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Abstract
This review summarizes the in vivo assessment--preliminary, preclinical, and clinical--of
chemotherapeutics derived from camptothecin or a derivative. Camptothecin is a naturally
occurring, pentacyclic quinoline alkaloid that possesses high cytotoxic activity in a variety of cell
lines. Major limitations of the drug, including poor solubility and inactivity at physiological
conditions, prevent full clinical utilization. Camptothecin remains at equilibrium in an active
lactone form and inactive hydrolyzed carboxylate form. The active lactone binds to DNA
topoisomerase I cleavage complex, believed to be the single site of activity inhibiting DNA
religation, resulting in apoptosis. A series of small molecule camptothecin derivatives have been
developed that increase solubility, lactone stability and bioavailability to varying levels of success.
A number of macromolecular agents have also been described wherein camptothecin(s) are
covalently appended or non-covalently associated with the goal of improving solubility and
lactone stability, while taking advantage of the tumor physiology to deliver larger doses of drug to
the tumor with lower systemic toxicity. With the increasing interest in drug delivery and polymer
therapeutics, additional constructs are anticipated. The goal of this review is to summarize the
relevant literature for others interested in the field of camptothecin-based therapeutics, specifically
in the context of biodistribution, dosing regimens, and pharmacokinetics with the desire of
providing a useful source of comparative data. To this end, only constructs where in vivo data is
available are reported. The review includes published reports in English through mid-2009.
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1. INTRODUCTION
Wall and Wani isolated 20-(S)-camptothecin (CPT) in 1966 from the bark of Camptotheca
acuminata, but quickly observed that CPT suffers from many limitions including poor
stability and solubility.1 A year after the discovery of CPT, Wall and Wani discovered
paclitaxel, another anticancer drug, which also showed great promise.2 While both drugs
showed powerful anticancer activity,3 CPT’s poor solubility and unpredictable adverse drug
interactions favored the development of paclitaxel as a broad spectrum chemotherapeutic.4

However, the CPTs gained much interest in the late 1980’s when the molecular target was
identified: DNA topoisomerase I (TOP I) is believed to be the single point of biological
activity.5–10 Crystal structures later confirmed the binding pocket for CPT as well as for a
series of other compounds.11–13 TOP I is an essential enzyme that relaxes supercoiled DNA
prior to transcription through the formation of single strand breaks and religation. Upon
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binding to TOP I, CPT prevents religation and causes apoptosis. Pommier has reviewed the
literature focusing on mechanisms of molecular determinants for response of TOP I
inhibitors.14 To overcome the solubility and stability issues associated with camptothecin,
various derivatives have been developed. Although a number of small and large molecule
compounds are currently in clinical trials only two CPT derivatives, irinotecan and
topotecan, are approved for clinical use. Irinotecan is currently used for metastatic colorectal
cancer. Topotecan has been approved for ovarian cancer, cervical cancer and small cell lung
cancer. These derivatives employ tertiary amine cations to improve solubility and
subsequently improve lactone stability. Currently, the CPTs -- notably topotecan,15–21

irinotecan,22–27 9-aminocamptothecin,28, 29 9-nitrocamptothecin30, 31 and belotecan32 -- are
being investigated for use as a late-stage therapy either alone or in combination therapies.

Alternatively, polymer technologies may be utilized to afford water-soluble camptothecins.
Polymer therapeutics for cancer therapy is a burgeoning field33–36 that combines the
therapeutic capacity of small molecule drugs with polymers designed to exploit tumor
physiology37, 38 to achieve improved efficacy. These constructs complement the arsenal of
self-assembling systems including micelles and liposomes. Both covalent or non-covalent
strategies have been applied, and accordingly, macromolecular and supramolecular drug
constructs present new possibilities to treat a variety of diseases. Incorporation of these
small molecules into any construct is pursued with the intent of surmounting limitations that
preclude broad clinical application including poor solubility, rapid clearance, high systemic
toxicity and/or poor selectivity toward cancer cells.39

We have organized this review by small molecule and macromolecular agents. Small
molecule derivatives are classified according to their site of modification (quinoline ring,
lactone or 20-hydroxyl), with a specific section for each drug. Macromolecular agents are
subdivided into non-covalent assemblies and covalent constructs with sections dedicated to
each architecture and the small molecule agent investigated. As these molecules progressed
from benchtop to bedside, new names were utilized to represent the chemical name, the
company name, the generic name and the brand name. The situation is further exacerbated
when pharmaceutical companies merge or sell their products to other companies.
Accordingly, the section heading refers to the most common name with alternate names
indicated in parentheses. To simplify our discussion of pharmacokinetics, we focus on the
half-life and area under the curve (AUC) values. Available pharmacokinetic parameters such
as clearance rates and mean residence times are not included here because it muddies our
efforts to providing a concise summary of the field as it applies to future therapeutics.

Furthermore, interpatient variability has been seen in many studies using the CPTs. The
inability to accurately determine an optimal dose for all patients has limited the utility of
these drugs until better methods for patient specific therapies are developed. For example,
one study using irinotecan suggests that body weight and surface area do not accurately
determine dosing.40 That is, while many drugs are delivered as a mg/m2 dose in human
patients, a flat dose across all patients reported in mg, regardless of patient size, is suggested
to be a more appropriate. The current convention for reporting drug doses in animals is mg/
kg while human studies use mg/m2. For easiest comparison, we report the published values
and convert everything to mg/kg using body weight/surface area conversions found in the
Toxicologist’s Pocket Handbook.41 Doses are reported as the dose administered by day
rather than the total dose administered over the duration of the experiment. Doses of
macromolecular constructs are reported with respect to the amount of CPT rather then total
molecular weight of the construct. Toxicity data is included using maximum tolerated doses
(MTDs) that are generally classified as the highest dose that does not cause death to the
organism or specific organs, does not cause toxic manifestations reducing the life of the
animal and does not appreciably decrease the body weight of the animal.42 In most cases
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described here, the MTD caused mild neutropenia, leucopenia and thrombocytopenia along
with other nonhematologic toxicities including fatigue, nausea and diarrhea, but was
generally reversible after treatment. Additional details about the pharmacokinetics,
pharmacodynamics and toxicity may be found in the appropriate references.

Many of the compounds described in this paper were developed in academic labs providing
ample reports of the synthesis, characterization in vitro and in vivo evaluation. Naturally,
some new drugs developed and being investigated in the pharmaceutical industry lack
publications. One such drug is NKTR-102 from Nektar, which is currently in Phase II trials
for second-line colorectal cancer, metastatic breast cancer, platinum-resistant breast cancer
and metastatic cervical cancer. We make efforts to mention promising drugs even when
publications do not exist, but the lack of publications from the pharmaceutical industry on
specific compounds prevents inclusion in other cases.

Herein, we aim to review the relevant literature dealing with in vivo testing of CPT and its
derivatives as well as the architectures that incorporate these molecules. In an attempt to
deliver a single, clear evaluation and comparison of the in vivo data, we have summarized
all of the data collected into tabular format at the end of each section. The data derives from
peer-reviewed journals written in English as of September 2009. Other supporting articles
leading to the reports of pharmacokinetic data and efficacy are also included. Furthermore,
some small molecule derivatives with preliminary efficacy data are included to show the
direction of current efforts with small molecules. Macromolecular architectures are only
included when pharmacokinetic data of the small molecule drug was available to make the
appropriate comparisons.

2. THE CAMPTOTHECINS
2.1 Camptothecin (NSC100880)

The camptothecins are cytotoxic, quinoline alkaloids characterized by the planar pentacyclic
ring system.1, 43 While the A-D rings of CPT are necessary to maintain activity,
modifications are permissible.44 The E-ring lactone, however, is necessary for activity due
to the binding site found in TOP I.45 Hydrolysis or removal of the lactone leads to loss of all
activity. The equilibrium between the closed, active lactone and the open, inactive
carboxylate form is further influenced by both the affinity of the carboxylate for human
serum albumin and the local pH in vivo.46 Originally, CPT was delivered as the sodium salt
of the carboxylate to help overcome solubility issues, however, the poor efficacy created a
need for new alternatives.47

Even given the hydrolytic sensitivity, the drug remains highly active as an anticancer agent.
When delivered in an intralipid formulation through i.m. administration, CPT showed nearly
100% growth inhibition and regression in colon, lung, breast, stomach, ovary and malignant
melanoma xenografts.48

Pharmacokinetic studies of CPT in the lactone and carboxylate forms have been performed
in rats.49 In various buffers at 37 °C, the carboxylate is the predominant form. In PBS at pH
7.2, 7.4 and 8.0, the half-life of the lactone is 33 min, 22 min and 5.3 min, respectively.
Furthermore, equilibrium was achieved between both forms 90 minutes after injection of
either 1 mg/kg lactone or carboxylate in rats. The carboxylate was cleared at a much faster
rate through the urine and bile as compared to the lactone form. Clearance was also shown
to be pH dependent, suggesting that decreasing pH of the urine may reduce bladder toxicity
caused by the carboxylate form.50 Additional studies in dogs, monkeys, rats and mice
showed toxic effects including emesis, diarrhea, dehydration, coma and death. Intravenous
administration of 80 mg/kg or five doses of 0.625 mg/kg/day in dogs showed cumulative
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toxicity that was entirely reversible in survivors.51 In human subjects, unpredictable toxicity
associated with CPT halted clinical trials and opened the door for new antitumor
agents.52–56 The preparation and assessment of derivatives through classical structure
activity relationships led to increased efficacy and better understanding for the basis for such
activity.

Detailed structure activity relationships (SAR) have led to new CPTs with potent antitumor
activity.10, 44, 47, 57–63 Many efforts focused on stabilizing the lactone without
compromising cytotoxicity. To summarize the SAR studies, the A and B rings are the most
tolerant to modification with substitutions at positions 7, 9, 10 and 11 improving or retaining
activity. Altering the C and D rings or substituting positions 12 and 14, however, inactivates
the molecules. Interestingly, von Hoff has provided evidence that substitutions that increase
hydrogen bonding at the 7-position improve binding to TOP I, thus increasing activity over
CPT.64 The E ring, where binding to TOP I occurs, tolerates only minor modifications
without dramatic, negative effects. For example, enlargement of the ring to form the beta-
hydroxy lactone improves stability and drug activity. Additionally, modification of the C20
hydroxyl group through alkylation or acylation has been shown to stabilize the lactone.
Acylation is the favored method for linking CPT covalently to macromolecules.

3. CAMPTOTHECIN MODIFICATIONS
Camptothecin modifications have attracted a great deal of research in an effort to increase
the therapeutic index of the parent drug. Shortly after the discovery and initial investigations
with CPT, new semi-synthetic derivatives were developed that addressed the solubility and
stability issues associated with CPT. Certainly, many other derivatives than those described
below have been developed including Low’s peptide folate conjugate,65 Chen’s 20-O-linked
esters66 and Battaglia’s polyamine conjugates67, but herein we focus only on derivatives
with reported in vivo evaluation.

3.1 Quinoline Modifications
The quinoline ring of CPT is the most commonly modified region. These derivatives show
increased solubility, lactone stability and antitumor activity. Derivatives include the FDA
approved drugs, irinotecan and topotecan among many others. All of the quinoline modified
CPTs are shown in Figure 1.

3.1.1 10-Hydroxycamptothecin
Animal Models: Like CPT, 10-hydroxycamptothecin is naturally occurring.68

Pharmacokinetic studies in rats after i.v. bolus with 10-hydroxyCPT showed a short
distribution half-life and long elimination half-life, with a majority of drug excreted in the
urine within the first 6 hours while fecal excretion occurred later, dependent on dose.69 Very
little systemic toxicity was observed at doses of 1, 3, and 10 mg/kg, including no
gastrointestinal toxicity common in many CPTs. Furthermore, it was found that after i.v.
administration, the carboxylate form predominated in all organs except in the bone marrow,
where the lactone was favored.

3.1.2 Topotecan (Hycamtin, NSC 609669, SK&F 104864)
Animal Models: To improve solubility over CPT and 10-hydroxyCPT, solubilizing groups
have been added to the quinoline ring yielding the approved therapeutics topotecan70 and
irinotecan.63 Topotecan owes its increased solubility to a tertiary amine at the 9-position,
while irinotecan presents solubilizing groups through the 10-hydroxyl moiety. Topotecan
was the first topoisomerase I inhibitor approved for clinical trials by the US Food and Drug
Administration following CPT. Initial studies using a murine L1210 model showed an MTD
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in mice of 30 μmol/kg (13.7 mg/kg) as compared to 22 μmol/kg (10.1 mg/kg) for CPT, but
the dosing strategy is unclear.70 In a subsequent study topotecan was administered
subcutaneously over 72 h to SCID mice with B-lineage acute lymphoblastic leukemia at
higher doses of 15.3 mg/m2 (~5.1 mg/kg) as compared to an i.v. dosage of 1.75 mg/m2

(~0.58 mg/kg). The survival rate for treated mice was 57% at 175 days whereas the control
mice died at 40 days.71 To further improve the efficacy of topotecan, a mitochondrial
inhibitor was given to animals with RIF-1 tumors to decrease the local pH of the tumor to
between 6.8 and 6.4 under the hypothesis that the equilibrium of CPT in the open and closed
lactone forms could be influenced. However, the improvement in efficacy seen in vitro did
not translate to in vivo studies.46

Topotecan was also investigated for activity against both subcutaneous (s.c.) and intracranial
(i.c.) xenografts in mice with 1.9 mg/kg (LD10) administered on days 1–5 and 8–12 by i.p.
injection.72 Tumor regression was observed in both s.c. and i.c. xenografts, with 39%
increase in survival of mice bearing intracranial glioblastoma multiforme xenografts.72

When delivered intraperitoneally (i.p) to mice bearing solid human tumor xenografts once
every four days for four total doses, a MTD of 12.5 mg/kg was observed, with modest
reduction in tumor volume.73 When 2 mg/kg topotecan was delivered through oral gavage, a
maximum plasma concentration was achieved at 0.25 h, with alpha and beta half-lives of
0.55 h and 2.8 h, respectively. These times are significantly longer than those observed for
human subjects.73 Similar half-lives were obtained when 1.75 mg/kg topotecan was
delivered intraperitoneally, however, AUC values were three times higher than those
obtained through oral gavage (0.09 and 0.29 μg•h/mL). An improved response was observed
in rhabdomyosarcomas xenografts when delivered at daily doses of up to 2.0 mg/kg for five
consecutive days, every three weeks, for up to 20 weeks, with tumor regression and minor
toxicity.73 This study was followed with a more thorough investigation of sustained
topotecan exposure in Daoy and Rh30 xenografts. The results suggest that sustained
exposure is more effective than delivering single, high doses of drug.74

In addition to traditional dosing strategies, oral dosing has been investigated. One study with
topotecan compared the modes of delivery for the drug in mice: oral, intravenous,
intraperitoneal and subcutaneous.75 When topotecan was delivered as a single dose orally or
i.p., the matching MTD values of 10 mg/kg suggested that oral formulations may have
clinical relevance. Subcutaneous administration with a MTD of 20 mg/kg suggested lower
bioavailability. Correlations between dosing and the route of tumor inoculation were also
examined. When mice were inoculated intravenously with L1210 lymphocytic leukemia,
oral administration showed 216% increased life span (ILS) as compared to 183% ILS with
i.p. administration. Mice with i.v.-inoculated Lewis lung carcinoma showed an ILS of 86–
110% for oral administration as compared to complete regression observed when the drug
was delivered subcutaneously. Lewis lung tumors implanted subcutaneously showed similar
results for oral and i.v. administration, with 90% tumor growth inhibition when topotecan
was delivered three times every four days. Mice bearing B16 melanoma through i.v.
inoculation experienced increased median survival time through the oral route as compared
to i.p. (56% ILS to 49% ILS). Finally, mice with i.p. M5067 reticulum cell sarcoma showed
significantly diminished activity for oral administration as compared to i.p. or s.c.
administration. These results suggest a potential for oral administration of topotecan.

In a later study, topotecan was orally administered to mice with s.c. NCI-H460 lung tumor
xenografts in four doses of 15 mg/kg every four days. No toxicity was observed and 98%
tumor growth inhibition was seen for orally administered drug. Upon i.v. administration,
93% inhibition at the same dose was achieved, but lethal toxicity was observed in one of
four mice.76 Similar results were also obtained in JCA-1 prostate cancer xenografts. When
oral and i.v routes were compared on the same schedule in POVD small cell lung tumor,
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U87 glioblastoma tumor, COCF colon tumor, SKOV-3 ovarian tumor and A549 non-small-
cell lung tumor xenografts, improved tumor growth inhibition was observed in each case
regardless of route of administration. Increased weight loss, however, was observed through
oral administration on this schedule. An increased half-life was also observed when
delivered orally as compared to i.v. (2.77 h vs. 1.95 h), however, AUC values were nearly 5
times lower for oral delivery (0.6 μg•h/mL vs. 2.5 μg•h/mL), suggesting that drug
persistence in the plasma may be more important than concentration.

An ideal therapeutic range was later determined to be between 0.2 and 0.7 μM drug for
periods greater than 10 hours.77 This window was determined after mice with OVCAR-3
xenografts were treated with a total dose of 12.5 mg/kg topotecan at 1, 5, 10, 20, 40 or 80
daily i.p. injections. Maximal toxicity was observed when the total dose was delivered in the
first 5–10 days of treatment and the maximum efficacy was observed when delivered using
20 daily injections of 0.625 mg/kg without any major toxicity.

Human Patients: Preliminary phase I pharmacokinetic studies in which topotecan (MTD of
2.0 mg/m2 (~0.05mg/kg)) was administered for 30 minutes over five consecutive days every
three weeks in patients with advanced cancer found AUC values of 4.09 μg•h/mL and alpha
and beta half-lives of 0.06 h and 3.5 h, respectively.78 In phase I clinical trials, a dose of 1.5
mg/m2 (~0.041 mg/kg) is the most common MTD, which may be achieved in a variety of
ways, including a weekly 24 h i.v. infusion79, 80 or 0.5h i.v. infusion for five consecutive
days every three weeks.81, 82 Promising preliminary results with this dosing regime were
also observed in phase I trials while a pharmacokinetic profile showed biexponential
elimination from the body, with mean alpha and beta half-lives of 0.1 h and 3 h and 39% of
the drug excreted in the urine within the first 24 hours.81 Similar results were obtained in a
later study.82 Other MTDs and associated dosing strategies for topotecan have been obtained
such as 5.5 mg/m2 (~0.18 mg/kg; 24h i.v. infusion every 21 days)83 and 22.5 mg/m2 (~0.61
mg/kg; 0.5h i.v. infusion every 21 days).84 Interestingly, however, MTDs of 0.68 mg/m2

(~0.018 mg/kg) in patients with solid tumors,85 and 10.0 mg/m2 (~0.27 mg/kg) in patients
with acute leukemia86 were obtained using a 120 h i.v. infusion every 21 days. Kantarjian
attributes the higher MTD to the difference in cancer type.86 Two studies suggest that using
higher doses can achieve efficacy with subsequent successful treatment of the
toxicities.87, 88 Additionally, each of the clinical trials discussed here were performed to
investigate a variety of variables from pediatric patients with solid malignant tumors83, 88

and adult patients with solid tumors79–82, 84, 85, 89 to refractory or relapsed acute
leukemia.86, 87

In phase II trials, 30 min i.v. infusions of topotecan at 1.5 mg/m2 (~0.041mg/kg)
administered for five consecutive days every three weeks to patients with advanced
pancreatic cancer yielded a 122 d median survival time with no significant antitumor
response.90 The lack of tumor volume reduction led to recommendation against topotecan
for pancreatic cancer treatment. A higher dose of 3.5 mg/m2 given for 30 min five
consecutive days every three weeks was also investigated in patients with colorectal cancer.
This study relied on co-administration with granulocyte-colony stimulating factor (GCSF) to
counteract toxic effects of the higher dose.91 At this dose, a mean AUC of 0.34 μg•h/mL
was obtained with alpha and beta half-lives of 0.2 h and 4 h, respectively. While
pharmacokinetic parameters remained similar to lower doses reported in the absence of
GCSF, an insufficient increase in efficacy did not justify further study.

3.1.3 Irinotecan (CPT-11, Camptosar)
Animal Models: Although topotecan was the first topoisomerase inhibitor approved for
clinical trials since CPT, studies with irinotecan entered the clinic only slightly later.
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Irinotecan (CPT-11) has an ethyl substituent at position 7 and a dipiperidyl carbamate at
position 10, which is metabolized to SN38, a 7-ethyl-10-hydroxy derivative that is 100 to
1000 times more cytotoxic than the prodrug.92 Bioactivation of the prodrug has been shown
to occur through human carboxylesterase 2 (hCE-2)93 and human hepatic microsomes in the
liver, with evidence of participation of the enzyme, P-450 3A, through an oxidized
form.94, 95 Rabbit carboxylesterase, however, has been shown to activate CPT-11 more
efficiently than the human enzymes.96 This route of activation suggests the opportunity for
targeted therapies in cancer cells transfected to overexpress the carboxylesterase proteins.
Analysis of human plasma collected from patients receiving CPT-11 infusions showed that
the lactone is more stable in the metabolized SN38 (64% lactone) than in parent CPT-11
(37% lactone).97 The area under the curve (AUC) pharmacokinetics of CPT-11 delivered
intravenously to mice with L1210 tumors was determined to be 3 μg•h/mL and 23.5 μg•h/
mL, corresponding to an 8-fold increase in residence time with only a four-fold increase in
dose from 10 to 40 mg/kg.98 Additionally, SN-38 was found to have AUC values between
0.41 and 1.08 μg•h/mL after CPT-11 administration, whereas the AUC value rose to 1.35
μg•h/mL when 10 mg/kg of SN-38 was delivered directly. However, the concentration of
SN-38 remained above the ED95 value for 5 h when delivered as CPT-11 as compared to 1 h
when given as SN-38.98 This data supports the use of CPT-11 over SN38 due to beneficial
solubility and the steady-state kinetics obtained from the prodrug form. However,
gastrointestinal toxicity remains a major side effect of CPT-11 therapy.99, 100 Irinotecan was
also investigated for oral delivery by administering it as a powder-filled capsule daily for
five days every three weeks showing AUC values of 0.65 μg•h/mL and 0.76 μg•h/mL on
days 1 and 5, respectively. An MTD of 50 mg/m2 (~1.35 mg/kg) was found in patients with
advanced solid tumors.101 Half-lives for irinotecan were determined to be 7 h on day one
and 12 h on day five using this strategy. This dosing schedule and pharmacokinetics suggest
the potential for further study with orally available irinotecan, however, the gastrointestinal
toxicity and myelosuppression remain a drawback.

The antitumor effect of irinotecan was demonstrated in vitro and in vivo in vincristine and
adriamycin resistant P388 xenografts.102 Tumor suppression was measured by the percent
increase in life span (ILS) compared to control mice after intravenous administration on
days 1, 5 and 9 after tumor inoculation. In vincristine resistant tumors, a 130% ILS was
observed at total dose of 200 mg/kg of CPT-11 and a 20% ILS was observed with a 4 mg/kg
dose of vincristine. Similar results were observed with adriamycin resistant cells.

Human Patients: While irinotecan was able to treat tumors resistant to other therapies, a
study with irinotecan as a first line therapy proved interesting. In a phase II trial of 90
patients including those previously treated with 5-fluorouracil and 31 untreated patients, the
percentage of partial responses increased from 13.3% to 25.8%, respectively.103 Irinotecan
was also investigated in untreated patients with metastatic colorectal cancer with 90 min
infusions of 125 mg/m2 (~3.38 mg/kg) weekly for four consecutive weeks every six
weeks.104 This study is one of the few studies involving previously untreated patients, thus
providing a clear investigation of irinotecan as a first-line therapy. Thirteen patients showed
partial response with median survival of 12.1 months. The authors compare this to the
commonly used fluorouracil plus leucovorin combination therapy, which offers a 11.5-
month median survival time for patients. Side effects of this therapy were observed to be
neutropenia in 22% of the patients and diarrhea in 29% of the patients, which was
counteracted with diphenhydramine. Similar toxicities and responses were observed at the
same dosing schedule in patients with squamous cell carcinoma of the cervix.105

To counteract the gastrointestinal toxicity and resulting diarrhea observed in patients
receiving irinotecan, alternative schedules were investigated. With side effects resulting
from treatments given weekly, a study of 90 min infusions of irinotecan every three weeks
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found an MTD of 240 mg/m2 (~6.5mg/kg) with an AUC value of 11.5 μg•h/mL and a mean
elimination half-life of 6.7 h.106 At this dose, only 3 out of 72 patients experienced diarrhea
who received initial doses higher than the MTD. A later study in patients with metastatic
cancer previously treated with surgery, chemotherapy or radiation therapy found a higher
MTD of 290 mg/m2 (~7.8 mg/kg) using the same dosing schedule with an AUC value of
18.1 μg•h/mL and a half-life of 13 h.107 This study also showed promising tumor growth
inhibition, with four patients experiencing partial response and one with complete response.
Furthermore, another study found an MTD of 350 mg/m2 (~9.5 mg/kg) when using the same
dosing schedule.108 Due to the success seen with doses up to 350 mg/m2, it is unclear what
parameters led to lower MTDs in each study. The effectiveness and length of previous
treatments as well as alternative complications associated with the cancer may all contribute
to the disparity of reports. To better understand these differences, hepatic function of
patients was investigated. The recommended doses between 200 mg/m2 (~5.4 mg/kg) and
350 mg/m2 (~9.5 mg/kg) depend on bilirubin levels, which is a marker for disease states of
the liver.109, 110 From the data presented here it is clear that many factors must go into
devising a treatment regimen with irinotecan.

While much of the research with irinotecan has focused on solid malignancies and
metastases in the lung, liver, pancreas and digestive tract, targeting the brain has been
investigated. One phase II trial, built from positive data obtained in preclinical and phase I
trials,111–116 tested the efficacy of irinotecan in patients with malignant gliomas.117 This
study, however, gave less than desired results. Eighteen patients were treated with 90-min.
i.v. infusions once a week for four weeks with two weeks off after treatment to complete a
six week cycle. The patients received up to 10 cycles of treatment before stopping the study,
with a median of 2 cycles. One patient had complete response, five patients experienced
disease stability, five patients progressed, six patients were removed from the study due to
toxicity and another refused further therapy. Most recently, a case study reporting the use of
irinotecan in combination therapy with 5-fluorouracil and leucovorin acid to treat an ovarian
tumor during pregnancy found no adverse side effects observed in the baby up to six months
after birth.118

3.1.4 9-Aminocamptothecin (9-AC)
Animal Models: Shortly after the development of irinotecan, a series of CPTs were
developed with substitutions on the A-ring.59 One derivative, 9-aminocamptothecin showed
the highest activity in cell culture, and later showed antitumor activity in vitro10, 47 and in
vivo.119 A pharmacokinetic comparison of 9-aminocamptothecin with CPT in the lactone
and sodium carboxylate forms was conducted after i.v. administration in mice.120 Although
at different doses, the elimination of 9-AC occurs more rapidly than CPT with elimination
half-lives of 1.4 h for 9-AC (5mg/kg) and 24.6 h for CPT (10 mg/kg). The initial plasma
lactone concentration was higher after i.v. injection of 9-AC compared CPT at the same
doses. Due to fast clearance of 9-AC, the plasma concentration fell below 10 nM at 8 h
compared to 48 h for CPT. The promising cytotoxic effects and lactone stability of 9-AC led
to the suggestion that continuous i.v. infusion was the ideal method to obtain steady state
pharmacokinetics and efficacy.

Human Patients: A pharmacokinetic study of 9-AC in human patients showed dose-
dependent half-lives ranging from 4.5 h to 21 h with doses of 0.208 mg/m2 to 1.5 mg/m2

(~0.006–0.041 mg/kg).121 This work was followed by phase I clinical trials of 9-AC
administered in a colloidal dispersion as a 72 h continuous i.v. infusion. While there was no
evidence of tumor regression, tumor growth did not progress during therapy.122 Various
other studies have shown that 9-AC has broad activity in human xenografts including,
melanoma, breast, colon and brain tumors,123–126 however, when delivered through
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continuous intravenous infusion to patients with non-small-cell lung cancer, a response rate
of only 9% was observed.127

Similarly, in phase II trials, as second-line therapy for ovarian carcinoma, 18 of 28 patients
saw no response to 9-AC, while only 1 had complete response, 2 had partial response and 6
had stable disease.128 While poor efficacy of the drug prevents full scale clinical use, 9-AC
has shown potential as a method for sensitizing cells prior to radiation therapy.28

3.1.5 9-Nitrocamptothecin (9-NC, Rubitecan, Orathecin)
Animal Models: After investigations of 9-AC showed little promise, an intermediate in its
synthesis, 9-NC, was tested for cytotoxic properties and was found to be converted to 9-AC
in vivo.129 Compared with 9-AC, half-life for 9-NC increased from 1.2 h to 10 h in mice
given 4.1 mg/kg through i.v. injection in cottonseed oil. Similarly, AUC increased from 63
μg•h/mL to 441μg•h/mL. However, upon oral delivery of 0.1 mg/kg gelatin capsule, a
comparison to 9-AC showed that 9-NC had a higher AUC (2.6 μg•h/mL vs. 0.3 μg•h/mL)
but lower half-lives (2.5 h vs. 7.1 h) and lower maximum plasma concentrations (3.4 h vs.
10.3 h). Although the drug suffered from poor solubility, oral availability prompted further
investigation toward the use of 9-NC clinically.

A pharmacokinetic study between i.v. and oral administration of 9-NC to rats concluded that
oral administration of 9-NC may be more effective clincially.130 When delivered through
i.v. administration at doses 1.5 mg/kg, 3 mg/kg or 6 mg/kg, half-lives of 0.5 h were obtained
for lactone, carboxylate and total drug, regardless of dose. AUC values for the lactone,
carboxylate and total drug were 0.25, 0.75 and 1.2 μg•h/mL for each increasing dose. Oral
administration of 6 mg/kg of 9-NC provided a slightly longer half-life of 0.8 h with a lower
AUC value of 0.25 μg•h/mL for the lactone and carboxylate forms.

Human Patients: Phase I trials with oral 9-NC in patients with metastatic cancer found an
MTD of 1.5 mg/m2 (~0.04 mg/kg) on a schedule of five consecutive days weekly.131 At this
dose in phase II trials, hematological and gastrointestinal toxicities similar to irinotecan were
observed with modest efficacy in patients with ovarian, tubal or peritoneal cancers.132

Pharmacokinetics in these patients showed great variability with AUC values ranging from
0.6 μg•h/mL to 2.8 μg•h/mL and a mean half-life of 11 h. While the results with 9-NC
showed moderate promise and the lactone stability improved over CPT, the insolubility and
equilibrium of the drug favoring the inactive carboxylate prevented further exploration with
this drug without further modification. Similar to 9-AC, however, 9-NC has been
investigated as a sensitizer for radiation therapy.133

3.1.6 Lurtotecan (GI47211, GG211)
Animal Models: Lurtotecan is water soluble by virtue of a methylpiperazino group at
position 7 and an ethylenedioxy ring bridging positions 10 and 11.134 Initial comparisons to
topotecan found that lurtotecan was to be both more soluble (5.8 mg/mL vs. 3.1 mg/mL) and
more cytotoxic in vitro.135 Lurtotecan was evaluated in mice with HT-29 and SW48 colon
tumor xenografts dosing twice a week for five weeks using a ratio of tumor volume after
treatment to tumor volume before treatment (T/B). Success was defined by a T/B ratio <1,
meaning that the tumor regressed in size. Lurtotecan provided T/B values of 0.8 and 0.4 at
doses of 9 and 12 mg/kg, respectively, in HT-29 xenografts and 0.9 and 0.6 at the same
doses in SW48 xenografts. However, body weight loss was observed in both tumor models
with two out of six animals dying at the higher dose. Topoecan on the other hand showed T/
B values of 4.3 and 2.9 at 9 and 11 mg/kg, respectively in HT-29 cells and 3.1 and 2 in
SW48 cells at the same doses with significant body weight loss at all doses.
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Human Patients: In phase I clinical trials with doses ranging from 0.3 to 1.75 mg/m2

(~0.008 to 0.047 mg/kg) for five consecutive days every three weeks, an MTD was
determined to be 1.5mg/m2 (0.041 mg/kg).136, 137 Lurtotecan was determined to have
concentration pharmacokinetic profiles following a three compartment model with total drug
alpha, beta and gamma half-lives of 0.095h, 0.91h and 7.1h on day one and 0.062h, 1.2h and
15h on day four of treatment. One and four day AUC values of 0.057 μg•h/mL and 0.064
μg•h/mL were obtained for total drug with 25% corresponding to lactone.

Two different phase I trials investigated the potential of delivering lurtotecan through
continuous infusion for 3 days138 or 7, 14 and 21 day continuous infusions.139 When
delivered as a 3 day continuous infusion every four weeks to heavily pretreated patients, a
MTD of 1.2 mg/m2 (~0.03 mg/kg) was determined, while a slightly higher MTD of 2.0 mg/
m2 (~0.05 mg/kg) was found for minimally pretreated patients.138 Over the dose range
studied, a mean half-life of 7.5 h was observed for the lactone, with total drug blood
concentration four times higher than lactone concentration. Of the 44 patients in this study,
only three patients experienced partial responses, while two others observed decreases in
hepatic lesions. In the subsequent study, where lurtotecan was administered in 0.3 to 0.5 mg/
m2 (~0.008 to 0.013 mg/kg) as a 7, 14 or 21 day continuous infusion, AUC values increased
from 0.031 μg•h/mL to 0.18 μg•h/mL when delivered at 0.3 mg/m2 everyday for 7 days and
21 days, respectively. Additionally, only a slight increase to 0.19 μg•h/mL was observed at
0.5 mg/m2 for 21 days. However, these studies and one later study showed significant
patient variation between correlation of AUC values and dose, suggesting further
investigation into the cause and potential clinical solutions.140

Lurtotecan moved swiftly to phase II trials despite unpredictable pharmacokinetics due to
the mild side effects associated with the drug, but only modest antitumor activity was
observed.141 Patients with breast cancer (23 patients), colorectal cancer (19 patients) and
non-small-cell lung cancer (22 patients) were treated with 30 min i.v. injections of 1.2 mg/
m2 (0.03 mg/kg) for five consecutive days every three weeks. No complete responses were
obtained in any of the patients, with 13% of breast cancer patients and 9.1% of non-small-
cell lung cancer patients experiencing partial responses. In breast cancer patients, 39.1% had
stable disease with disease progression in 48%. Colorectal cancer patients showed 37%
stable disease and 63% cancer progression. In lung cancer patients, 22.7% had stable disease
and 68.2% had progressive cancer. With such modest results, lurtotecan was also
investigated as a second-line treatment for small-cell lung cancer, but only 11 out of 66
patients experienced partial response.142

3.1.7 10,11-Methylenedioxy Camptothecins
Animal Models: To overcome the gastrointestinal toxicity of CPT-11,99, 100 a series of
fluorinated derivatives were developed. Two fluorinated derivatives, a free hydroxyl and a
20-O-linked ester (BMS422461) showed great promise.143 The compounds showed positive
gross log cell kill ability (at MTD) in A2780 (0.06 mg/kg), HT29 (0.13 mg/kg) and HCT116
(0.06 mg/kg) tumors in athymic nude mice when administered i.v. every two days for ten
days. Furthermore, BMS422461 showed similar lactone stability as compared to CPT-11 in
mouse and human plasma as well as in the presence of mouse or human albumin (between
20 and 34% lactone). The parent compound also possessed a fourfold increase in AUC
pharmacokinetics as compared to the prodrug and an eight-fold increase as compared to the
β-alanyl intermediate upon intraarterial administration. While the data questions the
necessity of the prodrug strategy, the improved solubility of the prodrug over the parent
molecule provides clear explanation. A semi-quantitative, histopathological assessment of
GI injury after subcutaneous injections of the prodrug was performed with the parent drug
and irinotecan dosed every day for five days at the MTD. A relative injury scale of 0 (no
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injury) to 4 (mucosal atrophy and ulceration) was employed, which provided evidence of
diminished toxicity over irinotecan in the new fluorinated molecules with injury values of
0.5, 1.5 and 2.8, respectively.

Wadkins and coworkers explored esters of 10,11-methylenedioxycamptothecins.144 The
parent compound, 10,11-methylenedioxycamptothecin showed a 3-fold decrease in half-life
and a 5-fold decrease in plasma AUC as compared to CPT after a 10 mg/kg i.v. injection in
tumor free mice.120 The poor results prevented further studies until Wadkins and coworkers
investigated ester derivatives six years later. All of the compounds were tested in a series of
breast cancer cell lines showing nanomolar IC50 values in ZR-75, MDA-231 and BT-20
cells. Two of the derivatives contained an electrophilic chloromethyl group at the 7-position
poised for covalent attachment to DNA.144 During in vivo studies with MX-1 and MDA-231
human breast tumor xenografts, the chloromethyl groups did not show cytotoxic
enhancement. Furthermore, while the glycinate ester derivatives were more water-soluble
than CPT-11, there was no enhanced toxicity observed in either cell line, and could be
administered to animals at different doses and different dosing schedules. Success could be
achieved using smaller doses over a longer period of time. For example, dosing 0.50 mg/kg
every day for five days resulted in eight out of eight complete responses, while 5.0 mg/kg
dosed once gave seven out of eight complete responses.144 Additional studies in monolayer
cell culture as well as in histocultures provided evidence that the acidic conditions (pH 6.8)
of tumor cells increases potency of CPTs including this chloromethyl derivative.145, 146

3.1.8 Morpholino Camptothecins
Animal Models: Kim and coworkers synthesized a library with a variety of A-ring
substituents to investigate the effects on the stability of the lactone.147 Initial screening of
the compounds found a subgroup that maintained the cytotoxicity of CPT. One compound
with a morpholine ring bridging positions 9 and 10 showed retention of TOP I inhibition and
increased lactone stability in human serum compared to CPT (but not SN38). However, the
additional solubility prompted further in vivo investigations in WiDr xenografts in nude
mice. The molecule showed efficacy that was comparable to SN38 at 1/10the the dose
delivered i.p. every four days for eight total doses. That is, at an MTD of 10 μmol/kg (4.05
mg/kg), the morpholino compound showed tumor growth inhibition at 98.6% while SN-38
dosed at 100 μmol/kg (39.2 mg/kg) gave a 98.2% inhibitory rate.

3.1.9 Exatecan (DX-8951)
Animal Models: While many of the previously described CPTs have suffered from poor
lactone stability, the exatecan equilibrium favors the closed, active lactone form. Exatecan
owes its stability and solubility to a six-membered ring containing an exocyclic amine
connecting carbons 7 and 9, as well as a methyl at position 10 and fluorine at position 11.
Each of the modifications have been shown to increase lactone stability, solubility and in
vitro efficacy over CPT and irinotecan without the need for metabolic activation.148 Activity
has been noted in pancreatic tumors in vitro149–153 and in subcutaneous xenografts in
vivo.154 With such promising activity, Hoffman aimed to investigate the activity of exatecan
through the treatment of surgical orthotopic implantation to determine the activity of the
drug in normal tissue with metastatic capability as compared to gemcitabine.148 Single doses
of the drug delivered to mice with early stage MIA-PaCa-2-GFP tumors provided 93%
inhibition at 25 mg/kg and 79% inhibition at 15 mg/kg compared to the control.
Gemcitabine gave only 67% for the high dose (300 mg/kg) and 43% low dose (150 mg/kg).
Similar results were obtained for the early stage BxPC-3 orthotopic human pancreatic
model. Furthermore, when using the same dosing strategy, exatecan was effective in
inhibiting lymphatic metastasis and completely eliminating lung metastases in late stage
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BxPC-3 orthotopic tumors. Little to no effect was observed for gemcitabine, with only 45%
and 25% tumor growth inhibition for each tumor, respectively.

When exatecan was investigated for efficacy in mice with SC-6 gastric cancer xenografts, a
dosing schedule of four total doses given once every fourth day proved more efficacious
than three total doses given once every fourth day or three total doses given once every
seventh day.154 Using four doses, between 6.25 mg/kg and 18.75 mg/kg were delivered to
mice with greater than 94% tumor growth inhibition and no significant toxicity. Similar
potency was observed in a number of cell lines. At 18.75 mg/kg, toxicity manifest in
significant loss in body weight and death. Although cell dependent toxicity was observed,
exatecan proved to be more potent than irinotecan without the need for metabolic activation
while retaining the solubility and improving the lactone stability.

Human Patients: Exatecan was eventually taken into clinical trials, with antitumor activity
shown in non-small-cell lung cancer, ovarian cancer, tubal cancer, peritoneal cancer,
endometrial cancer, colon cancer, hepatoma, thyoma and small-cell carcinoma of the
bladder, as well as patients with platinum, topotecan and taxane resistance.155–158 In
patients with advanced solid malignancies on a schedule of 30 min i.v. infusions five days a
week every three weeks, MTDs of 0.3 and 0.5 mg/m2 (~0.008 and 0.013 mg/kg) were
recommended for heavily pretreated patients and mildly pretreated patients, respectively.155

An average half-life of 8.75 h was determined, with severe myelosuppression experienced at
doses above the MTD. Patients with advanced leukemia, however, were treated for 30 min
on five consecutive days for three weeks through i.v. infusion, resulting in a recommended
dose of 0.9 mg/m2 (~0.024 mg/kg).159 This dose appears to be double the MTD for solid
tumors.155

When the dosing strategy was changed from every five days to a single 30 min i.v. infusion
every three weeks, the MTD increases to 5.33 mg/m2 (~0.14 mg/kg).160 At this dose, the
mean half-life is 7.5 h. While promising pharmacokinetic data was obtained, only six of 11
patients had stable disease, while five showed progressive disease. A subsequent study
afforded similar results, with pharmacokinetic analysis showing a lactone AUC value and
half-life of 0.663 μg•h/mL and 8h, respectively and total drug values of 2.09 μg•h/mL and
10 h.161 However, by increasing the dosing to consecutive weeks on a schedule of 30 min
infusions for three out of four weeks, a recommended dose of 2.1 mg/m2 (~0.057 mg/kg) in
heavily pretreated patients and 2.75 mg/m2 (~0.074 mg/kg) in minimally pretreated patients
was obtained.162 At the higher dose, an AUC value of 1.095 μg•h/mL and half-life of 8 h
was determined, suggesting slight advantage for every three weeks at a higher dose.

While pharmacokinetic data proved promising, poor efficacy prompted investigation of an
extended dosing regimen in phase I trials. Exetecan mesylate showed mild toxicity and a
mean plasma elimination half-life of 7 h after 24 h i.v. infusions for three consecutive weeks
in patients with solid tumors.163 The authors of this study expressed their desire to abandon
this route before moving to phase II trials due to the inconvenience associated with the
dosing regimen. However, the recommended doses were 0.8 mg/m2 (~0.022 mg/kg) for
minimally pretreated patients and 0.53 mg/m2 (~0.014 mg/kg) for heavily pretreated
patients. An alternative extended dosing strategy involved a 21 day continuous i.v. infusion
at a dose of 0.15 mg/m2 (~0.004 mg/kg) for the first 5 days and incremental increases from
days 5 to 21 to reach a steady state plasma concentration.157 Increasing the dose to 0.3 mg/
m2 led to AUC values that were significantly higher, 465.8 μg•h/mL, than those obtained
when drug is administered over short periods of time. While this dosing schedule was even
more cumbersome than a 24 h infusion, the greatly improved pharmacokinetics sets a
benchmark for future studies, namely macromolecular delivery of CPTs.
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Phase II evaluation of exatecan mesylate on a schedule of 30 min i.v. infusion for five days
every three weeks provided 8 h half-lives in patients with metastatic breast cancer. The
infusion dose given to minimally pretreated patients was 0.5 mg/m2 (~0.014 mg/kg) while
that given to heavily pretreated patients was 0.3 mg/m2 (~0.008 mg/kg).164 Out of 39
patients, no patients experienced a complete response, while three experienced partial and
four had minor responses. Sixteen and 14 patients, however, experienced stable and
progressive disease, respectively. The authors suggest that although mild toxicity was
observed from this dosing strategy, poor efficacy suggests that an alternate schedule be used
or that the drug was not effective in treating this tumor. A subsequent study in patients with
ovarian, tubal or peritoneal cancer showed slightly higher efficacy at the same dosing
schedule, with 7 of 16 patients experiencing stable disease.158 Poor efficacy using this
dosing strategy, however, was also observed in patients with non-small cell lung cancer165

and metastatic colorectal adenocarcinoma.166 Poor efficacy was also observed in patients
with platinum and taxane resistant ovarian cancer.167 Slight improvement of efficacy was
observed when administered at a dose of 0.3 mg/m2 (~0.008 mg/kg) for five consecutive
days every three weeks as compared to a dose of 2.1 mg/m2 (~0.057 mg/kg) every week for
three consecutive weeks out of four. The modest improvement, however, did not warrant
further investigation. Patients with metastatic gastric cancer also experienced poor efficacy,
with only 2 out of 41 patients experiencing partial response, 18 exhibiting stable disease and
18 showing progressive disease.168 The median survival time in this cohort of patients was
determined to be 197 days with 59% survival at 6 months. Biliary tract cancers treated with
this dosing regimen provided similar results and modest survival.169 Modest success was
also reported for patients with soft tissue sarcoma, a disease typified by poor survival rates
and lack of therapeutic options.170 Phase III studies using exatecan and gemcitabine were
also performed and compared to gemcitabine therapy alone showing no extended survival
time with co-therapy.171 While initial investigations with exatecan mesylate proved to be
promising, results from phase II and phase III clinical trials in a variety of cancers suggest
further investigation must be completed to identify the role for exatecan mesylate in cancer
therapy.

3.1.10 Belotecan (CKD-602, Camtobell)
Animal Models: More recently a water-soluble CPT derivative with an
(isopropylamino)ethyl moiety at position seven, known as belotecan, has been developed.
Initial studies in nude mice with human tumor xenografts (CX-1, HT-29, WIDR, LX-1,
MX-1, SKOV-3 tumors) showed broad antitumor activity. Potency was three times that of
topotecan and slightly higher than CPT.172 The schedule dependence of belotecan was also
investigated with doses being administered intraperitoneally to mice bearing L1210
leukemia xenografts on the following dosing schedules: a single dose, 5-daily doses, four
total doses every fourth day, two total doses every fourth day and two total doses every
seventh days. The antitumor effect and increased life span (ILS) were apparent when four
doses were delivered every four days, with very little body weight loss occurring at a dose of
25 mg/kg and 213% ILS.

Significant efforts have focused on the acute toxicity of belotecan in a variety of tumor free
animals. Studies have been performed in embryonic and adult rats,173–175 dogs,176 pregnant
does and rabbits177 as well as human subjects with small cell lung cancer.178 In general,
daily doses of 0.01 mg/kg were well tolerated in both maternal and embryonic subjects
depending on the length of administration. Furthermore, the maximum tolerated dose was
found to be 0.5 mg/kg when delivered to rats for five consecutive days through i.v.
injection.179 At this dose, no deaths were observed, but minor toxicities were found to affect
the spleen and thymus. Acute toxicity, with adverse effects on the gastrointestinal,
hematopoietic and reproductive systems, occurred at single i.v. doses of 40 mg/kg in male
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rats and 50 mg/kg in female rats.180 While acute toxicity has been demonstrated, little
evidence of pharmacokinetic analysis or efficacy in the literature precludes additional
discussion here, but macromolecular constructs containing belotecan will be discussed later.

3.1.11 Silatecans
Animal Models: While much work with the CPTs has focused on improving solubility, a
series of molecules with increase lipophilicity have been prepared in an attempt to increase
cellular uptake and oral availability. One such library of CPT derivatives, known as
“silatecans”, employ silyl substituents at the 7-position to increase lipophilicity in an attempt
to improve oral bioavailability and allow the drug to cross the blood-brain barrier. Curran
and coworkers developed a library of silyl-modified CPTs with such properties.181 The
lactone stability of the silyl modified derivatives exceeded that of CPT and other 10,11-
methylenedioxy CPTs, with sustained or increased TOP I activity in various cell lines
including a U87 glioma cell line. This activity was highest with 7-t-butyl-dimethylsilyl-10-
hydroxycamptothecin (TBDMS-10-hydroxy CPT), which provided promising results in
subcutaneous U87 human glioma tumor xenografts. Furthermore, intracranial U87 tumor
xenografts were employed to investigate blood brain barrier trafficking of this silatecan.
Median survival time in the control group was 58 days, with all animals dead by day 70,
whereas all animals treated with subcutaneous injections of the silatecan were alive at 120
days. The pharmacokinetics of DB-67 were later measured in SCID mice and found a 1.4 h
plasma half-life of the lactone with a 17 μg•h/mL plasma AUC value.182 Liver showed the
highest AUC value of 57 μg•h/mL with the kidney (30 μg•h/mL) and lung (20 μg•h/mL)
providing lower AUC values.

A slightly different silatecan, called karenitecin, was developed by Van Hattum and
coworkers, which employed a trimethylsilane attached through an ethyl linkage at position
7.183 These derivatives were developed with oral availability in mind due to the increased
lipophilicity of the molecule capable of being taken up by cells. The maximum tolerated
dose was determined to be 1.0 mg/kg for five consecutive days when administered through
i.p. injection, whereas a dose of 1.5 mg/kg administered orally on the same schedule gave
equitoxic results. While the in vivo efficacy of karenitecin was the same or slightly better
than other CPTs in four colon cancer xenografts, oral bioavailability was a major advantage:
67% of karenitecin is bioavailable compared to 30% for topotecan184 and 49% for 9-AC
capsules185.

This study was then expanded into human ovarian cell lines and showed promising effects in
vivo.186 When delivered to mice with human tumor xenografts through i.p. administration
daily for five days, topotecan showed >75% growth inhibition in only one cell line at doses
of 1.5 or 2.0 mg/kg. Conversely, kerenitecin showed >80% growth inhibition in all three cell
lines when given at a dose of 1.0 mg/kg. Additional studies showed potent activity against
lung, prostate, breast, melanoma, head and neck cancers, medulloblastoma, neuroblastoma
and rhabdomyosarcoma.187–189 During pharmacokinetic studies in non-human primates,
which best represent a model for cerebrospinal fluid (CSF) uptake, it was determined that
the lactone in karenitecin was present at greater than 90% of the measurable drug.190

Furthermore, only 5% of karenitecin was observed in the CSF, with a whole body mean
distribution half-life of 0.96 h and an elimination half-life of 7.6 h. Peak CSF distribution
was observed between 12 min and 25 min after a 0.1 mg/kg i.v. infusion.

Human Patients: In phase II clinical trials in 41 patients with malignant melanoma,
karenitecin was delivered on five consecutive days every three weeks.191 Only one patient
showed complete response, while three showed minor response, ten showed stabilized
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disease during treatment and 27 saw no effect. Clinical trials with karenitecin are still
underway.

3.1.12 ST1481
Animal Models: Other lipophilic derivatives of CPT, 7-oxyiminomethyl derivatives, were
investigated by Zunino and coworkers.192 From the 37 derivatives synthesized by this
group, 27 showed increased activity in cell culture as compared to topotecan and 12 were
more active than SN-38. Correlations between drug activity and steric or electronic
substituents on the oxime were identified with a tri(t-butyl) compound, ST1481, proving to
be the most potent derivative in vitro. In athymic nude mice with NCI-H460 and LX-1 lung
tumor xenografts, the MTD of ST1481 was determined to be 3 mg/kg as compared to 15
mg/kg for topotecan when administered on a schedule of every four days for four total
doses. A 100% tumor volume inhibition (TVI) was observed when using ST1481at the
MTD, with 100% complete responses (CR) in LX-1 tumors as compared to 99% TVI and
50% CR observed with topotecan 10 days after treatment. Furthermore, when topotecan was
administered at 2 mg/kg five times a week for 10 weeks, 4 out of 10 tumors had regressed
by 30 days but all tumors were present at 100 days. However, at 0.5 mg/kg five times a
week for 5 weeks, the ST1481 group had no detectable tumors on day 30. At 100 days, 5 of
8 tumors were not detectable.193 From the data, the oxime derivative proved to be about five
times more potent than topotecan, with a five-fold increase in AUC (0.55μg•h/mL;
2.43μg•h/mL) and half-life (2.77 h; 11.8 h) when delivered orally at 15 mg/kg for topotecan
and 5mg/kg for the oxime derivative.

3.1.13 Chimmitecan
Animal Models: Ding and coworkers developed a series of 9-alkyl derivatives that inhibited
TOP I effectively in vitro. Initial studies concluded that chimmitecan, with an allyl group at
position 9 and a hydroxyl at position 10, showed the most promise for in vivo
investigation.194 Chimmitecan was delivered every three weeks through i.v. injection at 15
mg/kg in three of four human xenograft nude mouse models with different experimental
endpoints (A549 lung cancer, 15 weeks; MDA-MB-435 breast cancer, 12 weeks; BEL-7402
hepatocellular cancer, 12 weeks). HCT-116 colon cancer was treated by dosing every two
weeks for 6 total weeks. Antitumor efficacies were reported as percent tumor inhibtion/
control for each of the cell lines. Against the four tumor xenograft models, chimmitecan
showed efficacies of 23.0%, 24.2%, 28.2% and 17.6%, respectively, while CPT-11 showed
efficacies of 34%, 42%, 15% and 21% for each cell line, respectively. When compared to
CPT-11 at equivalent doses, chimmitecan was significantly more potent in BEL-7402 and
A549 models. When delivered orally to treat A549 tumors every two days for seven total
doses, tumor inhibition was observed at low doses of 4.5 mg/kg and antitumor activity was
observed at 9.0 mg/kg with 22.2% efficacy.

3.2 E-RING MODIFICATIONS
As previously described, modifications to the A and B rings of CPT improve solubility and
lactone stability while often retaining, if not improving, efficacy. The C and D rings are the
least common sites for modifications due to complete inactivation of the molecule. Very few
modifications to the E-ring have been reported, due to the poor efficacy upon manipulation
of the lactone. However, the homocamptothecins shown in Figure 2 have offered promise
with E-ring stabilization and anti-tumor activity.

3.2.1 Diflomotecan (BN80915)
Animal Models: Bigg and coworkers developed a series of enlarged E-rings, called
homocamptothecins (hCPT), which are characterized by a β-hydroxylactone instead of the
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natural α-hydroxylactone.195 The addition of a methylene group within the E-ring stabilizes
the lactone, leaving 87% in the intact lactone form at pH 7.4 after 24 h compared to only
20% at 1 h for CPT, while retaining TOP I activity comparable to CPT. The in vitro
investigation of this series of compounds led to the identification of four lead compounds,
which possessed sub-nanomolar IC50 values in one or more cell lines (A427, PC-3, K562adr
and MCF7mdr). Interestingly, each of the compounds contains a fluorine substituent at
position 10, 11 or both. Each compound was tested in subcutaneous HT-29 tumor xenografts
models in nu/nu female athymic nude mice. When administered through i.p. injection 12
times over three weeks using a 4 days on and three days off schedule, a MTD of 0.32 mg/kg
was determined. At this MTD, using the methoxy, methyl or difluoro compounds, a tumor
growth delay of 12 d, 7 d and 25 d was observed for the derivatives, respectively. The
chlorinated compound, however, showed a tumor growth delay of 7 d at 1.25 mg/kg as
compared to a 4 d delay at 0.625 mg/kg for CPT. This study was expanded to additional
tumor xenografts and compared to topotecan, CPT, and SN-38 with similar results showing
higher stability of cleavage complexes and subnanomolar IC50 values.196

Human Patients: In phase I trials, the MTD was determined to be 0.27 mg/day when
administered five times orally every three weeks to adults with solid tumors.197

Pharmacokinetics were measured on the fifth consecutive day of treatment showing AUC
values of 0.014 μg•h/mL and a half-life of 3.7 h. Furthermore, whil several patients in this
study that had been heavily treated prior to this study still showed signs of extended periods
of stable disease. When administered through the i.v. route, the MTD of diflomotecan was
determined to be 0.15 mg/m2 (~0.0041 mg/kg) as a 20 minute i.v. infusion for five days
every three weeks with a recommended dose of 0.125 mg/m2 (~0.0034 mg/kg).198 The
treatment also showed very few toxic side effects and either stabilized patients or produced a
partial response although this was outside the scope of the study.

A recent phase I study utilizing the flat dosing strategy finds that toxic doses range from 2
mg to 4 mg, due to interpatient variability.199 Upon administration of 2 mg of diflomotecan
through 20 min i.v. infusion every three weeks, an AUC value of 0.11 μg•h/mL was found
with a half-life of 4 h. When using 3 mg and 4 mg doses, the AUC values increased slightly
to 0.12 μg•h/mL and 0.16 μg•h/mL, with half-lives of 3.3 h and 4.6 h, respectively. From
the pharmacokinetic data and the toxicities observed, it was determined that the toxic
variability was due to drug exposure and not specific dose. With such variability, the authors
suggest that further investigation using this strategy for delivery of diflomotecan is not
warranted. Interpatient variability with diflomotecan complicates the future utilization of
this drug, but future studies at different doses using different schedules may prove
advantageous.

3.2.2 Homocamptothecin and BN80927
Animal Models: Although the fluorinated hCPTs showed promising results in vitro and in
vivo, Bigg and coworkers investigated a hCPT without a quinoline substituent,200 and a
hCPT with a 4-methyl-piperazinomethyl group at position 7, a methyl at position 10 and a
chloride at position 11.201 The study of unsubsitituted hCPT provided results similar to the
fluorinated compound, showing increased lactone stability and increased TOP I inhibition.
While the lactone undergoes slow hydrolysis to the carboxylate form, the seven-membered
ring does not spontaneously recyclize. During in vivo studies in athymic mice with HT-29
tumor xenografts, hCPT was administered using a schedule of four days on and three days
off for a total of twelve injections at a dose of 1.25 mg/kg as compared to 0.625 mg/kg CPT.
Results from this study showed that unsubstituted hCPT inhibited tumor growth as
compared to CPT, with tumor volumes of 900, 750, and 400 mm3 for the control, CPT and
hCPT, respectively.
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The trisubsitituted hCPT showed greater than 90% closed lactone after 3h in human plasma,
with 50% of the lactone form still present at 24 h. This new hCPT also showed broad
antitumor efficacy in vitro in breast, colon, prostate, ovarian, bladder, leukemia and lung
cancers. In vivo efficacy was demonstrated through oral administration to mice with either
PC3 or DU145 prostate cancer xenografts. In both models, the preferred schedule was twice
a day for 14 days, giving 125% and 175% increase in survival for each cell line,
respectively. Only minor toxicity resulted in each model, which rebounded after treatment.

3.3 20-HYDROXY-LINKED MODIFICATIONS
Lactone stability has been shown to increase upon esterification or alkylation of the 20-
hydroxyl group. A hypothesis proposed in 1992 implicates the hydroxyl group as a mediator
of lactone hydrolysis by activation of water through a hydrogen bond interaction.202 While
various ester derivatives have been prepared, only a small number of 20-O-hydroxyl
modifications have been tested in vivo. A few examples have already been discussed in the
context of A-ring modifications. We address the remaining examples here and discuss
utilization of this hydroxyl to covalently append CPT and its derivatives to macromolecular
architectures later.

3.3.1 Hydrophobic Esters of CPT
Animal Models: Cao and coworkers reported the synthesis and promise of a series of esters
of CPT and 9-nitrocamptothecin (9-NC).203 In human plasma, the lactone of propanoate of
CPT diminished to 56% over 6 h as compared to only 0.5% at 2 hours for CPT.
Comparatively, the propionate of 9-NC exhibited higher stability in human plasma, with
64.4% lactone present at 6 h and 5.8% present at 51 h, compared to only 7% at one hour for
9-NC. The propanoate of CPT was investigated in CLO-breast tumor and SPA lung tumor
xenografts in nude mice, while the propanoate of 9-NC was investigated in SQU colon
cancer cells. The breast tumor sizes were measured at 56 days, with average tumor sizes of
mice treated with propanoate ranging from ~500–100 mm3 at doses of 5–8 mg/kg, as
compared to tumor sizes of ~4500 mm3 in the control animals. Similar results were observed
in SPA and SQU tumor xenografts. In a subsequent study with 9-NC, the propanoate ester
and butyrate esters showed the greatest toxicity in HL-60 cells and U-937 cells in vitro.204

In vivo data using Doyle lung carcinoma, BRO-melanoma, SPA lung carcinoma and BRE
stomach tumor xenografts also suggested promising antitumor activity, however, the poor
solubility of the constructs prompted the investigators to dissolve the drugs in cottonseed oil
and inject the solutions into the stomach cavity through the anterior wall of the abdomen
everyday for five consecutive days each week for the duration of the experiment. While the
compounds showed promising lactone stability and antitumor activity, the route of
administration was not ideal for prolonged therapy.

3.3.2 Amino Acid Esters of CPT
Animal Models: Lerchen and coworkers at Bayer AG developed a series of 20-hydroxyl
linked glycoconjugates of CPT with preferential cellular uptake in cancer cells.152 CPT was
acylated with a series of dipeptides, which were then linked to the carbohydrate targeting
moiety (p-aminophenyl 3-O-methyl-β-L-fucopyranoside) through a thiourea linkage.
Interestingly, when the amino acid adjacent to the CPT was glycine, stability in cell culture
was diminished, while valine improved stability. The conjugate with the greatest stability in
culture medium and lowest IC50 value in HT29 cells proved to be Sug-HisVal-CPT. When
delivered intravenously at the MTD of 32 mg/kg for three consecutive days to mice bearing
breast cancer MX-1 xenografts, treated tumor growth/control group growth (T/C%) values
were determined to be 1.8%, as compared to 12.7% for topotecan at an MTD dosage of
2.5mg/kg on the same schedule. Fluorescence experiments revealed that cellular uptake in
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HT29 cells occurs through active transport into the lysosomes. While this study indicates a
significant improvement in the design of novel CPTs, further investigation of this conjugate
must be completed to determine the pharmacokinetics as compared to the parent molecule.

4. MACROMOLECULAR ARCHITECTURES FOR PASSIVE DRUG DELIVERY
Although a significant library of CPTs has been developed, macromolecular delivery agents
have focused on CPT or SN-38. Here, we describe the non-covalent and covalent
approaches toward increasing in vivo efficacy using macromolecular constructs. While a
large number of architectures have also been developed, many will not be discussed here
due to the absence of in vivo data. The compounds described in the literature, that have not
yet been investigated in vivo, include non-covalent dendrimer constructs from
Ghandehari,205 Grinstaff206 and Simanek207 and covalent dendrimer constructs from
Shabat,208–212 and Simanek,213 “clicked” polymers from Emrick,214 micelles from
Torchilin215 and Kataoka216, and PEGylated nanoscale graphene oxide from Dai.217

4.1 Non-Covalent Drug Delivery Systems
Various non-covalent drug delivery systems have been developed to improve solubility and
lactone stability of CPTs, including micelles, liposomes, dendrimers, nanoparticle drug
formulations and hydrogels. Each non-covalent drug delivery vehicle is summarized herein,
with comparisons made between the pharmacokinetics and efficacy of the complex to that of
the free drug and further summarized in Table 2.

4.1.1 Micelles—Micelles are macromolecular constructs formed from an aggregation of
amphiphilic molecules, which display charged or charge-neutral hydrophilic head groups at
the water interface and hydrophobic chains toward the center of the vesicle, commonly
forming a spherical structure. The hydrophobic interior of the structure enables efficient
encapsulation of hydrophobic molecules, such as the CPTs, for drug delivery.

Camptothecin Micelles
Animal Models: Poly(ethylene glycol) is a polymer commonly used to increase solubility
and bioavailability of otherwise insoluble drugs. Through the development of poly(ethylene
glycol)-poly(aspartic acid) block copolymers and subsequent partial esterification with
benzyl alcohol, the formation of micellar structures containing a benzyl rich core capable of
encapsulating CPT and a water soluble PEG corona has been realized.218 Micelles formed
from block copolymers containing 5 kDa PEG chains and a poly(aspartic acid) block 25
monomer units long esterified with benzyl groups to 70%, were used to encapsulate CPT for
treatment of mice with C26 colon tumor xenografts.219 The micelles were found to have an
average diameter of 190 nm and 63% incorporation efficiency. Incorporation efficiency
reflects the amount of drug encapsulated in the vesicle after removal of unencapsulated
drug. In this example, 2 mg of free CPT were mixed with 5 mg PEG-P(AspBz) resulting in
vesicles with approximately 20 wt% CPT. When the micelles were delivered through i.v.
injection to tumor bearing mice at doses of 15 mg/kg and 30 mg/kg, 72.5% and 81.5% tumor
growth inhibition at 8 days was observed as compared to 51.4% for the solution of free CPT
at a dose of 1.5 mg/kg. The micelles released nearly 50% of CPT at 24 h, however, blood
plasma levels were 150 times higher at 24 h as compared to free CPT. Furthermore, tumor
levels showed an 8-fold increase in CPT when using the micelle as compared to the free
drug.

10-Hydroxycamptothecin Micelles
Animal Models: Micelles of poly(ethylene glycol)-poly(γ-benzyl-L-glutamate) were also
developed to encapsulate hydroxycamptothecin at 57% efficiency.220 The micelles had an
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average diameter of 200 nm, with 7.5 wt% drug loading capacity. After i.p. administration
of 3 mg/kg for five consecutive days, the micelles showed a slow release of
hydroxycamptothecin, with maximum blood concentrations at 1 h as compared to the
carboxylate form of the free drug with lower concentrations at 0.25 h. The beta half-lives of
the carboxylate and micellar 10-hydroxycamptothecin forms were determined to be 5.8 h
and 10.2 h, respectively, with AUC values of 431 μg•h/mL and 1034 μg•h/mL, respectively.
Anti-tumor effects in golden hamsters with cheek pouch carcinomas showed a 66% decrease
in tumor volume when treated with the micellar formulation and only 50% decrease in
tumor volume when treated with the free hydroxycamptothecin. This delivery method,
however, suffers from poor loading efficiency and cellular inflammation due to the toxicity
of the micelles. Pharmacokinetic data and efficacy data show moderate success, but minimal
investigation using non-covalent drug-micelle complexes has been completed due to success
with other forms of non-covalent drug delivery. Furthermore, CPT attached covalently to
micelles has proven successful as will be discussed later.

4.1.2 Liposomes—Liposomal drug delivery has received much attention for the delivery
of a variety of insoluble therapeutics, including the CPTs.221 Burke observed the need for an
alternative route to deliver CPTs and investigated liposomal drug delivery with CPT, 9-AC,
9-NC, 10-hydroxyCPT and topotecan. Lactone stability increases when drugs were non-
covalently complexed with liposomes.222, 223 Current in vivo efforts with liposomal
formulations are summarized below.

Camptothecin Liposomes
Animal Models: A series of lipids were investigated to develop liposomes with high levels
of CPT loading. Results showed that cardiolipin and N-glutaryl phosphatidyl ethanolamine
(NGPE) had 67% and 97% drug loading, respectively, while other neutral or single,
negatively charged head groups provided <5% encapsulation.224 Loading is a measure of the
difference between total drug in solution and free drug. At a 12.5:1 wt/wt ratio of lipid to
drug, 95% loading is observed, which corresponds to 7 wt% CPT. Antitumor activity in an
i.p. injected P388 leukemia mouse model was evaluated using a T/C value, which represents
the ratio of median survival in treated mice over control mice. CPT delivered
intraperitoneally at a dose of 40 mg/kg resulted in a T/C value of 2.07, whereas toxicity was
observed at this dose using liposomal CPT. Decreasing the dose of liposomal CPT to 20 mg/
kg resulted in a T/C value of 1.86. A L1210 leukemia model with T/C values between 0.85
and 0.92 for free CPT at doses between 30 and 60 mg/kg, whereas liposomal CPT afforded a
T/C of 1.46 at a dose of 20 mg/kg. Biodistribution studies after i.v. administration of 10 mg/
kg CPT found high quantities of drug in the lung at 6 h, with decreasing levels at 24 h, while
liposomal CPT afforded negligible uptake in all organs.

Alternatively, liposomes developed from bis(dodecyl)benzoic acid and poly(ethylene glycol)
with a coating of human serum albumin (HSA) achieved 80% CPT encapsulation
efficiency.225 Blood plasma levels increased dramatically from an AUC value of 1.1 μg•h/
mL for the CPT solution to an AUC value of 24.8 μg•h/mL for the HSA-coated liposome
after a 2.5 mg/kg dose with respect to CPT. When delivered to mice with C26 colon
carcinomas through i.v. injection of 15 mg/kg, 84.6% tumor growth inhibition was observed
as compared to control mice. However, when delivered at a 10 mg/kg dose on days 1 and 3,
significant weight loss (>20%), a common marker for CPT toxicity, was observed.
Biodistribution studies with this liposome showed nearly 10-fold increase in tumor
accumulation with a 60-fold increase in blood plasma at 8 h as compared to the tumor
accumulation seen when using the free drug.
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Topotecan Liposomes
Animal Models: The success observed in liposomal formulations of CPT extends to more
soluble topotecan. One study, produced a 400-fold increase in plasma AUC when topotecan
was encapsulated in sphingomyelin and cholesterol liposomes as compared to free drug.226

Furthermore, lactone stability was enhanced with 84% lactone present at 24h after injection
of the liposome compared with only 50% lactone present at five minutes after injection of
free drug. Mice bearing L1210 ascites treated with a single i.v. dose of 20 mg/kg free drug
or three 4 mg/kg doses on days 1, 5 and 9 provided a 11 day median survival time and 15
day median survival time at three doses of 8 mg/kg. Administration of liposomal topotecan
at a single dose of 20 mg/kg or the multiple dosing strategy of 4 mg/kg or 8 mg/kg afforded
a median survival time of >60 days. However, liposomal topotecan led to more weight loss
as compared to an equivalent dose of free drug. To overcome the toxicity, liposomal doses at
half the free drug dose were utilized, resulting in efficacy that was still superior to that seen
using the free drug. In a liver metastasis model, similar results were obtained, with
liposomal topotecan providing >60 d survival in all animals at all doses half that of free
drug. A human breast carcinoma model (MDA-435/LCC6) showed median survival times
between 20 and 30 days depending on dose, however, liposomal topotecan provided median
survival times between 37 and 52 days.

A subsequent study using DSPC/Chol lipids found that at 48 h greater than 70% topotecan
existed in the lactone form when encapsulated in liposomes, while the free drug showed a
hydrolysis half-life of 0.33 h.227 Pharmacokinetic data of the DSPC/Chol-topotecan
complex show an approximate 40-fold increase in the AUC values of free drug from
9400μg•h/mL to 358400 μg•h/mL with an increase in alpha half-life from 0.1 h to 2.1 h
after a single i.v. injected dose of 5 mg/kg. Only a small increase, however, was observed in
beta half-life from 2.6 h to 2.9 h. Although liposomal topotecan was found to leak
significantly in the presence of plasma, the antitumor efficacy of liposomal topotecan
surpassed that of the free drug. When delivered at this dose weekly for two weeks, topotecan
showed a 21% tumor growth inhibition at 32 days in mice bearing C26 tumors, while
liposomal topotecan exhibited 57% tumor growth inhibition.

Irinotecan Liposomes
Animal Models: Irinotecan was also investigated using DSPC/Chol liposomes which could
be loaded with up to 35 wt% drug. This formulation could provide a significant increase in
plasma levels when the complex was delivered through i.v. injection at 50 mg/kg to SCID/
Rag-2M mice.228 Furthermore, the lactone stability of irinotecan was increased due to
liposomal protection, with >95% lactone at 4 h and 80% at 24 h as compared to only 40%
for the free drug at 1 hour. Toxicity studies showed that a 100 mg/kg dose of free irinotecan
elicited toxic effects within one minute. This toxicity was not observed with the same
dosage of the liposomal formulation, but weight loss over time was observed as a toxic
marker. When free irinotecan was delivered as a single 50 mg/kg dose to mice inoculated
with s.c. LS180 tumors, tumor growth was delayed for 22 days post inoculation as compared
to 19 days for control animals. This tumor growth inhibition increased to 30 days when the
irinotecan-liposome complex was delivered at 50 mg/kg on days 11, 15 and 19. The
liposomal formulation showed delayed growth at 34 days, and no growth at 40 days for the
single and triple doses, respectively. Similar results were obtained in LS174T tumors, which
exhibit relatively slow-growth and mimic liver metastases secondary to colorectal cancer.
The potential for the treatment of liver metastases was suggested by histology wherein
accumulation was observed at the tumor’s periphery, while no tumor uptake at 24 h post i.v.
injection was observed.
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To improve drug loading in liposomes, Drummond and coworkers developed a method of
delivery that utilizes polyphosphate or sucrose octasulfate co-encapsulation. This method
achieved a loading efficacy of 1.4 mol CPT-11/mol phospholipids or 109,000 drug
molecules per liposome, corresponding to a 10- to 20-fold increase in drug loading.229

Blood plasma half-lives of 7 h and 11 h were obtained in Sprague-Dawley rats after i.v.
administration of the polyphosphate and sucrose octasulfate liposome complexes,
respectively. The sucrose octasulfate formulation showed improved overall
pharmacokinetics, with an AUC value of 2134 μg•h/mL and 57 h half-life release of
CPT-11 from the liposome. Rats bearing HT29 xenografts received the sucrose encapsulated
formulation resulting in four (36.4%) tumor free animals at study end (66 days) as compared
to a maximum survival time of 35 days for mice receiving 50 mg/kg CPT-11 every four
days for four total i.v. doses of CPT-11. This method of encapsulation has proven optimal
for increasing drug loading, plasma half-life and efficacy as compared to the small molecule.
The impact that this strategy has on in vivo activity given the need for metabolic activation
in the liver remains unclear.

SN-38 Liposomes (LE-SN-38)
Animal Models: To further improve the antitumor activity of liposomal s, SN-38, rather
than CPT-11, was encapsulated in liposomes to circumvent the need for metabolic activation
of CPT-11. Liposomes were formed from DOPC, cholesterol and cardiolipin with a drug to
lipid ratio of 1:18.230 Studies in P388 tumor bearing mice showed median survival of 20
days when CPT-11 was administered at 16 mg/kg over five consecutive days, whereas
administration of 4 mg/kg of LE-SN-38 for five consecutive days offered 100% long term
survival (>60 days). In mice bearing HT29 xenografts a dose of 8 mg/kg gave 88% tumor
growth inhibition for LE-SN-38 as compared to a 36% tumor inhibition observed using free
CPT-11. Similar results were observed in mice bearing Capan1 and MX-1 xenografts.
Similar tumor growth inhibition was observed when administered as a single dose of 10 mg/
kg, 20 mg/kg or 40 mg/kg in the same cell lines, but increased body weight loss at the higher
doses suggests an optimal delivery of multiple low doses rather than a single high dose.231

Detailed pharmacokinetics were also reported with this construct, showing plasma AUC
values of 3.92 μg•h/mL and a half-life of 6.38 h for SN-38 after a single 10 mg/kg i.v.
injection.232 AUC values at 24 h were significant for liver and spleen (~400 μg•h/mL)
suggesting recognition by the reticuloendothelial system (RES), which was supported with
the presence of extramedullary hematopoesis in dogs. Furthermore, multiple dosing
strategies gave MTDs of 5 mg/kg and 7.5 mg/kg for male and female mice, respectively.
Single doses afforded a MTD of 37 mg/kg and 46 mg/kg for male and female mice,
respectively. Together, these results suggest significant promise for LE-SN38 at multiple
low doses, however, accumulation in the RES warrants concern. Recognition by the RES
has been overcome through the use of STEALTH liposomes coated in poly(ethylene glycol).
Furthermore, the sex dependent variability of pharmacokinetics in small animals also raises
interesting questions toward the treatment of cancer in human subjects.

Lurtotecan Liposomes (SPI-355, NX 211, OSI-211)
Animal Models: Liposomal encapsulation of lurtotecan has progressed into phase II clinical
trials. PEGylated liposomes, known as STEALTH liposomes, are formed from HSPC/PEG-
DSPE with cholesterol resulting in 90% drug encapsulation efficiency in particles of 100 nm
diameter.233 Liposomes were determined to have a half-life of 21 h and an AUC of 1852
μg·h/mL after i.v. injection of 10 mg/kg of liposomal drug as compared to 1.58 h and 1.49
μg•h/mL after injection of 8.72 mg/kg free drug. In the first study using mice bearing HT29
colon xenografts, drug doses of 15 mg/kg and 24 mg/kg, given once weekly for three weeks
proved toxic, while 6 mg/kg showed minimal toxicity with complete responses in all
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animals >70 days. The free drug on the same dosing schedule showed less toxicity with only
3 out of 10 complete responses and 1 partial response at 24 mg/kg. In the second study using
the same tumor model, lower doses of liposomal lurtotecan were investigated from 0.1 mg/
kg to 5 mg/kg as compared to 20 mg/kg for free drug. The MTD for liposomal lurtotecan
was determined to be between 3 and 5 mg/kg. Although deaths were observed, complete
regression was experienced in 10 out of 10 mice at 5 mg/kg. At a dose of 3 mg/kg, seven out
of 10 complete responses were observed with one partial response and one death not
associated with the therapy, while 20 mg/kg of free drug afforded no complete responses
and only 1 partial response.

A subsequent study with liposomal lurtotecan showed 99.5% tumor growth inhibition with
no deaths and 19% body weight loss when 9 mg/kg were delivered through 30 min i.v.
infusion to mice with ES-2 tumor xenografts on days 1, 8 and 15. This compares favorably
to 95% TGI with 14 mg/kg lurtotecan and 57% TGI with 16 mg/kg topotecan, the respective
MTDs.234 Liposomal lurtotecan also proved successful at tumor inhibition when delivered
on days 1 and 9 in a KB xenograft model, with 98% TGI at 9 mg/kg. Administration of a 4
mg/kg dose of liposomal drug proved to be as effective at tumor growth inhibition as 16 mg/
kg dose of free drug. Pharmacokinetic analysis after administration of 1 mg/kg of liposomal
lurtotecan provided an AUC value of 127 μg•h/mL and a 2 h half-life as compared to an
AUC value of 0.069 μg•h/mL and a half-life of 0.83 h for the free drug. Biodistribution
studies showed that lurtotecan accumulated in tumors 9- to 67-fold more effectively when
administered in the liposome as compared to the free drug. However, significantly high
splenic uptake was observed for liposomal lurtotecan with maximum concentration at 6 h
and a decreased concentration in all organs after that time. Similar pharmacokinetic and
biodistribution results were also reported in a later paper from this group.235

Promise was seen in studies comparing different dosing strategies in SCID mice bearing
acute myelogenous leukemia and acute lymphocytic leukemia.236 To investigate the
effectiveness of liposomal lurtotecan when administered as either an early treatment or as a
delayed treatment, mice were injected intravenously with KBM-3B cells followed by an
incubation period (6–8 days for early treatment; 15–19 days for delayed treatment). After
the predetermined incubation period, treatment began and continued on a schedule of five
consecutive days, every two days for three total doses or once a week for two consecutive
weeks. When delivered at a dose of 2 mg/kg on days 1, 3 and 5, in either early or delayed
therapy, significant toxicity was observed. When the dose was decreased to 1.75 mg/kg,
poor efficacy resulted in all cases. Treatment with 6 mg/kg on days 1 and 8 proved to be the
most successful in both early and delayed therapy, with an average increased life span of
146% in early and 196% in delayed therapy. In early therapy the lowest and most prolonged
dose of 1 mg/kg for five consecutive days provided a survival increase of 174%. Similar
results were obtained in HL-60 A5 and Molt-4 A4 leukemia models.

Human Patients: In phase I trials with liposomal lurtotecan, using the same 30 min i.v.
infusion once a week for three weeks provided a recommended dose of 3.8 mg/m2 (~0.1 mg/
kg).237 At this dose, AUC values were determined to be between 2210 and 28000 μg•h/mL,
with a mean value of 12000 μg•h/mL, and a half-life range of 2.5–11 h with a mean of 6.8 h.
To further investigate the potential to increase blood plasma concentration of liposomal
lurtotecan, 30 min i.v. infusions were administered for three consecutive days to patients
with leukemia.238 An MTD similar to what was found previously (3.7 mg/m2) provided an
AUC value of 7.1 μg•h/mL after a single injection with a mean half-life of 7.2 h. In patients
with refractory solid tumors administered liposomal lurtotecan as a 30 min i.v. infusion on
days 1, 2 and 3 for three consectutive weeks found MTDs of 2.1 mg/m2 (~0.057 mg/kg) and
1.8 mg/m2 (~0.049 mg/kg) for minimally pretreated patients and heavily pretreated patients,
respectively.239 Pharmacokinetic data obtained from the patients receiving 2.1 mg/m2 gave
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AUC values of 4.6 μg•h/mL on day one and 7.3 μg•h/mL on day three with half-lives of 6.9
h and 9.3 h, respectively. Significant variability in pharmacokinetic values was once again
observed, with AUC ranges from 0.6 to 24 μg•h/mL and half-lives from 3 h to 20 h.
Although efficacy was not determined under this set of studies, it was determined that lower
doses could be given over extended periods of time with minimal toxicity, however, less
than optimal pharmacokinetics were observed.

In phase II trials, liposomal lurtotecan was delivered to patients with topotecan resistant
ovarian cancer on days 1 and 8 of a three-week cycle at doses of 2.4 mg/m2 (~0.065 mg/kg).
No complete regression was observed. Only 8 of 22 patients had stable disease suggesting
further investigation with a different schedule or a different tumor is warranted.240 In a
similar study of patients with squamous cell carcinoma of the head and neck using the same
dosing regimen, similar results with mild drug toxicity and poor efficacy were found.241 In a
comparative study using either this dosing schedule or a 30 min infusion of 1.8 mg/m2

(~0.049 mg/kg) on days 1, 2 and 3 every three weeks found significant advantage using the
later dosing schedule.242 In this study, doses on three consecutive days afforded 1 complete
response, 5 partial responses, 22 patients with stable disease and 8 patients with progressive
disease. No complete responses and only 2 partial responses were observed with the once
weekly administration. Interestingly, AUC values in the three daily doses schedule (4.8
μg•h/mL) were slightly lower than the once weekly schedule (5.8 μg•h/mL). Lurtotecan has
shown great potential in vitro and in preliminary in vivo studies, surpassing topotecan
efficacy. Phase I and II clinical trials, however, have given less than promising results
suggesting a need for alternative routes of delivery.

Belotecan Liposomes (CKD-602 Liposomes)
Animal Models: STEALTH® liposomes containing CKD602 were investigated in a series
of tumor xenografts in mice to determine the optimal dosing schedules and the MTDs.243

Tumor inhibition was observed when free drug was administered through i.v. administration
to mice bearing A375 human melanoma xenografts on a schedule of once a week for three
weeks at doses between 10 mg/kg and 20 mg/kg. Higher doses of 30 mg/kg resulted in
tumor regression with no observed toxicity in any case. However, when liposomal CKD-602
was administered intravenously, regression was observed at doses as low as 0.15 mg/kg and
up to 1.5 mg/kg with only minimal toxicity. Larger doses between 0.3 mg/kg and 3.0 mg/kg
administered every two weeks for three total doses resulted in tumor regression with toxicity
occurring at 2.5 mg/kg. Similar results were also observed in ES-2 human ovarian
xenografts, with a tumor growth delay of >60 days at doses of 2.25 mg/kg and 8 out of 12
mice were cured. Slightly lower efficacy, however, was observed in H82 human small cell
lung cancer and HT-29 human colon xenografts.

A pharmacokinetic analysis of liposomal CKD-602 was conducted in mice bearing A375
tumors.244 Liposomal CKD-602 was administered at 1 mg/kg as an i.v. injection, providing
a plasma AUC value of 202 μg•h/mL and tumor AUC value of 13 μg•h/mL. The complex
showed higher efficacy as compared to a 30 mg/kg injection of free drug, which displayed a
plasma AUC value of 9 μg•h/mL and a tumor AUC value of 12 μg•h/mL. Furthermore,
uptake in the liver, kidney and spleen showed 2- to 6-fold increase over plasma AUC values
when delivered as free drug, whereas liposomal CKD-602 delivery showed an approximate
5-fold decrease. Interestingly, the brain showed a 2.5-fold increase in AUC for liposomal
CKD-602 as compared to free drug, suggesting potential utilization of the complex in the
treatment of gliomas.

Human Patients: A phase I and pharmacokinetic investigation of liposomal CKD-602
demonstrated a MTD of 2.1 mg/m2 (~0.057 mg/kg) when the complex was administered
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intravenously once every three weeks.245 This dosage provided a plasma AUC value of 45
μg•h/mL. However, significant interpatient variability was observed, with AUC values
ranging from 7 μg•h/mL to 86 μg•h/mL. Partial response seen in 2 out of 5 patients with
ovarian cancer. Stable disease was seen in 6 out of 45 patients with sarcoma, hepatocellular,
prostate and thyroid cancer. Although the response was not significant in the series of
tumors studied here, phase II studies are currently ongoing, with a focus on ovarian, gastric
and small cell lung cancers.

DB-67 Liposomes (AR-67 Liposomes)
Animal Models: Liposomal encapsulation of the silatecan, DB-67, was also investigated in
SCID mice to monitor plasma and tissue disposition after delivery of the liposomal
derivative as compared to the free drug.182 A dose of 10 mg/kg of liposomal DB-67 or non-
liposomal DB-67 was administered through tail vein injection to the mice. Interestingly, the
AUC values for nonliposomal and liposomal DB-67 were 17.3 μg•h/mL and 8.2 μg•h/mL,
respectively. The lactone half-lives of nonliposomal and liposomal DB-67 were 1.4 and 0.9
h, respectively. This data suggest that the liposome releases DB-67 somewhat rapidly after
injection. Furthermore, AUC values measured for each organ show that the lactone form of
non-liposomal DB-67 has an extended lifetime in the plasma as compared to the liposomal
treatment (17 μg•h/mL vs. 7 μg•h/mL). Decreased splenic (14 μg•h/mL vs. 29 μg•h/mL)
and lung (20 μg•h/mL vs. 39 μg•h/mL) AUC values were also observed for the non-
liposomal treatment. Each of these data suggests that while DB-67 may be a good candidiate
for cancer therapy, the use of liposomes drastically change the pharmacokinetic data in a
somewhat unexpected fashion.

4.1.3 Nanoparticle Formulations and Emulsions—While CPT has previously been
delivered in complex formulations to improve solubility, nanoparticulate structures and
emulsions utilizing polymers are described here. Alternative block copolymers including
constructs by Onishi246, 247 and Jiang248 have also been developed, however, a lack of
complete pharmacological data prevent their inclusion here.

Hydrophobic Chitosan Nanoparticals With Camptothecin
Animal Models: Chitosan was modified with cholanic acid to increase the hydrophobicity of
the nanoparticles for encapsulation of CPT.249 An 80% encapsulation efficiency was
obtained using this construct. While complete tumor regression was not observed, tumor
growth inhibition was apparent. Mice bearing MDA-MB231 human breast cancer xenografts
were administered a 30 mg/kg i.v. dose of free CPT, resulting in a 49% tumor growth
inhibition. Chitosan nanoparticles containing 10 wt% CPT were given doses of 10 mg/kg
and 30 mg/kg resulting in 68% and 77% tumor growth inhibition, respectively. While
survival data showed promising results with 75% and 50% of mice alive at 40 days when
utilizing 10 mg/kg and 30 mg/kg doses, there were only four mice used in each experiment.
Curiously, 25% of mice receiving saline injections were alive at 40 days whereas those
treated with free CPT were dead at 35 days. This data suggest that the chitosan nanoparticles
slightly improve survival times in mice, however, additional studies with larger test
populations are required along with pharmacokinetic investigation to determine their
potential for future studies.

Proprietary Nanoparticles With SN-38
Animal Models: In addition to increasing solubility through drug encapsulation,
macromolecular constructs often increase lactone stability. When SN-38 is encapsulated in
“soft” nanoparticle formulations of 100 to 300 nm in diameter, lactone stability was shown
to be 80% at 3 h as compared to 40% with free SN-38.250 Blood plasma levels of 1 μg/mL
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in the nanoparticle at 24 h compared favorably to free drug at less than 0.01 μg/mL. Mice
bearing HT-29 xenografts were treated with the formulations on days 6, 9, 13 and 16 days
after implantation and evaluated for drug efficacy by measuring the time for the tumor to
reach 1 g in weight. The tumors took 46, 64, 47 and 50 days to reach 1 g using four different
formulations as compared to 22 days for no treatment and 35 days with free irinotecan.
Although this study offers a brief glimpse into the use of soft nanoparticles for therapy,
extensive investigation with these constructs is limited. Challenges of characterization and
polydispersity are overshadowed by the positive results suggesting that additional
investigation into the pharmacokinetics and efficacy may be warranted.

Poly(Lactic-co-Glycolic Acid) Nanoparticles with 9-Nitrocamptothecin
Animal Models: Nanoparticles measuring 200 nm in diameter with 9-NC at 33% drug
loading were prepared from poly(lactic-co-glycolic acid).251 An 0.8 h elimination half-life
increased over free drug from 0.8h to 2.45 h at doses of 2 mg/kg through i.v. injection to
rats. Similar results were obtained for the half-life of the lactone, suggesting extended
lifetime of the active form. The AUC values for the total free drug and lactone were 0.68
μg•h/mL and 0.45 μg•h/mL, respectively as compared to 3.7 μg•h/mL for the nanoparticle.
In vitro cytotoxicity assessments showed that the nanoparticles containing 9-NC were 10
times more cytotoxic than the free drug, presumably due to a higher cellular uptake through
endocytosis. Additional in vivo studies in tumor bearing mice must be completed to
determine the clinical relevance of this construct.

A self-microemulsifying drug delivery system (SMEDDS) was also developed from a
mixture of oil (ethyloleat), surfactant (Tween-80 or cremophor EL), cosurfactant (PEG-400)
and drug (9-NC).252 The mean particle size was determined to be between 30 and 40 nm
depending on whether Tween-80 (T-form) or cremphol EL (C-form) was utilized as the
surfactant, respectively. The half-lives of the 9-NC suspension, SMEDDS C-form,
SMEDDS T-form and 9-NC solution delivered orally to rats were 3.3 h, 6.3 h, 3.9 h and 3.5
h, respectively. The AUC values obtained for each delivery system were found to be 0.16
μg•h/mL, 0.35 μg•h/mL, 0.36 μg•h/mL and 0.24 μg•h/mL, respectively. Furthermore, oral
bioavailability increased from 17% in the free drug suspension to 37% for both SMEDDS.
Efficacy studies in nude mice bearing s.c. SKOV-3 ovarian tumors that were treated with 6
mg/kg 9-NC every four days led to 100% tumor growth inhibition at 24 d. This result is
significantly better than the 50% growth inhibition observed for the 9-NC suspension.
Untreated mice survived between 5 and 10 days.

4.1.4 Hydrogels—Hydrogels are polymers that swell in the presence of water effectively
entrapping guest molecules, such as drugs, within the matrix. This technique for drug
delivery is attractive due to the biocompatibility, durability, flexibility and ease of injection
at the site of interest. Hydrogels have shown great promise in delivering CPTs for cancer
therapy.

Camptothecin Hydrogels
Animal Models: The addition of glycerol-2-phosphate to chitosan leads to hydrogel
formation at body temperatures due to a lower critical solution temperatures (LCST) of 37
°C.253–255 CPT was loaded into the hydrogel at 4.5 wt% and showed 85% release at 30 days
when studied in vitro. When administered to mice bearing RIF-1 tumor xenografts through
intratumoral injection at 24 mg/kg, tumor growth delays of 25 days were reported. This
compares favorably to the delay of only 8 days when using a 6 mg/kg i.p. injected CPT.256

Alternatively, two biodegradable PLGA-PEG-PLGA copolymers with 5 kDa total polymer
molecular weight were prepared that formed gels from room to body temperature.257 These
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polymers degraded by 50% and 80% over 30 days in vitro. CPT was PEGylated prior to
encapsulation due to large pore sizes within the gel that otherwise led to fast release of the
unmodified drug. Although incorporation of the modified drug decreased the gel’s LCST,
drug release was observed for over one month. Release was dependent on the wt% of
copolymer in solution and, to a lesser extent, drug loading. The optimal polymer and drug
loading was found to be 18 wt% of a PLGA-PEG-PLGA copolymer with block weights of
1730-1500-1730 Da and 1.5 wt% drug loading. A 65% tumor inhibition rate was observed
when this construct was injected subcutaneously into mice with intradermal S-180 sarcomas
introduced by injection in the armpits. Higher drug loading (3 wt%) caused toxicity in nearly
50% of animals.

Topotecan Hydrogels
Animal Models: A two-phase system of the PEG hydrogel and liposomes containing
topotecan was investigated to exploit the pore size of the parent hydrogel. Free drug
entrapped within the liposome-free, one-phase system as well as free drug were used for
comparison.258 A 60-fold increase in the release of topotecan entrapped in liposomes within
the hydrogel was observed in vitro. Both systems, however, were evaluated for drug release
through subcutaneous administration of 5 mg/kg doses, with observed alpha half-lives of
0.84 h, 0.72 h and 2.70 h for i.v. topotecan, s.c. topotecan liposomes and s.c. hydrogels with
topotecan liposomes, respectively. Beta half-lives of 6.2 h, 35.1 h and 89.3 h, respectively,
were obtained, however, AUC values of 5.8 μg•h/mL, 3.6 μg•h/mL and 3.0 μg•h/mL for
s.c. topotecan, s.c. topotecan liposomes and s.c. hydrogels with topotecan liposomes,
respectively were observed. The poor area under the curve data for all of the suspensions
suggests poor bioavailability in s.c. tissue. The tumor growth suppression in rats with MAT
B III tumors, however, gave mixed results, suggesting that free topotecan was the superior in
both small and large tumor models.

4.2 Covalent Drug Delivery Systems
The covalent conjugation of CPTs to macromolecular architectures has shown great
potential for improving pharmacokinetics and increasing tumor efficacy. Most commonly,
CPT is attached to the polymer through an ester bond with the 20-hydroxy moiety. This
linkage not only conveys solubility through conjugation with a water-soluble polymer, but
also improves lactone stability. Some linkages are chosen as specific substrates for
enzymatic cleavage, while others are used due to their pH sensitivity, but may also undergo
hydrolysis. The advances with covalently linked CPTs to polymers are discussed here with a
table of summarized pharmacokinetics (Table 3) for comparison to the small molecule
derivatives in Table 1 and non-covalent pharmacokinetics in Table 2. Covalent constructs
offer advantages and disadvantages over non-covalent assemblies. Of the advantages, the
opportunity to execute structure-activity studies in a very narrowly defined composition
space is attractive. Disadvantages include, in addition to constituting a new drug entity, the
burden of characterization. The characterization of covalent macromolecular constructs is
oftentimes not trivial, and enthusiasm for biological results need to be tempered with the
critical evaluation of the claims on composition. The literature summarized here and the
following section clearly contains many well-characterized systems.

4.2.1 Micelles—The individual components in micelles can provide sites for covalent
attachment of drugs. Amphiphilic block copolymers with two water-soluble blocks are often
times used to obtain micellar structures. In this case, one block is chemically inert while the
other is reactive. Covalent attachment of hydrophobic drugs provides an amphiphile that
forms micelles. This strategy has seen a great deal of success, particularly for SN-38.
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SN-38 Micelles (NK012)
Animal Models: Block copolymers of poly(ethylene glycol)-poly(glutamic acid) were
developed for covalent attachment of SN-38 to the carboxylate moieties. Esterification of
the phenolate hydroxyl group of SN-38 with acid backbone produces the hydrophobic block
for micelle formation.259 Micelles were formed from copolymers 19 kDa in length with a 12
kDa PEG segment, a 7 kDa poly(Glu) segment and incorporation of about 20% SN-38. In
nude mice bearing HT-29 colon cancer xenografts, pharmacokinetic studies following i.v.
administration of 30 mg/kg micelle or 66.7 mg/kg CPT-11 provided plasma AUC values of
5,010 μg•h/mL for the micelle, 0.022 μg•h/mL for irinotecan and 0.001 μg•h/mL for
irinotecan metabolized to SN-38. The half-lives for each of the agents were 31 h, 3 h and 4
h, respectively. Anti-tumor effects were studied in vivo in mice with highly vascularized
SBC-3/VEGF tumors as compared to SBC-3/Neo tumors, which do not promote
angiogenesis. The micelles showed significant antitumor activity against the highly
vascularized tumors with eradication of bulky masses in VEGF positive tumors.

In mice with s.c. Renca renal cell carcinoma xenografts, NK012 was delivered intravenously
at 20 mg/kg resulting in complete tumor disappearance by day 21. In contrast, free CPT-11
administered at 30 mg/kg led to only partial response at day 15, followed by progressive
disease.260 NK012 treatment led to a 10% decrease in body weight in tumor bearing mice
suggesting that there was little toxicity associated with the complex. In lung metastasis
models, significant uptake was observed and an overall decrease in metastatic nodules
compared to irinotecan and no treatment. Prior to treatment, at day 0, 126 nodules were
observed, which increased to 287 nodules at day 21 in untreated mice, as compared to 236
nodules observed after treatment with free irinotecan and only 32 nodules observed after
treatment with the NK012 micelles. Furthermore, 6 of 10 mice were alive at 90 days when
treated with NK012 as compared to only one remaining mouse at 90 days following
treatment with irinotecan. Untreated mice expired by day 65.

Similar results were also observed in orthotopic gastric cancer with peritoneal metastases.261

Mice bearing 44As3Luc tumors were treated with MTDs of either NK012 (30 mg/kg) or
CPT-11 (67 mg/kg) for three total doses every four days. NK012 treatment resulted in 80%
survival at 150 days using the micelle. Free drug led to no survival at 80 days. Similar
results were observed with the 58As tumor model. Tumor uptake of both NK012 and
CPT-11 was observed, and the extended half-life of NK012 resulted in increased anti-tumor
activity in both the gastric tumor and peritoneal nodules.

While the success observed with NK012 is believed to be due to the enhanced vasculature in
solid tumors, investigation of tumor xenografts with highly vascularized (PSN1) and poorly
vascularized tumors (Capan1) suggests otherwise.262 When irinotecan was delivered
intravenously to mice bearing tumor xenografts at a MTD of 66.7 mg/kg every fourth day
for three total doses, a reduction in tumor size was observed from days 4 to 12 in PSN1
tumors but not in Capan1 tumors. Conversely, NK012 caused complete regression of both
tumors, regardless of vascularity. Drug distribution monitored with fluorescence distribution
showed peak fluorescence intensity at 1 h using CPT-11 as compared to 24 h using NK012,
with detection extending past 96 h. One concludes that although differences in
vascularization are observed, the extended plasma retention times associated with the
increased molecular weight of constructs enable eventual accumulation in tumors, including
those with poor blood flow.

Most recently, NK012 was compared to CPT-11 for treatment of malignant gliomas.263

Subcutaneous xenografts treated at MTD (30 mg/kg) every four days for three total doses
showed tumor regression beginning on day 5 and reaching complete regression on day 23
until day 80, when relapse was observed. After administration of 30 mg/kg for NK012 and
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67 mg/kg CPT-11 to mice bearing orthotopic U87MG/Luc intracranial xenografts, the
pharmacokinetic analysis showed 1113 ng/mL SN-38 in the plasma at 2 hours decreasing to
90 ng/mL at 24 hours and 6.88 ng/mL at 72 hours with tumor concentrations of 67.7 ng/mL,
137 ng/mL and 24.6 ng/mL, respectively. Plasma and tumor concentrations were
significantly higher using the micelle as compared to free drug, suggesting significant
trafficking of SN-38 from the micelle to the tumor. It is unclear what form is transported
into the brain. While the antitumor effect was not statistically significant between CPT-11
and NK012, the Kaplan-Meier plot showed all mice had died by 30 days for both the control
and CPT-11 treated mice, whereas NK012-treated mice survived for 43 days. While treating
gliomas with NK012 was not as successful as treating mice bearing subcutaneous
xenografts, this work represents a significant step toward improving treatment of gliomas
clinically. Additional studies have shown success in combination therapy with 5-
fluoruracil264 and cisplatin265, expanding the therapeutic potential of NK012, which will
likely be the goal of future studies using this micellar construct in both mono-therapy and
combination therapy.

4.2.2 Linear Polymers
Poly(ethylene glycol)-Camptothecin (PEG(CPT)2, PEG(GlyCPT)2, Prothecan
and Pegamotecan)
Animal Models: Poly(ethylene glycol) (PEG) has been used extensively to increase the
water solubility of hydrophobic small molecule drugs and macromolecular drug delivery
vehicles. PEGylation has been used to increase biocompatibility, masking agents from the
reticuloendothelial system while also increasing molecular weight to improve retention in
the circulatory system. PEGylation of CPT led to the discovery that CPT esters stabilize the
lactone ring.266 Various derivatives of PEGylated camptothecins have been developed,
which employ different linkers to attach CPT to 40 kDa PEG. Initially, PEG(CPT)2 was
developed through acylation of CPT with PEG-diacarboxylic acid. Glycine was then added
as a linker between PEG and CPT to form PEG(GlyCPT)2. Finally, alanine was employed as
the linker to form PEG-CPT and later termed Prothecan and Pegamotecan. Each of these
derivatives were developed by Enzon Pharmaceuticals Inc.

The antitumor efficacy of PEG(CPT)2 was evaluated in mice bearing either P388/0 leukemia
or HT-29 colon xenografts.267 After a 5.2 mg/kg i.v. injection of PEG(CPT)2, alpha and beta
half-lives were determined to be 0.07h and 3.5h, respectively with an AUC of 0.018 μg•h/
mL. In mice bearing HT-29 colon tumor xenografts, a dose of 2.5 mg/kg CPT afforded a
20% decrease in tumor volume after a dosing schedule of five days a week for five weeks,
with 62% increase in tumor volume 2 weeks after treatment. However, using a dose of 3 mg/
kg on the same schedule, PEG(CPT)2 afforded an 87% decrease in tumor volume after
treatment and a 93% decrease two weeks later. Utilization of PEG(GlyCPT)2 improved the
alpha and beta half-lives to 0.1 h and 10 h, respectively, with an increased AUC value of
0.05 μg•h/mL.268 The glycinate ester form appears to be 1.5 times less toxic than free CPT,
and show improved pharmacokinetics than the parent PEG dicarboxylate derivative while
maintaining similar efficacy. This derivative also showed a significant increase in %ID/g out
to 72h in the HT-29 tumor xenografts as compared to other organs, which was not observed
using free CPT.

Human Patients: A phase I and pharmacokinetic study of Pegamotecan (Figure 5) found an
MTD of 122 mg/m2 (~3.3 mg/kg) as a 1 h i.v. infusion every 3 weeks.269 At this dosing
schedule, a plasma AUC value of 29 μg•h/mL was observed, with a 94 h half-life and
minimal toxicity seen in patients with solid tumors. While one partial response was noted
out of 37 patients and only two minor responses were observed, the promising
pharmacokinetics suggested further study. A subsequent study in patients with solid tumors,
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however, showed a lower MTD of 56 mg/m2 (~1.5 mg/kg), with a similar AUC value of 27
μg•h/mL and a 44 h half-life.270 Minimal toxicity was observed in a later study with two
unconfirmed partial responses out of 27 patients. Enzon Pharmaceuticals Inc. halted further
phase trials in 2005 due to poor efficacy in Phase II trials and redirected efforts toward
alternative antitumor research targets.

Investigation continued in outside laboratories with phase II trials of patients with gastric
and gastro-esophageal adenocarcinoma.271 Using a dosing strategy of 1 h doses every three
weeks, an MTD of 122 mg/m2 (~3.3 mg/kg) was determined. Limited efficacy was also
noted, with five of 35 patients experiencing a partial response. While this drug alone
provided little evidence of efficacy, utilization of this drug in combination therapy may
prove more successful.

Cyclodextrin-PEG Polymers (IT-101)
Animal Models: Davis and coworkers synthesized a PEG-containing polymer containing
disubstituted β-cyclodextrin moieties and CPT linked through a glycine ester linkage. The
final construct had a molecular weight of 97 kDa, with 6.8% drug loading capacity.272 The
MTD was determined to be 9 mg/kg, with a drug release half-life of 1.7 h in human plasma.
When delivered intravenously to nude mice bearing s.c. LS174T colon carcinoma tumors
every four days for three total doses at MTD, a 227% tumor growth delay (TGD) was
obtained as compared to only 47% TGD observed when only two doses of 9 mg/kg CPT
was delivered on the same schedule. These positive results prompted additional studies
toward eventual clinical use. In a later pharmacokinetic study with an 85 kDa polymer-CPT
conjugate, a single i.v. injection of 8.8 mg/kg in rats found an elimination half-life of 20 h
and an AUC of 693 μg•h/mL.273 Biodistribution studies found that plasma concentrations
increased with a significant increase in total CPT. Furthermore, cleavage of CPT from the
polymer at the tumor site created a tumor to plasma ratio of 2.5 at 24 h increasing to 21.2 at
48 h, with concentrations of drug higher in the tumor than any other organ. To find an
optimal dosing strategy, nude mice with LS174T colon cancer, HT29 colon cancer, H1299
non-small-cell lung cancer, MDA-MB-231 breast cancer, H69 small cell lung cancer or
Panc-1 pancreatic cancer xenografts were treated with either a single dose of IT-101 or
multiple high and low doses.274 Three doses every week provided increased efficacy over
single dose administration, however, efficacy did not increase when delivered at five total
doses every four days or five times a week for three weeks due to the extended half-life. In
the majority of tumor xenografts, three doses of 16.1 mg/kg over three weeks provided the
most promising results, showing the least body weight loss, highest tumor growth delay and
highest number of complete regressions. IT-101 has shown significant progress in cancer
therapy and clinical trials are currently concluding.

Phthalimide Polymers
Animal Models: Theodorakis and coworkers developed phthalimide-co-acrylic acid
polymers synthesized through photopolymerization to afford a 25.5 kDa construct with 21
wt% CPT in one derivative275 or a 15.4 kDa construct with 26 wt% CPT in another.276 In
vivo studies with the high molecular weight polymer architectures showed an increase in
activity compared to free CPT. Doses of 10 mg/kg of CPT, 21 mg/kg CPT equivalents in the
polymer or 2.1 mg/kg CPT equivalents in the polymer afforded ~90 day survival time. The
low molecular weight polymer architecture, however, did not provide the same anti-tumor
efficacy at low doses.

Poly(L-Glutamic Acid) Polymers (CT-2106)
Animal Models: Li and coworkers developed a poly(L-glutamic acid) polymer containing
7.7 wt% CPT through esterification. In vitro studies of this derivative showed base catalyzed
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hydrolysis of CPT from the polymer and cytotoxicity in a variety of cell lines.277 Antitumor
studies of s.c. H322 tumors in nude mice showed a 32 d tumor growth delay after four 40
mg/kg i.v. injections were administered every four days. Furthermore, when H322 tumors
were grown in the lung of nude mice, a dosing schedule of five doses of 10 mg/kg every
four days afforded a median survival time of 157 d as compared to the survival time of only
86 d seen for untreated mice and 108 d seen for mice treated with free CPT. When this dose
was increased to 40 mg/kg, a median survival of 238 d was obtained as compared to a
survival time of only 59 d using one complete dose of 160 mg/kg (less than the LD10 of 177
mg/kg).

Klein and de Vries utilized a similar polymer in vivo, wherein glycine linkers were
introduced to investigate the difference in MTD (40 mg/kg) and efficacy.278 While the
glycine linkers did not alter efficacy or MTD, drug loading on 50 kDa polymers increased
from 15 wt% to 50 wt% when glycine was used. Solubility limited drug loading at ~37 wt%.
Increased polymer molecular weights from 33 kDa to 50 kDa increased antitumor effect in
C57BL/6 mice with B16 melamona. Similarly, improvement was seen by increasing CPT wt
% from 15 wt% to 35 wt%, using the same 40 mg/kg dose. An idealized architecture
consisting of a 49 kDa polymer with 37 wt% CPT was used in preliminary in vivo studies of
NCI-H460 lung cancer xenografts in athymic mice. Results were successful, showing
increased tumor growth delay to 50% after a 30 mg/kg dose. It was later determined that, in
nude mice with HT-29 colon carcinoma tumors, this polymer had a 97 h plasma half-life and
plasma AUC value of 240 μg•h/mL, as well as a tumor half-life of 84 h and tumor AUC
value of 696 μg•h/mL.279

Human Patients: In Phase I trials, CT-2106 was administered intravenously weekly.280 The
MTD was determined to be 25 mg/m2 (~0.68 mg/kg) after higher doses of 30 mg/m2 (~0.82
mg/kg) and 35 mg/m2 (~0.95 mg/kg) showed signs of toxicity. Pharmacokinetic data at the
MTD provided a 63 h half-life for conjugated CPT and a 36 h half-life for released CPT. At
this dose, the plasma AUC value for the conjugate was 27 μg•h/mL, while the plasma AUC
for unconjugated CPT was 14 μg•h/mL. While PLGA polymers with CPT offer extended
plasma half-lives and slow release of CPT, only 3 of 25 patients experienced stable disease
suggesting that additional work need to be completed to determine the clinical relevance of
this construct.

Poly[N-(2-Hydroxypropyl) Methacrylamide] Copolymers (MAG-CPT)
Animal Models: Caiolfa and coworkers developed HPMA polymers of 28 kDa and 21 kDa
with 5.4 wt% and 10 wt% CPT, respectively.281 CPT was also linked through the
tetrapeptide linker GlyPheLeuGly for esterlytic cleavage at the tumor. Pharmacokinetic
studies showed 27 h and 20 h half-lives for the high and low molecular weight polymers,
respectively, with AUC values of 1023 μg•h/mL and 480 μg•h/mL, respectively. Studies in
mice bearing HT-29 colon xenografts showed higher efficacy after the administration of six
doses of either 25 mg/kg or 10 mg/kg every four days for the high and low MW polymers,
respectively. Each polymer gave 98% tumor growth inhibition one week after the last
treatment and 72 d and 62 d tumor growth delay for the high and low MW polymers,
respectively. Although a 2-fold increase in AUC for the higher molecular weight polymer
was observed, the low molecular weight polymer showed a 2-fold increase in potency,
presumably due to an increase in polymer metabolism for the lower molecular weight
polymer.

In a subsequent study, Phe-Leu of the tetrapeptide linkage was replaced by 6-aminohexanoic
acid.282 The construct, known as MAG-CPT, contains 10 wt% CPT and has a mass of 20
kDa. The polymer with the tetrapeptide linker showed a 2-fold higher potency against a
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variety of s.c. tumors xenografts in nude mice due to the increased potential for proteolytic
cleavage. Although the construct with the Gly-hexanoic acid-Gly linker was less potent,
decreased toxicity was also observed resulting in more complete responses when
administered at higher doses as compared to the construct with the tetrapeptide linker. This
difference in toxicity and efficacy may be attributed to the decreased rate of hydrolysis in
the non-peptide linker as compared to the peptide linker.

Human Patients: MAG-CPT has been utilized in Phase I studies, administered as a 30 min.
i.v. infusion for three consecutive days every four weeks.283 The MTD of MAG-CPT was
determined to 68 mg/m2 (~1.8 mg/kg) with dose limiting cumulative bladder toxicity at
higher doses. The plasma AUC value of the construct was found to be 8661 μg•h/mL with
an 8 h half-life. Approximately 70% of the dose was excreted through the kidneys within 4
days. The route of excretion, likely leads to the bladder toxicity observed at high doses.
Changing this dosing regimen to a once weekly schedule for three weeks in a four week
cycle at doses of 80 mg/m2 (~2.2 mg/kg) and 120 mg/m2 (~3.2 mg/kg) saw similar
results.284 At the low dose, no adverse toxicities were observed until the second cycle of
treatment, whereas cumulative bladder toxicity was observed during the first cycle at the
high dose. Carrier bound plasma AUC values for the low dose were 1540 μg•h/mL and
1226 μg•h/mL for the high dose. Alpha and beta plasma half-lives were about 2.5 h and 100
h, respectively, regardless of dose. Unpredictable excretion kinetics and the resulting
variable toxicities suggest that this dosing strategy is not practical for clinical development.
Changing the dosing regimen once again to a 30 min. infusion once every four weeks at
doses between 30 mg/m2 (~0.81 mg/kg) and 240 mg/m2 (~6.5 mg/kg).285 An MTD of 200
mg/m2 (~5.4 mg/kg) was determined, which afforded a 237 h half-life and a plasma AUC
value of 9305 μg•h/mL. Once again highly variable urinary excretion proved problematic in
determining toxicity and determining an effective dose.

In another study MAG-CPT was administered intravenously at a dose of 60 mg/m2 (~1.6
mg/kg) over 24 h, 3 or 7 days prior to surgery for colorectal cancer.286 After infusion of
MAG-CPT patients had mean plasma concentrations or 29,378 ng/mL of polymer bound
CPT and 17.3 ng/mL, which decreased to 2588 ng/mL and 12.2 ng/mL at 7 days,
respectively. Furthermore, normal tissue had 451 ng/mL MAG-CPT at 7 days as compared
to 434 ng/mL in the tumor. The high plasma concentration and poor tumor uptake relative to
normal tissue suggest that this construct is perhaps too small to selectively partition into the
colorectal tumors through the EPR effect. The variable pharmacokinetics and bladder
toxicities associated with this construct prevented further evaluation, however, it is assumed
that increasing the size of the construct to bypass glomerular filtration and increase EPR
effect may prove to be efficacious.

Carboxymethyl Dextran (Delimotecan, MEN4901, T-0128)
Animal Models: The carbohydrate backbone of carboxymethyl dextran displays acid groups
for attaching SN-38. Here, SN-38 is modified with an aminopropyl group and triglycine.
The starting polymer has approximately 0.40–0.45 carboxylates per sugar with a molecular
weight of about 130 kDa and 3–6 wt% drug loading. This linker has shown 9% release of
accumulated polymer in the liver at 6 hours after administration of a 1 mg/kg dose as
compared to 1.4% and 23% for diglycine and tetraglycine linkers, respectively.287

Furthermore, it appears that the triglycine linker is a selective substrate for cathepsin B.

A comparison of the polymeric material containing SN-38 and the aminopropyl derivative
of SN-38 showed lower potency for the polymeric material in a series of cell lines when
compared to topotecan, SN-38 propylamine ether and CPT.288 The ED50 and MTDs of the
SN-38 derivative and topotecan were reported as 23 mg/kg (MTD 60 mg/kg) and 5.4 mg/kg
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(MTD 25 mg/kg), respectively. The ED50 and MTD of the polymer conjugate, however,
were 2.3 mg/kg and 100 mg/kg, respectively. Mice bearing MX-1 tumor xenografts
experienced 99.8% maximum tumor growth inhibition, with 5 out of 6 mice tumor free at 6
days, after the administration of a 6 mg/kg i.v. dose of T-0128. This inhibition was higher
than the 67% maximum tumor growth inhibition observed using the SN-38 derivative at 80
mg/kg. Various tumors and doses were investigated, with significant efficacy enhancement
observed using the polymer in all cases. Investigation of the pharmacokinetics provided
alpha and beta half-lives of 4 h and 17 h for the carboxymethyl dextran polymer as
compared to 0.017 h and 0.88 h for the SN-38 derivative. Plasma AUC values also showed
significant enhancement for the polymer, as expected, with 101 μg•h/mL and 0.14 μg•h/mL,
respectively. Tumor uptake of the polymeric material was significant when compared to free
drug. The liver, spleen and lymph nodes, however, also showed significant uptake,
suggesting recognition by the reticuloendothelial system, which was later investigated and
confirmed in studies involving macrophage-mediated activation of T-0128.289, 290

To investigate the effects of molecular weight and degree of substitution on the
pharmacokinetics of T-0128, a series of carboxymethyl dextran analogues with varying
degrees of substitution of FITC dye were developed.291 Using 110 kDa polymer, the optimal
degree of substitution of carboxylates of 0.4 provided an AUC value of 6361 μg•h/mL and
half-life of 10 h. Varying the molecular weight at a fixed degree of substitution, 0.4 per
sugar, established that AUC values increased with molecular weight with 40 kDa < 70 kDa
< 250 kDa < 110 kDa. This trend is due to the increased renal excretion low molecular
weight polymers (40 kDa and 70 kDa). Significant hepatic uptake is observed for the 250
kDa polymer. Furthermore, low anionic charge, 0.2 to 0.6 carboxylates per sugar, enables
decreased hepatic uptake suggesting that the 110 kDa polymer with 0.4 substitutions per
sugar would possess the highest tumor accumulation. Pharmacokinetic analysis of polymer
bound SN-38 at the highest dose tested (25 mg/kg) gave an AUC of 178,000,000 μg•h/mL
and a half-life of 8.2 h in rats bearing Walker-256 tumor xenografts. Non-tumor bearing rats,
however, experienced significant increase in AUC and half-life (547,000,000 μg•h/mL;
28h). A subsequent study in mice bearing human tumor xenografts found significant tumor
inhibition at one third the MTD of 80 mg/kg once a week for four weeks (H81 gastric,
97.5%; H-110 colon, 98.5%; Mqnu-1 lung, 99.7%; H-74 lung, 90.7%; H-204 esophageal,
78.8%; H-181 liver, 81.2%; H48 pancreatic, 98.8%).292 Pharmacokinetic evaluation of
polymer bound SN-38 in nude mice bearing St-4 xenografts found plasma AUC values of
23,900 μg•h/mL and a 30 h half-life after a 40 mg/kg i.v. injection.

Carboxymethyl Dextran Polyalcohol–DX8951 (DE-310)
Animal Models: Exatecan showed significant promise in preliminary studies of antitumor
activity with minimal toxicity as compared to other CPT derivatives. The success in
preclinical studies did not translate well into human patients and the need for a
macromolecular architecture became apparent. Exatecan was incorporated into a
carboxymethyl dextran polyalcohol polymer through GlyGlyPheGly spacer with an average
molecular weight of 300 kDa and 8 wt% drug loading.293

Mice bearing Meth A fibrosarcoma xenografts were administered a single MTD dose of
11.4 mg/kg resulting in tumor shrinkage out to three weeks.294 This improved efficacy over
the free drug was accompanied by a 30% loss in body weight. When a single dose at one
quarter of the MTD is given to mice, similar efficacy is observed without the loss in body
weight. In a long-term study, mice administered four doses of 5.7 mg/kg every three days or
every seven days experienced complete tumor regression at 85 days, with significant body
weight loss when delivered every three days. A single dose of 11.4 mg/kg also resulted in
complete tumor regression at 85 days, however, weight loss was also observed using this
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dosing strategy. It should also be noted that body weight decreased significantly in the first
17 days with multiple injections and 8 days with a single injection, but returned to normal
within 10 days of reaching a minimum. DE-310 also showed similar efficacy in mice
bearing HCT116 colon cancer, PC-6 and PC-12 lung cancers, CDDP liver metastasis and
CPA lung metastasis models. A later study showed similar results, but also found evidence
that DE-310 was taken up into tumors or macrophages and broken down to release the
drugs.295 The release of drug through the amino acid linker cleavage was also determined to
be mainly due to the activity of cathepsin B in the tumor.296 Another study shows evidence
of meningocele induction in rat fetuses after their mothers received four i.v. doses of 0.3 mg/
kg or a single dose of 1 mg/kg.297 Administration between days 7 and 13 of gestation
resulted in 100% meningocele formation and suggests significant caution when utilizing
DE-310.

Human Patients: In human patients, a dramatic increase in plasma AUC values was
obtained when DE-310 was administered using a 3 h i.v. infusion once every six weeks at an
MTD of 7.5 mg/m2 (~0.2 mg/kg).298 The plasma AUC was determined to be 1,124 μg•h/mL
with a 338 h half-life. Furthermore, a total of 27 patients received doses from 1.0 mg/m2

(~0.03 mg/kg) every two weeks to 9.0 mg/m2 (~0.24 mg/kg) every six weeks. Dose limiting
toxicities were observed when 9.0 mg/m2 (~0.24 mg/kg) were delivered every six weeks,
but lower doses of 6.0 mg/m2 (~0.16 mg/kg) resulted in no dose limiting toxicity. An
intermediary dose of 7.5 mg/m2 (~0.20 mg/kg) was also investigated resulting in only one
patient with reversible toxicity suggesting this dose to be used in Phase II clinical trials.
Efficacy was also measured in all 27 patients receiving DE-310. One patient experienced
complete remission for over 2 years after receiving two doses of 9.0 mg/m2 (~0.24 mg/kg).
Another patient had a partial response for three months after one dose of 9.0 mg/m2 and two
subsequent doses of 6.0 mg/m2. A third patient had a partial response after seven cycles of
2.0 mg/m2 with progression occurring after 8 months. Furthermore, 1 patient experienced
disease stabilization for 6 weeks, another for 8 weeks and another for 10 weeks. Five other
patients had disease stabilization for 12 weeks, one for 16 weeks, 2 patients each for 18
weeks and 24 weeks and one patient for 32 weeks. The significant pharmacokinetic
improvement and efficacy of DE-310 over the free drug suggested further investigation was
warranted. In related studies, however, tumor accumulation is not improved significantly
over other organs perhaps posing problems with systemic toxicity if the drug is capable of
releasing in normal tissue.299 It remains clear, however, that the significant increase in
pharmacokinetics and the convenient dosing schedule with DE-310 will warrant further
investigation and may find clinical utility in terminal patients who will benefit from the
antitumor efficacy, which may outweigh the toxic side effects.

Carboxymethyl Dextran Polyalcohol–Camptothecin (XMT-1001)
Animal Models: Camptothecin was also employed in a carboxymethyl dextran polyalcohol
polymer. The polyalcohol polymer was functionalized with succinic acid, which was later
acylated with glycine-camptothecin as shown in Figure 11.300 The starting polymer
contained 0.2 carboxylates per sugar, which resulted in a 5–7 wt% CPT after partial
acylation to yield a final carboxylate construct of 70 kDa. The polymer was labeled
with 111In and CPT was labeled with 3H for dual labeling biodistribution studies in mice.
CPT uptake in HT29 colon cancer human tumor xenografts was 2.52% ID/g at 24h with 6%
ID/g of carrier in the blood and 7% ID/g of CPT in the liver. XMT-1001 was delivered
intravenously to mice bearing LS174T tumors at doses of 59 mg/kg, 44 mg/kg and 22mg/kg
resulted in 223%, 196% and 207% tumor growth delay, respectively. Pharmacokinetic
studies were also performed in rats and dogs through i.v. administration of 30–300 mg/kg
and 5–50 mg/kg, respectively. The conjugated CPT half-life was found to be 3.5–4.0 h in
rats and 4.5–5.2h in dogs.
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Human Patients: Little animal or human data is available in the literature for this construct,
however, Phase 1 studies are currently ongoing. Initial studies in patients bearing solid
tumors have not reached an MTD after administration of construct between 1 mg/m2 and
20.5 mg/m2. Release of hydrolysis products in the plasma have also been determined with
less than 1% CPT present in the urine. Furthermore, patients with advanced disease prior to
treatment have experienced extended periods of stable disease. Although few results with
XMT-1001 have been published, this construct has provided some promising data and
addition efforts utilizing this construct are warranted.

4.2.3 Branched Polymers
Poly(ethylene glycol) SN-38 (EZN-2208)
Animal Models: Although limited success was observed with PEG-CPT conjugates, SN-38
was incorporated into 4-arm PEG through glycine linkers, increasing the drug loading from
1.7 wt% in PEG-CPT to 3.7 wt% in PEG-SN38.301 In MX-1 tumors, EZN-2208 was
administered intravenously at an MTD of 20 mg/kg for six total doses every other day
affording 100% tumor growth inhibition with cures in all animals at 16 weeks as compared
to cures seen in 44% of animals using CPT-11, regardless of dose. In bulky tumors, both
dosing schedules of EZN-2208 resulted in 100% tumor growth inhibition at 10 days and
complete regression was observed until the end of the study at 115 days. CPT-11 was
slightly more efficacious at a multiple dosing schedule with tumor regrowth occurring at 13
days using the single dosing schedule and at 45 days for the multiple dosing schedule.
Similar results were obtained in MiaPaCa-2 and HT-29 cells for CPT-11 regardless of dose.
Slightly less efficacy was observed in MiaPaCa-2 xenografts, with 71% tumor growth
inhibition on day 69 and 100% animal survival at the termination of the study (day 125)
using a single dose. Multiple doses of EZN-2208 resulted in 95% tumor growth inhibition
and 66% animals cured at the termination of the study (day 147). In HT-29 xenografts, 68%
and 92% tumor growth inhibition was observed using single and multiple doses,
respectively. Furthermore, HT-29 xenografts were treated with EZN-2208 upon remission of
tumor for up to three cycles, displaying evidence of response to repeated cycles of therapy.
Additionally, EZN-2208 showed increased response from CPT-11 resistant cells, with 193%
increase in tumor volume 32 days after therapy as compared to 1298% increase when using
CPT-11. Pharmacokinetic studies showed that this delivery system displayed a 12 h plasma
half-life for SN-38 and an elimination half-life of 26 h as compared to a plasma half-life of
1.7 h and elimination half-life of 2.1 h using CPT-11 as a free drug. Plasma AUC values of
EZN-2208 and released SN-38 were 107,065 μg•h/mL and 129 μg•h/mL, respectively.
When using CPT-11, AUC values of 194 μg•h/mL and 3 μg•h/mL were obtained. Tumor
AUC values were also significantly higher for EZN-2208 with a value of 38825 μg•h/g
versus 83 μg•h/g for CPT-11.

Structure activity relationships aimed at the linker were pursued using different amino acids.
Hydrolysis half-lives in human plasma depended on amino acid: alanine, 0.21 h; methionine,
0.45 h; sarcosine, 0.32 h; glycine, 0.21 h.302 While the MTDs of the alanine and glycine
analogues were determined after a single i.v. injected dose to be 20 mg/kg, antitumor
efficacy was investigated using a single MTD dose and six doses of 5 mg/kg. Complete
regression was observed in 100% of mice with MX-1 tumor xenografts using both single or
multiple dosing schedules in all derivatives except in the single dose with the glycine
derivative (83%).

Poly-(L-Lysine) Dendrimer
Animal Models: Dendrimers are hyperbranched polymers synthesized in a controlled
fashion to afford a monomolecular entity with dense terminal functionality at the periphery.
Peripheral functionalization with drug moieties through covalent attachment affords
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macromolecular constructs with a large number of drug molecules. Fréchet and Szoka
utilized poly(L-lysine) dendrimers as an architecture for peripheral functionalization with
CPT and poly(ethylene glycol) to increase size and solubility of the dendrimer to effectively
improve the efficacy of CPT.303 CPT was attached to the dendrimer through both glycine
and β-alanine linkage to afford ~35 kDa conjugate with 6.5 wt% and 4.5 wt% drug loading,
respectively. The glycine linkage proved to be two orders of magnitude more toxic in vitro
than the β-alanine linkage due to the increased hydrolysis in the former. In pharmacokinetic
studies, a 31 h half-life was observed for the dendrimer construct, with an AUC value of
460% of the injected dose-h/gram tissue (~1380 μg•h/g) after a 10 mg/kg i.v injection. The
biodistribution showed 4% ID/g tumor accumulation at 24 h, compared to 0.3% for free
drug. Furthermore, free CPT accumulated in the lung, liver and spleen at 24 h, while
dendrimeric CPT was observed in the tumor, serum, spleen and to a lesser extent in the
lungs at 48 h. Mice with C26 colorectal s.c. tumors were treated with a single dose of 24 mg/
kg eight days after inoculation, resulting in 72% tumor growth delay as compared to no
significant tumor growth delay observed when using a single 10 mg/kg dose of CPT and
18% tumor growth delay with four 50 mg/kg doses of irinotecan in one week. Lower doses
over prolonged periods proved successful with 155% tumor growth delay at 12 mg/kg doses
once a week for three weeks. When the same dosing strategy was used in a HT29 mouse
model a 122% tumor growth delay with all mice surviving for the length of the experiment
while free CPT and irinotecan proved to be less efficacious.

4.2.4 Proteins
Human Serum Albumin
Animal Studies: Blood proteins are another attractive macromolecular architecture for
delivery of anticancer drugs to tumors. Human serum albumin (HSA) is the most abundant
blood protein and has been shown to accumulate in solid tumors due to the EPR effect. This
has led some the link anticancer drugs to the protein for drug delivery. One method used
with CPT involves a short poly(ethylene glycol) linker between a camptothecin ester and a
maleimide group (Figure 14). The maleimide is then capable of reacting with a cysteine-34
in HSA.304 The final product, HSA-PEG-CPT is well defined and contains a single CPT
(0.51 wt% CPT). Conjugation of the drug to albumin also provides a 27-fold increase in
water solubility compared to CPT alone depending on the length of the poly(ethylene
glycol) linker. When delivered to mice bearing subcutaneous HT-29 human tumor
xenografts at four doses of 25 mg/kg (two times the MTD of camptothecin), no adverse
effects were observed and an improved T/C % of 47% was achieved as compared to 89% for
CPT at 12.5 mg/kg.

Alternatively, the PEG-linker was replaced with a peptide spacer (Maleimide-Arg-Arg-Ala-
Leu-Ala-Leu-Ala-CPT) susceptible to cleavage by cathepsin B, which is present in
lysozomes and overexpressed in various malignant tumors.305 Cleavage studies showed that
mice bearing HT-29 human tumor xenografts treated three times with HSA-RRALALA-
CPT at the MTD of the free drug (3 × 12.5 mg/kg) gave a T/C% of 17% compared to 40%
for the free drug alone. To enhance the cleavage properties of the peptide sequence used, a
peptide positional scanning library was developed to determine the optimal sequence for
peptidase activity in tumor homogenates.306 From the library of peptide sequences, two
sequences were found to show optimal cleavage profiles (Maleimide-Arg-ArgAla-Phe-
Met-Ala-CPT and Maleimide-Arg-Arg-Phe-Tyr-Met-Ala-CPT). The sequence containing
Arg-Ala-Phe-Met was then investigated in vivo in nude mice with HT-29 human tumor
xenografts. The optimized sequences, HSA-RRAFMA-CPT, showed a similar T/C% of 17%
at a dose of 2 × 12.5 mg/kg as compared to a 40% T/C% for free drug at a dose of 3 × 12.5
mg/kg.
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While the peptide positional scanning technique has shown promise at developing new
cleavage sequences, the in vivo results suggest that there is no tumor selectivity. Although
tumor homogenates were shown to be active at cleaving this optimized sequences, healthy
cells also express the same proteases presenting an issue with potential systemic toxicity.
Further optimization of these sequences to target tumor cells while providing higher drug
loading may prove beneficial to a range of antitumor therapeutics.

5. MACROMOLECULAR ARCHITECTURES FOR TARGETED DRUG
DELIVERY

Few constructs have utilized targeting moieties to localize CPT to tumors through receptor-
ligand mediated interactions. While passive tumor targeting has been shown to successfully
reach solid tumors with increased vasculature quite efficiently through the EPR effect,
actively targeting receptors present on tumor cells allows for tumor localization for both
solid tumors and leukemias. Active targeting relies on the presence of a specific receptor
overexpressed on cancer cells relative to non-cancerous cells for tumor specific drug
delivery. Targeted therapy has proven to be useful in some cases, but significant barriers
toward successful clinical implementation are present including the aforementioned
challenges to characterization. Some targeted therapies have been reported but have not been
investigated in vivo.307

5.1 Luteinizing Hormone-Releasing Hormone-PEG-Camptothecin (LHRH-PEG-CPT)
Animal Models—Breast, ovarian and prostate cancer cells have been shown to
overexpress luteinizing hormone-releasing hormone (LHRH) receptors, which are not
detected in most other organs. To exploit this tumor targeting potential, LHRH was attached
to a 5 kDa PEG chain with CPT attached to the other end.308 Cysteine links CPT through an
ester and PEG through a thioether. The molecular weight of the final construct is ~7 kDa,
which represents a 5 wt% drug loading. In mice without tumors, tritium labeled PEG and
LHRH-PEG showed no detectable uptake in the tumor and limited uptake in other organs
with the highest in liver. Mice with tumors showed a significant increase in PEG and
LHRH-PEG accumulation. As expected, the ovaries showed an increase in accumulation
with targeted PEG in mice without tumors and with tumors. Nude mice with s.c. A2780
ovarian cancer xenografts were treated with 0.5 mg/kg of targeted and non-targeted
constructs through i.p. injection. Suprisingly, tumors decreased in size 20 h after treatment.
Other macromolecular non-targeted constructs, which have 100% tumor regression >60 d
generally do not see statistically significant tumor response until one week after treatment.
The non-targeted CPT-PEG-constructs developed by Minko afforded tumor maintenance up
to 40 hours and slow increase in tumor size from 40 h to 100 h. Furthermore, a 28-fold
increase in relative apoptosis values was observed in tumors compared to the untargeted
construct. Apoptosis was measured using ELISA assays for protein expression in tumor
homogenates. Additional studies to investigate the physiologic effects of LHRH targeting
moieties, showed no change in serum levels of luteinizing hormone and no change in
progeny numbers at the next generation.

More complex constructs with citric acid groups installed on the termini of the PEG chain
were reported. The resulting six terminal carboxylates were used to attach CPT, LHRH and
the BCL2 homology 3 domain (BH3).309 The BH3 peptide is added to suppress the cellular
antiapoptotic defense system. A series of derivatives were synthesized with the construct
bearing 2 CPT, 2 LHRH and 2 BH3 moieties judged most effective construct. Apoptosis
was measured in each construct in mice bearing A2780 tumor xenografts, with the saline
control having a relative value of one. The drug construct containing 2 CPT, 2 LHRH and 2
BH3 moieties showed a relative apoptosis unit of 55. A 28% decrease in apoptosis was
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measured when one of each moiety was present with an approximate 64% decrease in
apoptosis when two CPT and 2 BH3 were present without LHRH. Furthermore, the absence
of BH3 caused a 55% decrease in apoptosis. Tumor size was also measured 96 h after
treatment of 0.4 mg/kg (1 CPT) or 0.7 mg/kg (2 CPT) of construct, showing the most
significant response when two of each moiety was present on the PEG construct.

5.2 Vectocell SN-38 (DTS-108)
Animal Models—DTS-108 is a prodrug of SN-38 with a 20-amino acid peptide sequence,
known as vectocell, which enables increased cellular trafficking.310 The molecular weight of
this construct is 3.2 kDa and contains a highly charged sequence, allowing for and delivery
of the topoisomerase I inhibitor directly into the nucleus of the cell. In dogs, the MTD after
i.v. infusion of a single dose was determined to be 20 mg/kg or 2.2 mg/kg with respect to
SN-38, which is significantly lower than the MTD of irinotecan (30 mg/kg). At this dose,
the prodrug AUC values decreased dramatically from 36 μg•h/mL with irinotecan to 4 μg•h/
mL with DTS-108 at their respective MTDs. However, the AUC values of SN-38 increase
significantly from 0.018 μg•h/mL with irinotecan to 4.8 μg•h/mL for DTS-108. The
increase in active drug suggests that more SN-38 is available in the plasma. However, this
observation also suggests that a portion is not entering the cell with the aid of the peptide. In
nude mice bearing HCT116 tumors, a slight enhancement in antitumor activity was observed
when DTS-108 was administered intravenously at a dose of 10.4 mg/kg on days 3, 7 and 11
after tumor implantation, as compared to 20 mg/kg for irinotecan. When delivered on a more
frequent schedule (3 times a week for 3 weeks), DTS-108 provides significant tumor growth
inhibition, however, this data is not compared with irinotecan. In mice bearing HCT116
colorectal carcinoma, a 3% T/C was observed, with a 23% and 29% T/C in mice bearing
NCI-H460 and MDA-MB-231 tumors, respectively. A 44% T/C was observed in rats with
LS-174T colon tumor xenografts. Furthermore, efficacy was improved in combination
therapy with 5-flurouracil or bevacizumab suggesting further investigation with DTS-108 is
warranted. It is unclear from this study whether DTS-108 has an advantage over irinotecan
with respect to efficacy, but pharmacokinetics seem to improve and interpatient variability
may also improve due to the ability to function without further metabolism to form SN-38.
Further studies with DTS-108 are currently ongoing.

6. CONCLUSIONS
Interest in the CPTs has undergone a significant evolution from the initial discovery in the
late 1960’s through the investigation of small molecule derivatives to macromolecular
constructs and formulations. The initial modifications of the quinoline ring provided
increased solubility and cytotoxicity, which led to further structure activity relationships to
determine the necessity of the E-ring lactone. The importance of the lactone was confirmed
with reports of the TOP I bind site. Further modifications of the E-ring and the 20-(S)-
hydroxyl moiety has led to a series of water soluble, highly efficacious CPTs.

While small molecule CPTs have received much attention, macromolecular architectures
and supramolecular assemblies have improved pharmacokinetic parameters over the small
molecule counterparts. Increasing plasma half-life and AUC values correlate to antitumor
efficacy, which continues to improve in a broad series of tumor cell lines in mouse xenograft
models as well as clinical trials. Our interest in this field overlaps with our interest in
triazine-based dendrimers as drug delivery systems and a synthetic report from our group
using a second-generation dendrimer containing CPT.213 Therefore, our motivation for
assembling the literature into this review article was selfish in an attempt to better
understand the in vivo literature as we move forward into animal studies. A compilation of
the in vivo trials for the small molecule drugs suggest that irinotecan and exatecan are the
most promising derivatives based on half-life and plasma AUC values. This conclusion may
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be supported by the number of clinical trials completed and ongoing using irinotecan (>250
according to clinicaltrials.gov). This comparison, however, is not as straightforward when
evaluating macromolecular constructs. While each construct has specific half-life and AUC
values associated, a number of variables play a role in the selection of the optimal construct.
Synthetic ease, linker technology, solubility, drug loading, molecular weight, drug
accessibility to esterases and other proteins and polymer degradability must all be taken into
account. Furthermore, physiological variables also play a role, which is not as easy to
account for.

In selecting a drug to utilize, a number of possible options are available. Implementation is
limited by availability, cost and the need for metabolic activation. Antagonistic functional
groups, such as the phenolate on 10-hydroxyCPT, and potential side reactions must also be
considered. Irinotecan has been successful as a small molecule drug, however,
implementation onto a polymer would contradict the benefits of macromolecular delivery to
the tumor since drug trafficking to the liver would be necessary for activation. The use of
camptothecin then seems to be a logical choice.

The polymers used have also provided evidence of optimal conditions. In most cases a
biodegradable polymer backbone is employed such as cyclodextrans, polyamides and
polyacetals. The molecular weights of these constructs also provide insight. For example,
MAG-CPT, an HPMA based construct with a molecular weight of 20 kDa suffers from renal
excretion and bladder toxicity. Higher molecular weight constructs tend to stay in the blood
longer and potentially allow more uptake in the tumor. However, DE-310 has a molecular
weight of 300 kDa and a plasma half-life of 7 days, which may be beneficial for sustained
drug concentrations, but may also present chronic toxicity issues over time. DE-310,
however, has had the most significant efficacy data in a Phase I study of any other
macromolecular construct with extended periods of remission in slightly more than 50% of
the patients. It is unclear, however, what parameter is most indicative of these results. The
tetrapeptide linker may be of more importance than the molecular weight of the polymer
itself. Each of these parameters may only be corroborated after methodical modifications of
each unit in the macromolecular architecture. Interestingly, XMT-1001 has changed the
tetrapeptide linker for a Gly-hexanoic acid-Gly linker and decreased the polymer from 300
kDa to 70 kDa. Preliminary data with this construct also suggests disease stabilization, but
further studies are needed to support this data.

Furthermore, changes in dose and schedule greatly affect the pharmacokinetics and efficacy
of the constructs. These data are summarized in the tables. The doses listed in the tables
generally correspond to the MTD unless a recommended dose other than the MTD is
mentioned in the specific reference. Some references generated pharmacokinetic data from
doses that were not the most efficacious. In general, many different dosing strategies have
been evaluated for all species.

The MTD dose with small molecules is generally the dose that offers the greatest therapeutic
efficacy, while macromolecular agents were generally tested at doses lower than the MTD
of the construct to establish improved efficacy over the small molecules. While
macromolecules improve the pharmacokinetic data observed in small molecules,
comparisons between different macromolecular constructs cannot be superficially made
from the reported data. Data in each report is presented in a slightly different manner. For
example, half-lives are sometimes reported using a two-compartment model or a three
compartment model, while others just report elimination half-life. Additionally, it is unclear
in some cases whether the half-lives are reported with respect to macromolecular drug
construct, total drug construct or free drug. Furthermore, such disparity in data may be due
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to the difference in chemical makeup of the architectures as well as genetic differences in
animal and human subjects.

Interpatient variability with both macromolecular constructs and free drug continues to
hamper the widespread use of CPTs. Some variability in pharmacokinetics has been shown
to occur due to a mutation in ABCG2 when using diflomotecan.311 This protein is believed
to be responsible for natural detoxification and has been found to be overexpressed in the
placenta, liver and intestine. Allele mutations have shown dramatically increased plasma
AUC values for molecule substrates, which include 9-AC,312 SN-38313 and topotecan.314

Although allele variants may provide insight into potential pharmacokinetic outcomes, it is
likely that other physiological differences in tumors such as vascularization and expression
of other proteins, may also cause variability. Furthermore, a significant number of clinical
trials have been completed in patients who have previously been treated with therapy,
showing further interpatient variability with improved efficacy in some cases and
diminished efficacy in others. One method to decrease interpatient variability and improve
efficacy using the CPTs utilizes cellular transfection prior to therapy to overexpress E2F-1
and thus sensitize the tumors to CPT. Promising results have been obtained using this
technique, but further assessment of transfection and camptothein cotherapy are needed to
verify the clinical relevance of such a technique.

While research aims toward the development of a “magic bullet” capable of treating all
cancers in all patients with a single compound, current data suggests the need to tailor
therapy for individual patients either through the choice of drugs and dosing schedules or
through the use of combination therapy. This review identifies a number of interesting leads
for these pursuits as well as comparative data useful for assessing the next generation of
candidates.
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Figure 1.
Quinoline modified camptothecin derivatives.
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Figure 2.
Diflomotecan and related modified camptothecins.
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Figure 3.
Amino acid linked 20-hydroxy ester of camptothecin.
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Figure 4.
NK012 showing 12 kDa PEG block and 7 kDa poly(L-glutamic acid) block with 20 wt%
overall SN-38.
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Figure 5.
Pegamotecan made using 40 kDa PEG-diacid with two camptothecin moieties attached
through alanine linker.
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Figure 6.
IT-101 with a 3.4 kDa PEG chain and overall molecular weight of 85 kDa.
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Figure 7.
Phthalmide polymers with molecular weight of 25.5 kDa.
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Figure 8.
PLGA polymer with glycine linker to CPT containing 37 wt% drug in a 49 kDa polymer.

Venditto and Simanek Page 66

Mol Pharm. Author manuscript; available in PMC 2013 August 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
HPMA polymer with a GlyPheLeuGly linker or a Gly-hexanoic acid-Gly linker (MAG-
CPT) to CPT with 10 wt% drug in a 21 kDa polymer.
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Figure 10.
T-0128 polymer conatining SN-38 linked with glycine and propanolamine to a 130 kDa
polymer with 3 wt% drug loading and 0.5 carboxylates per sugar.
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Figure 11.
Carboxymethyl dextran polyalcohol polymers. DE-310 containing 5–7 wt% exatecan in a
360 kDa polymer with 0.4 carboxylates per sugar. XMT-1001 containing 5–7 wt%
camptothecin in a 70kDa polymer with 0.2 carboxylates per sugar.
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Figure 12.
EZN-2208 is a 40 kDa four arm PEG with four SN-38 moieties attached.
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Figure 13.
Poly(L-lysine) dendrimer containing eight CPT and eight PEG5000 chains.
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Figure 14.
Compounds investigated for human serum albumin linked CPT conjugates.
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Figure 15.
Ideal structures of PEG-CPT constructs containing LHRH or LHRH and BH3 antiapoptotic
peptide.
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Figure 16.
SN-38 linked to Vectocell cell penetrating peptide, through a maleimide linkage.
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Scheme 1.
Camptothecin in the lactone form and open carboxylate from.
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