion of PLA-
PEG-COOH was increased to 10% and 20% in additional test formulations.
Each of the polymer blend solutions was then added to 3.6 mL DMSO
containing 20 mg SN-38 (to achieve 10% theoretical load in the final
formulation). Blank nanoparticles (without SN-38) were manufactured as
controls. The resulting mixture was added to 20 mL of PVA 1% in water (w/v)
and sonicated for 30” (2” on — 1" off cycles) in an ice bath. The oil-in-water (o/w)
emulsion was immediately added to 240 mL of acetate buffer (pH 4.8) and

stirred for 24 h away from light for solvent diffusion and evaporation. The



dispersion of hardened NPs was then centrifuged in 25 mL tubes for 1 h at
60,000 g. R-NPs pellets were washed twice in water followed by 30 min 60,000
g centrifugation after each wash. The final pellet was dispersed in 10 mL water
containing cryopreservant (100 mg HPBCD), and frozen in liquid nitrogen until

lyophilization.

To obtain NPs-3F8 (100 mg), we followed the same steps until the first wash of
the hardened R-NPs. Then, the pellet was resuspended in 20 mL MES buffer
0.01 M (pH 5.5) together with 1 mL of NHS and 0.5 mL of EDC, as previously
described.®® EDC and NHS were used to activate the carboxyl groups of PLA-
PEG-COOH on the NP surface to form an intermediate that can react with
primary amine groups on the antibodies.®* This solution was stirred for 15 min
and washed with 200 mL of MES buffer, followed by 30 min centrifugation at
60,000 g. The pellet was then resuspended in 16 mL PBS 10x, and 3.5 mL
MES buffer and 500 puL (100 pg) of 3F8 murine monoclonal antibody in MES
buffer were added to the suspension of activated nanoparticles. The solution
containing the antibody and the activated nanoparticles was stirred for 3 h away
from light. Three final washes with water were performed to remove the excess
of antibody, MES buffer and PBS. Finally, the pellet was resuspended in 5 mL
of water containing 50 mg HPBCD, frozen and freeze-dried for 72 h.
Additionally, NPs conjugated with murine IgG3 (NPs-IgG3; same subclass as

3F8 antibody) were manufactured as control NPs.

To produce fluorescently-labeled polymer, 500 mg PLA-PEG-COOH in 25 mL
dimethylformamide reacted with 9.5 mg FITC at RT for 18 h. After 48 h dialysis

through 300 kDa MWCO the polymer was freeze-dried. The new FITC-PLA-



PEG-COOH polymer replaced PLA-PEG-COOH in the nanoparticles previously

described, to produce FITC-NPs-IgG3 and FITC-NPs-3F8.

Characterization of NPs. Particle size (z-average), polydispersity index (PDI)
and zeta potential were determined by DLS with a Zetasizer Nano ZS from

Malvern Instruments (Malvern, UK).

SN-38 load in NPs was quantified upon hydrolysis of the polymers in NaOH 0.1
M. To produce working solutions for the calibration curve, SN-38 (stock in
DMSO) was diluted in NaOH 0.1 containing hydrolyzed blank nanoparticles
(without drug). Appropriate volumes of the working solutions were added to pH
7,4 PBS containing 10% HPBCD (w/v) to build the final calibration curve. HPLC

analysis of SN-38 was performed as previously described.*

Polymer characterization. PLA-PEG-COOH copolymer Mw and PDI were
determined by gel permeation chromatography (GPC, Alliance HPLC system,
Waters, Milford, MA) using a refractive index detector and 4 styragel HR (1-4)
columns (7.8 x 300 mm, packed with 5 pum particles). Previous to injection,
samples were dissolved in THF at a concentration of 1 % (w/v) and filtered
through 0.45 um filters. Runs were conducted at a flow rate of 1 mL/min, at
40<C. Poly(methyl methacrylate) standards (PSS poly mer standards service,

Mainz, Germany) with Mw 2,260-171,000 Da were used for Mw calibration.



SN-38 release from NPs. To determine the release profile of SN-38 from the
nanoparticles, formulations containing 100 pug of encapsulated SN-38 were
resuspended in 3 mL of pH 7.4 PBS (10% HPBCD) and loaded into a 40 kDa
cutoff Slide-A-Lyzer G2 dialysis cassettes from Thermo Fisher (Waltham, MA).
The cassettes were placed individually in hermetic plastic bags with 10 mL of
pH 7.4 PBS (10% HPBCD), at 37°C, in continuous stirring for 96 h. At sampling
times 0.5, 1, 2, 4, 6, 8, 12, 24, 48, 72, 96 h, buffer from the airtight plastic bags
was completely removed and replaced with fresh buffer. 100 pL of the removed

buffer were processed as previously described to analyze SN-38.%*

Tumor models. Neuroblastomas (LAN-1, SK-N-AS, IMR-5, SK-N-JD, SK-N-LP,
SH-EP1 and SH-SY5Y) and HelLa cell lines were obtained from the repository
maintained at Hospital Sant Joan de Deu, (HSJD, Barcelona) and cultured as

previously described.>*

Neuroblastoma, Ewing sarcoma and rhabdomyosarcoma PDX models were
established from patient biopsies at HSJD under an IRB-approved protocol.
HSJD-NB-007 (neuroblastoma) was established from a 5 year old male with
progressive stage 4 disease, MYCN-amplified. For in vivo studies, fresh tumor
fragments (10-50 mm®) were subcutaneously transplanted to the flank of nude
mice. The research conducted with mice adhered to the European regulations

and it was approved by the local animal care and use committee (135/11).

Expression of GD2 in tumor models. Selected tumor models were

characterized for GD2 antigen expression in cultured cells by an immunological



method.®? All models were analyzed for relative mRNA expression of GD2

synthase by RT-gPCR, as previously described.®?

In vitro binding of 3F8 to GD2. To determine whether 3F8 monoclonal
antibodies were functional upon conjugation to NPs, a competitive binding
immunofluorescence assay was performed. The surface of 8-well EMD Millipore
Millicell EZ Slides (Millipore, Billerica, MA) was coated with 100,000 LAN-1
(GD2%) or HelLa (GD2) cells in culture. After 24 h at 37°C and 5% CO,, the
medium was removed, cells were fixed in paraformaldehyde (4%) for 15 min at
4°C, washed 3 times (PBS-Tween 0.05%) and blocked with BSA (3% in PBS)
for 1 h. Then, either NPs-IgG3 (10,000 pug/mL) or NPs-3F8 (0, 1, 10, 100, 1,000
and 10,000 pg/mL) suspended in fresh culture medium were added to the wells,
in triplicate, and incubated for 1 h at RT. Consecutively, a fixed amount of free
3F8 (5 pg in 500 pL) was added to the wells and incubated for 1 h to compete
for free GD2 antigens on the cell surfaces. After 3 washes, wells were
incubated with FITC-labeled secondary rabbit anti-mouse antibody (1:5,000)
and DAPI (to stain nuclei) for 1h at RT. Finally, fluorescence microscopy
pictures were obtained (Leica DM 5000 B, Wetzlar, Germany) and quantified by

ImageJ (NIH, Bethesda, USA).

In vitro activity of NPs. To study the antiproliferative activity of SN-38, either
free (from a stock in DMSO) or carried by R-NPs, NPs-IgG3 or NPs-3F8,
10,000 LAN-1 or HelLa cells were plated in 96-well plates, cultured overnight,

and treated with serial dilutions of each formulation. The MTS assay (Promega,



Fitchburg, WI) was used to determine cell viability after 72 h of incubation. IC50
values, defined as the concentrations of drug required to cause a reduction of
50% in cell viability, were calculated with Graphpad Prism 5 software (La Jolla,

CA).

Pharmacokinetics of SN-38 in mice with neuroblastom a. To characterize
plasma and tECF concentration-time profiles of lactone SN-38 after the
intravenous administration of each formulation, 62 mice bearing HSJD-NB-007
tumors received one dose of 4 mg/kg SN-38 in NPs (NP-IgG3 or NPs-3F8),
intravenously (i.v.). As reference, a group of mice received 10 mg/kg irinotecan
I.v. (equimolar SN-38 dose upon i.v. irinotecan metabolization to SN-38 in
mice).®® Plasma samples were obtained at different time points until 24 h and
total lactone SN-38 was quantified after protein precipitation in cold methanol,
as described previously.3* In mice receiving irinotecan, such total SN-38
concentration was the summation of the plasma protein bound and unbound
fractions. In this group, the unbound plasma SN-38 concentration was
calculated by the application of the plasma protein binding factor (81.4%)
calculated in a previous work by the ultrafiltration method.®* In mice receiving
NPs, total SN-38 concentration was the summation of the fraction still
encapsulated in NPs and the fraction already released from NPs (either bound
or unbound to proteins). In these two groups, one aliquot of each plasma
sample was processed also as ultrafiltrate to determine the free fraction (protein
unbound) of the released SN-38. Total (bound + unbound) released SN-38 was
calculated upon the application of the protein binding factor to the ultrafiltrate

(81.4%).



SN-38 plasma levels were fitted to a two compartment model. The maximum
concentration achieved in plasma (Cmax) Was calculated by extrapolation at time

0 of the initial fast exponential decay curve.

Long-term delivery of SN-38 in tumor extracellular fluid (tECF) was studied in
vivo in tumor-bearing mice using intratumoral microdialysis.***” Briefly, 20 kDa
cutoff, 4 mm-length microdialysis probes (CMA, Kista, Sweden) were inserted
into subcutaneous HSJD-NB-007 tumors implanted in 13 mice under isoflurane
anesthesia, and fixed with sutures to the skin. PBS with HPBCD 10% (w/v) was
used as perfusion fluid at a flow rate of 0.5 pL/min. After 90 min equilibration,
mice received either irinotecan 10 mg/kg, or SN-38 4 mg/kg in NPs-IgG3 or
NPs-3F8, and 1.5 h dialysate samples (45 pL) were collected in a CMA 470
refrigerated fraction collector (CMA, Kista, Sweden) as previously described,

and stored at -80 °C until HPLC analysis.>*

Microdialysis probes were calibrated using the mean recovery value (70%)
previously determined in vivo at steady state SN-38 plasma levels.?* AUCs of
SN-38 in plasma and tECF dialysates were calculated with the trapezoid

method.

Accumulation of NPs in tissues.  To explore whether GD2-targeted NPs were
preferentially distributed to GD2-positive tumors over non-targeted ones, both
FITC-NPs-IgG3 and FITC-NPs-3F8 were intravenously administered via the tail
vein in mice bearing HSJD-NB-007 tumors. After 2 h, mice were sacrificed,
organs and tumors were immediately collected and macroscopic fluorescence

images were taken with a commercial unit (Hamamatsu Photonics, Hamamatsu



City, Japan) with a high sensitivity cooled CCD camera and analyzed with
Hokawo imaging software. After imaging, tissues were transferred to a PBS
solution with sucrose 30% (w/v) for 48 h away from light. Then, they were
frozen in methylbutane and 7 um cryosections were stained with DAPI and
observed under fluorescence microscopy. Results were expressed as the
tumor-to-liver intensity ratio in a region of interest (ROI), i.e., the intensity of the
signal of tumor ROI was normalized to the intensity of an area-equivalent ROl in

the liver of the same mouse.

In vivo activity of NPs. For activity assays in mice we selected the PDX model
HSJD-NB-007 upon confirmation of intense expression of GD2 synthase by
real-time gPCR (Figure 3). Freshly excised tumors from one mouse bearing the
second generation of the PDX were fragmented and implanted in 25 nude mice.
When the tumors reached 100-300 mm® mice were treated with either
irinotecan 10 mg/kg per day for 5 days per week for 2 consecutive weeks
[(dx5)x2] (n=5 mice),>* irinotecan 10 mg/kg at days 1 and 4 each week for 3
weeks (n=5), 4 mg/kg SN-38 in NPs-IgG3 at days 1 and 4 each week for 3
weeks (n=5) or 4 mg/kg SN-38 in NPs-3F8 at days 1 and 4 each week for 3
weeks (n=5). The regimen of irinotecan (dx5)x2 has been previously shown
active against neuroblastoma,>® while the regimens in the other groups reduced
the dose by 40% as compared to the one of (dx5)x2, and provided equimolar
dosages of SN-38. Control mice (n=5) were treated with saline for 3 weeks
following the same schedule of these 3 groups. By the end of treatment (day

21), 1 mouse of each group was euthanized and tumors were processed for



IHC analysis of proliferation and cell viability. Tumor growth was measured with

an electronic caliper. When tumors reached 2,000 mm?® mice were euthanized.

Statistics. GraphPad Prism 5 was used to perform the statistical analyses.
One-way ANOVA test using the Bonferroni’'s post test to compare multiple
groups was used to determine the differences in the mean tECF AUCs and
tECF AUC-to-plasma ratios between treatments. For comparison of multiple
survival curves, median survivals (calculated by the Kaplan-Meier method) were

compared with the log-rank test with Bonferroni-corrected threshold.
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Figure 1. Characterization of the new NP formulations by DLS and SEM.
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Figure 2 . Cumulative release of SN-38 from NPs-IgG3 and NPs-3F8. Dots are
individual data at each sampling time, obtained from triplicate samples of each
formulation.
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Figure 3. Expression of GD2 in tumor models. A. Immunocytochemistry of a
GD2-positive neuroblastoma, LAN-1, and a GD2-negative model, HelLa. B.
Relative expression of GD2 synthase in neuroblastoma cell lines and patient-
derived xenografts of neuroblastoma, Ewing sarcoma and rhabdomyosarcoma.
Values (mean and SD from triplicates) were normalized to GD2 synthase
expression in LAN-1 cells.
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Figure 4. Competitive immunofluorescence assay. A. GD2 labeling in LAN-1
cells exposed to 1 pg/mL of NPs-3F8. This concentration of NPs did not
saturate GD2 antigens in the plate. B. GD2 labeling in LAN-1 cells exposed to
1000 pg/mL of NPs-3F8. This concentration of NPs blocked the subsequent
binding of free 3F8 antibody. C. Dose-response curve of the saturation of GD2
antingens exposed to increasing concentrations of NPs-3F8. D. NPs-IgG3 at
high concentration (10000 pg/mL) did not compete for GD2 sites on LAN-1
cells.
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Figure 5. In vitro antiproliferative activity of SN-38 formulations (A) and 3F8
antibody (B). A. Antiproliferative activity of the formulations against LAN-1 cells.
Values are expressed as % of MTS signal as compared to control untreated

cells that were considered 100%. B. Antiproliferative activity of 3F8 against
LAN-1 and HelLa cells.
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Figure 6. Plasma and tECF pharmacokinetics of SN-38. A. Plasma SN-38
concentration-time curves. Dots represent individual data. B. tECF SN-38
concentration-time curves. Dots represent individual data from 3-5 pooled
experiments. C) Plasma and tECF exposure to unbound SN-38, represented as
calculated AUCs. D) tECF-to-plasma AUC ratios. Mean and SD of 3-5
experiments are represented. * P < 0.05 (ANOVA).
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Figure 7. Accumulation of FITC-labeled NPs in vivo. A. Ex vivo fluorescence
macroscopic images taken 2 h after a single intravenous administration of 4
mg/kg SN-38 B. DAPI-stained microscopic images derived from tissues shown
in A. Bars are 100 um.
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Figure 8. In vivo efficacy of SN-38 formulations. A. Antitumor activity of
irinotecan 10 mg/kg for 5 days, repeated 2 weeks [(dx5)x2], irinotecan 10 mg/kg
once every 4 days, repeated 3 weeks [(g4d)x3], NPs-IgG3 and NPs-3F8 at
equimolar dosages and schedules [(q4d)x3]. Graphs show growth of individual
tumors in nude mice. B. Weight of mice during treatment (mean and SD). C.

Survival curves.



Tables

Table 1. Characterization of the new NP formulations. Data are means of 3 different batches.

Formulation % of PLA-PEG- | FITC | mAb? | Load efficiency (%) + SD Particle size (nm) + SD PDI° + SD Zeta potential + SD
COOH (w/w)

R-NPs 20 N/A 216.1 +16.5 328.3 +39.5 0.346 +0.069 -28.3 +0.99
R-NPs 10 N/A 230.2+405 296.9 +26.6 0.370 +0.040 -24.1+ 56
R-NPs 5 N/A 113.5+7.8 276.1+1.3 0.277 +0.025 -26.4 +1.55
NPs-1gG3 5 IgG3 83.1+17.4 269.1+4.7 0.259 +0.036 -20.0 £1.37
NPs-3F8 5 3F8 90.7+17.7 272.4+19.2 0.282 +0.015 -22.8+1.04
FITC-NPs-1gG3 5 v IgG3 105.7 +8.7 299.4 +20.3 0.277 £0.023

FITC-NPs-3F8 5 v 3F8 96.4 +16.0 299.6 +20.0 0.284 +0.023

aMonoclonal antibody. "Polydispersity index.
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The average survival of pediatric patients with high-risk neuroblastoma,
metastatic Ewing sarcoma and alveolar rhabdomyosarcoma is still poor (less
than 50%) because of the rapid acquisition of chemoresistance to
conventional treatments. A mechanism that could be involved in tumor
chemoresistance is the inadequate drug distribution, but its role has not been
thoroughly studied. Some previous works have shown the potential of using
microdialysis combined with tumor homogenates to assess the preclinical
intratumor drug distribution in xenograft models [127]. The authors found that
the administration of gefitinib significantly improved TPT penetration into
glioma orthotopic xenografts in mice and they characterized the
compartmental drug distribution of TPT in the tumor extracellular fluid as well
as in the vascular and intracellular compartments though the combined
microdialysis-tumor homogenate method [127]. However, the implementation
of microdialysis when applied to hydrophobic compounds can lead to
misinterpreted results because these compounds bind to the internal
surfaces of the tubing and to the membrane of the microdialysis probe as it
was previously determined for other lipophilic molecules such as docetaxel
[147, 157]. Loos et al. attempted to microdialyze docetaxel unsuccessfully
even after the addition of polysorbate 80 or albumin as solubilizer agents
[157]. An interesting work visually revealed also the non-specific binding of
doxorubicin to the internal surfaces of plastic tubes [162] (see Figure 10 in
the Introduction). The group of Julie A. Stenken successfully improved the
RR of lipophilic molecules such as prostaglandins and leukotrienes upon the
addition of cyclodextrins to the perfusion fluid [153]. In fact, the use of
cyclodextrins as a solubilizer agent added to the perfusate has produced
several works [141, 158]. Different lipophilic molecules including glucose,
lactate and pyruvate were microdialyzed in human individuals from
subcutaneous abdominal tissue by adding 2-hydroxypropyl-B-cyclodetrin
(HPBCD) to the perfusate solution and the method was safe for its use in
patients [158]. The authors determined an enhancement effect of the
cyclodextrins on the uptake of lipophilic compounds from the subcutaneous

adipose tissue because of the formation of a complex between the
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hydrophobic compounds and the hydrophobic core of the cyclodextrins. In
contrast with previous results where SN-38 was microdialyzed without the
addition of solubilizer agents [202, 203], we observed the necessity of using
a solubilizer to successfully microdialyze SN-38, especially the SN-38L
counterpart. Dodds et al. studied SN-38 distribution in NB1691
neuroblastoma xenografts [203]. The authors claimed to be able to determine
the concentration of both lactone and carboxylate forms of SN-38 in
dialysates obtained by perfusing Ringer’s solution through the microdialysis
device, but here we have demonstrated that SN-38L is extremely lipophilic
and thus it cannot be reproducibly dialyzed without adding a solubilizer agent
in the perfusate solution. Encouraged by previous studies using
cyclodextrins, we decided to use HPBCD in our microdialysis studies with
SN-38. Despite it was described before that the addition of HPBCD at the
concentration of 10% (w/v) does not cause significant tissue alteration in
humans [158], we had some concerns regarding how HPBCD could affect
SN-38 cellular uptake and tissue integrity. We determined that extravasation
of HPBCD from inside of the microdialysis probe to the surrounding tissue
was negligible (<1%). Moreover, it has been determined that drug release
from cyclodextrins as a delivery agent is almost immediate [204], so we did
not expect much affinity of the few extravasated HPBCD for the free SN-38.
According to May et al. [158], who observed an enhanced relative recovery of
endogenous analytes by adding HPBCD to the perfusion fluid (figure 11), we
observed enhanced recovery of SN-38L as a result of the use of HPBCD in
the perfusate solution, resulting in a complex between the hydrophobic core
of the cyclodextrin and the hydrophobic SN-38L. Fortunately this complex is
not irreversible because methanol and acetonitrile compete with the
cyclodextrin hydrophobic core and HPBCD did not affect to the peak
retention times of SN-38 in HPLC chromatograms. Thus, while others may
have been concerned about the injection of HPBCD in the chromatographic
columns because of the possibility of the formation of complexes inside, we
determined that our method was safe and reproducible when injecting
dialysate samples into our chromatographic system repeatedly. Currently, we
use HPBCD in all HPLC methods developed for SN-38 in our laboratory,

because it greatly improves their linearity and reproducibility. The new
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microdialysis method developed in this work showed to be a useful and
reproducible method to sample SN-38 from the extracellular fluid avoiding the
problems of non-specific binding of the drug to the tubes or the membrane of
the probe and allowing chromatographic analysis. Dialysate samples,
together with tumor homogenates, provided full information about
compartmental SN-38 distribution in pediatric PDX models.

Disposition of other camptothecins have been studied using
microdialysis. Zamboni et al. used a microdialysis probe with a molecular
cutoff of 20 kDa to study the distribution of topotecan, an analogue of
camptothecins, in mice bearing sensitive NB1643 and resistant NB1691
human neuroblastoma xenografts [165]. In a previous study the authors
described antitumor activity as directly related to topotecan dose and
systemic exposure [112]. In this new study they found that the sensitive
model NB1643 showed 3.5-fold higher tumor penetration than the resistant
NB1691 suggesting that tumor penetration of topotecan could be associated
with antitumor response in neuroblastoma. Figure 12 depicts topotecan
plasma and tECF concentrations in sensitive and chemoresistant models. In
our opinion, however, their study was not complete because microdialysis
alone is only partially informative in tumor drug penetration studies. We
would expect high drug concentrations in tECF of most tumors, given the
EPR effect. In addition, only drugs in the tECF are analyzed by microdialysis
alone, whereas most chemotherapy agents have intracellular targets. Lastly,
it is risky to compare drug efficacy in tumors from different patients, as in the
Zamboni study, and to correlate treatment failure only with drug distribution in
the tECF of each model. Thus, in our work on drug delivery in tumors derived
from pediatric patients, we addressed these concerns by implementing (1)
the microdialysis — tumor homogenate technique to characterize
compartmental drug distribution within the tumors, and (2) paired tumor
models from the same patient to correct for the interpatient variability. We
applied this approach to study tumor evolution as a result of therapy pressure
in neuroblastoma, Ewing sarcoma and rhabdomyosarcoma PDX models.
Each model was obtained from the same patient at different stages of the
malignancy. Results showed that the late (resistant) models from each

patient were associated with worse distribution of the drug (SN-38L) in the
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intracellular space. To our knowledge, we are the first to accomplish this

challenging experimental setup including functional studies in vivo in paired
models from pediatric solid tumor patients.
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Figure 11. Metabolite recovery in adipose and skeletal muscle tissue at different flow rates

Slight enhanced relative recovery (RR) with the use of HPBCD is evidenced in most cases.
Extracted from May et al. [158].
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Because SN-38 is a highly lipophilic drug, microdialysis was conducted
as previously described, using HPBCD as solubilizer agent to avoid non-
specific adsorption of the drug to the internal surfaces of the microdialysis
device. The results presented in this thesis show the reduced penetration of
the drug SN-38L in late-stage tumors compared to the early-stage tumor
models from the same patient. However, the neuroblastoma model HSJD-
NB-005 did not show reduced penetration compared to the earlier-stage
HSJD-NB-004, like the other paired xenograft models. Originally in the
patient, this neuroblastoma was chemoresistant from the beginning (HSJD-
NB-004) and never responded to any treatment received. Moreover, these
two models were MYCN amplified and p53 mutated, conferring high
chemoresistance.

The results of the efficacy study comparing the efficacy of irinotecan in
paired Ewing sarcoma models suggest that hindered drug penetration to the
intracellular compartment might play an important role in tumor
chemoresistance, as previously described for topotecan [165]. Thus, we
reasoned that new DDS improving drug delivery might overcome this
acquired pharmacokinetic limitation of late stage tumors, and might lead to

improved drug delivery and efficacy.
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Accordingly, we designed two different SN-38-delivery systems, one for
local delivery and the other for systemic administration. We characterized
preclinically the release, tumor delivery and efficacy of camptothecins loaded
into the new polymeric nanocarriers.

The use of polymeric matrices for local drug release, commonly designed
as nanofibers or films, is reaching increasing interest lately. Since current
local control of pediatric solid tumors is inefficient [205-207] and the use of
radiotherapy is usually associated to second malignances [208] the use of
polymeric matrices at the tumor site following debulking surgery may be
useful to replace or delay radiotherapy and to control the re-growth of tumor
residues in the surgical bed. Here, in collaboration with Dr J.A. Tornero at the
Universidad Politecnica de Cataluna, we developed a new DDS for local
release of SN-38 microcrystals previously incorporated to the polymeric
nanofiber matrices generated by electrospinning. Electrospun polymeric
nanofibers were chosen because of their malleability, which allows them to
be applied over different surfaces, and because of their high surface and
porosity that allow body fluids to get through facilitating drug release at the
target tissue. Microdialysis probes implanted in the tumor bulk at different
distances from the matrices showed that SN-38 concentration dropped
dramatically at distances greater than 2 mm from the nanofiber matrices in
contact with the subcutaneous tumor xenograft [209] and it was not
quantifiable when the distance between the microdialysis probe and the
matrix was greater than 5 mm. These results confirmed that local penetration
of the drug is limited in tissues, and they could explain the failure of previous
studies with local DDS implanted on top of bulky tumors [210, 211]. Our
microdialysis method conferred several advantages to study local tissue
penetration by local DDS. Methods like the use of radiolabeled drugs for
diffusion studies are not suitable for its use in most laboratories [212] while
other methods such as ex vivo tumor homogenates might not be the ideal
platform since it is relatively easy to overestimate the real drug penetration
[213]. Using terminal sampling to determine the extent of penetration of a
locally administered drug to the tumor bulk might lead to an overestimation

probably because of the maintained drug release of the DDS until sample
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collection, while in the ex vivo tissue there is no longer the capacity of drug
elimination [214]. Our complete study led us to propose that the use of local
DDS systems in oncology should be limited to those patients that underwent
macroscopic total resection of the tumor or patients with minimal tumor

residues after surgery.

The next main goal of this thesis was to develop, characterize and
evaluate a polymeric nanoparticulate formulation of SN-38 for its systemic
administration in aggressive stage 4 neuroblastoma-bearing mice. To
perform this project we collaborated with Dr Sosnik at Technion (Haifa,
Israel), who provided newly synthesized polymers and resources for the
characterization of the DDS. Our rationale to propose this DDS was that
nanoparticulate SN-38 would overcome the limitation of the poor conversion
rate from IRN to SN-38 in humans [110]. Hydrophobic SN-38 was
successfully encapsulated into polymeric poly(lactic-co-glycolic) acid (PLGA)
+ PLA-PEG (5% w/w) nanoparticles. Several works using nanoparticulate
formulations of SN-38 have been published [172-175]. Some of them have
shown remarkable activity of the NKO12 NPs over different tumor models in
preclinical experiments [215-217]. Also, tocopherol-conjugated SN-38 has
shown improved efficacy at lower doses than standard IRN in neuroblastoma
xenografts [218, 219]. Here, polymeric NPs decorated with 3F8 monoclonal
antibody against GD2 ganglioside, highly expressed on the membrane of
neuroblastoma cells [220] and in other pediatric tumors [221-228] were
proposed as a polymeric platform for the systemic administration of SN-38.
GD2 expression is restricted to central nervous system in healthy tissues and
in less proportion in peripheral neurons and skin melanocytes [229], thus it is
a good candidate molecule for targeted therapy. We expected active
targeting with the murine monoclonal antibody 3F8 (a clinical-grade antibody
that reached clinical trials in children with neuroblastoma). Microdialysis
results demonstrated that longer SN-38 exposure in the tECF, provided by
the targeted formulation, correlated with improved antitumor activity. We
suggest that, while polymeric nanofibers would be advantageous for the local
control of the disease, SN-38 — loaded polymeric NPs would be a platform

more oriented to the systemic administration and control of the disseminated
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tumor. Next projects in the laboratory should address whether neuroblastoma
metastases are controlled better with the GD2-targeted formulation, although
we currently do not have the adequate metastatic patient-derived
neuroblastoma xenograft model to address such question. To our knowledge,
this is the first demonstration of improved intratumor drug distribution upon
administration of a polymer NP formulation with active targeting of the
ganglioside GD2 in neuroblastoma. Few previous studies have used
microdialysis to assess drug distribution in solid tumors, and no study has
addressed before tECF drug delivery by microdialysis upon the

administration of systemic polymer nanoparticles [61, 127].

In summary, our results contributed to the field of pediatric oncology in
several ways. First, we were able to validate a unique method to study drug
distribution in clinically relevant tumor models. Second, we applied such
method to find for the first time how tumors evolve towards a “drug
impenetrable” phenotype under treatment pressure. Third, once identified the
new unmet medical need, we developed two novel DDS to improve drug

delivery and efficacy in our tumor models.
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Conclusions

The results of this work characterized the delivery of the model

anticancer agent SN-38 in pediatric solid tumors. The main conclusions are:

1)

It was possible to microdialyze the highly lipophilic SN-38 by adding
HPBCD at the concentration of 10% (w/v) to PBS (pH 7.4) as perfusion
fluid, successfully avoiding the non-specific adsorption of the drug to the
microdialysis device. We were able to calibrate the microdialysis probes
by the ZFR method.

Inadequate drug distribution may have an important role in tumor
chemoresistance acquired due to treatment pressure, as elucidated from
the study of drug distribution in paired xenograft models of pediatric solid
tumors by using the combined microdialysis — tumor homogenate
technique. Thus, new drug delivery approaches might be needed to

overcome this newly identified unmet medical need.

The use of locally implanted electrospun polymeric nanofiber matrices in
the surgical bed upon tumor resection surgery allowed achieving high
local concentration of SN-38 while keeping low systemic exposure. The
matrices delayed tumor growth in neuroblastoma and Ewing sarcoma
PDX models upon subtotal resection surgery. The distribution of the SN-
38 was mostly limited to the site of implantation as shown from the
microdialysis experiments as well as it was the efficacy, not affecting the
contralateral untreated tumor in mice. Thus, we suggest that the patients
that would benefit from this new DDS would be the ones with minimal or

microscopic tumor rests after resection surgery.

GD2-targeted SN-38 nanoparticles achieved selective targeting of the
GD2-expressing tumor neuroblastoma. The targeted formulation
prolonged drug exposure in tumors, which was translated into improved

treatment efficacy even with fewer dosages than the prodrug IRN.
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