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Introduction

Indoleamine 2,3-dioxygenase-1 (IDO-1; EC 1.13.11.42) was
first discovered in the 1960s"* and was subsequently shown to
catalyse the first and rate-limiting step of the catabolism of the
essential amino acid L-tryptophan to N-formyl kynurenine in the
kynurenine pathway.!)

The expression of IDO-1 is upregulated in response to IFN=y, "
typically at sites of inflammation, and in those environments
where tryptophan levels have been depleted by IDO-I,
T-lymphocytes undergo G1 cell-cycle arrest and apoptosis
leading to immunosuppression.**! Moreover, in mammals the
elevated levels of IDO-1 present in the placenta is thought to
provide immune protection to the developing fetus by decreas-
ing the local tryptophan availability.[®]

The overexpression of IDO-1 has now been identified in a
range of human pathologies including Alzheimer’s disease,
asthma, depression, age-related cataract formation, and
HIV-encephalitis. ' It has also been found to be upregulated
in a wide range of human tumours and has recently emerged as a
possible explanation for the immune escape exhibited by cancer
cells, in a mechanism similar to that found in fetal tissue. This
hypothesis, together with its expression in such a large number
of human diseases has firmly established IDO-1 as an appealing

drug target.">'® Furthermore, Zheng and co-workers have
shown that murine melanoma cells, stably transformed with
an IDO-1-silencing construct, exhibited a reduced capacity to
form tumours compared with the unmodified parental melanoma
cells when inoculated into recipient mice.'”) Moreover,
tumours developing from the wild-type parental cells regressed
when injected intra-tumourally with an anti-IDO siRNA.*

The clinical potential of IDO-1 as a target for cancer
treatment has been further exemplified by the observation that
the modest IDO-1 inhibitors 1-methyltryptophan (1-MT),!*"}
5-bromobrassinin,'*"! and menadione® while failing to regress
murine tumours when used as a monotherapy, nevertheless
halted the progression of established tumours in vivo when used
in combination with the anti-mitotic drug paclitaxel. These
observations are particularly noteworthy as paclitaxel was
ineffective when used alone in these studies.!** !

Although the IDO-1 inhibitors 2,5-dihydro-L-phenylalanine,'**!
1-methyltryptophan,®*! 4-phenylimidazole,?*' and B-carbolines
such as norharman!?*2"! have been known for decades, it is only
since the emergence of IDO-1 as a novel target for the treatment
of cancer that extensive studies towards developing inhibitors of
this enzyme have emerged.!'>'”! An investigation concerning
the inhibitory properties of 4-phenylimidazole (4-PI)**! has
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Fig. 1. Naturally occurring and synthetic inhibitors of indoleamine 2,3-dioxygenase-1 (IDO-1).
witnessed the crystal structure of IDO-1 being determined,®! RO co.Me OH O
along with the production of nanomolar inhibitors of IDO-1 2 0
based on the 4-PI scaffold.!*”! O‘ O‘ CO,Me
Numerous synthetic IDO-1 inhibitors with novel pharmaco- o)
phores have emerged, including several based on the indole o)
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diamide NSC 401366,27! ebselen,*®! and several triazole-based R= Me; Annulin C
IDO inhibitors.*”! Potent inhibitors have also been discovered K = 0.14 uM

using a combination of docking-based pharmacophore model
development and fragment-based drug design (FBDD),[*%%
along with the identification of potential inhibitors by virtual
screening®™ (Fig. 1).

Several natural products have also been isolated that show
varying levels of inhibition of IDO-1, providing new pharma-
cophores for the development of potential anti-cancer agents
based on those found in nature. Examples include brassi-
nin,2'* exiguamine A,[**** plectosphaeroic acids A and
B,[**! and annulin B**#%*"! (Fig. 1).

The pyranonaphthoquinones, annulin A and B, were first
isolated in 1986 from the marine hydroid Garveia annulata,'*”}
with annulin C discovered from the same source sometime
later™*® (Fig. 2). Annulin B was subsequently shown to be a
potent inhibitor of IDO-1 (K;=0.12 M), 46! inspiring the
synthesis of a series of pyranonaphthoquinone inhibitors based
on the annulin pyranonaphthoquinone core structure.*”) The
synthetic pyranonaphthoquinones tested were amongst the most

Fig. 2. Annulins A-C and their in vitro inhibition of IDO-1.14¢!

potent IDO-1 inhibitors recorded to date using an isolated
enzyme assay (K; = 61-70nM), with a select few also causing
minimal impact on cell viability at 100 uM after 24 h.!*?]

It is well established that various naphthoquinones display
potent activity as IDO-1 inhibitors,[?>#*#+4647] sugoesting this
moiety to be a key pharmacophore and a likely indole mimetic.!**!
As the pyran containing natural products annulin B¥®*") and
exiguamine AM**! are both potent IDO-1 inhibitors, we
planned on testing a series of pyranonaphthoquinone derivatives
possessing both the pyran and naphthoquinone structural fea-
tures of these natural products, thus extending the naphthoqui-
none series of novel IDO-1 inhibitors based on lead compounds
from nature (Scheme 1). Our research group has a long-standing
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Fig. 3. Pyranonaphthoquinones tested herein. All of the compounds tested are the cis-enantiomer (as depicted above) except for 5, which was tested as its

cis-racemate. See the Supplementary Material for full details.

interest in the synthesis of natural products possessing a pyr-
anonaphthoquinone moiety,'**! along with their chemical mod-
ification in order to improve their respective bioactivities.[**->"]
Thus, the potent IDO-1 inhibitory properties displayed by
annulin B and exiguamine A, combined with our ongoing
interest regarding the synthesis and biological properties of
pyranonaphthoquinone derivatives led us to initiate the testing
of pyranonaphthoquinones bearing the core structure 1, which
displays a combination of the structural features present in both
annulin B and exiguamine A (Scheme 1).

Results and Discussion

The pyranonaphthoquinone derivatives tested herein are shown
in Fig. 3 and comprise a selection of natural products and syn-
thetic analogues available in our laboratory.>%~>

Activity of Pyranonaphthoquinone Derivatives against
Purified Recombinant Human IDO

The pyranonaphthoquinone derivatives were assayed against
recombinant human IDO-1 using a methylene blue/ascorbic
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Fig. 4. Effect of increasing concentrations of pyranonaphthoquinone compounds on IDO enzyme activity.

acid artificial reducing system to maintain IDO-1 in the active
ferrous (Fe® ") form.”! This is the most commonly used in vitro
assay system for IDO-1 and has been employed for assessing
many IDO-1 inhibitors, including naphthoquinones. Gratify-
ingly, all the pyranonaphthoquinone derivatives tested were
found to inhibit the catalytic activity of IDO-1 in the 1 h enzyme
assay in a dose dependent manner, so much so that by ~50 uM
all the compounds were inhibiting enzyme activity by over 80 %
(Fig. 4). The compounds also showed good ICs activity in the
low micromolar range (Table 1), with the most active com-
pounds, 5 and 6 displaying submicromolar activity (ICsq=
0.8 uM and 0.9 uM respectively). The deoxyeleutherin analogue
3 also showed good inhibition (ICso= 1.0 uM), considerably
more so than the natural product 2 itself (ICsy=S8.0 uM).
The natural product ventiloquinone L 4, the dimeric
pyranonaphthoquinone 7, and the triazole analogues 8, 10, and
11 were less potent, but still displayed good inhibition (ICsq =
5-6uM). The least active compound, the benzotriazole
analogue 9, still displayed a respectable 1Csy of 14.1 uM
(Table 1). The ICsy values of the most active compounds
(5 and 6) was found to be the same order of magnitude, but
slightly less potent, than that measured for the known IDO-1
inhibitors 1,4-naphthoquinone (0.59 uM) and menadione
(0.64 uM) (data not shown), which contain the simpler more
ligand efficient scaffold.

Of all the pyranonaphthoquinones tested, it appears that the
carboxylic acid side-chain is necessary to obtain the submicro-
molar activity, exemplified by the increased potency exhibited
by 5 and 6 compared with all the remaining methyl and triazole
substituted analogues tested. As the racemic pyranonaphthoqui-
none 5 was the most active, we cannot unequivocally confirm at
this stage which enantiomer is responsible for the IDO-inhibitory
activity, especially considering all the other compounds were
tested as single cis-enantiomers as depicted in Fig. 3.

As quinones are oxidizing agents it is possible that the
pyranonapthoquinones may inhibit IDO-1 non-selectively by
acting as non-specific oxidants of the enzyme. However, Kumar
et al.'*? also considered this possibility and they could not find
any correlation between the oxidation potential of various

quinones and their ability to inhibit IDO-1, thereby arguing
against non-specific oxidation of IDO-1 as the primary inhibi-
tory mechanism of the pyranonaphthoquinone class of
compounds.*

Cytotoxicity of Pyranonaphthoquinone Derivatives
against Murine and Human Cancer Cell Lines

As all the pyranonaphthoquinones were reasonably potent
inhibitors of the purified enzyme, we next set out to examine the
cytotoxicity of pyranonaphthoquinones 2—11 against mamma-
lian cells. An initial examination of these compounds had shown
that they could act as topoisomerase I1-targeting agents and were
thus potentially cytotoxic.[*”) Using ICs, assays, we measured
the growth inhibitory effects of these compounds against the
murine Lewis lung carcinoma cell line LLTC, and LLTC-IDO
cells, which have been stably transfected to express human
recombinant IDO-1. As a representative human tumour cell line
we also examined their activity against the human non-small-
cell lung carcinoma cell line, H460.

The results showed that only 5 inhibited cell growth against
the murine line LLTC and LLTC-IDO by more than 50 %,
producing an ICsq of 1.2 and 2.4 uM respectively (Table 1). The
remaining pyranonaphthoquinones did not inhibit cell growth
by 50 % even at the highest concentration tested in the assay
(6 uM). Moreover, at this concentration the effect on cell growth
against the murine lines was minimal (data not shown) suggest-
ing an absence of drug-induced cytotoxicity in these cells. In
contrast, the series demonstrated greater activity against the
human H460 cells with 4, 5, 7, 9, and 10 inhibiting cell growth
by more than 50 %, yielding ICsy values between 4.7 and
6.8 uM. The remaining five compounds 2, 3, 6, 8, and 11 failed
to inhibit H460 cell growth by 50% even at the highest
concentration tested (9 uM) against this line (Table 1). The
reasons for the increased potency against H460 cells are not
clear, but it may possibly reflect altered interactions between
human topoisomerase II (the cytotoxic target) and the pyrano-
naphthoquinones in this line.*”) Nevertheless, the series exhib-
ited much less dose potency against H460 cells than clinically
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Table 1. Inhibitory activity of the pyranonaphthoquinone derivates against purified recombinant human IDO, and their cytotoxicity against the
murine tumour cell line LLTC, the IDO-1 overexpressing line LLTC-IDO, and the human tumour cell line H460, as measured by growth inhibition

ICs assays
NT: not tested

Compound Structure Activity of compound Activity of compound
number against enzyme against cells
Purified enzyme LLTC-IDO LLTC cells LLTC-IDO H460 cells
ICs [uM] ICso [uM] ICso [uM] ICso [uM] ICso [UM]
OMe O
O
2 8.0 9.1 >6 uM >6 uM >9uM
O
(0]
O
3 1.0 9.2 >6uM >6uM >9 M
o}
OH O
O
4 5.0 10.5 >6uM >6uM 5.5
MeO
o}
(0]
MeO
(0]
5 0.8 1.9* 1.2 2.4 5.7
(0] CO,H
6 0.9 >11.3 >6uM >6uM >9 M
o CO,H
O
A O
7 5.0 8.0 >6uM >6uM 6.8
O
OMe O
8 o N-N 6.0 5.4 >6uM >6uM >9uM
NN

(Continued)
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Table 1. (Continued)
Compound Structure Activity of compound Activity of compound
number against enzyme against cells
Purified enzyme LLTC-IDO LLTC cells LLTC-IDO H460 cells
ICso [1M] ICso [1M] ICso [1M] ICso [uM] ICso [uM]
OMe O
9 14.1 8.8 >6uM >6uM 4.7
(6] N-N
W
N
OMe O
10 5.5 10.4 NT NT 5.9
O N-N
W
o
OMe O
11 54 8.2 NT NT >9uM

ALikely due to drug-induced cell death.

used topoisomerase II-poisons, which typically have ICs, values
against this line in the low nanomolar range.>*->"]

Activity of Pyranonaphthoquinone Derivatives against
the Catalytic Activity of Human IDO in LLTC-IDO Cells

Next we examined the series’ ability to inhibit the catalytic
activity of IDO-1 in a cellular context by determining the extent
to which each compound inhibited the production of the
L-tryptophan catabolite, L-kynurenine, in the human IDO-1
overexpressing LLTC-IDO cells. The results showed that there
was a dose dependent decrease in L-kynurenine production in the
drug treated cells; however the potency of the effect was highly
compound dependent (Fig. 5a). For example 5 was the most
potent compound, inhibiting L-kynurenine production in
LLTC-IDO cells by over 90 % at 11.3 uM. In contrast, 6 was less
potent showing only a modest inhibition of rL-kynurenine
production at drug concentrations up to 1.3 uM, and only 40 %
inhibition at 11.3 uM. As 5 is cytotoxic to LLTC-IDO cells
(Table 1), it was perhaps not surprising to observe a lack of
L-kynurenine in the drug treated cells as this was likely due to
drug induced cell death.

Nevertheless, to determine whether the decrease in
L-kynurenine production observed in the pyranonaphthoqui-
none treated cells was in fact due to inhibiting the actions of

the enzyme and not as a consequence of drug induced cell death,
a MTT assay was performed on the series to establish whether
the cells remained metabolically active after a 24 h exposure to
the drug. As expected, metabolic activity was rapidly lost in the
5 treated cells at concentrations above 1.3 uM indicating cell
death, and at 11.3 uM none of the drug treated cells remained
viable (Fig. 5b). However, for the other compounds in the series,
while some decrease in metabolic activity with increasing drug
concentration was observed, particularly at the highest concen-
tration tested (11.3 uM), overall the loss of activity was variable
and compound dependent. For example, at the highest concen-
tration tested, 3 showed little reduction in the metabolism of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (cell viability) following a 24 h drug exposure, whereas
compound 10 showed a 50 % loss (Fig. 5b).

To determine the overall relationship between cell viability
and the inhibition of L-kynurenine production for this series,
linear regression analysis was performed on the results. This
indicated that an explanation for the lack of rL-kynurenine
production in the drug treated cells based solely on a mechanism
of drug induced cell death is unlikely, as there was not a strong
positive correlation between the two (+2 0.46, Fig. 6a). However,
when the dependency between cell viability and inhibition of
L-kynurenine production for individual compounds in the series
was analysed separately this was found to be highly compound
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Fig. 5.

(a) Effect on L-kynurenine production in LLTC-IDO cells following a 24 h exposure to pyranonaphthoquinone derivatives.

(b) Cell viability of LLTC-IDO cells as measured by MTT assay following a 24 h exposure to pyranonaphthoquinone derivatives.

specific, ranging from a strong positive correlation for 5 (* 0.99)
through to no relationship at all for 8 (+* 0.00005, Fig. 6b). These
results would therefore suggest that with the exception of
compound 5, which is cytotoxic to cells, the pyranonaphthoqui-
nones are likely to be inhibiting IDO-1 directly inside the cells
rather than mediating their effects solely by inducing cell death,
with efficacy of IDO-1 inhibition varying across the series. This
differential in efficacy may in part reflect the ability of each
compound to enter the cells, although further work will be
needed to fully establish this. Nevertheless these results high-
light the importance of screening all potential pyranonaphtho-
quinone IDO-1 inhibitors for cytotoxicity.

On the basis of these results, it would appear that 8 has
the most favourable profile of the pyranonaphthoquinone
derivatives as a potential IDO-1 inhibitor, showing little cellular
cytotoxicity and loss of cell viability in drug treated cells at low
drug concentrations, but nevertheless inhibiting L-kynurenine
production by over 60 %.

In conclusion, we have reported a series of pyranonaphtho-
quinone derivatives that are low micromolar IDO-1 enzyme
inhibitors that retain activity against the enzyme in a cellular
context, exhibiting an approximately one-log loss of dose
potency against IDO in cells. Although some in the series
showed varying degrees of cytotoxicity against murine LLTC
cells and human non-small-cell lung carcinoma cells, the
relationship between inhibition of IDO-1 activity and cell death
was found to be compound specific with the triazole analogue 8
showing little cytotoxicity but good IDO-1 inhibitory activity.
Further work towards the development of IDO-1 inhibitors
based on the novel scaffold 1, including identification of the
most active enantiomer, is currently in progress.

Experimental
Expression of 6His-IDO

Expression of recombinant human 6His-IDO in the E. coli strain
EC 538 (pREP4, pQE9-IDO) and its purification was conducted
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following the method of Austin et al.””} Competent bacteria
were prepared, transformed, and screened for isopropylthio-3-
galactoside (IPTG) inducible IDO-1 expression using standard
methods (data not shown). Kinetic analysis of the purified
enzyme yielded a K, of 25.3 uM.

Enzyme Assay

The method of Austin and co-workers was used to measure the
inhibitory activity of the pyranonaphthoquinones against puri-
fied recombinant human IDO-1.") Experiments were per-
formed in duplicate. Reactions were assembled on ice in a
96-well plate and each reaction (final volume 200 pL) contained
50 mM potassium phosphate buffer (pH 6.5), 20 mM ascorbic
acid (neutralised with 1 N NaOH), 100 pg mL ' catalase, 10 uM
methylene blue, 200 uM L-tryptophan, purified IDO-1 (20 puL,
29.3 IU IDO), and various concentrations of inhibitor (0, 1, 10,
50, 100, 200 uM). At the highest drug concentration tested, the
DMSO concentration is 2.5 %. The plates were incubated for 1 h
at 37°C before the reaction was terminated by the addition of
trichloroacetic acid (TCA) (final concentration 5 %) followed
by heating at 65°C for 15min. Reaction products (125 uL/
well) were transferred to a fresh 96-well plate containing
p-dimethylaminobenzaldehyde (p-DAB) in acetic acid (125 pL/
well) and the absorbance read at 480nM in a ELx 808 plate
reader (BioTek Instruments Inc.). The assay was performed at
200 puM tryptophan, which is at levels that do not cause substrate
inhibition. This has been checked in this assay system however,
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recent reports suggest that substrate inhibition by L-Trp on
IDO1 is already significant at concentrations of 200 pM.[")

Cell Lines

The murine Lewis Lung Carcinoma (LLTC) used in this study
has been described.[®! The human H460 non-small-cell lung
carcinoma cell line used in this study was purchased from the
American Type Culture Collection (ATCC). Each line was
cultured in a-modified minimal essential medium supplemented
with 10 %, or 5 % respectively, fetal calf serum. Both lines were
passaged weekly using trypsin (0.07 % w/v) in citrate-buffered
saline. LLTC-IDO cells were transfected with an Ultimate ORF
clone purchased from Invitrogen (Carlsbad, CA, USA) that
contained human IDO-1 that was subsequently cloned into a
cytomegalovirus (CMV) promoter containing vector to drive
constitutive expression of the gene using the gateway Cloning
System (Invitrogen, Carlsbad, CA, USA). Positive IDO-1
expressing LLTC cells were identified, following limiting
dilution and puromycin selection, by both Western Blotting and
the enzyme assay, and positive lines were bulked up and frozen
in liquid nitrogen for long-term storage.

IC5o Growth Inhibition Assays

LLTC-IDO or H460 cells in exponential phase growth were
added to the wells of a 96-well plate (1000 cells/well) and
were allowed to continue growth overnight. The next morning,
the various pyranonaphthoquinone derivatives were added and
serially diluted across the plate. The plates were then incubated
for 4 days at 37°C in 5% CO, in air. Growth inhibition was
assessed by sulforhodamine B staining. Each plate was done in
duplicate. ICs, values were determined from the regression line
relating the percentage inhibition to logarithmic drug
concentration.

Activity of Pyranonaphthoquinone Derivatives against
t-Kynurenine Production in LLTC-IDO Cells

LLTC-IDO cells in exponential phase growth were harvested
and added (4 x 10* cells/well; 50 pL volume) to the wells of a
96-well plate in which the pyranonaphthoquinone derivatives
had already been added and serially diluted across the plate
(final volume per well 200 puL). The plates were then incubated
for 24 h at 37°C in 5% CO, in air. At the end of this time the
supernatant (150 L) was harvested and transferred to a fresh
96-well plate to which TCA (final concentration 5 %) was added
and the plate was incubated at 65°C for 15 min. The plate was
then centrifuged (1000 g, 5min) and 125 pL of the clarified
supernatant was then transferred to a new 96-well plate that
contained p-DAB in acetic acid (125 pL/well) and the absor-
bance was read at 480 nM referenced against an L-kynurenine
standard curve as above. Each plate was done in duplicate.

MTT Cell Viability Assay

LLTC-IDO cells in exponential phase growth were harvested
and added (4 x 10* cells/well; 50 pL volume) to the wells of a
96-well plate in which the pyranonaphthoquinone derivatives
had already been added and serially diluted across the plate
(final volume per well 200 puL). The plates were then incubated
for 24 h at 37°C in 5 % CO, in air. At the end of this time MTT
(5mgmL~'; 20 uL) was added to each plate and the plates
incubated for 1 h. The supernatant was then carefully removed
from each well and DMSO (150 pL) was added and the plate
shaken vigorously to solubilise the MTT. The absorbance was
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read at 570 nm on an ELx 808 plate reader (BioTek Instruments

Inc.,

Winooski, VT, USA). Each plate was done in duplicate and

cell viability as a percentage was assessed with respect to the
non-drug treated controls.

Supplementary Material

Full experimental details and purity data of compounds 2—11
can be found on the Journal’s website.
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