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Abstract: β-lapachone is a naturally occurring 1,2-naphthoquinone-based compound that has been advanced into clinical trials based
on its tumor-selective cytotoxic properties. Previously, we focused on the related 1,4-naphthoquinone pharmacophore as a basic core
structure for developing a series of potent indoleamine 2,3-dioxygenase 1 (IDO1) enzyme inhibitors. In this study, we identified IDO1
inhibitory activity as a previously unrecognized attribute of the clinical candidate β-lapachone. Enzyme kinetics-based analysis of
β-lapachone indicated an uncompetitive mode of inhibition, while computational modeling predicted binding within the IDO1 active
site consistent with other naphthoquinone derivatives. Inhibition of IDO1 has previously been shown to breach the pathogenic tolerization that constrains the immune system from being able to mount an effective anti-tumor response. Thus, the finding that β-lapachone
has IDO1 inhibitory activity adds a new dimension to its potential utility as an anti-cancer agent distinct from its cytotoxic properties,
and suggests that a synergistic benefit can be achieved from its combined cytotoxic and immunologic effects.
Keywords: indoleamine 2,3-dioxygenase, IDO, beta-lapachone, naphthoquinone, inhibitor, cancer, immunotherapy, tryptophan

International Journal of Tryptophan Research 2013:6 35–45
doi: 10.4137/IJTR.S12094
This article is available from http://www.la-press.com.
© the author(s), publisher and licensee Libertas Academica Ltd.
This is an open access article published under the Creative Commons CC-BY-NC 3.0 license.
International Journal of Tryptophan Research 2013:6

35

Flick et al

Introduction

Small molecules that interfere with the indoleamine
2,3-dioxygenase 1 (IDO1) enzyme have demonstrated
compelling anti-tumor properties in pre-clinical models and two such agents are currently being evaluated
in clinical trials.1,2 The IDO1 enzyme is not a conventional cancer target in that it does not directly contribute to tumor cell growth or survival, but rather acts as
an immune modulator involved in protecting tumors
from immune-based destruction. Enzymatically, IDO1
catalyzes the initial and rate-limiting step in the catabolism of tryptophan to kynurenines.3 However, the
principal role of IDO1 appears to be regulatory rather
than metabolic, with a distinct hepatic enzyme tryptophan dioxygenase (TDO2) being responsible for maintaining normal tryptophan homeostasis.4 While IDO1
is not responsive to tryptophan levels, it was found to
be elevated at sites of inflammation and immune privilege.4 The emerging concept of IDO1 as an immune
response regulator came to the fore with a seminal
study showing that treatment of pregnant female mice
with the IDO pathway inhibitor 1-methyl-tryptophan
(1MT) promoted T cell-mediated rejection of hemiallogeneic mouse concepti.5 The implications of this study
were foundational to the development of current ideas
about the physiologic ramifications of IDO1-mediated
immune regulation, including the hypothesis that IDO1
might contribute to tumoral immune escape.
Genetic studies in mice have since demonstrated
that IDO1 can indeed support spontaneous tumor and
metastasis development.6,7 Both intact T cell immunity and targeting of IDO1 are required to achieve
anti-tumor activity with IDO inhibitory molecules.8–12
IDO1 inhibitors have been found to act synergistically
with select cytotoxic agents,11 suggesting that adjuvant
treatment with IDO inhibitors could leverage clinical
responses to conventional chemotherapy treatments.
These findings are in line with the notion that tumor
cell killing by cytotoxic agents can facilitate antigen
presentation but that achieving an effective antitumor
immune response also requires the concomitant disruption of dominant tumoral immune tolerance provided
by IDO1 inhibition.13 In this scenario, compounds that
integrate tumoricidal activity along with IDO1 inhibitory activity may produce substantially more robust
single agent anti-tumor responses than IDO1 inhibitors that do not exert a cytotoxic effect. In screening
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for novel IDO1 inhibitors, we tested compounds with
the ability to elicit this type of dual action in the mouse
B16F10 melanoma tumor graft model. B16F10 cells
form very aggressive, non-immunogenic tumors that
are resistant to a wide variety of conventional cytotoxic
agents as well as immunotherapeutics.14–16 Compounds
from a brassinin-based series (brassinin, 5-Br-brassinin) and from a naphthoquinone-based series (menadione), exhibited robust IDO1-dependent, single
agent anti-tumor activity,8,10 whereas the prototypical IDO1 inhibitor 1MT did not produce a significant
B16F10 anti-tumor response unless combined with a
cytotoxic agent.9
The preclinical demonstration of antitumor activity with these early IDO1 inhibitory lead structures led to a medicinal chemistry effort to develop
pharmacologically viable clinical candidates. The
structure-activity relationship (SAR)-based development of brassinin-based derivatives yielded
only small increases in IDO1 inhibitory potency.17
Derivatization around the 1,4-naphthoquinone pharmacophore was more productive, yielding a series
of pyranonaphthoquinone-based IDO1 inhibitors
with Ki values in the 60–70 nM range.10 However,
when evaluated against IDO1 expressed in cells, the
inhibitory activity of the pyranonaphthoquinones was
severely attenuated, with IC50 values on the order of
100–1000-fold greater than the Ki values,10 thus limiting their utility as potential therapeutic agents.
In addition to 1,4-naphthoquinone, our initial
screening also identified the related phamacophore
1,2-naphthoquinone as exhibiting IDO1 inhibitory
activity in the low micromolar range. In this study, we
report that an anti-cancer agent currently in clinical
trials, the 1,2-naphthoquinone derivative β-lapachone
(3,4-dihydro-2,2-dimethyl-2H-naphthol[1,2-b]
pyran-5,6-dione), is a nanomolar inhibitor of IDO1
enzymatic activity. Importantly, when evaluated in
a cell-based assay, the IDO1 inhibitory activity of
β-lapachone was not attenuated to nearly the same
degree as with the pyranonaphthoquinones. This outcome suggests a new direction for medicinal chemistry
efforts that can be used to produce more pharmacologically viable compounds. More immediately, the
discovery that β-lapachone is a potent IDO1 inhibitor should be carefully considered in moving forward
with clinical development plans for this compound

International Journal of Tryptophan Research 2013:6

β-lapachone inhibits IDO1

in order to fully exploit this previously unrecognized
anti-tumor mechanism of action.

Methods
Chemical compounds

L-Tryptophan, β-lapachone, and p-dimethylaminobenzaldehyde (Ehrlich’s reagent) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Dicoumarol was purchased from MP Biomedicals
(Santa Ana, CA, USA). Solutions were made using
dimethylsulfoxide (DMSO) for cellular assays.

Docking computations

Small molecules were constructed in MOE V2011.1
(Chemical Computing Group, Inc., Montreal,
Canada) and ionized and hydrogens added using
MOE’s WashMDB function. The small molecule
conformation was minimized to a gradient of 0.01
with the MMFF94x18,19 using a distance-dependent
dielectric constant of 1. The crystal structure of
IDO1 bound to 4-phenylimidizole was used for
docking calculations.20 The 2-[N-cyclohexylamino]
ethanesulfonic acid and 4-phenyl-1-imidazole
ligands were removed from the active site docking,
hydrogen atoms were added, and tautomeric states
and orientations of Asn, Gln, and His residues were
determined using Molprobity.21,22 Hydrogens were
then added to crystallographic waters using MOE.
The Amber9923 force field in MOE was used, and
iron was parameterized in the Fe+3 state. Dioxygen
was not added to the iron. All hydrogens were
minimized to an rms gradient of 0.01, holding the
remaining heavy atoms fixed. A stepwise minimization followed for all atoms using a quadratic force
constant (100) to tether the atoms to their starting
geometries; for each subsequent minimization, the
force constant was reduced by a half until zero was
reached. GOLD version 5.1 (Cambridge Crystallographic Data Centre, Cambridge, UK) was used
with chemscore parameters adapted for scoring
metal—ligand interactions (pachemscore.p450_csd.
params).24 One-hundred genetic algorithm (GA)
docking runs were performed with the initial_virtual_
pt_match_max = 2.5, while all other parameters
were set as defaults. Docking of 1,4-naphthquinone,
1,2-naphthquinone, 2,2-dimethyl-2H-benzo[g]
chromene-5,10-dione (dehydro-α-lapachone) and
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3,4-dihydro-2,2-dimethyl-2H-naphthol[1,2-b]
pyran-5,6-dione (β-lapachone) produced a topscoring binding pose with a ketone oxygen within
coordination distance to the heme iron.

Biochemical assays

Purified human recombinant IDO1 (hrIDO1) enzyme
was expressed in Escherichia coli and purified as previously described.25 IDO1 enzyme assays were performed using the potassium phosphate buffer system
as previously published.25 Ehrlich’s reagent was used
to detect kynurenine (Kyn) spectrophotometrically as
described.25 Reagents including substrate and inhibitor
were all mixed first, leaving the addition of the enyme
for last to initiate the reaction at T = 0. To determine
enzyme kinetics for the hrIDO1 preparation, enzyme
assays were performed in 1 mL volumes with varying L-Trp concentrations (0–400 µM) and collection
of 100 µL aliquots for Kyn analysis at multiple timepoints (0–90 minutes). The results confirmed that the
hrIDO1 enzyme follows Michaelis-Menten kinetics as
previously published26 with a Km of 110 µM and a Vmax
of 5.9 µM/min (Supplemental Figure S1). Inhibitory
activity of β-lapachone was subsequently evaluated in
hrIDO1 enzyme reactions with varying concentrations
of inhibitor (0–50 µM) at a fixed substrate concentration (100 µM L-Trp) for IC50 determination or varying concentrations of both inhibitor (0–800 nM) and
substrate (0–400 µM) for Ki determination. Reactions
were carried out in 100 µL volumes and were stopped
at 15 minutes while enzyme activity was in the linear range. Data analysis and graphing were performed using Prism v.5.0 (GraphPad Software, Inc.,
La Jolla, CA, USA).

Cell-based assays

HeLa cells (ATCC, Manassas, VA, USA) were
seeded in a 24-well plate at a density of 50,000 cells
per well in 500 µL DMEM (Mediatech, Manassas,
VA, USA) + 10% fetal bovine serum (FBS;
Mediatech) + 1% penicillin-streptomycin (PenStrep;
Mediatech). IDO1 expression was induced for 24 hrs
by the addition of IFNγ (Gibco BRL, Grand Island, NY,
USA) to 100 ng/mL. The media was then discarded,
the wells rinsed once, and 2-fold serial dilutions of
β-lapachone (0–100 µM) in 200 µL DMEM + 10%
FBS + 1% PenStrep were added in triplicate and
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incubated for 5 hr. The supernatant was transferred to
a round-bottom 96-well plate and mixed with 40 µL
50% (w/v) trichloroacetic acid (TCA; LabChem Inc.,
Pittsburgh, PA, USA) to precipitate any proteins. The
plate was incubated at 65 °C for 30 minutes followed
by centrifugation at 1250 × g for 10 minutes. Next,
100 µL of clarified supernatant was transferred to a new
flat-bottomed 96-well plate and mixed at equal volumes with 2% (w/v) p-dimethylamino-benzaldehyde
(Ehrlich’s reagent) in acetic acid. The resulting reaction was measured at 490 nm using a Synergy HT
microtiter plate reader (Bio-Tek, Winooski, VT,
USA). Data were collected and analyzed using Excel
(Microsoft Corp., Seattle, WA, USA) and Prism v.5.0
(GraphPad Software, Inc.).
Immediately after the supernatant was transferred
for the previously described assay, the cells were fixed
by adding 100 µL of media and 100 µL of 32% (w/v)
TCA to each well and incubated for 1 hr at 4 °C. To
assess cell viability, TCA-fixed cells were processed
essentially as described.27 Fixed cells were washed four
times in water, blotted, air-dried, and treated for 15 min
at room temperature with 100 µL of 0.4% (w/v) sulfarhodamine B (SRB) (Sigma-Aldrich) in 1% acetic acid.
Wells were then rinsed four times in 1% acetic acid,
air-dried, and developed by adding 200 µL of 10 mM
unbuffered Tris-HCl and incubating for 15 min at room
temperature with gentle shaking. Staining intensity,
proportional to cell number, was determined by reading the absorbance at 570 nm on a plate reader. Data
were collected and analyzed using Excel (Microsoft
Corp) and Prism v.5.0 (GraphPad Software, Inc.).

Western blot analysis

HeLa cells were seeded at 5 × 104 cells per well in
a 24-well plate and treated with both 100 ng/mL of
IFNγ and 5 µM β-lapachone. Whole cell lystates
(WCL) were collected after 24 hr using RIPA buffer.
Samples were prepared in 4 × NuPAGE sample buffer
(Novex by Life Technologies, Carlsbad, CA, USA)
using 20 µg of WCL and loaded onto a 10% Bis-Tris
12-well NuPAGE Mini gel (Novex by Life Technologies). Electrophoresis was followed by transfer to a
nitrocellulose membrane (Millipore, Billerica, MA,
USA). After blocking with 5% w/v non-fat dry milk
in phosphate-buffered saline containing Tween-20
(PBST; Gibco) the membrane was probed using an
in-house rabbit anti-IDO1 pAb (or rabbit anti-GAPDH
38

pAB (Abcam, Cambridge, UK)) and detected using
the horseradish peroxidase-conjugated anti-rabbit
pAb (Cell Signaling, Danvers, MA, USA). The blot
was treated with HyGlo ECL (Denville Scientific,
South Plainfield, NJ, USA) and chemiluminescence
was detected using a ChemiDoc XRS+ (Bio-Rad,
Hercules, CA, USA).

Results
β-lapachone is a 1,2-naphthoquinone
derivative with increased IDO1 inhibitory
activity

We previously reported results of a synthetic chemistry
effort based on the identification of 1,4-naphthoquinone
as a basic quinone pharmacophore with low micromolar inhibitory activity against the IDO1 enzyme
(IC50 = 0.99 µM).10 The most potent inhibitors developed in this structural series were pyranonaphthoquinone compounds with Ki values in the 60–70 nM
range. Menadione (IC50 = 1.1 µM), a 1,4-naphthoquinone derivative known to have anti-tumor properties,
was selected at the outset of these studies to explore in
vivo the relevant mechanism of action for this class of
compounds. In an aggressive, non-immunogenic melanoma tumor graft model, menadione demonstrated
robust anti-tumor activity that was dependent on the
presence of both functional T cell immunity and intact
IDO1.10 In this same report, we also identified the
structurally analogous molecule 1,2-naphthoquinone
as having IDO1 inhibitory activity (IC50 = 7.1 µM).10
Further chemical derivatization of this alternative
pharmacophore was not pursued, but in the course of
evaluating other commercially available compounds
in this structural class, we identified β-lapachone as
a submicromolar inhibitor of IDO1 (IC50 = 0.44 µM;
Figure 1). As such, β-lapachone represents a .10-fold
gain in potency over the basic 1,2-naphthoquinone
pharmacophore. Previous computational docking studies utilizing the IDO1 crystal structure placed several
naphthoquinones at the active site, with the quinone
oxygen coordinated to the heme iron.10 An example
of GOLD docking of the pyranonaphthoquinonebased inhibitor dehydro-α-lapachone (2,2-dimethyl2H-benzo[g]chromene-5,10-dione; IC50 = 0.21 µM)10
is shown (Fig. 2A). Interestingly, GOLD docking of
β-lapachone at the IDO1 active site (Fig. 2B) resulted
in coordination of the quinone oxygen to the heme
International Journal of Tryptophan Research 2013:6
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β-lapachone exhibits an uncompetitive
IDO1 inhibition profile
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Figure 1. Inhibition of human IDO1 enzyme activity by β-lapachone.
Dose-response assessment of increasing β-lapachone concentration on
the activity of purified recombinant huIDO1. The assay was performed with
100 µM L-Trp substrate and the concentration of the product kynurenine
was measured at 15 minutes while the enzyme was still active in the log
phase. The data are plotted as percent inhibition of kynurenine production.
The IC50 of 440 nM was determined by nonlinear curve fitting.

iron and positioning of the 2,2-dimethyloxane ring in
a configuration that closely resembles the predicted
orientation of dehydro-α-lapachone, thus providing a
predictive SAR-based model for how these different
molecules similarly inhibit IDO1.

Inhibition of purified IDO1 enzyme by β-lapachone
was examined in more detail, varying both inhibitor
and substrate concentrations to determine its inhibition constant and mode of inhibition. Using nonlinear regression analysis, the inhibition constant for
β-lapachone against purified recombinant human
IDO1 enzyme was determined to be 450 nM (Fig. 3).
Compared to current clinical candidates, β-lapachone
is approximately 100-fold more potent than the prototypical IDO1 inhibitor 1MT11 and is only about 10-fold
less potent than the level of inhibition achieved in an
SAR-based, IDO1 inhibitor development program
that has advanced into clinical trials.28 Nonlinear
regression analysis of the IDO1 inhibition curves
with β-lapachone (Fig. 3) best fit an uncompetitive
inhibitor profile (global R2 value = 0.96), although a
noncompetitive inhibitor profile was also a close fit
so that a mode of inhibition that does not absolutely
conform to either model, sometimes referred to as a
mixed inhibitor, may be possible. This outcome is consistent with the data previously obtained with other
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Figure 2. β-Lapachone is predicted to bind in the IDO1 active site. Computational modeling at the IDO1 active site and IC50 values for inhibition of purified
human recombinant IDO1 for (A) dehydro-α-lapachone (2,2-dimethyl-2H-benzo[g]chromene-5,10-dione) and (B) β-lapachone (3,4-dihydro-2,2-dimethyl2H-naphthol[1,2-b]pyran-5,6-dione).
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Figure 3. β-Lapachone inhibits IDO1 activity through uncompetitive inhibition. Enzyme assays with purified recombinant huIDO1 were performed
in the presence of varying concentrations of L-Trp and β-lapachone and the concentration of the product kynurenine was measured at 15 minutes.
(A) Michaelis-Menton nonlinear regression plot of substrate-velocity curves at the five different inhibitor concentrations. These data best fit an uncompetitive inhibition model with a global (shared) R2 value of 0.96 and a Ki of 450 nM. (B) Corresponding Lineweaver-Burk plot. These plots show decreasing Km
and Vmax as the inhibitor concentration is increased consistent with uncompetitive inhibition.

naphthoquinone-based compounds10 and appears to
be a common feature for this class of molecules. In
terms of therapeutic utility, an uncompetitive or noncompetitive mode of action may be advantageous
given that enzyme inhibition by a compound acting in
this manner is not negatively impacted by high substrate concentration, which in the case of tryptophan,
is upwards of 60 µM in circulation.

Inhibition of intracellular IDO1
activity by β-lapachone

To assess intracellular activity, the ability of
β-lapachone to inhibit IDO1 in IFNγ-induced
HeLa cells was evaluated. In this cell-based assay,
β-lapachone inhibited the release of kynurenine into
the supernatant with an IC50 of 1.0 µM (Fig. 4A).
No demonstrable impact of β-lapachone on viable cell numbers over the range of exposure was
observed at the time of analysis. (Fig. 4B). Western
blot analysis confirmed IDO1 protein induction in
HeLa cells treated with IFNγ and demonstrated that
IDO1 protein expression was unaffected by exposing cells to 5 µM β-lapachone (Fig. 4C), a concentration at which IDO1 activity is effectively blocked.
In cells, β-lapachone can be reduced to the hydroquinone form by the enzyme NQO1 (NAD(P)
H:quinone oxido-reductase 1). Treatment with the
NQO1 inhibitor dicoumarol has been shown to render
NQO1-expressing tumor-derived cell lines resistant
to β-lapachone-mediated killing,29 consistent with
the idea that NQO1-mediated biotransformation of
β-lapachone is important for its cytotoxic mechanism
of action. To investigate whether cellular metabolic processing of β-lapachone by NQO1 is also important for
40

IDO1 inhibition, a parallel cell-based assay was carried out that included 50 µM dicoumarol to inhibit
NQO1 activity. Addition of dicoumarol shifted the
β-lapachone inhibition curve to the right, increasing
the IC50 to 4.2 µM (Fig. 4D). This result suggests that
when NQO1 activity is blocked, the quinone form of
β-lapachone is still able to inhibit IDO1 in the cells at
a low micromolar level, but that biotransformation of
β-lapachone to the hydroquinone form by NQO1 may
further enhance its inhibitory activity. This is consistent with our previous observation that the hydroquinone form of the 1,4-naphthoquinone menadione
conjugated to glutathione is a more potent inhibitor
of IDO1 in a purified enzyme assay than the quinone
conjugated form.10

Discussion

β-Lapachone was first identified as a pharmacologically active component of Pau d’Arco, a popular herbal supplement prepared from the bark of the
Tabebuia avellanedae tree that has been promoted as
a remedy for cancers and infections as well as allergies, arthritis, diabetes, flu, lupus, parasites, skin diseases, and ulcers. A variety of possible mechanisms of
action have been proposed for the anti-tumor activity
of β-lapachone, including DNA repair inhibition,30,31
poly(ADP-ribose) polymerase inhibition,32,33 altered
calcium homeostasis,34 DNA topoisomerase inhibition,31,35 nuclear factor-κB inhibition,36 and release
of mitochondrial cytochrome C.37,38 Recently, however, the preponderance of evidence primarily associates the pharmacological activity of β-lapachone
with metabolic bioactivation by NQO1, which is
expressed at elevated levels in a variety of human
International Journal of Tryptophan Research 2013:6
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Figure 4. Inhibition of intracellular IDO1 activity by β-lapachone. (A) Dose-response assessment of increasing β-lapachone concentration on IDO1 activity
in HeLa cells following 24 hrs of induction with IFNγ (100 ng/mL). Data are plotted as percent inhibition of kynurenine production with an IC50 of 1.0 µM
determined by nonlinear curve fitting. (B) SRB-based evaluation of viable cell numbers at the conclusion of the β-lapachone dose response assay shown
in (A). (C) Western blot analysis of IDO1 protein in whole cell lysates from HeLa cells induced with IFNγ (100 ng/mL) and treated with β-lapachone (5 µM)
as indicated. (D) β-lapachone dose-response assessment performed in parallel with (A) with the addition of the NQO1 inhibitor dicoumarol (50 µM). Data
are plotted as percent inhibition of kynurenine production with an IC50 of 4.2 µM determined by nonlinear curve fitting.

cancers.39–42 While NQO1 detoxifies many quinones, reduction of β-lapachone by NQO1 results
in the production of reactive oxygen species that
generate single-strand breaks in the DNA. This,
in turn, induces hyperactivation of the DNA damage sensor poly(ADP-ribose) polymerase-1, which
rapidly depletes NAD+ stores causing tumor cells to
undergo a unique, caspase-independent programmed
necrotic cell death.43,44
β-lapachone has been advanced as a clinical candidate based on its tumor-selective cytotoxic activity.
In this study, we report that β-lapachone is also a
potent inhibitor of the IDO1 enzyme. Biochemically,
β-lapachone exhibited an uncompetitive inhibitory
profile against IDO1. This mode of inhibition is consistent with other naphthoquinone-based derivatives,10
even though molecular docking predicts direct binding
at the IDO1 active site. In this regard, there is an established precedent for active site heme iron binding by
uncompetitive compounds such a 4-phenylimidazole20
and more sophisticated molecular interaction studies will be required to elucidate the precise mechanism of IDO1 inhibition by β-lapachone. With a Ki
International Journal of Tryptophan Research 2013:6

of 450 nM, β-lapachone is substantially more potent
than the core 1,2-naphthoquinone structure on which
it is based though not as potent as some of the pyranonaphthoquinone compounds that were developed
through SAR-directed medicinal chemistry efforts.10
However, β-lapachone exhibited superior retention
of intracellular IDO1 inhibitory activity with an IC50
of 1.0 µM, although this degree of inhibition may be
partially dependent on biotransformation by NQO1.
Despite not having been developed through an SARbased medicinal chemistry effort, β-lapachone is
among the more effective inhibitors against intracellular IDO1 reported to date. It is nearly 30-fold more
potent in cells than menadione (IC50 = 29 µM in HeLa
cells), which demonstrated IDO1-dependent, in vivo
anti-tumor activity.10 As such, β-lapachone may have
direct utility as an IDO1 inhibitor as well as presenting a promising molecular scaffold around which to
focus future optimization efforts.
Necrotic cell death has been characterized as
being pro-immunogenic,45 consistent with the possibility that the cytotoxic mechanism of action
of β-lapachone may cooperatively potentiate the
41
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immune-based mechanism of anti-tumor activity
associated with inhibition of IDO1. NQO1 activity in HeLa cells sensitizes them to β-lapachone
induced killing with a reported LD50 of approximately 4 μM.46 Since the IC50 for IDO1 inhibition
in cells is approximately 1 μM a therapeutic level
of β-lapachone that elicits both effects should be
achievable. Reciprocally, based on the biochemistry of tryptophan catabolism, IDO1 inhibition may
also enhance the cytotoxic mechanism of action of
β-lapachone. This is because the metabolic pathway initiated by IDO1-mediated catabolism of tryptophan is ultimately responsible for the de novo
biosynthesis of NAD.47,48 Since the cytotoxicity of
β-lapachone is exerted through depletion of NAD
stores by hyperactivated poly(ADP-ribose) polymerase, interfering with de novo NAD biosynthesis could increase tumor cell sensitization. While
an intriguing idea, it remains to be experimentally
determined whether there are any tumor types for
which this NAD biosynthesis pathway might provide a protective benefit.
Despite concerted efforts over the past decades
to develop more effective agents, current cancer
treatment regimens are too often inadequate, particularly for more advanced metastatic tumors. Eliminating cancer cells with cytotoxic agents and, more
recently, with signal transduction inhibitors, can
produce impressive short-term responses, however,
the residual cancer often reemerges in a manner that
is resistant to previously successful therapy. The
focus on directly targeting cancer cells means that
other aspects of the tumor milieu have been generally given short shrift. Tumors are not autonomous
entities, however, but rather exist in an abnormal
equilibrium with the host environment. Immunity,
for instance, can benefit tumor outgrowth through
factors associated with inflammation but can also
effectively eliminate cancer when appropriately
directed. Targeting tumors through different survival
mechanisms, both endogenous and exogenous, may
be required to achieve durable responses. Agents
that can successfully incorporate multiple modes
of action within a single molecule have inherent
advantages over combinations of agents in terms of
reducing the logistical complexity associated with
clinical development. In this regard, β-lapachone
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would appear to be a particularly promising agent,
with a classical tumor-directed cytotoxic mechanism of action integrated with the chemoimmunotherapeutic capability to inhibit IDO1. Recognition
of β-lapachone’s IDO1 inhibitory activity should
also stimulate new thinking regarding how it might
be utilized clinically to achieve the greatest effect.
For instance, the discovery that the tyrosine kinase
inhibitor imatinib (ie, Gleevec) can interfere with
IDO1 induction led to the formulation of a promising new strategy of combining it clinically with the
αCTLA-4 antibody ipilimumab (ie, Yervoy) for the
treatment of gastrointestinal stromal tumors.49 As
agents targeting IDO1 are currently being evaluated
in patients, the data emerging from these studies
should be a valuable guide for determining the future
clinical development strategy for β-lapachone.
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Supplementary Figure
Enzyme kinetics-IDO
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Figure S1. Enzyme kinetics for hrIDO1. Purified recombinant human IDO1 enzyme shows expected Michaelis-Menton kinetics with a calculated Vmax of
5.9 µM/min and a Km of 110 µM. The velocity is graphed directly from the assay readout in units of absorbance/minute. For determination of the Vmax and
Km a standard curve was used to covert to kynurenine concentration-based units.
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