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Abstract: A hydroxyamidine chemotype has been discovered as a
key pharmacophore in novel inhibitors of indoleamine 2,3-dioxy-
genase (IDO). Optimization led to the identification of 51, which is a
potent (HeLa ICsy = 19 nM) competitive inhibitor of IDO. Testing
of 51 in mice demonstrated pharmacodynamic inhibition of IDO, as
measured by decreased kynurenine levels (> 50%) in plasma and
dose dependent efficacy in mice bearing GM-CSF-secreting B16
melanoma tumors.

Indoleamine 2,3-dioxygenase (IDO“) and tryptophan 2,3-
dioxygenase (TDO) are the two key heme-containing dioxy-
genases that catalyze the rate limiting step in the cata-
bolism of the essential amino acid tryptophan to N-formyl-
kynurenine by oxidative cleavage of the indole 2,3 double
bond.! This reaction is the initial step in the de novo biosyn-
thetic route, known as the kynurenine pathway, which leads to
a series of biologically active metabolites, including neurotran-
smitters serotonin and melatonin, excitoxin quinolinic acid,
N-methyl-p-aspartate (NMDA) receptor antagonist kynure-
nic acid, and ultimately the production of nicotinamide ade-
nine dinucleotide (NAD). IDO is expressed in various tissues
throughout the body but predominately in cells within the
immune system where it is specifically induced in dendritic cells
and macrophages at sites of inflammation by cytokines, such
as interferon y (IFN-y).! The overexpression of IDO has been
implicated in a variety of diseases, including cancer, neuro-
degenerative disorders (Alzheimer’s disease), age-related cat-
aract, and HIV encephalitis.” ° In contrast, TDO is almost
entirely located in the liver where it maintains proper trypto-
phan balance in response to dietary intake.

Recently, IDO has been shown to play an important role in
the process of immune evasion by tumors.! IDO mediated
depletion of local tryptophan levels, and production of toxic
tryptophan metabolites results in suppression of T cell activa-
tion and induction of T cell apoptosis. The overexpression of
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“ Abbreviations: IDO, indoleamine 2,3-dioxygenase; TDO, trypto-
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IDO in tumor cells, as well as in the dendritic cells that localize
to the tumor draining lymph nodes, has been shown to be an
independent prognostic variable for reduced overall survival
in patients with in a wide variety of tumors, including ovarian,
colorectal, and pancreatic cancers, melanoma, and hematolo-
gical malignancies.” Further, it was shown that 1-methyltryp-
tophan (1-MT), a weak competitive inhibitor (K; = 34 uM)
of the enzyme, increases the efficacy without increased toxicity
of chemotherapeutic agents, such as paclitaxel, gemcitabine,
and cyclophosphamide, in several mouse tumor models.” As
a single agent, 1-MT impairs the growth of granulocyte-
macrophage colony-stimulating factor (GM-CSF) expressing
B16 melanomas.® These effects were not observed in T cell
deficient mice, suggesting that the results were a consequence
of pharmacological inhibition of IDO mediated immunosup-
pression within the tumor microenvironment.

To date, only a few structural classes are known to be IDO
inhibitors. Most of these compounds have been shown to be
noncompetitive inhibitors and likely are involved in redox
reactions with the iron bound to the heme of IDO.*~'* Nearly
all of the reported competitive IDO inhibitors are structurally
related tryptophan analogues, such as I-MT."*~'¢ The modest
potencies and poor physical properties of these indole-based
compounds led us to search for a new chemotype. A screening
effort was initiated with the objective of identifying a novel
lead compound that could be optimized to afford potent and
selective inhibitors of IDO with suitable permeability and
metabolic stability to allow evaluation of the functional
consequences of IDO inhibition in vivo. Herein, we report
the discovery and optimization of a novel structural series of
potent and competitive inhibitors of IDO that strongly sup-
port the role of IDO in tumor progression and its pharmaco-
logical inhibition as a means to treat IDO overexpressing
malignancies.

N.N‘OH IDO K= 1.5 uM

HeLa ICso = 1 uM
Caco-2 (x10® cm/s) = 39
MW =233
LE =0.49

Figure 1. IDO lead 1.

High throughput screening (HTS) of Incyte’s corporate
collection identified 4-amino-1,2,5-oxadiazole-3-carboximida-
mide (1) as a micromolar IDO enzyme inhibitor (Figure 1).
Enzyme kinetic assays measuring the conversion of tryptophan
to N-formylkynurenine demonstrated that 1 is a competitive
inhibitor (K;=1uM). Direct binding to the heme active site was
confirmed by absorption spectroscopy of the ferrous (Fe* ")
form of IDO. Changes in the strength and maximum wave-
length for the Soret peak suggest direct binding to the heme
moiety. Testing in a human HeLa cell line stimulated with TFN-
y to overexpress IDO provided further evidence that 1 is a
potent inhibitor (ICso = 1 uM) of IDO. Counterscreening
against TDO (ICso = 10 uM) demonstrated this class of
inhibitor was selective for IDO. The combination of low
molecular weight (<250), good ligand efficiency (LE =
0.49), low micromolar cellular activity, TDO selectivity, and
high caco-2 permeability (39 x 10 cm/s) of lead 1 provided an
excellent starting point for our discovery program.
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Scheme 1. Synthesis of 4-Amino-1,2,5-oxadiazole-3-carboxi-
midamides (5)“
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“Reagents: (a) NaNO,, 2 N HCI, NH,OH - HCI; then 10 N NaOH, A,
2 h (see ref 18); (b) NaNO,, HCI, H,0, 0 °C, 1.5 h, 30—40% (see ref 19);
(c) aniline, Et;N, EtOH, 0—25 °C, 30—60%.

Table 1. SAR of Phenyl Ring of 4-Amino-1,2,5-oxadiazole-3-carbox-
imidamides (5)

OH
NP R
HZNM T

N
o 5
ICso (nM)*
compd R IDO HeLa

5a H 3200 490
5b 2-Cl 6500 1500
5¢ 3-Cl 86 19
5d 4-Cl 6000 2400
Se 3-F 500 270
5f 3-Br 73 17
5g 3-Me 550 120
5h 3-Et 430 54
5i 3-isopropyl 2100 225
5j 3-tert-butyl 25000 6800
5k 3-OMe 4400 970
5l 3-CL4-F 67 19 (46)°
5m 3-Br,4-F 59 12

“ICsy values are the mean of at least three independent assays.
b Murine cellular B16 assay ICso (nM).

4-Amino-1,2,5-oxadiazole-3-carboximidamides 5 were
synthesized in three steps (Scheme 1). Treatment of malono-
nitrile 2 with hydroxylamine, sodium nitrite, and hydrochloric
acid gave hydroxyamidine 3,'” which was diazotized under
acidic conditions'® to provide the hydroximoyl chloride 4."
Coupling of 4 to a variety of benzylamines and anilines gave
moderate yields of analogues 1 and 5, respectively.

A diverse library of carboximidamides were synthesized
and tested for their ability to inhibit human IDO in the
standard enzymatic assay and a HeLa cellular assay measur-
ing kynurenine formation spectrophotometrically (Table 1).
We did observe that most compounds are slightly more potent
in the more physiologically relevant HeLa cell-based assays
than in the enzyme assays. This may be due to the complexity
of the enzyme assay which utilizes a methylene blue ascorbate
regeneration system to maintain IDO in the active reduced
form or unidentified differences between the recombinant
IDO used in the enzyme assay and native IDO in HeLa cells.
Nevertheless, a very good correlation between the two assays
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Table 2. SAR of the Hydroxyamidine

N
o
ICSO (I]M)a
compd R IDO HeLa

5¢ N-OH 90 20
6 N-OMe >20000 >2000
7 NH > 20000 >2000
8 N-NH, 1400 >2000
9 (6] > 20000 >2000
10 S > 20000 >2000

“ICso values are the mean of at least two independent assays.

is observed and enabled optimization by iterative cycles of
synthesis and testing.

Early structure—activity relationships (SAR) demonstrated
that phenyl derivatives 5 were significantly more potent than
the original benzyl lead 1 and other alkylamine derivatives.
Selected phenyl analogues and their SAR are shown in
Table 1. A strong preference for meta-substitution was de-
monstrated by the 50-fold improvement in cellular potency
when m-chloro 5S¢ was compared to o-chloro 5b and p-chloro
5d. A variety of other ortho- and para-substituents larger than
fluoro were also significantly less active (data not shown).
Further optimization revealed that meta-halogens and small
meta-alkyl substituents provided the most potent IDO inhi-
bitors in this series (Br, Cl1 > Me, Et > isopropyl, F' > H, OMe
tert-butyl), including m-chloro 5¢ and m-bromo S5g (HeLa
ICso = 19 and 17 nM, respectively). Addition of a p-fluoro
substituent to these derivatives was tolerated and gave 51 and
5m, which showed improved in vitro human intrinsic clear-
ances (5¢ = 1.1, 51 = 0.57 L/h/kg) without loss in IDO cel-
lular potency. 51 was chosen for further in vitro and in vivo
studies because of its improved physical chemical properties
compared to Sm. Counterscreening against TDO showed 51
was inactive (ICso > 10 uM) in our TDO enzyme and cellular
assays. Membrane permeability remained excellent for all com-
pounds in the series, for example, 5l caco-2 permeability = 36 x
107® cm/s. We speculate the reason compounds within this
chemotype have high permeability is due to a combination of
their low molecular weight and low energy conformation
containing two internal hydrogen bonds.

SAR of the unique hydroxylamidine functional group demon-
strated its important role in binding IDO. All modifications of
the hydroxyamidine pharmacophore gave significantly less
potent derivatives (Table 2). Amide 9 and thioamide 10 were
devoid of activity. Elimination of only the hydroxyl group in
amidine 7 or methylation of the hydroxyl group in methoxy-
amidine 6 revealed the requirement for a free hydroxyl group
to bind IDO. Only the aminoamidine 8 showed measurable
activity, albeit 300-fold less active in the HeLa cell assay. In
accordance with the SAR established here, the known binding
of compounds containing hydroxyamidines to iron hemes,
and our internal enzyme kinetics and spectroscopic results, we
hypothesize that these IDO inhibitors form a dative bond with
the heme iron in the ferrous state through the oxygen of the
hydroxyamidine.

A computer model of 51 bound to IDO was generated on the
basis of the published crystal structure of IDO and established
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Figure 2. Computer generated model of 51 bound to hIDO using
the Molecular Operating Environment (MOE) from Chemical
Computing Group. The coordination of the oxygen of the hydro-
xyamidine to the iron (red ball) of the heme (ball and stick) is shown
as a dotted yellow line.

SAR for the series (Figure 2).2%! The initial modeling of 51 to
IDO assumed that the oxygen of the hydroxyamidine coordi-
nates with the heme iron in the catalytically active, ferrous
(Fe? ") state. Conformational analysis of 51 in solution re-
vealed that the compound exists in a low energy cis-conforma-
tion which is consistent with published crystal structures of
similar hydroxyamidines that also form an intramolecular
hydrogen bond between the aniline nitrogen and the oxygen of
the hydroxyamidine.*>

The phenyl ring was then placed deep into the hydrophobic
pocket where it is perfectly situated to extend a meta-sub-
stituent into a small hydrophobic channel. In this conforma-
tion, the phenyl ring fits tightly into the active site, providing
strong rationale for the lack of activity of compounds bearing
substituents larger than hydrogen or fluoro in the ortho- and
para-positions. The furazan moiety extends toward solvent,
making loose contacts with the enzyme. The amino substitu-
ent is situated in the vicinity of a propanoic acid group on the
heme ring where it may form a hydrogen bond.

IDO inhibitor 51 was selected for further evaluation in vivo.
The reduction of kynurenine levels in plasma was used as a
pharmacodynamic marker for inhibition of IDO activity.
Initial oral pharmacokinetic studies showed that 51 was
rapidly cleared (71, < 0.5 h) and that oral administration
would not be a suitable dosing method for in vivo studies.
Therefore, a single subcutancous 100 mg/kg dose of 51 was
administered to naive C57BL/6 mice. Blood was harvested
from individual mice over 8 h. Kynurenine and inhibitor 51
concentrations were measured by LCMS. Reductions of
kynurenine levels by ~50—60% were observed between 2
and 4 h, with maximum inhibition seen at 2.5 h (Table 3).
The measured plasma exposure (2.5 uM) of 5l during this
period exceeded our calculated mouse protein binding ad-
justed B16 cellular ICsq (PB,giICso = 1.0 uM, murine cellular
B16 ICsy = 46 nM). Notably, kynurenine levels increased
back to baseline after 4 h as 5l exposure levels decreased below
the mouse PB,4;ICs from 1.0 to 0.1 uM.

The efficacy of 51 was tested in C57BL/6 mice bearing GM-
CSF-secreting B16 tumors, where 1-MT has previously shown
activity.”> Tumors were allowed to grow until day 7 when
14 days of subcutaneous dosing of 51 at 25, 50, and 75 mg/kg
b.i.d. was initiated. Dose dependent inhibition of tumor

Yue et al.
Table 3. 5l Suppresses Kynurenine Generation in Vivo?
group plasma Kyn («M) Kyn (% inh) 51 (uM)
control 1.1 £0.17
2.5h 045+0.2 60 2.5+0.6

“Data are averaged from three individual mice per treatment per time
point.

Table 4. 51 Inhibits B16-GMCSF Melanoma Growth in C57BL/6
Mice”

51 dose (mg/kg b.i.d.) TGC (day 20) (%) Slat [ h (uM)
25 13 89+1.2
50 36" 12+12
75 50¢ 29+ 13

“Data provided are from one of two experiments with similar results.

b p < 0.05 vs vehicle control. “p < 0.01 vs vehicle control.

growth was correlated with increasing exposures of Sl in
plasma (Table 4).

These levels exceed those necessary to reduce kynurenine in
plasma by >50%. A maximal effect of 50% tumor growth
control (TGC) was seen when 5l was administered subcuta-
neously at 75 mg/kg b.i.d. (p < 0.01). For comparison, I-MT
demonstrated ~45% TGC when administered as subcuta-
neous pellets (5 mg/day).>* Taken together, these data suggest
that this novel hydroxyamidine structural class, represented
by 51, can inhibit IDO in vivo, as measured by pharmaco-
dynamic reduction in kynurenine levels and tumor growth
suppression.

A competitive hydroxyamidine containing IDO inhibitor
1 was identified by high throughput screening. Modification
of the scaffold afforded a novel and potent IDO inhibitor
51 with >100-fold improvement in enzyme and cellular
potency. A computer model of 51 bound to IDO through
the oxygen of the hydroxyamidine to the iron of the heme in
the ferrous state was consistent with enzyme kinetics and
SAR for the series. Testing in mice demonstrated that 5l
decreased kynurenine levels by >50% in plasma and in-
hibited B16-GM-CSF tumor growth in a dose dependent
fashion. These data provide convincing support for pharma-
cological inhibition of IDO as a means to disable tumor-
induced immune tolerance and to treat a variety of cancers
where IDO is overexpressed.
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