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Abstract

Hypoxia is a common feature of solid tumors. Up-regulation of hypoxia-inducing factor-1 (HIF-1)
occurs in the majority of primary malignant tumors and in two-thirds of metastases, while most
normal tissues are negative. HIF-1 induces the glycolytic phenotype, which creates an acidic
extracellular microenvironment and associated pH gradient such that drugs that are weak acids are
selectively taken up and retained in acidic tumors. 7-Butyl-10-amino-camptothecin (BACPT) is a
prime example of an agent that can exploit the tumor pH gradient for enhanced selectivity.

Purpose—This study profiles the antitumor activity of BACPT in vitro and its water-soluble
dipeptide ester, BACPTDP, in vivo.

Methods—Antitumor activity was evaluated by proliferation assays in cancer cell lines and in
murine xenograft models for human neuroblastoma (IMR-32), colon (HT29), ovarian (SK-OV-3),
pancreatic (Panc-1), glioma (SF-295) and non-small-cell lung (NCI-H460) cancers.

Results—BACPT had superior antiproliferative activity compared to established drugs in
monolayer cultures of human neuroblastoma and pancreatic tumor cell lines and in 3-dimensional
histocultures of colon and primary ovarian cancer. Antitumor activity of BACPTDP was
comparable to irinotecan in IMR-32, HT29, SF-295 and NCI-H460 xenografts, significantly
greater in SK-OV-3 and in Panc-1 where complete regressions were observed. Combination of
BACPT with gemcitabine produced additive to synergistic interactions in Panc-1 cells that were
independent of drug ratio and optimal when gemcitabine was administered 24 h prior to BACPT.
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Conclusions—BACPTDP is a water-soluble camptothecin pro-drug that spontaneously
generates the lipid-soluble active agent, BACPT. This topoisomerase inhibitor exploits solid tumor
physiology for improved selectivity and activity against multiple tumor types with particular
promise for use in treating pediatric neuroblastoma and pancreatic carcinoma.
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Introduction

Despite extensive studies with camptothecins (CPTs), these and other antitumor compounds
have not been adequately evaluated in models that accurately reflect human tumor
physiology in vivo (reviewed in [1]). This is particularly true for solid tumors that
commonly exist in hypoxic microenvironments, which promote expression of stress
response genes, tumor angiogenesis, exit of tumor cells from the cell cycle and drug
resistance [40,43]. Hypoxia is now known to induce the glycolytic phenotype (the Warburg
Effect), with secretion of lactic acid and consequent acidification of the extracellular
microenvironment [24,39]. This persistent acidosis can enhance tumor cell survival, lead to
destruction of surrounding normal tissue and increase metastatic potential [20]. Unlike
normal tissues, the glycolytic pheno-type in tumor cells creates a cellular pH gradient unique
to tumor masses [21]. Drugs that are weak acids are selectively taken up and retained by
acidic tumors, while those that are weak bases are excluded [22,29]. The tumor pH gradient
can be enhanced and drug efficacy increased simply by administering a single dose of
glucose prior to drug treatment in murine xenografts [22]. Therefore, one approach to
improve selectivity of cancer chemotherapy is to design pH-sensitive antitumor drugs that
exploit the pH gradient present in human solid tumors but not in normal tissues.
Camptothecins are unique in this regard in that they possess an E ring lactone that opens to
form the inactive hydroxy acid at physiological pH, but remains closed and active in acidic
tumor conditions. This fact could account for pH effects on activity of CPTs observed by
others [19], and for most of the fourfold increase in activity for camptothecin that we
observed in breast cancer cells adapted to growth in vitro at pH 6.8 [2].

Our studies in breast cancer cell models have demonstrated that other structural features are
involved in this enhancement. A 7-methyl halogen substituent increases pH modulation
from 10- to 40-fold, while analogs in the 10-amino CPT series are modulated 10- to 20-fold
[5]. The 7-butyl-10-amino analog (BACPT) demonstrated optimal pH modulation in
MCEF-7/wt cells, a cyclophosphamide-resistant subline of MCF-7 (MCF-7/hc), and in
hormone-insensitive MDA-MB-231 cells. The BACPT analog was chosen for further study
based on the presence and impact of the pH gradient in MCF-7 cells cultured at pH 6.8 vs.
7.4. Potency was increased nearly 15-fold at acidic pH due to an increase in both drug
uptake and retention [5]. Like other camptothecins, BACPT acts by inhibiting nuclear
topoiso-merase | (topl) to create cytotoxic DNA double strand breaks. Molecular modeling
studies based on the X-ray crystal structure for topotecan in the ternary topl/DNA complex
revealed that binding of BACPT is further stabilized by a direct hydrogen bond between the
10-amino moiety and an oxygen atom of the side chain of Glu-346 [4]. The butyl substituent
at the 7 position orients the drug such that it imitates a DNA base pair. The likely overall
effect is to increase persistence in the topl/DNA cleavage complex, which enhances
inhibitory activity. However, the increase in lipophilicity from the butyl group reduces water
solubility, which has been a key impediment in the clinical development of camptothecins.
To address this issue, we designed the 20(S)-p-alanine-lysine dipeptide ester BACPTDP.
The dipeptide ester confers both high water solubility (160 mg/ml) and protects the E ring
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lactone from opening to extend serum half-life. BACPTDP hydrolyzes spontaneously to
produce BACPT, releasing the natural dipeptide substituent, which avoids the diarrhea
toxicity that is inherent with irinotecan.

This article reviews the antitumor activity profile for BACPT in cell culture models for
human neuroblastoma, pancreatic, colon and ovarian tumor cells and for BACPTDP in
murine xenograft models of human colon, ovarian, pancreatic, glioma and non-small-cell
lung cancers. Given the significant activity against Panc-1 cells both in vitro and in vivo, we
have also evaluated the combination of BACPT with gemcitabine, the standard of care
chemotherapy in pancreatic cancer.

Cells and reagents

All cell lines were obtained from the American Type Culture Collection (ATCC, Manassas,
VA). Panc-1 cells were cultured in DMEM medium containing 10% fetal bovine serum,
while neuroblastoma cell lines were grown in DMEM basal medium containing 10% FBS
and 1 g/l glucose at 37° C in either 5% CO, (pH 7.4) or 17% CO, (pH 6.8). Neuroblastoma
cell lines differ in their expression of the MYCN oncogene and the norepinephrine
transporter (NET). SK-N-MC and NGP express single copy, while IMR-32 and SK-N-
BE(2c) express 25 and 100 copies of MYCN, respectively. SK-N-MC does not express
NET, while SK-N-BE(2c) cells express high levels [8,12,41]. All camptothecin analogs,
including BACPT and BACPTDP, were synthesized by published methods and obtained
from Research Triangle Institute International, Research Triangle Park, NC. Clinically
approved drugs were obtained from the Duke Pharmacy or from Clavis Pharma ASA.
Clinical formulations of drugs were used. When this was not possible, drugs were
formulated as concentrated stocks in dry DMSO and stored at —20° C.

Growth inhibition assay

Neuroblastoma cell lines were inoculated at 5,000 cells/well and Panc-1 cells at 3,000 cells/
well in 96-well microplates. Cells were exposed to various concentrations of CPT analogs
for two cell cycles; then switched to drug-free medium for one cell cycle. Surviving cells
were quantified either by staining with propidium iodide [16] or by metabolic assay
(ATPLite, Perkin-Elmer, Waltham, MA) as per the manufacturer’s protocol. Dose-response
curves included seven dose levels assayed in triplicate with coefficients of variation around
5%. Endpoint was the concentration that produced 50% inhibition of growth compared to
that of untreated controls (ICsq) as derived from fitted data weighted by standard error using
TableCurve software (SPSS/IBM, Chicago, IL). The inter-assay coefficient of variation in
IC50 was 10-20%.

Histoculture assay

Methods developed by Hoffman and coworkers [25] and modified by us [17] were used to
evaluate agent activity against tumors growing in 3-dimensional cultures. Activity in this
assay has been shown to correlate with delayed outgrowth in mouse models [17] and to
clinical response [18,38]. Tumor cell lines were grown as subcutaneous xenografts in nude
mice. When tumors reached five times the inoculum volume, the animals were euthanized,
the tumor aseptically excised, and placed in the respective growth medium containing
antibiotics and antimicotics. Tumor tissue was washed three times with growth medium and
cut in half. Necrotic areas were removed, and the tissue minced into 0.5-1.5 mm3 fragments.
The fragments were then prescreened for viability by MTS metabolic assay (CellTiter 96®
AQueous Non-Radioactive Cell Proliferation Assay; Promega, Madison, WI). Viable
fragments (12-15 mg) were placed in a 24-well microplate, 4-6 fragments per well. Samples
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were incubated for 24 h in 2 ml medium/well prior to addition of test compounds. The
primary ovarian specimen was obtained with the subject’s consent and approval by the Duke
Health System Institutional Review Board. Tumor tissue was placed in a sterile container
and submitted to the surgical pathology department at Duke University Medical Center.
Excess tissue was supplied to the laboratory for analysis after being stripped of all patient
identifiers.

Human tumor xenograft assay

To obtain an initial assessment of toxicity, non-tumor bearing, athymic nu/nu female mice
were administered BACPTDP dissolved in saline by intraperitoneal injection on five
consecutive days, rested 2 days, then dosed another five consecutive days (Q1Dx5 (1, 8) or
5/2/5 schedule). Animals were checked daily for mortality and twice weekly for body
weight. The endpoint was the number of survivors on day 22. BACPTDP was then
evaluated in murine xenograft models for human colon (HT29), ovarian (SK-OV-3),
pancreatic (Panc-1), glioma (SF-295) and non-small-cell lung (NCI-H460) cancers.
BACPTDP was prepared once weekly in saline at a concentration of 0.8 mg/ml and dosed
i.p. at 4.5, 6.7 and 8 mg/kg on the 5/2/5 schedule. For comparison, irinotecan (CPT-11;
clinical formulation at 20 mg/ml) was run head-to-head and dosed intravenously at 40 and
60 mg/kg on a Q4Dx3 schedule, where the higher dose approximates the maximum-
tolerated dose (MTD). Endpoints were the time to reach either two (SK-OV-3, Panc-1),
three (HT-29, NCI-H460, IMR-32) or four (SF-295) tumor volume doublings, where tumor
volume is defined as: L x W2/2 = mm3 = mg, and L and W are the larger and smaller
perpendicular tumor dimensions determined by caliper measurement. Median days delay in
tumor outgrowth was then computed as the difference between drug-treated versus vehicle
treated controls (T — C). To compare activities across tumor types with different doubling
endpoints, the data were normalized and expressed as median (T — C)/C. Student’s T or the
Mann-Whitney rank sum tests were used to determine significance of differences among
mean growth delay times. In cases where groups contained animals whose tumors did not
reach the evaluation endpoint (e.g., long-term survivors), a life-table analysis was used in
which a stratified Kaplan—Meier estimation was followed by the Mantel-Haenszel log-rank
test.

Drug interaction assay

Results

Drug interaction was assessed with ATP-based growth inhibition assays by combination
index and combination effect endpoints using published methods of Chou [11] and Kanzawa
[26], respectively, as reported previously [6,37].

Antiproliferative activity in cell culture models

Activity in monolayer culture—Neuroblastoma models had varied responses in vitro to
BACPT at physiological pH over a six log range with SK-N-MC cells being the most
sensitive and IMR-32 the least sensitive (Table 1). However, activity was enhanced at acidic
pH in all four cell lines, with pH modulation ranging from 5 to nearly 50-fold. Potency of
growth inhibition did not correlate with expression of the MYCN oncogene, a negative
prognostic factor in neuroblastoma, or the norepinephrine transporter; the latter is commonly
used to image these tumors with radiolabeled meta-iodo-benzylguanidine (MIBG). MIBG
can be used to enhance tumor acidification via its ability to inhibit cellular respiration with
subsequent stimulation of glycolysis. Of significance, pH modulation was independent of
time of exposure to BACPT in SK-N-BE(2c) and after 20 h exposure time in SK-N-MC
cells (Fig. 1). The lack of enhancement at early time points is compensated by the exquisite
sensitivity of SK-N-MC cells to the drug.
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Antiproliferative activity of BACPT was also assessed in Panc-1 cells, a model for
advanced, aggressive pancreatic cancer. Panc-1 is poorly differentiated, expresses mutated
p53 and K-ras, the c-Src oncogene and is relatively insensitive to gemcitabine and other
chemotherapeutic drugs. Comparisons to BACPT were made with drugs from seven classes,
including a DNA antimetabolite, antimitotic agent, topoisomerase Il inhibitor,
demethylating agents and a Src kinase inhibitor (Table 2). The alkylating agent
temozolomide and the EGFR tyrosine kinase inhibitor erlotinib were inactive in this assay.
BACPT was the most potent compound with an ICgq of 4 nM; sixfold more potent than
gemcitabine, the current standard of care chemotherapy. The other drugs were two to over
four logs less active. Of note, BACPT was also potent at the ICqq level of activity, a level
that was not achieved by vinorelbine, 5-azacytidine or decitabine and by 5-fluorouracil only
at high concentrations not clinically achievable.

Activity in 3-dimensional histoculture—While providing high throughput, flexibility
and convenience, growth inhibition analysis in monolayer cell culture models has limited
relevance for solid tumors growing in vivo. Previous studies indicated that 10-amino-CPT, a
precursor for BACPT, had significantly better activity than either topotecan or SN-38, the
active metabolite of irinotecan, in 3-dimensional, tissue-like histocultures of human brain,
neuroblastoma, breast, colon and prostate tumors and was enhanced at acidic pH [17].
Consequently, we evaluated BACPT and BACPTDP in histocultures from IMR-32
neuroblastoma and HT29 colon cell lines grown as murine xenografts. In addition, we
evaluated a primary ovarian patient specimen. When IMR-32 histocultures were assessed
under both hypoxic (1.5% O,) and acidic (pH 6.8) conditions, BACPT was 20-fold more
potent than SN-38 (ICsq =0.2 vs. 10 pM; results not shown). BACPTDP was at least two
orders of magnitude more potent than topotecan, paclitaxel, cisplatin, doxorubicin and 9-
amino-CPT in HT29 histocultures at physiological pH. Similar results were observed in
primary ovarian carcinoma (Fig. 2).

Antitumor activity in murine xenografts

To obtain an initial assessment of toxicity, non-tumor-bearing, athymic nu/nu female mice
were administered BACPTDP dissolved in saline by intraperitoneal injection on a daily x
five schedule repeated after 2 days rest (5/2/5 schedule). Results shown in Table 3 indicate
that BACPTDP is toxic in this model at doses of 10 and 20 mg/kg but well tolerated with
only minimal body weight loss at doses of 2.5 and 5 mg/kg. Based on the toxicity data,
BACPTDP was evaluated in murine xenograft models for human colon (HT29), ovarian
(SK-OV-3), pancreatic (Panc-1), glioma (SF-295) and non-small-cell lung (NCI-H460)
cancers. BACPTDP was dosed intraperitoneally on the 5/2/5 schedule and compared head-
to-head with irinotecan (CPT-11) dosed intravenously on a commonly used Q4Dx3 schedule
where 60 mg/kg is at or near the MTD ([31] and W. Waud, personal communication). The
results shown in Fig. 3, normalized to account for the different doubling endpoints,
demonstrate that BACPTDP has antitumor activity in all xenograft models tested. Activity
of BACPTDP was comparable to irinotecan in HT29, SF-295 and NCI-H460 xenografts,
significantly greater in SK-OV-3 (T-C = 17 days for BACPTDP at 4.5 mg/kg vs. 6.1 days
for CPT-11 at 40 mg/kg; P = 0.005). Activity of BACPTDP was superior in Panc-1 where
complete regressions were observed (Table 4). The latter observation is all the more
noteworthy, because the Panc-1 model is aggressive, relatively insensitive to gemcitabine,
expresses the c-Src oncogene kinase activity that suppresses gemcitabine-induced, caspase-
mediated apoptosis [15]. Responses to BACPTDP were dose dependent and despite
significant but transient weight loss (21% maximum) at 8 mg/kg produced median survival
of 67 days with 2/6 animals tumor-free at 95 days. By comparison, irinotecan at 60 mg/kg
produced a median survival of 27 days and no tumor-free animals. Clearly, the latter
comparison does not reflect equitoxic doses. However, at the MTD of each agent,
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BACPTDP (6.7 mg/kg) also exhibited significantly higher activity than CPT-11 but at
onethird the total dose. BACPTDP activity was also superior to that reported for
gemcitabine in independent studies by others (60 mg/kg i.p. on days 0,3,6,9, and 12 [7]), and
for 9-nitro-camptothecin (rubitecan, orathecin) dosed i.v. at 2.5 mg/kg Q1Dx5 (1, 8) [36].
The latter drug has clinical activity in pancreatic cancer [10,32].

Modulation of extracellular pH enhances BACPTDP activity in vivo

The extracellular pH of IMR-32 neuroblastoma xenografts can be reduced in a selective
manner in vivo by pre-treatment with glucose in combination with MIBG to increase
glycolysis while simultaneously inhibiting cellular respiration. Either intravenous or
intraperitoneal pretreatment with MIBG/glucose acidified tumor extracellular pH by 0.2 pH
unit by 30 min, an effect that was maintained for at least 60 min (Fig. 4). Antitumor
activities of irinotecan and BACPTDP were minimal in this model, which employed a single
5 day cycle of treatment (Table 5). In contrast, pH modulation by MIBG plus glucose
significantly delayed tumor growth for both of the CPT analogs compared to untreated
controls, with BACPTDP showing the most effect (Table 5).

Interaction of BACPT in combination with gemcitabine in pancreatic cancer cells

Gemcitabine is considered by most to be the standard-of-care for pancreatic cancer. Thus,
interaction of BACPT with gemcitabine was evaluated by median effect analysis with the
combination index (CI) endpoint. The results in Fig. 5 revealed that BACPT has additive (ClI
= 1) to synergistic (Cl < 1) antiproliferative activity in combination with gemcitabine,
particularly at higher levels of effect (fraction affected >0.5 = the 1Csq). Significant synergy
was observed when gemcitabine was administered 24 h prior to BACPT, indicating
sequence dependence for the interaction. This results in a significant dose reduction index
(Table 6), such that at the ICsq the concentration of gemcitabine can be reduced threefold
and that of BACPT over 20-fold and still obtain the activity of each agent used alone. Of
note, significant drug antagonism was not seen at meaningful levels of activity (Fa > 0.5),
which is important for clinical planning. The impact of drug ratio was also evaluated and the
additive/synergistic interaction proved to be ratio independent (Fig. 6), which is also
advantageous for clinical use, since binary drug pharmacokinetics are difficult to control in
vivo. In summary, BACPT was the most potent of ten compounds from seven drug classes
tested in the chemorefractory Panc-1 model and demonstrated strong, sequence-dependent
synergistic activity when used in binary combination with gemcitabine.

Discussion

Other investigators have studied 7-alkyl-substituted 10-amino camptothecins. The 7-
ethyl-10-amino CPT analog was first synthesized and evaluated by Yaegashi et al., in 1994,
and reported to have potent activity in human KB and murine L1210 in vitro tumor models
[44]. Guiotto et al. [23] reported that this analog also had antitumor activity in vivo against
murine Meth A fibrosarcoma, notably as the sodium salt, which exists predominantly in the
carboxylate form. A PEGylated formulation also had activity against murine P388 and
Adriamycin-resistant P388 leukemia comparable to irinotecan. Recently, Kruszewski
replaced the 7-ethyl group with the more lipophilic 7-trimethysilylethyl substituent to
improve stability in blood by increasing membrane binding while reducing binding to
human serum albumin; antitumor activities were not reported [28]. Meanwhile, Burke et al.
reported nanomolar antiproliferative activity for BACPT in two human breast cancer models
[9], activity that was maintained upon conjugation to antibodies directed against breast
cancer surface antigens.
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Our interest in BACPT initially stemmed from the analog’s enhanced activity in breast
cancer cell lines when cultured at acidic pH [4,5], and thus it’s potential to exploit the tumor
pH gradient. Uptake and efflux data in MCF-7 cells [5] support the concept that BACPT
behaves as a weak acid. This is certainly true for the carboxylate or open E ring form of the
compound, which contains seven predicted protonization states (as modeled by ADME Suite
software, ACD/Labs, Toronto, ON). At physiological pH, this in silico approach predicts
that 67% of the drug species are negatively (—1) charged, while 33% are uncharged, making
it a weak acid. Acidic pH (6.8) reduces the predicted net negative charge by nearly half to
34%, thus enhancing cell uptake of the uncharged species. The carboxylate form of CPT is
generally considered inactive as an inhibitor of the molecular drug target, nuclear
topoisomerase 1. In contrast, the presumed active form of BACPT is the lactone, which is
predicted to be 95% neutral at pH 7.4. Under acidic pH (6.8) conditions, the compound is
predicted to become more basic (17% positively [+1] charged), which would decrease
cellular uptake. Clearly, the majority of BACPT lactone species remains uncharged and
therefore cell permeable. However, the precise mechanism that underlies the apparent ability
of BACPT to exploit the tumor pH gradient is unclear and likely complex, since it involves
not only the lactone versus carboxylate equilibrium and charge dynamics, but also the
impact of membrane versus protein binding on this equilibrium. Human serum albumin, in
particular, has a high affinity for the carboxylate form and is thought to govern blood
stability. Another intriguing possibility has recently emerged with the discovery by Pommier
and co-workers of mitochondrial topoisomerase | [45]. The enzyme functions at the alkaline
pH characteristic of mitochondria, an organelle that is critical for apoptosis as well as for
respiration. Mitochondrial topoisomerase | is inhibited by camptothecin upon incubation at
pH 8.0, conditions that would favor formation of the carboxylate. Hence, mitochondrial
topoisomerase | could be a cytotoxic target for the carboxylate form of the camptothecins.
At pH 6.8, a significant amount of BACPT carboxylate is predicted to be uncharged and
thus cell-permeable. Intracellular pH is physiological, which will generate negatively
charged BACPT carboxylate species. Such weak acid species will accumulate in alkaline
compartments like the mitochondria where they can potentially target mitochondrial topl.
This hypothesis would be consistent with the punctuate cytoplasmic localization rather than
nuclear localization observed for BACPT (D. Adams, unpublished observation), and
reported for topotecan and gimatecan [14].

BACPT has unique physical-chemical properties in addition to its charge dynamics. For
example, the analog exhibits high membrane permeability as reflected in its calculated Log
D (2.8) at physiological or acidic pH and its solubility in dichloromethane (145 mg/ml), an
unexpected result given the corresponding solubility of CPT (0.6 mg/ml), 10-amino-CPT
(0.2 mg/ml) or 7-butyl-CPT (20 mg/ml). The 20S dipeptide formulation converts the
lipophilic drug into a pro-drug that is much more water soluble (160 mg/ml) than irinotecan,
yet does not require hepatic carboxyesterase activation and does not induce diarrhea.
Moreover, the intrinsic fluorescence of BACPT is 40-fold greater than that of CPT,
topotecan or irinotecan/SN-38, which permits tissue localization and therapeutic drug
monitoring [3].

We have extended and confirmed our findings in breast cancer with evaluations of BACPT
in neuroblastoma and pancreatic cancer cell culture models, both of which over-express the
top 1 genotoxic target [42]. In addition, neuroblastoma retains the norepinephrine transporter
and, therefore, selectively takes up the norepinephrine analog, meta-iodo-benzyl-guanidine
(MIBG), a standard radioimaging agent for this pediatric tumor. Since MIBG acts to inhibit
cellular respiration, it can also be used to modulate tumor extracellular pH by forcing
glucose metabolism into the glycolytic pathway. Accordingly, when MIBG/glucose
modulation was combined with BACPTDP treatment, there was a significant increase in
survival of mice bearing IMR-32 xenografts. Since MIBG has been used to treat as well as
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image pediatric neuroblastoma, this cancer represents a clinical population that could
potentially benefit from BACPTDP alone and in combination with MIBG.

Likewise, BACPTDP could also benefit patients with pancreatic cancer. Pancreatic
carcinoma is characterized by avascular morphology and is generally hypoxic [27]. Hypoxia
contributes to the aggressive nature of the disease via elevated expression of hypoxia
inducible factor-1 (HIF-1) that in turn up-regulates expression of growth and proangiogenic
factors to promote tumor invasion and metastasis. In addition, HIF-1 up-regulates expression
of numerous glycolytic enzymes to activate the glycolytic phenotype [39]. BACPTDP was
designed to exploit these conditions with enhanced tumor uptake, retention and antitumor
activity via the classical topoisomerase | genotoxic mechanism that results in DNA damage
and subsequent apoptosis. However, it is now possible that BACPTDP could also act by a
second, non-genotoxic mechanism: direct inhibition of HIF-1a. Rapisarda and colleagues
used a luciferase reporter construct driven by a hypoxia-responsive element to screen ~2,000
compounds from the National Cancer Institute “Diversity Set” for small molecule inhibitors
of HIF-1[34]. Three of the four initial hits from this assay were camptothecin analogs,
including topotecan. Recently, SN-38, the active metabolite of irinotecan, was also shown to
inhibit HIF-1a and to synergize with rapamycin at low concentrations to induce extensive
cell death in HT29 colon carcinoma cells under hypoxic but not normoxic conditions [33].
Since inhibition of HIF-1 requires catalytically active topoisomerase | but not DNA
replication, this mechanism is distinct from that which induces genotoxic lesions [35], could
be effective in non-cycling tumor cells and could explain the anti-angiogenic activity
observed with both topotecan and irinotecan [13,30]. Hence, the tumor biology of pancreatic
cancer is particularly suited to treatment with BACPTDP as documented by the activity
observed in Panc-1 xenograft tumors. Moreover, in vitro drug interaction studies indicated
that BACPTDP could be a useful partner for combination with gemcitabine, particularly
when given after treatment with this standard-of-care agent. Dose reduction data suggested
that the synergistic interaction will permit a significant reduction in BACPTDP dose that
could reduce toxicity while still maintaining efficacy.

In summary, BACPTDP is a water-soluble camptothecin pro-drug that spontaneously
generates the lipid-soluble active agent, BACPT. The drug has multiple molecular
mechanisms and can exploit solid tumor physiology for improved selectivity and activity
against numerous tumor types with particular promise for pediatric neuroblastoma and
pancreatic carcinoma.

Abbreviations

CPT Camptothecin
BACPTDP 7-butyl-10-amino-camptothecin-(20S) B-alanine-lysine
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Fig. 1.

Activity of BACPT in neuroblastoma cells as a function of exposure time and extracellular
pH. Neuroblastoma cell lines that do [SK-N-BE(2c)] or do not (SK-N-MC) over-express
NET or MYCN were exposed to varying concentrations of BACPT for various times before
being placed in drug-free medium prior to analysis of surviving cell number by ATP assay.
The concentration that inhibited growth by 50% versus untreated controls (ICgp) was
determined as described in “Methods”. Cells were cultured at pH 7.4 (circles) or pH 6.8
(inverse triangles). Solid lines represent a curve fit of the data with dotted lines the 95%
conidence intervals
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Fig. 2.

Antiproliferative activity of BACPTDP in 3-dimensional histoculture. Top panel HT29
human colon carcinoma cells were grown as xenograft tumors in immunocompromised
mice. Tumors were excised, sliced into 1-mm?3 cubes, pre-screened for metabolic activity
and exposed to varying concentrations of BACPT (open square), 9-amino-CPT (filled
triangle), paclitaxel (open circle), topotecan (filled circle), doxorubicin (open triangle), or
cisplatin (filled inverted triangle) for 72 h as described in “Methods”. Medium was replaced
and fragments incubated an additional 24 h before assay of MTS metabolic activity. Results
are reported as percent of untreated control absorbance. Bottom panel primary human
ovarian carcinoma tissue was acquired postoperatively from an excess surgical pathology
specimen and processed as described [17]. Drug exposure and analysis were identical to that
in the top panel
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Fig. 3.

Antitumor activity of BACPTDP in human tumor xenografts. Murine xenograft models for
human colon (HT29), ovarian (SK-OV-3), pancreatic (Panc-1), glioma (SF-295) and non-
small-cell lung (NCI-H460) cancers were treated with BACPTDP (red bars) at 4.5 (cross-
hatched), 6.7 (hatched), or 8.0 mg/kg (no hatch) on a 5/2/5 schedule and run head-to-head
against irinotecan (CPT-11; blue bars) at 40 (hatched) and 60 (no hatch) mg/kg on a Q4Dx3
schedule. Data for BACPTDP at 8 mg/kg are not included for the NCI-H460 xenograft due
to increased toxicity in this model. Results are expressed as the overall delay in growth of
the median tumor (T-C; T treated group, C control group), normalized to account for
diferent tumor doubling times (two for SK-OV-3 and Panc-1; three for HT-29 and NCI-
H460; four for SF-295). For comparison, published values are included for gemcitabine
(black bar) and rubitecan (green bar) at their maximum tolerated doses of 60 mg/kg and at
2.5 mg/kg, respectively, in the Panc-1 model
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Fig. 4.

pH modulation by MIBG plus glucose in a rapidly growing human neuroblastoma tumor
xenograft. Mice were anesthetized with ketamine and xylazine prior to insertion of a pH
electrode into the tumor. Following equilibration, MIBG (32 mg/kg) and glucose (1.5 g/kg)
were administered either intraperitoneally (open circle) or intravenously (filled circle) and
the intratumoral pH monitored for 1 h
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Fig. 5.

Impact of drug sequence on interaction of BACPT and gemcitabine in Panc-1 cells. Top
panel dose—response curves for Panc-1 cells treated with BACPT (open circle) or
gemcitabine (open inverted triangle) for 3 days followed by 2 days in drug-free medium.
Surviving cells were quantified by ATP assay. Bottom panel Panc-1 cells were exposed
simultaneously to BACPT and gemcitabine (open circle), to BACPT followed 24 h by
gemcitabine (open inverted triangle), or gemcitabine followed by BACPT (open square) at a
molar ratio of 100:1 (gemcitabine:BACPT) for 3 days followed by 2 days in drug-free
medium. Surviving cells were quantified by ATP assay and the combination index computed
as a function of the fraction of cells affected (fa), where fa = 0.5 is the ICgq
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Impact of drug ratio on the interaction of gemcitabine followed by BACPT in Panc-1 cells.
3-dimensional drug interaction analysis was performed for gemcitabine followed 24 h later
with BACPT in Panc-1 cells as described in “Methods”. Top panel percent inhibition of
tumor cell growth compared to untreated controls, color-coded to indicate the range of
response from minimum (blue) to maximum (red) inhibition. Bottom panel the
corresponding combination effect (CE) surface is presented as a color-coded contour map
where green represents additivity (CE = 0), red antagonism (CE < 0) and blue synergy (CE
> 0)
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Table 2
Antiproliferative activity in Panc-1 Cells
Drug IC50 (NM)  vs. BACPT  ICqy (nM) vs. BACPT
BACPT 4 1 86 1
Gemcitabine 23 6 117 1
Vinorelbine 103 25 NA2 -
Etoposide 651 160 8,750 102
Dasatinib 6,886 1,693 13,250 154
5-Flurouracil 9,178 2,257 97,633 1,136
5-Azacytidine 68,805 16,916 NA -
Decitabine 68,994 16,963 NA -
Temozolomide NA - NA -
Erlotinib NA - NA -

a . . .
Not achieved at highest concentration tested
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Table 3

Toxicity of BACPTDP in athymic mice

Dose (mg/kg) 22 Day survival ~Maximum body

weight loss (%0)
25 313 0
5 313 2
10 2/3 24
20 0/3
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Table 6

Dose reduction index for gemcitabine followed by BACPT

Fraction  Dose reduction index
affected

Gemcitabine BACPT
0.2 1.0 2.0
0.3 1.6 53
0.4 23 11.0
0.5 3.1 21.0
0.6 3.9 38.0
0.7 4.8 69.1
0.8 5.8 133.8
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