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Abstract

Background
Hypoxia-activated prodrugs (HAPs) are a promising class of antineoplastic agents that can selectively
eliminate hypoxic tumor cells. The present study evaluates the hypoxia-selectivity and antitumor activity
of CP-506, a DNA alkylating HAP with favorable pharmacological properties.

Methods
Stoichiometry of reduction, one-electron a�nity, and back-oxidation rate of CP-506 were characterized by
fast-reaction radiolytic methods. In vitro, 2D monolayer and 3D spheroid and multicellular layer cultures
were used to investigate the hypoxia-selectivity of CP-506. In vivo, the causal relationship between tumor
oxygenation and antitumor effects of CP-506 was assessed. Mice bearing a range of human tumor
xenografts were exposed to CP-506 and tumor growth was monitored. A multivariate linear regression
model was used to identify factors associated with CP-506 treatment outcome.

Results
Net reduction, metabolism, and cytotoxicity of CP-506 were maximally inhibited at oxygen concentrations
above 1 µM (0.1% O2). CP-506 demonstrated cytotoxicity selectively in hypoxic 2D and 3D cell cultures
with normoxic/anoxic IC50 ratios up to 203. In vivo, the antitumor effects of CP-506 were selective for
hypoxic tumor cells and causally related to tumor oxygenation. CP-506 effectively decreased the hypoxic
fraction and inhibited growth of a wide range of hypoxic xenografts. Two well-oxygenated models were
refractory to treatment despite intrinsic anoxic sensitivity in vitro. A multivariate regression analysis
revealed baseline tumor hypoxia and in vitro sensitivity to CP-506 to signi�cantly correlate with treatment
response.

Conclusions
Our results demonstrate that CP-506 selectively sterilizes hypoxic tumor cells and has broad antitumor
activity. Our data also indicate that tumor hypoxia and cellular sensitivity to CP-506 are strong
determinants of the antitumor effects of CP-506.

Background
Hypoxia is a common feature in the majority of solid tumors that arises through disruption of the balance
between proliferation and oxygen supply (1). Given its pivotal role in tumor progression and resistance to
conventional therapies (2), several strategies have been developed to overcome tumor hypoxia, including
the use of hypoxia-activated prodrugs (HAPs) (3). HAPs are low-molecular weight therapeutic agents that,
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only under su�ciently low oxygen tension, are bioactivated by enzymatic reduction to typically generate
cytotoxic effector molecules (4).

Six HAPs have previously been evaluated in a clinical setting (5, 6). Evofosfamide (TH-302), a 2-
nitroimidazole-based phosphoramidate mustard HAP, demonstrated single-agent antitumor activity (7)
that is further increased when combined with conventional anticancer therapies, both preclinically (8–10)
and clinically (11, 12). However, addition of evofosfamide to standard of care treatment failed to improve
overall survival in pancreatic cancer (NCT01746979) (13) and soft tissue carcinoma (NCT01440088)
(14). Potential explanations are a lack of patient strati�cation (3), unexpected lowering of
pharmacokinetic exposures due to prodrug reformulation during the Phase III trials (15), and limited
diffusion of its cytotoxic metabolite (bystander effect) (16, 17). PR-104, a phosphate pre-prodrug of the
dinitrobenzamide nitrogen mustard HAP PR-104A, demonstrated hypoxia-selective activation in vitro (PR-
104A) and in vivo (PR-104) (18). The combination of PR-104 with radio- or chemotherapy further
enhanced its antitumor effects (18–20). However, clinical safety and tolerability of PR-104 demonstrated
dose-limiting thrombocytopenia and neutropenia (21, 22). Subsequent preclinical studies elucidated that
PR-104A can be activated independent of tissue oxygenation by human two-electron aldo-keto reductase
1C3 (AKR1C3) (23, 24). Further clinical evaluation revealed that myelotoxicity was the only serious
adverse event preventing dose-escalation of PR-104 administration (25) and reaching adequate plasma
concentrations for monotherapeutic e�cacy (21, 22, 26). Hence, avoiding AKR1C3 bioactivation should
suppress prodrug myelotoxicity and permit signi�cant dose-escalation without encountering treatment-
related hematological adverse effects.

Based on this rationale, PR-104 was redesigned to give rise to CP-506, a next-generation HAP with more
favorable properties (27–29). Firstly, CP-506 is designed to be resistant to AKR1C3 metabolism, ensuring
highly speci�c hypoxia-dependent activation. Secondly, CP-506 is a water-soluble piperazine mesylate
salt, avoiding the need for a phosphate solubilization strategy utilized for PR-104, and is thus resistant to
glucuronidation of the alcohol present in PR-104A, a major clearance pathway compromising its
pharmacokinetic pro�le (30, 31). Thirdly, CP-506 mesylate has the potential to be orally bioavailable.
Fourthly, CP-506 is a mono-nitro HAP, thereby avoiding facile metabolic loss via self-alkylation of the
reduced nitro-group ortho to the mustard (18). Finally, physiochemical properties of CP-506 and its
metabolites readily permit a bystander effect. The proposed mechanism of action of CP-506 (Fig. 1A) is
similar to that of PR-104 (Supplementary Fig. 1).

In the present study, we �rst characterized the stoichiometry of CP-506 reduction, one-electron a�nity, and
back-oxidation rate by using fast-reaction radiolytic methods. We accurately assessed the oxygen-
dependence of CP-506 metabolism and cytotoxicity and evaluated resistance to aerobic AKR1C3
metabolism and the hypoxia-selective cytotoxicity and DNA adduct formation of CP-506 in a wide range
of 2D and 3D in vitro models. In vivo, we �rst assessed whether a causal relationship existed between CP-
506 e�cacy and tumor oxygenation. We further characterized the antitumor effects of CP-506 in a broad
panel of 15 human xenograft models. We hypothesized that CP-506 is effective in inhibiting growth of
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hypoxic tumors only, reducing their hypoxic fraction. Lastly, a multivariate linear regression analysis was
performed to identify which factors ultimately contribute to CP-506 antitumor e�cacy.

Methods

Compounds
CP-506 (2-[(2-bromoethyl)-5-[(4-ethyl-1-piperazinyl)carbonyl]-2-(methylsulfonyl)-4-nitroanilino]ethyl
methanesulfonate), CP-506H (2-((2-bromoethyl)(5-(4-ethylpiperazine-1-carbonyl)-4-(hydroxyamino)-2-
(methylsulfonyl)phenyl)amino)ethyl methanesulfonate), and CP-506M (2-((4-amino-5-(4-ethylpiperazine-
1-carbonyl)-2-(methylsulfonyl)phenyl)(2-bromoethyl)amino)ethyl methanesulfonate) were manufactured
by Mercachem employing synthetic routes developed at the University of Auckland (Supplementary
Materials and Methods). Deuterated internal standards were prepared using identical synthetic
procedures employing D8-1-ethylpiperazine instead of 1-ethylpiperazine. SN35393 (5-(bis(2-
bromoethyl)amino)-4-(methylsulfonyl)-2-nitrophenyl)(4-methylpiperazin-1-yl)methanone) was
synthesized as described previously (27). PR-104 was supplied by Proacta Inc. PR-104A was synthesized
and puri�ed as previously reported (32, 33). For in vitro experiments, stock solutions were made in
dimethyl sulfoxide (DMSO) and stored at -20°C. For in vivo experiments, compounds were dissolved in
water for injection (WFI).

Pulse and steady-state radiolysis studies
The one-electron reduction potential of CP-506 (E0’(S/S.−)) was determined by a previously described
pulse radiolysis method (34). UV-visible spectrum of the radical anion was produced by directly
scavenging the radiolytically produced e− aq and by electron transfer from the CO2.− radical. The back-
oxidation rates of the radical anion were followed by time-resolved spectrophotometry with increasing
concentrations of dissolved oxygen from which the second-order rate constant was determined. The
stepwise reduction of CP-506 was followed using spectrophotometry by the addition of reducing
equivalents in anoxia produced upon steady-state radiolysis using a γ-ray 137Cs source.

Cell culture
Cells were routinely cultured at 37°C in a humidi�ed 5% CO2 air atmosphere and were STR-authenticated
and con�rmed to be mycoplasma-free by PCR (Roche Diagnostics). Tissue of origin, provider, and culture
medium of the employed cell lines are summarized in Supplementary Table 1. HCT116 cells
overexpressing the human aldo-keto reductases 1C family members and human di�avin reductases were
previously described (23, 35).

Assessment of oxygen-dependence of CP-506 activation
Stirred suspensions of HCT116 cells overexpressing cytochrome P450 oxidoreductase (POR; HCT116POR)
were exposed to variable gas mixtures (0–95% O2, 5% CO2, residual N2). After pre-equilibration, cell
suspension were treated with CP-506 (100 µM, 1 h). Soluble (aqueous) oxygen concentrations were
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measured directly using a calibrated FOSPOR �ber-optic oxygen probe (Oxygen Optics). For metabolic
endpoint, samples were crashed in acetonitrile containing deuterated internal standards and stored
(-80 C) until LC-MS/MS analysis. For cell survival endpoint, samples were harvested and clonogenic
survival was assessed after 12 days. Colonies (> 50 cells) were manually counted to determine plating
e�ciency (PE). A linear regression between CP-506H formation or PE and CP-506 AUC was �tted and the
KO2 value, de�ned as the O2 concentration required to reduce the effect of CP-506 to 50% of that effect in
anoxic culture, was assessed.

Cell viability assays
Culture medium, 96-well plates, and pipet tips were preincubated 72 h before use in normoxic or anoxic
conditions in respectively a cell culture incubator (HERAcell® 150 CO2 Incubator; 21% O2, 5% CO2) or
anoxic workstations (A35 Don Whitley, Don Whitley Scienti�c; Bactron II, Shell Lab; < 1 ppm O2, 10% H2,
5% CO2, residual N2). Cells were transferred to normoxic or anoxic conditions and resuspended in
preincubated medium. Cells were seeded in 96-well plates in optimized densities and were allowed to
attach for 2 h. CP-506 was dissolved in preincubated medium and cells were exposed to CP-506-
containing medium for 4 h. After, plates were transferred to normoxia, washed, and received fresh culture
medium. Cell viability was assessed 96 h after start of treatment using CellTiter-Glo® 2.0 reagent
(Promega) or Sulforhodamine B (SRB) assay (Sigma-Aldrich) according to the manufacturer’s protocol.
Treatment response was quanti�ed as IC50, i.e. the concentration of CP-506 that reduced cell viability by
50%. The hypoxia cytotoxicity ratio (HCR) was de�ned as the ratio of the normoxic to anoxic IC50.

Multicellular layer clonogenic cell survival assay
Multicellular layers (MCL) were grown as described previously (36). MCLs were exposed to CP-506 for 5 h
under anoxic or hyperoxic (95% O2, 5% CO2) conditions. MCLs were trypsinized and clonogenic survival
was assessed after 10 days. Treatment response was quanti�ed as IC10, i.e. the concentration of CP-506
resulting in 90% clonogenic cell kill.

Adductomics analyses
The LC-MS approach used for the identi�cation and relative quanti�cation of CP-506-induced DNA adduct
formation is described in Supplementary Materials and Methods.

Spheroid culture
Spheroids were grown as described previously (37). Monitoring of spheroid growth and assessment of
oxygenation status is described in Supplementary Materials and Methods. To assess the effect of CP-506
on spheroid growth, normoxic and hypoxic spheroids were treated with CP-506 for 4 h, after which
spheroids received fresh culture medium and growth was monitored.

Animals
All animal experiments were performed with appropriate ethical approval and according to institutional
guidelines. Additional information on the animal experiments performed in this study are described in
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Supplementary Table 2.

Pharmacokinetic studies
Pharmacokinetic properties of CP-506 were monitored in NIH-III mice following intravenous (IV), oral (PO),
or intraperitoneal (IP) administration at indicated time points. Sample collection, LC/MS analysis, and
assessment of pharmacokinetic parameters are described in Supplementary Materials and Methods.

Tumor models and treatment schedules
To generate tumors, cells were resuspended in 50% Matrigel™ (BD Biosciences) or αMEM and injected
subcutaneously into the �ank of the animal. Mice were randomly assigned to treatment groups upon a
tumor volume of ca. 200 mm3 (treatment starting volume, SV). To evaluate the antitumor effects of CP-
506, mice received different dose-regimens of vehicle or CP-506. To investigate the causal relationship
between the antitumor effects of CP-506 and tumor oxygenation, mice bearing MDA-468 xenografts were
exposed to 7% O2, 21% O2, or carbogen (95% O2, 5% CO2) and nicotinamide (500 mg/kg, IP; Sigma
Aldrich) (CarbN) in controlled breathing chambers for a total of 2.5 h. 30 min after start of modi�ed
breathing conditions, vehicle or CP-506 (600 mg/kg, IP, QD1) were injected. Tumor response was
quanti�ed as (I) tumor growth inhibition (TGI) at the day respective control animals reached four times SV
(4xSV), (II) as tumor growth delay (TGD) de�ned as time to reach 4xSV (T4xSV), or (III) as speci�c growth
delay (SGD). To estimate and compare the magnitude of treatment effect, the enhancement ratio (ER),
de�ned as the ratio of T4xSV of CP-506-treated animals to T4xSV of vehicle-treated animals, was
determined. Assessment of tumor volumes and de�nition of TGI and SGD are described in
Supplementary Materials and Methods.

Tumor excision assay
H460 xenograft-bearing mice were exposed to sham or whole body irradiation (10 Gy), followed by
administration of vehicle or CP-506 (900 or 1100 mg/kg, IP, QD1). 18 h after, tumors were excised,
homogenized, and plated. Clonogenic survival was assessed after 10 days. Log cell kill (LCK) relative to
sham-treated controls were calculated.

Assessment of tumor hypoxia and DNA damage
Mice bearing vehicle- or CP-506-treated xenografts were injected with the hypoxia markers pimonidazole
(60 mg/kg, IP in saline), EF5 (30 mg/kg, IP in saline; Sigma Aldrich) respectively 1 h and 3 h before tumor
harvesting, and/or CCI-103F (100 mg/kg, IP in 10% (v/v) DMSO in peanut oil; NPI, Inc.) 2 h before the start
of treatment depending on the experiment. Subsequent collection and staining of tumors, image
acquisition and analysis are described in Supplementary Materials and Methods.

Statistics
Statistical analyses were performed in GraphPad Prism 8.4.3 software (GraphPad Software, Inc.) or
SigmaStat v14.1 (Systat Software). Differences in T4xSV and HF were analyzed using an unpaired t-test
or one-way ANOVA. Differences in survival were analyzed using a log-rank test. P values ≤ 0.05 were
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considered statistically signi�cant. A multivariate linear regression analysis was performed (STATA/IC
11.1) on a dataset comprising data of 381 animals to test which parameters signi�cantly in�uenced ER
or SGD. Details of this analysis are described in Supplementary Materials and Methods. A nomogram
predicting ER was subsequently constructed in R (v4.0.2).

Results

Reduction of CP-506 to its radical anion is inhibited by
oxygen
The one-electron reduction potential (E0’) of CP-506 at pH 7 vs. normal hydrogen electrode was − 351 ± 8
mV (Fig. 1A, Supplementary Fig. 2A), within the appropriate range to undergo one-electron reduction by
endogenous oxidoreductases. The second-order back-oxidation rate constant of the radical anion by O2

was determined as 2.45 ± 0.08 x 106 M− 1 s− 1, conformant with other nitroarene prodrugs of similar E0’

(Supplementary Fig. 2B). Stepwise reduction of CP-506 upon steady-state radiolysis under anoxia
resulted in spectral changes with maintenance of isosbestic points and complete reduction of the
compound at G(loss) = 1.01 ± 0.04 x 10− 7 M.Gy− 1, requiring six reducing equivalents (Supplementary
Fig. 2C and 2D). These data indicate a complete six-electron reduction of the nitro substituent to the
amine (CP-506M) and identify it as a probable cytotoxic species formed under anoxic conditions.

Metabolism and cytotoxicity of CP-506 is inhibited by trace
oxygen
To evaluate the O2-dependence of metabolism and cytotoxicity of CP-506, HCT116POR single-cell stirred
suspensions were exposed to CP-506 under increasing solution-phase O2 concentrations. CP-506
concentration declined as function of aqueous soluble O2 with maximal metabolic consumption achieved
under anoxia. Metabolic consumption of CP-506 was accompanied by formation of CP-506H and CP-
506M. Data was �tted for CP-506H formation with a four-parameter sigmoidal curve (R2 = 0.703),
suggesting a KO2 value of 0.57 µM O2 with metabolism completely inhibited by soluble O2 concentrations
above 1 µM (Fig. 1B). Consistent with the hypoxia-selective metabolism, the cytotoxicity of CP-506 was
maximal in anoxic cultures and was progressively inhibited by increasing solution-phase O2. The slope of

the k-curve (R2 = 0.504) suggests a KO2 value of 0.60 µM O2, with clonogenic killing completely inhibited
by O2 concentrations above 1 µM (Supplementary Fig. 2E). These data indicate that metabolism and
cytotoxicity of CP-506 are readily inhibited by trace O2.

CP-506 is resistant to aerobic activation and is selectively
cytotoxic in hypoxic 2D cell cultures
First, to validate that CP-506 is, unlike PR-104A, resistant to aerobic activation by the human two-electron
reductase AKR1C3, HCT116 parental (WT) and HCT116 cells overexpressing the AKR1C family members
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(AKR1C1 – AKR1C4) were exposed to each prodrug under normoxic conditions. HCT116AKR1C3 cells
displayed 112-fold hypersensitivity to PR-104A relative to HCT116WT cells (p < 0.01), whilst the remaining
AKR1C-expressing cell lines were refractory (Fig. 1C). In contrast, CP-506 failed to inhibit the proliferation
of the AKR1C expressing cells, including HCT116AKR1C3 cells. To account for potential differences in
metabolite loss, HCT116WT and HCT116AKR1C3 3D MCLs were exposed to 10 µM PR-104A or CP-506
under hyperoxic conditions. Exposure to PR-104A drastically reduced (> 99.9%) clonogenic survival of
HCT116AKR1C3 but not of HCT116WT MCLs, whereas no effect was observed upon CP-506 treatment
(Supplementary Fig. 3A). To con�rm these �ndings in vivo, isogenic SNU-398 tumors, either AKR1C3-
negative parental (WT) or overexpressing AKR1C3 were treated with equimolar doses (950 µmol/kg) of
PR-104 or CP-506. SNU-398WT tumors were refractory to either treatment (Supplementary Fig. 3B),
whereas SNU-398AKR1C3 tumors rapidly regressed upon PR-104, but not CP-506 treatment (Fig. 1D).
Similar results were observed in HCT116 isogenic tumor models (Supplementary Fig. 3C and 3D). Taken
together, these data con�rm that CP-506 is resistant to AKR1C3-mediated aerobic bioactivation.

Next, to determine whether CP-506 is a substrate for endogenous human one-electron oxidoreductases,
HCT116 cells overexpressing human di�avin reductases were exposed to CP-506 under normoxia or
anoxia. Relative to parental cells, anoxic IC50 values of CP-506 were signi�cantly (p ≤ 0.01) lower in
HCT116 cells overexpressing POR, MTRR, NDOR1, and NOS2A, but not NOS3, whereas no differences in
normoxic IC50 values were observed (Fig. 1E). To con�rm that CP-506 retains hypoxia-selective
cytotoxicity in vitro, we assessed normoxic and anoxic IC50 values and corresponding HCRs of CP-506
and PR-104A in MDA-468, C33A, and SiHa (Supplementary Figs. 3E–G). CP-506 was consistently more
cytotoxic under anoxia (HCR: 203, 55, and 20, respectively), whereas PR-104A displayed less hypoxia-
selectivity (HCR: 65, 23, and 7, respectively). Lastly, IC50 values of CP-506 were determined in a broad
panel of human tumor cell lines (Table 1). For all cell lines, normoxic IC50 values were higher than anoxic
IC50 values, resulting in HCRs ranging from 4 to 157. These data demonstrate the hypoxia-selective
bioactivation and cytotoxicity of CP-506 in in vitro monolayer cultures.
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Table 1
IC50 values in normoxic (21% O2) and anoxic (≤ 0.02% O2) in vitro monolayers after 4 h exposure to CP-

506.
Cell line Cancer type IC50 normoxia (µM) IC50 anoxia (µM) HCR

MDA-453 Breast adenocarcinoma 202 1.5 139

SW1990 Pancreatic adenocarcinoma 133 1.7 78.8

DMS 114 Small cell lung carcinoma 360 3.6 100

MiaPaCa-2 Pancreatic ductal adenocarcinoma 646 4.1 157

MDA-468 Breast adenocarcinoma 243 4.7 51.6

A-427 Lung adenocarcinoma 374 9.3 40.3

Capan-1 Pancreatic ductal adenocarcinoma 136 10.7 12.8

EVSA-T Breast carcinoma 401 15.8 25.3

MDA-436 Breast adenocarcinoma 178 17.5 10.2

T47D Breast ductal adenocarcinoma 671 18.3 36.7

H460 Large cell lung carcinoma 319 18.4 17.4

SK-BR-3 Breast carcinoma 403 21.7 18.6

AsPC-1 Pancreatic ductal adenocarcinoma 368 21.9 16.8

LCLC-103H Lung adenocarcinoma 646 21.9 29.4

H1975 Non-small cell lung carcinoma 1003 26.2 38.3

BT-474 Breast ductal adenocarcinoma 1500 27.0 55.5

CAL-51 Breast adenocarcinoma 355 27.8 12.7

HCC-1143 Breast ductal adenocarcinoma 1340 28.0 47.9

EFM-192A Breast adenocarcinoma 1270 29.5 43.0

HCC-15 Lung squamous cell carcinoma 1246 29.8 41.9

EPLC-272H Lung carcinoma 857 34.3 25.0

JIMT-1 Breast ductal adenocarcinoma 875 35.0 25.0

CFPAC-1 Pancreatic ductal adenocarcinoma 531 35.0 15.2

H1299 Large cell lung carcinoma 505 37.1 13.6

IC50 values were determined by assessing cell viability 96 h after the start of treatment. The hypoxia
cytotoxicity ratio (HCR) was obtained by dividing the normoxic IC50 by the corresponding anoxic IC50.
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Cell line Cancer type IC50 normoxia (µM) IC50 anoxia (µM) HCR

A549 Lung adenocarcinoma 652 37.5 17.4

H1650 Lung adenocarcinoma 835 40.0 20.9

HPAF-II Pancreatic ductal adenocarcinoma 719 40.1 18.0

SU.86.86 Pancreatic adenocarcinoma 507 40.7 12.5

DAN-G Pancreatic adenocarcinoma 675 40.9 16.5

YAPC Pancreatic carcinoma 692 41.9 16.5

HCC1954 Breast ductal adenocarcinoma 987 42.9 23.0

HCC-827 Lung adenocarcinoma 581 43.1 13.5

SW1271 Small cell lung carcinoma 674 43.5 15.5

BT-549 Breast ductal adenocarcinoma 559 43.8 12.8

HUP-T4 Pancreatic adenocarcinoma 864 46.9 18.4

HDQ-P1 Breast ductal adenocarcinoma 1307 47.1 27.7

BxPC-3 Pancreatic ductal adenocarcinoma 1031 56.6 18.2

Panc-1 Pancreatic ductal adenocarcinoma 464 59.1 7.9

Capan-2 Pancreatic ductal adenocarcinoma 580 60.8 9.5

HCC1937 Breast ductal adenocarcinoma 808 70.6 11.5

CAL-120 Breast adenocarcinoma 1079 70.8 15.2

EFM-19 Breast ductal adenocarcinoma 512 83.2 6.2

CAL-12T Non-small cell lung carcinoma 833 84.9 9.8

HS-578T Breast ductal adenocarcinoma 1143 88.1 13.0

HCC-44 Large cell lung carcinoma 585 91.6 6.4

MDA-231 Breast adenocarcinoma 663 92.9 7.1

H520 Lung squamous cell carcinoma 1385 95.7 14.5

DMS 53 Small cell lung carcinoma 528 112 4.7

Hs766t Pancreatic adenocarcinoma 1268 154 8.2

BEN Non-small cell lung carcinoma 881 180 4.9

IC50 values were determined by assessing cell viability 96 h after the start of treatment. The hypoxia
cytotoxicity ratio (HCR) was obtained by dividing the normoxic IC50 by the corresponding anoxic IC50.
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Cell line Cancer type IC50 normoxia (µM) IC50 anoxia (µM) HCR

H1573 Lung adenocarcinoma 1490 362 4.1

IC50 values were determined by assessing cell viability 96 h after the start of treatment. The hypoxia
cytotoxicity ratio (HCR) was obtained by dividing the normoxic IC50 by the corresponding anoxic IC50.

 

CP-506-DNA adducts speci�cally form under hypoxic
conditions in vitro
To demonstrate hypoxia-selective CP-506-DNA adduct formation, a targeted LC-MS approach focusing on
39 adducts identi�ed earlier was employed. Exposure of cells to CP-506 under normoxic conditions
resulted in formation of 2 or 3 DNA monoadducts. In contrast, cells exposed to CP-506 under anoxic
conditions demonstrated formation of 9 to 15 DNA adducts, including several crosslinks (Supplementary
Table 3). The majority of these adducts were formed due to the activated metabolite CP-506M, followed
by CP-506H. Collectively, these data support the hypoxia-speci�c activation of CP-506 and subsequent
DNA adduct formation by its metabolites.

CP-506 is selectively cytotoxic in several hypoxic 3D cell
cultures
As the hypoxia-selectivity of CP-506 is reliant on robust tissue penetration properties in vivo, we �rst
compared the diffusion of CP-506 and PR-104A across HCT116 3D MCLs under hyperoxic conditions.
When compared to PR-104A, CP-506 demonstrated greater stability in culture medium (Supplementary
Fig. 4A) and a 2.2-fold higher diffusion coe�cient (2.75 ± 0.43 x 10− 7 vs. 1.26 ± 0.14 x 10− 7 cm2s1;
Supplementary Fig. 4B and 4C). CP-506 thus exhibits excellent transport properties, a requirement for
improved HAP performance. The superior aqueous stability of CP-506 also extended to human and
mouse plasma stability, with no detectable loss of CP-506 (Supplementary Fig. 4D).

In line with data obtained in 2D cell cultures, we demonstrated that CP-506 had no cytotoxic effects in
hyperoxic H460 MCLs. In anoxic MCLs, however, a concentration-dependent decrease in clonogenic cell
survival was observed (Fig. 1F). In addition, H460 spheroids were exposed to CP-506, as spheroids
naturally develop a diffusion-limited hypoxic core as they grow (Supplementary Fig. 4E). Growth
inhibition was observed in hypoxic (day 11), but not normoxic (day 4) spheroids upon treatment with CP-
506 (Fig. 1G). Overall, these data con�rm the hypoxia-selectivity of CP-506 using 3D in vitro cell culture
models.

Pharmacokinetic analysis of CP-506
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Modelling of plasma concentrations of CP-506 following IV and PO dosing (383 mg/kg) (Supplementary
Fig. 5A) demonstrated oral bioavailability (Fabs) of 47% with a half-life (T1/2) of 0.92 h (Supplementary
Table 4). Next, the plasma concentration-time pro�le of CP-506 was assessed using IP dosing (600 or 800
mg/kg; 50% and 67% of MTD, respectively), demonstrating maximum plasma concentrations (Cmax) of
246.2 µM (600 mg/kg) and 353.8 µM (800 mg/kg) with a calculated T1/2 of 0.54–0.58 h. The area under
the plasma concentration-time extrapolated to in�nity (AUC0 − inf) was 206.7 µmol.h/L (600 mg/kg) and
276.3 µmol.h/L (800 mg/kg) (Supplementary Fig. 5B).

The antitumor effects of CP-506 are causally related to
tumor oxygenation
To investigate the capacity of HAP to preferentially sterilize hypoxic, radiation-resistant tumor cells, we
�rst assessed the spatial relationship between tumor hypoxia and DNA damage in DMS114 xenograft-
bearing mice exposed to CP-506 (600 mg/kg, QD1, IP). CP-506 speci�cally induced DNA damage (γH2AX)
in hypoxic (pimonidazole-positive) regions (Fig. 2A and 2B). Secondly, we exposed H460 xenograft-
bearing mice to single-dose (10 Gy) irradiation (IR) followed by administration of CP-506 (900 or 1100
mg/kg, QD1, IP). IR provided 0.95 LCK, which was ampli�ed to 2.36 and 3.95 LCK (p < 0.01), respectively,
by subsequent administration of CP-506 (Fig. 2C). Administration of CP-506 alone resulted in 0.84 and
1.30 LCK, respectively. CP-506 thus demonstrated greater cell killing within the hypoxic, radiation-resistant
tumor subpopulation than across the whole tumor cell population. Taken together, these data indicate
that CP-506 preferentially exerts its antitumor effects in the hypoxic regions of the tumor.

The causal relationship between tumor oxygenation and antitumor effects of CP-506 was assessed in
MDA-468 xenograft-bearing mice exposed to 7% O2, 21% O2, or CarbN breathing conditions during which
CP-506 (600 mg/kg, QD1, IP) was administered. Besides tumor growth monitoring, changes in hypoxic
fraction (HF) were assessed in parallel animals injected with the hypoxia markers EF5 1 h before the start
of modi�ed breathing conditions (HFEF5) and pimonidazole 1 h before euthanasia, immediately after
treatment (HFpimo) (Fig. 2D). In vehicle-treated mice, no difference was observed between HFpimo and
HFEF5 (median HFpimo/HFEF5 1.0, interquartile range (IQR) 0.07) in animals exposed to 21% O2 breathing
conditions. Exposure to 7% O2 increased HFpimo/HFEF5 (median 1.25, IQR 0.46) albeit not signi�cantly (p 
= 0.16), whilst CarbN exposure signi�cantly decreased HFpimo/HFEF5 (median 0.06, IQR 0.2; p < 0.0001)
(Fig. 2E, Supplementary Fig. 6A). HFpimo/HFEF5 ratios of CP-506-treated mice are presented in
Supplementary Fig. 6B. Administration of CP-506 increased T4xSV to a higher extent in animals exposed
to 7% (100.1 ± 19.1 vs. 51.4 ± 14.8 days, p < 0.0001) compared to animals exposed to 21% O2 (87.5 ± 15.7
vs. 54.0 ± 15.0 days, p < 0.01) and CarbN (76.3 ± 9.0 vs. 53.8 ± 19.1 days, p = 0.0781) (Fig. 2F). These data
demonstrate a causal relationship between the antitumor effects of CP-506 and tumor oxygenation
status.

CP-506 eradicates hypoxic tumor cells in a dose-dependent
manner
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To further investigate the hypoxia-selective antitumor effects of CP-506, we �rst characterized the effects
of CP-506 (800 mg/kg, QD5, IP) on the HF of MDA-231 xenografts. CP-506 decreased HF from 7.1 ± 3.5%
to 2.6 ± 1.5% (p < 0.05) 3 days post-treatment, and from 7.3 ± 2.6% to 3.8 ± 3.1% (p = 0.21) 10 days post-
treatment, indicating a time-dependent CP-506-mediated decrease in HF (Fig. 3A). Next, changes in HF in
MDA-468 tumor xenografts were evaluated using a double hypoxia marker approach to investigate
whether pimonidazole-positive cells were already present (pimonidazole- and CCI-103F-positive) at start
of treatment, or if they were formed post treatment (pimonidazole positive and CCI-103-negative).
Different dosing regimens were tested (800 mg/kg, QD1; 400 mg/kg, QD3; 400 mg/kg, QD3; all IP). CP-
506 signi�cantly decreased HFCCI−103F and HFpimo (Fig. 3B and 3C), and the ratio of HFpimo to HFCCI−103F

(Fig. 3D), all in a dose-dependent manner, suggesting effective eradication of hypoxic tumor cells.
Representative images are shown in Fig. 3E and 3F. Taken together, these data indicate that CP-506
eradicates hypoxic tumor cells.

CP-506 exhibits dose-dependent and broad single-agent
antitumor activity
To characterize the single-agent activity of CP-506 and determine the optimal dose regimen, we �rst
treated H69 small-cell lung cancer xenografts with various schedules of CP-506 (600 mg/kg, IP). An
increased number of consecutive administrations was associated with increased depth of response.
Repeated consecutive dose-schedules provided extended tumor control and were more effective than
repeated intermittent dose-schedules (Supplementary Fig. 7A and 7B, Supplementary Table 5).
Importantly, daily dosing was well-tolerated with transient body weight loss (Supplementary Fig. 7C). A
dose regimen of a single CP-506 dose for �ve consecutive days (QD5) was selected for subsequent
experiments. Next, we investigated whether CP-506 exhibited dose-dependent antitumor effects. MDA-468
xenograft-bearing mice were treated with increasing doses of CP-506 (200–800 mg/kg, QD5, IP). CP-506
exhibited dose-dependent TGD (T2xSV; Fig. 4A) and TGI at day 47 (�nal common monitoring time of all
treatment arms) of 12.3% (200 mg/kg), 58.5% (400 mg/kg), 88.9% (600 mg/kg), and 99.7% (800 mg/kg).
Vehicle-treated animals and animals treated with 600 or 800 mg/kg were monitored for a prolonged time
period. Administration of 600 mg/kg CP-506 increased T4xSV signi�cantly (163.2 ± 33.3 days) compared
to vehicle-treated tumors (94.0 ± 11.4 days; p < 0.0001). Administration of 800 mg/kg resulted in complete
and maintained long-term responses in 9 out of 10 animals (Fig. 4A and Supplementary Fig. 7D).

Finally, to broadly characterize the single-agent antitumor activity of CP-506 in vivo, animals bearing a
wide range of human tumor xenografts were treated with CP-506 (600 or 800 mg/kg, QD5, IP). The tumor
models were selected based on their in vitro sensitivity to CP-506, and were characterized by varying
degrees of tumor hypoxia (Supplementary Fig. 8). In all models, CP-506 was well-tolerated with transient
body weight loss during the treatment period. CP-506 effectively inhibited tumor growth in 13 out of 15
models tested, with TGIs ranging from 30.9–99.3% (Table 2 and Fig. 4B), and signi�cantly increased
T4xSV in 12 out of 15 models tested, with calculated ERs (T4xSVCP − 506/T4xSVvehicle) ranging from 1.3 to
3.3 (Table 2 and Fig. 4C). In line with previous data, administration of CP-506 resulted in complete
regression of 9 out of 10 animals bearing MDA-468 xenografts. T4xSV of BT-474 xenografts could not be
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determined due to short follow-up. Consistently, the only tumor models in which a complete lack of
response was observed, MIA PaCa-2 and SW1990, demonstrated no detectable pimonidazole-positive
hypoxia or expression of the endogenous hypoxia marker CAIX at the start of treatment (Supplementary
Fig. 9), supporting the interpretation that the presence of hypoxia is an absolute requirement for CP-506
to exert its antitumor effects in vivo.
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Table 2
CP-506 exerts broad antitumor activity. CP-506 (600 ( ) or 800 (*) mg/kg, IP) were administered once per

day for 5 consecutive days (QD5).
Cell line Cancer type TGI% M.S.

vehicle
M.S.
CP-
506

T4xSV -
vehicle

T4xSV -
CP-506

ER p-
value

MIA
PaCa-2

Pancreatic ductal
adenocarcinoma

-6.81 17.81 17.40 17.49 17.61 1.01 0.96

SW1990 Pancreatic
adenocarcinoma

0.51 15.50 16.31 16.19 16.38 1.01 0.88

MDA-
231

Breast
adenocarcinoma

30.88 16.42 20.72 15.925 21.32 1.34 0.0023

H1650 Lung
adenocarcinoma

30.97 8.36 12.06 8.08 11.94 1.48 < 
0.0001

PANC-1 Pancreatic ductal
adenocarcinoma

36.91 14.80 20.61 15.58 21.53 1.38 0.0003

BT-474 Breast ductal
adenocarcinoma

37.29 18.58 N/A 17.68 N/A N/A N/A

DMS-
114

Small cell lung
carcinoma

44.30 16.16 27.40 15.81 27.48 1.74 < 
0.0001

H69 Small cell lung
carcinoma

74.55 10.34 21.44 9.72 20.92 2.15 < 
0.0001

MDA-
436

Breast
adenocarcinoma

88.29 17.08 53.99 16.95 51.83 3.06 < 
0.0001

SiHa* Cervix squamous
cell carcinoma

39.98 13.19 19.73 13.50 19.88 1.47 0.022

HCT116* Colorectal
carcinoma

41.66 16.77 34.23 20.36 33.54 1.65 0.0095

H460* Large cell lung
carcinoma

44.75 4.31 8.76 4.58 10.52 2.30 0.0026

A2780* Ovarian
adenocarcinoma

70.08 5.12 17.78 5.55 18.52 3.34 0.0014

MDA-
231*

Breast
adenocarcinoma

83.59 23.17 56.92 25.27 59.39 2.35 0.0004

MDA-
468*

Breast
adenocarcinoma

99.32 73.12 N/A 73.09 N/A N/A N/A

TGI: tumor growth inhibition at the day at which vehicle-treated tumors reached four times starting
volume (4xSV) on average; M.S.: median survival (days); T4xSV: time to reach four times starting
volume (days); ER: enhancement ratio. Statistical signi�cance was calculated by a student’s t-test,
comparing the ER of vehicle-treated mice with the ER of CP-506-treated mice.
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Baseline tumor hypoxia and in vitro sensitivity are correlated
with the treatment response to CP-506
To identify which factors contribute to the tumoral response to CP-506, de�ned as ER or SGD, a
multivariate linear regression analysis was performed. ER was positively correlated with baseline HF (p < 
0.0005) and negatively correlated with the in vitro sensitivity (anoxic IC50) (p < 0.0005). A higher CP-506
dose was associated with a higher ER (p < 0.0001). Similar results were obtained using SGD as outcome
variable. Using these signi�cantly variables, a nomogram was constructed allowing ER prediction
(Supplementary Fig. 10). Taken together, these data demonstrate that the degree of tumor hypoxia and
the in vitro sensitivity to CP-506 are signi�cantly correlated to the treatment response.

Discussion
In the present study, we evaluated the therapeutic potential of the hypoxia-activated DNA crosslinking
prodrug CP-506, designed to lack off-mechanism aerobic metabolism unlike its predecessor PR-104 (23),
whilst concurrently possessing superior physicochemical and pharmacokinetic properties, including
improved solubility, stability, tissue diffusion and oral bioavailability.

CP-506 exhibited a one-electron a�nity (E0’) optimal for reduction by human endogenous single-electron
oxidoreductases, and a back-oxidation rate constant that indicates e�cient competition with molecular
oxygen. Further, direct measurements of metabolism and cytotoxicity of CP-506 using stirred cell
suspensions with accurate, real-time measurements of soluble O2 concentrations con�rmed the strict
hypoxia-dependent bioactivation of CP-506, which was completely inhibited at O2 concentrations above 1
µM (0.1% O2). CP-506 demonstrates an unusually steep k-curve providing optimal selectivity for
pathological hypoxia. Consequently, whilst its KO2 value is only 2-fold lower than that of tirapazamine
(38), CP-506 is fully and completely inhibited at O2 concentrations 100-fold lower (1 µM vs. 100 µM O2,
respectively) (Supplementary Fig. 11).

In a wide variety of in vitro 2D monolayer cell cultures of different origin, we showed CP-506 exerts its
cytotoxic effects selectively under anoxic conditions, with HCRs ranging from 4 to 203. These results are
in line with HCRs previously reported and con�rmed here in side-by-side analysis for PR104A, ranging
from 6 to 160 (18), but lower when compared the HAP evofosfamide, with reported HCRs up to 600 (39).
This �nding may be explained by differences in the bystander effects of CP-506 and evofosfamide: the
bystander effect of CP-506 allows escape and dilution of its metabolites into surrounding medium, whilst
the activated metabolite of evofosfamide remains largely entrapped in the cell of origin (17), exerting
maximal cytotoxicity at the source of metabolism and giving rise to ampli�ed HCRs. The discordant
in�uence of the bystander effect on these 2D assays therefore limits accurate comparison of the hypoxia-
selectivity of HAPs with diverse physicochemical properties. To address this experimental limitation, we
con�rmed the hypoxia-selectivity of CP-506 in several 3D in vitro cell culture models, which mimic the
structure of the in vivo tumor environment more closely than 2D monolayers (40).
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In vivo, CP-506 demonstrated good plasma exposures at well-tolerated doses leading to potent single-
agent antitumor activity in 13 hypoxic xenograft models tested. In line with this, HAPs such as PR-104
(18) and evofosfamide (7) have also displayed strong monotherapeutic antitumor effects. However, it is
now understood that the antitumor effects of PR-104 and evofosfamide are not solely due to their HAP
behavior: PR-104 single-agent activity is dominated by the unforeseen oxygen-independent metabolism
by AKR1C3 (23), whilst the single-agent activity of evofosfamide is mediated by background activation in
normoxic tumor regions likely due to inadequate inhibition by O2 (17). Importantly, we establish here that
CP-506 is resistant to AKR1C3 reductive metabolism and is fully quenched by 1 µM O2. PR-104 is not a
substrate for the murine orthologues, resulting in favorable murine toxicokinetics (26) that failed to
translate to human dose tolerance in Phase I trials (21, 22). Thus, without the confounding factor of
human aerobic AKR1C3 metabolism, it is reasonable to anticipate that the interspecies allometric scaling
of CP-506 will extrapolate in a predictable manner (41).

Several factors have been proposed to in�uence the in vivo antitumor effects of HAPs (42), including the
extent of tumor hypoxia. Indeed, in a monotherapy study employing 8 different xenograft models, Sun et
al. found a good correlation between baseline tumor hypoxia and evofosfamide (7), con�rmed later in a
different study employing modi�ed breathing strategies (9). Here, by using similar modi�ed breathing
strategies, we demonstrated that the e�cacy of CP-506 increased as function of HF in MDA-468 tumor
xenografts. Moreover, in a multivariate linear regression analysis employing data of 15 different tumor
models, we showed that pretreatment tumor hypoxia as well as intrinsic cellular sensitivity to CP-506
strongly correlated with tumor response. Consistently, our results also indicate that hypoxia is an absolute
prerequisite for CP-506 to exert its antitumor effects as the MIA PaCa-2 and SW1990 pancreatic tumor
models, despite their signi�cant cellular sensitivity to CP-506 in vitro (Table 1), exhibited a complete lack
of response in vivo associated with total absence of hypoxia. Further supportive of the hypoxia-mediated
mechanism of action of CP-506 is the spatial relationship of tumor hypoxia and accumulated DNA
damage, a greater cell kill observed within the radiation resistant, hypoxic tumor subpopulation, and a
dose-dependent decrease in tumor HF.

Since HAPs require an initial activation step by endogenous one-electron oxidoreductases, the levels and
catalytic activity of prodrug-activating nitroreductases are a second factor likely contributing to HAP
e�cacy (35, 43, 44). Here, we identi�ed cytochrome P450 oxidoreductase (POR), methionine synthase
reductase (MTRR), novel di�avin oxidoreductase 1 (NDOR1) and inducible nitric oxide synthase (NOS2A)
as likely candidates, although it should be noted that one-electron oxidoreductases responsible for HAP
activation can exhibit functional redundancy (42). Additionally, the intrinsic sensitivity to the activated,
cytotoxic metabolites of CP-506 is likely to in�uence its antitumor effects. For PR-104 and evofosfamide,
it has been shown that tumors de�cient in homologous recombination (HR) are markedly more sensitive
to HAP treatment (20, 39, 45). As CP-506 exerts its cytotoxicity by the formation of DNA interstrand
crosslinks and subsequent induction of DNA double-strand breaks following replication fork stalling, the
integrity of DNA repair mechanisms such as the above-mentioned HR and the Fanconi anemia pathway is
likely an important factor in determining the e�cacy of CP-506 (46). Experiments to investigate the
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in�uence of oxidoreductase expression and activity, and integrity of the DNA repair response on the
sensitivity to CP-506 are currently ongoing.

To date, HAP clinical trials have yielded disappointing results, with a lack of patient strati�cation
accountable for their failure (3). Therefore, gaining a greater mechanistic understanding of the factors
and their complex interplay in determining the antitumor effects of CP-506 is essential for successful
clinical translation. Despite the clear monotherapeutic activity of CP-506, it should be noted that the
therapeutic e�cacy of HAPs is predicted to be the greatest when combined with other treatment
modalities such as chemo- and radiotherapy (47). Since HAPs mainly target the hypoxic tumor cells, the
therapeutic potential can theoretically be enhanced by a different treatment modality that kills aerobic
cells. Currently, experiments assessing the effects of the combination of CP-506, radiotherapy and/or
immunotherapy are ongoing.

Conclusion
CP-506 is a novel hypoxia-activated prodrug with electron-a�nic properties speci�cally designed to
confer a strict k-curve that is appropriately offset by a local bystander effect (36). Drug-like properties
include aqueous solubility, oral bioavailability, plasma stability and absence of off-mechanism activation
by the human aerobic reductase AKR1C3. We con�rm that CP-506 selectively kills hypoxic tumor cells in
vitro, and this activity is related to selective formation of DNA adducts under hypoxic conditions. CP-506
also inhibits growth and clonogenic survival speci�cally in hypoxic spheroids. In vivo, CP-506
demonstrates antitumor effects in a broad range of tumor xenograft models. A causal relationship is
established between tumor oxygenation and antitumor effects of CP-506 in MDA-468 xenografts as well
as signi�cant correlation between baseline hypoxia and tumor response across different tumor types
using a multivariate approach. Several additional factors besides tumor hypoxia are proposed to
in�uence the tumor response to CP-506. Generating a strong mechanistic understanding of CP-506 will
facilitate the development of predictive or prognostic biomarkers of response critical for successful
clinical translation. It is anticipated that the upcoming clinical evaluation of CP-506 will utilize these
newly discovered biomarkers of response to guide future patient selection.
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Figure 1

CP-506 is resistant to aerobic activation. (A) Proposed mechanism of activation of CP-506. (B) The O2-
dependence of CP-506 metabolism (CP-506H formation). (C) Fold-change in IC50 values of AKR1C-
expressing HCT116 cells exposed to PR-104A or CP-506 compared to parental cells. (D) Tumor growth of
PR-104- and CP-506-treated SNU-398 tumors engineered to express human AKR1C3 as con�rmed by
immunohistochemical detection of AKR1C3 on FFPE tumor sections (image insert). (E) Comparative
normoxic and anoxic IC50 values of HCT116 cell overexpressing human di�avin oxidoreductases; POR
(5.9-fold; p = 0.008), MTRR (5.4-fold; p = 0.008), NDOR1 (2.3-fold; p = 0.016) and NOS2A (3.0-fold; p =
0.010), NOS3 (p = 0.16). (F) Clonogenic cell survival of H460 MCLs with differential oxygenation status
after 4 h CP-506 exposure. (G) Effect of CP-506 on growth of H460 spheroids with differential hypoxic
status. Spheroids were treated with CP-506 (250 μM) at day 4 (D4; normoxic) or day 11 (D11; hypoxic),
after which spheroid grow was monitored. Data are presented as mean ± SEM.
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Figure 2

The antitumor effects of CP-506 are causally related to tumor oxygenation. (A) DMS114 tumors were
exposed to vehicle or CP-506 (600 mg/kg, QD1), after which tumor hypoxia (pimonidazole) and DNA
damage (γH2AX) were assessed and (B) quanti�ed. (C) Excision assay of H460 tumors treated with
radiation (10 Gy) and/or single dose CP-506 (900 or 1100 mg/kg, IP). (D) Animals bearing MDA-468
tumor xenografts were exposed to modi�ed breathing strategies (i.e. 7% O2, 21% O2, and carbogen (95%
O¬2, 5% CO2) and nicotinamide (500 mg/kg) (CarbN)), during which CP-506 (600 mg/kg) was
administered. (E) Ratios of HFpimo/HFEF5 of vehicle-treated tumors. The boxplot represents Q1, median,
and Q3. Bars indicate the minimum and maximum values (n = 6 animals per treatment condition). (F)



Page 27/29

Tumor growth was assessed and time to reach four times starting volume (T4xSV) was calculated. Data
are presented as mean ± SD.

Figure 3

Impact of CP-506 on the hypoxic fraction in in vivo tumor xenografts. (A) Hypoxic fraction as assessed by
pimonidazole positivity in MDA-231 tumor xenografts 3 days and 10 days after the end of CP-506
treatment (800 mg/kg, QD5). Hypoxic fraction of MDA-468 tumors as assessed by pimonidazole (C) and
CCI-103F positivity at the end of different treatment schedules. (D) The ratio of HFpimo to HFCCI-103F
after different treatment schedules. (E) Representative images of tumor hypoxia assessed by
pimonidazole (green) and CCI-103F (red) positivity in MDA-468 tumors (delineated in white) treated with
vehicle or CP-506 (400 mg/kg, QD3) and (F) vehicle or CP-506 (400 mg/kg, QD5). Data are presented as
mean ± SD.
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Figure 4

CP-506 inhibits tumor growth of several human xenografts. (A) Dose-dependence of the antitumor effect
of CP-506 in MDA-468 tumor xenografts. Animals bearing MDA-468 xenografts were treated with
increasing doses of CP-506 (200 – 800 mg/kg, IP, QD5). Tumor growth was assessed and Kaplan-Meier
survival plots were constructed. Endpoint is de�ned as 2 times starting volume (SV). (B) CP-506 (600 ( )
or 800 (*) mg/kg, i.p.) was administered once per day for �ve days (QD5) in 15 different xenograft
models. Tumor growth was monitored and tumor growth delay, de�ned as the time to reach four times
start volume (T4xSV), was determined. (C) Enhancement ratios, de�ned as the ratio of T4xSV of CP-506-
treated mice to the average T4xSV of vehicle-treated mice was calculated. An upwards arrow indicated
T4xSV is larger than 4. Data are presented as mean ± SD.
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