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Abstract

Abstract

This thesis titled as “Development of Inhibitors for Immunosuppressive
Indoleamine 2,3-dioxygenase 1 Enzyme” focused on developing small molecule for
robust and selective inhibition of IDO1. We have explored the therapeutic potential of our
synthesised inhibitors for the immunotherapeutic treatment of various diseases, especially
cancer. We also induced photopharmacology by synthesizing stimuli sensitive prodrugs.
The entire work is arranged into four chapters as mentioned below.

Chapter 1 introduces the Immunosuppressive Indoleamine 2,3-dioxygenase 1
enzyme and its enzymatic role. It also deals with different types of reported IDOI
inhibitors.

Chapter 2 elaborates on how dichloroquinoline-based IDO1 inhibitors target both
apo-IDO1 and free heme, thereby demonstrating the dual-action nature of these inhibitors
for IDO1 activity.

Chapter 3 primarily focuses on tryptamine-based azole derivatives linked to a
photo-sensitive linker, forming a prodrug. This prodrug releases the drug on
photoirradiation, showing potent inhibition.

Chapter 4 corroborates how a spiropyran (inactive form) in presence of both
external stimuli (light) as well as internal stimuli (pH) converts to merocyanine (active
form), hence inhibiting apo-IDO1 as well as binding to free heme. Thereby, inhibiting the

tryptophan metabolism through dual mechanism.
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Chapter 1
Introduction of IDO1 and Its Inhibitor Towards Immunotherapy

Disruption of host immune signaling contributes to high mortality in many
diseases, including cancer.! Immunotherapy offers an effective approach by inducing
immunogenic cell death (ICD), but tumors often develop immunosuppressive mechanisms
that counteract this effect. Immune checkpoint inhibitors, such as PD-1 and CTLA-4
antibodies, have shown promise; however, their clinical responses remain limited by the
tumor microenvironment.> Moreover, the overexpression of indoleamine 2,3-dioxygenase
1 (IDO1) enzyme depletes tryptophan in tumor tissues, thereby activating pathways that
suppress the proliferation of cytotoxic T cells.?> As a result, IDO1 has emerged as a key

immunomodulator and a focus of modern cancer immunotherapy research.
T lymphocyte
IDO1* Tumor cell
Tryptophan mTORC inactivation
Tryptophan local depletion GCN2 kinase activation
D01 l l

Proliferation arrest

[ N-formyl-kynurenine )

v
; Kynurenine
Kynurenine b=
derivatives

Apoptosis

Treg induction
Increased PD1 expression

Fig. 1.1. Proposed mechanisms by which IDO1-mediated tryptophan degradation inhibits

local T cell responses in tumors.

Several IDOI1 inhibitors with different structural entities have been identified,
enriching IDO1 as a potential immunotherapeutic target. Diverse structural classes,
including N-hydroxyamidine, tryptophan, imidathiazole, imidazole, triazole, and several
others, were reported as potent IDO1 inhibitors.* There are several modes of binding the

inhibitors in the IDO1 active pocket.

XI
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S— IDO1-Heme(Fe*)-L-Trp
Type V inhibitors
P N +L-Trp > (Substrate Inhibition)
IDO1-Heme(Fe3*)- Inh" IDO - Heme(Fe?")
+NFK
Inh"( Type Ill -NFK
inhibitors)
. IDO1-Heme(Fe**)-0,-L-Trp
IDO1-Heme(Fe’*) €———— IDO1-Heme(Fe*) Catalytic Cycle (Ternary complex)

-Heme(Fe**)| | +Heme(Fe*) Inh( Type I . +L-Trp
inhibitors) :
Apo DO IDO1-Heme(Fe*)-O,
RO IDO1-Heme(Fe?)- Inh"
Inh!( Type |
—Heme(Fe3*)—Oz' inhibitors)
Inh"( Type IV InhY(Type IV
inhibitors) inhibitors)
P R m—_ W VY IDO1-Heme(Fe*)-0,-Inh!

Scheme 1.2. IDO1 ligand binding, redox equilibria, and catalytic cycle (colour box). Five
different inhibitor types are defined based on their preferential binding to oxygen-bound
holo-IDOL1 (type I, Inh'), ferrous holo-IDO1 (type II, Inh™), ferric holo-IDO1 (type I1I,
Inh™), apo-IDO1 (type IV, Inh'Y) and catalytic pathway inhibitor (type V, InhY). Apo-
IDOL1 is formed primarily by dissociation of free ferric or oxygen-bound ferric heme. L-
Trp recruitment before oxygen binding leads to an unproductive complex (substrate

inhibition).

In consideration of the binding mode of the inhibitors, they are also classified into
a few categories.” However, the disappointing Phase 3 trial (ECHO-301) of epacadostat,
a selective IDO1 inhibitor, in combination with pembrolizumab, has created uncertainty
regarding IDO1 inhibition as an immunotherapeutic treatment for several diseases
involving IDO1. Despite resuming the clinical trials of IDO1 inhibitors in combination
with immune checkpoint inhibitors, there remains scope for the development of new
inhibitors or more convenient strategies to investigate the mechanism of IDO1 inhibition
and achieve various clinical benefits.®,” There is several evidence supporting the
supplementary advantages of dual immunotherapy and chemotherapeutic drugs to the
antitumor alerts.* ® A handful of antineoplastic agents, such as (Dox) doxorubicin and
oxaliplatin, trigger calreticulin (CRT) exposure on the surface of dying tumor cells,

promoting immunogenic cell death (ICD). This process enhances the ability of dendritic

XIl
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cells (DCs) to recognize and attack cancer cells.” Hence, it leads to the strengthening of
the antitumor immune response. However, these chemotherapeutic drugs have various
side effects and suboptimal tumor targeting, thereby limiting their clinical trials. Recently,
chemotherapy in combination with IDO1 inhibitors has shown great potential in various
clinical trials. Advanced nano-delivery systems based on amphiphilic materials have
emerged as a promising approach for target-specific delivery of therapeutic agents.!”
These nanocarriers help overcome the challenges associated with chemotherapy,
particularly in eliciting effective anti-immunosuppressive responses.'% !
Aim of the Thesis

In this thesis, we have focused on development of small molecule for robust and
selective IDOI1 inhibition. Additionally, we have explored the therapeutic potential of our
synthesised inhibitors for the immunotherapeutic treatment in cancer. The entire work is
arranged into four chapters as given below. In Chapter 1, we discussed about IDO1 and
its inhibitors. Chapter 2 focused on the mode of evaluation of dichloroquinolines in IDO1
inhibition by showing a dual mode of inhibitory action, binding both apo IDO1 and free
heme. Chapter 3 mainly deals how photopharmacology, where the synthesized
tryptamine derivatives are photocaged installing a photosensitive linker, releasing the drug
on photoirradiation. Chapter 4 elaborates how spiropyran derivatives behaves as
photoswitchable as well as pH responsive inhibitors, targeting both apo-IDO1 and free

heme for the inhibition process.

Chapter 2
Evaluation of mode of Indoleamine 2,3-dioxygenase 1 Inhibition by 4,7-
dichloroquinolines.

Currently, different IDOI1 inhibitors (such as epacadostat and NLG-919), in
combination with immune checkpoint inhibitors, are being explored for the possible
treatment of different types of cancer.!? '3 However, the unfortunate failure of the ECHO-
301 phase III clinical trial of epacadostat/keytruda combination against metastatic
melanoma came as a complete shock to immunotherapy-related research on cancer.'*
Hence, the reinvestigation of the IDO1 inhibition mechanism has become obligatory to
accomplish the clinical benefit.

Linrodostat (BMS-986205), developed by Bristol-Myers Squibb, is an orally
available IDO1 (apo-IDO1) inhibitor that restores and induces the proliferation and

activation of immune cells and reduces the proliferation of Tree.!> Consequent growth of

XIll
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IDO1-expressing tumor cells are getting diminished. Currently, linrodostat is in Phase-
111 clinical trials for the treatment of muscle-invasive bladder and other cancers.'®
However, the optimized synthesis required more than 12 steps to produce linrodostat,
which could limit its large-scale production and enhance production cost.!” We
hypothesized that developing small molecules that could have similar apo-IDO1-mediated
inhibitory activity and can be synthesized in fewer steps would benefit IDO1-mediated
drug-discovery studies. Hence, inspired by the success linrodostat as an IDO1 inhibitor,
we developed synthetically simpler analogs of 4,7-dichloroquinoline (DCQ) (Scheme
2.2).

o 0 A1la; R1 = -CHzph
NaNO,, 48% HB '
R Ne O,, 48% "> R A1b; Ry = -CH(CH3),
HO 1 HO 1
H0, rt Alc; Ry = -CH,
NH, Br A1d; Ry = -CH;CH(CH3),
A1(a-e) Ale; Ry = -CH(CH3)CH(CH3)

A2a; R-| = -CHzph, R2 = -CF3

\©\ ,(COCl),, \©\ A2b; R, = -CH(CHa),, R, = -CF5
HO )krm A2c; Ry = -CHa, Ry = -CF;
Br DMAP DCM 4 h rt A2d, R1 = -CH2CH(CH3)2, Rz = -CF3

A2(a-f) AZe; R1 = -CH(CH3)CH2(CH3). R2 = —CF3
AZf, R1 = -CHzph, R2 =-F

Scheme 2.1. Synthesis of amino acid derivatives.

3; Ry = CF3, R, = -CH(CH3),
H Br  4;R;=CF3R,=-CH;
5; Ry = CF3, R, = -CH,CH(CH;),
6; Ry = CF3, R, = -CH(CH3)CH,CH;

NH, ci — R 1; Ry = F, Ry = -CH,Ph
q ;R1=F, Ry 2
H;NONH; o [N] \Q Qo 2Ri=F Ry=CHCHy,
. N)Kf 2

-
110°C,18h ¢

v
4
N\
S
O
>
o0
4

4, K,CO,, 5, K,CO3, 6, K,CO,4
ACN, 24 h ACN, 24 h ACN, 24 h
75°C 75°C 75°C
cm\©\ F3C F3C
SN SR oW
S Nw PP
o RNt S e
N N N
> /Cfﬁ b
Cl N Cl N Cl N
2.5 2.6 2.7

Scheme 2.2. Synthetic routes to DCQ derivatives.

Derivatization of the DCQ moiety enhanced the IDO1 inhibitory activity against
both purified enzyme and the cellular environment, without significant cytotoxicity,
leading to the identification of piperazine-containing DCQ derivative 2.4 as a potent IDO1

inhibitor with an ICso 0f94 + 4 nM.

XV
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Fig. 2.1. Graphical representation of apo- IDO1 inhibition and free heme binding.

A series of biophysical studies, including UV-Vis spectroscopy of the Soret band
(Fig.2.2 A), time and temperature dependent study (Fig. 2.2 A, B), SPR study (Fig. 2.3
A), docking (Fig. 2.3 B, C), as well as protoporphyrin IX binding studies, suggested that
the IDO1 inhibitory activity of potent compound could be due to its direct binding to apo-
IDO1 protein and formation of 2.4-heme complex. This simple strategy of developing apo-
IDO1-targeting molecules with DCQ, piperazine, and amino acid moieties as potent IDO1

inhibitors could be helpful in combating immune-related diseases.
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Fig. 2.2. Absorption spectra of the ferric-IDO1 enzyme, ferric-TDO enzyme, hemoglobin,
and myoglobin (200 nM) in the absence and presence of the compounds (5 pM) in 100
mM phosphate buffer at pH 6.5 after 60 min of incubation at 37 °C (A). Incubation
time was varied to measure the IDO1 (200 nM) activity in the absence and presence of
different concentrations of 2.4 (B). Temperature-dependent (C) IDO1 (200 nM) activity
in the absence and presence of different concentrations of 2.4 with 60 min of incubation
time (C). All of these measurements were performed without preincubating the enzyme

with the compound.
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Fig. 2.3. Real-time  concentration-dependent  binding  measurements of the
compound, 2.4 with IDO1 enzyme (A) and apo-IDOI1 protein by SPR analyses (B).
Probable mode of interaction of 2.4 with the apo-IDO1 (PDB ID: 6MQ6) (C). The root-
mean-square deviations (RMSD) for protein (apo-IDO1 protein bound to 2.4; blue) and
ligand (2.4 bound to apo-IDO1; red) (D)

Chapter 3
Photoresponsive prodrug for regulated inhibition of indoleamine 2,3-
dioxygenase 1 enzyme

In the second chapter, we have developed apo-IDO1 inhibitors that exhibit
dual inhibitory action; however, they lack target-specific action and temporal
control over drug release. Therefore, in this chapter, we focused on developing
target-specific drug delivery with the temporal release of the drug from the prodrug

on photoirradiation.'® Recently, the role of indole-based IDO1 inhibitors in cancer
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and Alzheimer's disease has inspired us to develop thiourea derivatives of 1-
methyltryptamine.'® The novelty of our compound design lies in the development
of thiourea derivatives of 2-azole-substituted 1-methyltryptamine, aimed at
achieving selective inhibition of the immunosuppressive enzyme, IDO1 (Scheme

3.1).
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Scheme 3.1. Synthetic routes to various indole derivatives from tryptamine and

tryptophan.

From subsequent biochemical studies, it has been confirmed that the potent
tryptamine derivative 3.3a exhibits moderate inhibitory activity against the purified IDO1
enzyme. The potent compound showed strong IDO1 inhibition activity with an ICso value

of 120 nM. The most potent compound 3.3a binds specifically to the active site of IDO1,
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interacting with the heme group and surrounding residues, as supported by UV-vis
spectroscopy, docking, and molecular dynamics simulations. The compound 3.3a
exhibited strong inhibitory activity with minimal cytotoxicity and high selectivity over

related enzymes, such as tryptophan 2,3-dioxygenase.?
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Fig. 3.1. Schematic diagram representing the photocleavable prodrug generating drug on

exposure to 400 nm light.
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Scheme 3.2. Synthetic pathway of a prodrug from a drug linking a photo-sensitive linker.

Furthermore, a photoresponsive prodrug system has been developed that can
regenerate the active, potent IDO1 inhibitor upon exposure to light. This photocaged
prodrug exhibits negligible IDO1 inhibition activity under similar experimental conditions
as the drug. The photocaged prodrug showed successful regeneration of the active IDO1
inhibitor at visible light irradiation of 400nm light, providing a spatiotemporal control over

the drug activation, used to improve the therapeutic efficacy of IDO1 inhibitors (Fig. 3.2)
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Fig. 3.2. Variation of %IDO1 inhibition in the presence of different concentrations for
compound 3.3a (A) and compound 3.4 (B) in the presence of IDO1 enzyme (650 nM), (C)
Photoinduced (4ex = 400 nm) regeneration of the potent compound 3.3a from the
prodrug 3.4 was analysed by HPLC analysis. (D) IDO1 activity assay of prodrug 3.4 at

different time intervals after photoinduction (400 nm).

Chapter 4
Photoswitchable Inhibitors: Temporally Regulated Inhibition of IDO1 Enzyme
Using Photoactive Merocyanine Derivatives.

In last chapter, we synthesized a photoresponsive prodrug which release drug on
photo irradiation cleaving the photosensitive linker.?! This linker, if used in excess, can
act as a toxic byproduct, leading to other side effects. Therefore, in this chapter, we
propose the use of photoswitchable compounds as a promising approach to addressing the
challenges of targeted IDO1 inhibition, allowing for temporal control and potentially
enhancing therapeutic benefits while minimizing systemic side effects.?? Spiropyrans are
known to undergo reversible isomerization when exposed to light and pH, transitioning

between ring-closed spiropyran (SP) and ring-opened merocyanine (MC) form, which
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makes them useful in applications such as chemical sensors, drug delivery systems, and

smart materials®>2* (Fig. 4.1)
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Fig. 4.1. Conversion of spiropyran to merocyanine in the presence of light (A) and pH (B).

We hypothesize that the appropriately substituted MC form could selectively bind

and inhibit IDO1 in the targeted tissues, only after photoirradiation. This strategy could

allow us to control the formation of the active inhibitor in a spatiotemporal manner and

regulate IDO1 activity in the targeted cells and tissues.?> 2® We synthesized a series of

spiropyran derivatives (Scheme 4.1) and identified 4.3e as a potent and stimuli-responsive

inhibitor of IDO1.
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Scheme 4.1. Synthetic routes to spiropyran derivatives from 2,3,3-trimethyl-3H-indole.
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Upon exposure to light or acidic pH, 4.3e undergoes conversion to photoactive
4.3e-MC isoform, which exhibits strong IDOT1 inhibitory activity in comparison to that of
the photoinactive 4.3e-SP isoform (Fig. 4A, B, E, F). By facilitating the release of heme
from holo-IDO1 and transforming it into the apo form, the 4.3e-MC exhibits the ability to
bind both apo-IDO1 protein and free hemin (Fig. 4.2 C, D)
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Fig. 4.2. Inhibitory activities of IDOI at different concentrations of 4.3e-MC at pH 6.5
(A), after photoirradiation of 4.3e with 400 nm light at different time intervals (B), IDO1
inhibitory activities at different temperatures and time intervals with 4.3e-MC at pH 6.5
(C), The activity of apo-IDO1 in the absence and presence of the compound and/or hemin

(D), IDO1 inhibitory activities at different pH in presence of 4.3e (10 and 1uM) (E, F).

From the cellular assay, we can also confirm that 4.3e-MC binds to apo-IDO1 as
well as to free heme, thereby preventing the free heme from reinserting into apo-IDO1 and
regaining its enzyme activity (Fig. 4.3C). The confocal microscopic images revealed
distinct red fluorescent puncta in treated HeLa cells, confirming internalization of 4.3e-

MC, while untreated control cells showed no fluorescence (Fig. 4.3D).
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Fig. 4.3. Steady-state fluorescence anisotropy measurements of 4.3e-MC (500 nM) in the
presence of various concentrations of apo-IDO1 protein (0-12 uM) and in the absence and
presence of different concentrations of NaCl (0-75 mM) (A), The variation in RMSD
obtained for apo IDOI1 (orange) and 4.3e-MC (blue) (B), IDO1 inhibition activity in cells
with and without IFN-y treatment in the presence and absence of the isoforms of 4.3e (C),

Confocal microscopic image of 4.3e-MC-treated HeLa cells (D).

These findings highlight a novel strategy for temporal regulation of IDO1 activity
by utilizing light and pH as the external stimuli. Compared to traditional IDO1 inhibitors,
this photoresponsive approach offers significant potential for the development of
spatiotemporally regulated therapies for cancer, Alzheimer's disease, and other
pathological conditions, enabling greater specificity and safety.

Conclusion

In this thesis, we have successfully described the role of IDO1 in the

immunosuppression process associated with various life-threatening diseases. Moreover,

the importance of IDO1 inhibition has been described in Chapter 1. The linrodostat mimic
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dichloroquinoline derivatives (in Chapter 2) show moderate apo-IDO1 inhibitory activity
by releasing the heme from the holo-IDO1 pocket and also binding with the free heme,
preventing it from reinserting inside the apo-IDO1 pocket. Though dichloroquinoline
showed moderate inhibition of apo-IDO1 and also binds to heme, it lacks target-specific
drug release; hence, the tryptamine-based azole derivatives linked to a photo-sensitive
linker (In Chapter 3) act as a prodrug, and when 400 nm light is applied, they release the
tryptamine-based azole derivative, exhibiting decent IDO1 inhibition. In Chapter 4, the
spiropyran derivatives, when converted to merocyanine derivatives in the presence of light
or pH, act as an apo-IDO1 inhibitor by releasing heme and binding to the apo-IDOI1
pocket. The spiropyran derivatives also bind to the free heme. These photoswitch
derivatives enable us to explore a dual-stimuli-responsive IDO1 inhibitor, demonstrating
temporal and target-specific drug release.
Future prospects

Future research on IDOI inhibition should prioritize the exploration of non-
enzymatic pathways, as these remain underexplored, which can reveal new mechanisms
for therapeutic intervention. The development of IDO1 inhibitors with covalent linkers
can enable irreversible inhibition and may have the potential to lead more durable and
effective suppression of the enzyme activity. Additionally, combining IDO1 inhibition
with fluorescent labelling techniques can offers an innovative approach for real-time
visualization and precise monitoring of inhibitor binding and enzyme dynamics. Thereby,
it can enhance mechanistic understanding and therapeutic targeting. These integrated
strategies hold promise for advance designing of next-generation IDO1 inhibitors with
diagnostic capabilities and improved efficacy in cancer immunotherapy and other disease
contexts.
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Chapter 1

1.1. Introduction

Immunotherapy has emerged as one of the most promising and potentially
effective strategies to fight against cancer. The ability to modulate host immune signaling
is an innovation that offers new hope in combating high-mortality diseases such as cancer.
Immunotherapy is now recognized as one of the most important strategies of cancer
treatment alongside chemotherapy, surgery, targeted therapies, and radiation, opening a
new frontier in cancer care.! By mobilizing the immune cells of the body to selectively
target and remove cancer cells, the limitations of conventional treatments are addressed
by immunotherapy and offers a more precise and adaptive therapeutic approach.
Immunotherapy exercises the anti-cancer effects to induce immunogenic cell death (ICD)
and stimulates a sustained immune response against tumor antigens.> However, tumors
have evolved several immune evasion strategies that weaken the effectiveness of ICD. For
instance, the interaction between immune control compounds like PD-L.1 or CD80 present
on tumor cells and CTLA-4 or PD-1 present on T cells facilitates tumor persistence as well
as suppression of the immune system. Monoclonal antibodies, like inhibitors for immune
checkpoint compounds that target PD-1 and CTLA-4, have shown promising results to
reactivate anti-tumor immunity.> Still, clinical outcomes remain suboptimal in many cases
due to the limitation in immune cell infiltration and resistance mechanisms inside the
tumor microenvironment. For overcoming these challenges, complementary therapeutic
strategies are required for enhancing immunotherapy potency.* One such approach
involves targeting metabolic enzymes contributing to the immune suppression induced by
the tumor. Indoleamine 2,3-dioxygenase 1 and tryptophan 2,3-dioxygenase, also known
as IDOI1 and TDO, respectively, are mostly overexpressed in tumor tissues and tumor-
draining lymph nodes (TDLNSs), playing an important role in this process. The degradation
of L-tryptophan, which is an essential amino acid for T cell proliferation, is catabolized
by both of these enzymes. The resulting tryptophan degradation activates downstream
signaling pathways, suppressing cytotoxic T lymphocyte (CTL) activity and hence
promoting an immunosuppressive microenvironment.> Among these two enzymes, IDO1
has emerged as a particularly influential immune modulator in cancer. It involves
promoting immune tolerance, making it a focal point of immunotherapy for cancer

treatment research nowadays.
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In cancer, IDO1 is utilized by tumors to deplete tryptophan and create an
immunosuppressive microenvironment. These depletion leads to the production of
kynurenine, expanding regulatory T cells and suppressing anti-tumour immunity.
Additionally, in neurodegenerative diseases like Alzheimer's and Parkinson's disease,
IDOI1 is overexpressed in the brain and this enhanced the tryptophan catabolism. This
triggered the generation of neurotoxic kynurenine metabolites that induces synaptic
dysfunction, neuronal death as well as neuroinflammation. This kynurenine activation
pathway contributes to cognitive decline and disease advancement in Alzheimer's disease
by weaking the astrocyte support functions for neurons. It is also connected to depression
and dementia related to inflammation.® Furthermore, in cardiovascular disease, endothelial
cell-specific induces IDO1 expression, which then generates kynurenine by tryptophan
metabolism, worsening the cardiac outcomes. Through reactive oxygen production, it
induces cardiomyocyte apoptosis.” Moreover, in autoimmune diseases, the immune
system is balanced by IDOI, controlling immune cells called dendritic cells (DCs). In
normal conditions, IDO1" dendrite cells prohibit immune exaggeration by preventing the
attack towards T cells and supports regulatory T cells, protecting the body from attacking
itself. As soon as IDO1 depletes, the control over immune system is lost, that results in an
excessive immune response noticed in autoimmune diseases. In infectious diseases,
though the tryptophan depletion limits the pathogen replication but it also promotes
immune tolerance. It reduces inflammation with the drawback of suppressing the immune
system.® Additionally, IDO1 is also involved in chronic infections and liver diseases,
pregnancy, organ transplant rejections and other infection like pneumonia, HIV.’

A wide range of IDOI inhibitors with different structures, such as N-
hydroxyamidines, imidazothiazoles, tryptophan analogs, triazoles, and imidazoles, have
been developed to inhibit the enzymatic function of IDO1. These compounds bind to the
active site effectively, disrupting the activity of IDO1 through various mechanisms.!”
However, by the disappointing results of the Phase IIIl ECHO-301 trial, the attention for
IDO1 as a therapeutic target was restrained, where the selective IDO1 inhibitor
epacadostat in combination with the PD-1 inhibitor pembrolizumab was tested.!! The trial
failed to show improved clinical outcomes and raised questions about the therapeutic
viability of IDO1 inhibition. In spite of this setback, clinical interest in IDO1 continued
with new combination trials and concepts. This demonstrates the necessity to reassess the
strategies targeting IDO1 and develop next-generation inhibitors that can more effectively

synergize with immune checkpoint blockade.'? !?

-2-
TH-39924206432119



Chapter 1

1.2. Cellular Signaling Pathways Regulating IDO1 Expression

Recent studies have illustrated that due to the overexpression of the enzyme IDO]1,
the tumor microenvironment is significantly immunosuppressive.'#!¢ IDO1 is present in
low amounts across various adult human tissues in normal physiological conditions.
However, in many cancers, IDO1 expression becomes dysregulated and is highly
upregulated in stromal components, immune cells, and tumor cells. This irregular
overexpression of IDOI is caused by several dysregulated signaling series, mostly by the
interferon-gamma (IFN-y) signaling axis.!” '* During inflammatory responses, immune
cells release various pro-inflammatory mediators such as IFN-y, tumor necrosis factor-
alpha (TNF-a), transforming growth factor-beta (TGF-f), prostaglandin E2 (PGE2), as
well as damage-associated molecular patterns (DAMPs). While IFN-y typically plays a
protective anti-tumor role but it also paradoxically activates the JAK-STAT signaling
pathway in certain contexts and leads to the enhancement of IDO1 transcription.!® 1
Moreover, kynurenine metabolites, which are the subsequent products of IDO1 activity,
can further initiate the aryl hydrocarbon receptor (AhR) in immune cells, triggering the
immune suppression.'” This activation induces the production of IL-6 and PGE2, and these
in turn can reinforce IDO1 expression via continued JAK—STAT signaling. IDO1
upregulation is also contributed by the immune checkpoint interactions such as PD-1/PD-
L1 and CTLA-4/CD80. These interactions stimulate the NF-kB pathway in both tumor
and immune cells, enhancing immunosuppressive signaling. TGF-f further promotes
IDO1 expression, specifically in CD80* dendritic cells.?%! Additionally, cyclooxygenase-
2 (COX-2) and PGE2 can activate phosphoinositide 3-kinase (PI3K) and protein kinase C
(PKC) pathways, which also contribute to IDO1 overexpression in the tumor
microenvironment. RAS and KIT signaling, along with other oncogenic pathways, have
been implicated in modulating IDO1 levels. One such regulatory mechanism includes the
suppression of gene Binl, a tumor suppressor, whose downregulation is associated with

increasing IDO1 expression.?*%*
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Fig. 1.1. Mechanisms of L-Trp degradation by IDOI, inhibiting local T cell responses in

the tumor microenvironment.

1.3. IDO1-Mediated Tryptophan Metabolism Promotes Tumor Immune Escape and
Inflammation

IDOT1 plays a diverse and crucial role in cancer progression by modulating both
immune suppression and promoting tumor inflammation within the tumor

t.° The expression of IDO1 is often upregulated in stromal cells,

microenvironmen
antigen-presenting cells, and tumor cells as a result of various signaling pathways, which
include NF-«xB and Jak/STAT, as well as inflammatory mediators like IFNy. The
immunosuppressive function of IDO1 is primarily driven by its enzymatic activity of local
tryptophan (Trp) depletion, which leads to the accumulation of immunomodulatory
metabolites such as kynurenine, 3-hydroxykynurenine, and quinolinic acid.?® 2’ The
GCN2 kinase pathway is activated by this Trp depletion in T cells which results in cell
cycle arrest, anergy, or apoptosis, while suppressing mTORC signaling and further
inducing T cell autophagy and anergy, and promotes regulatory T cell (Treg)
differentiation.?®*° Kynurenine along with its metabolites act as ligands for the aryl
hydrocarbon receptor (AhR) which modulates the function of various immune cells and
enhances the production of immunosuppressive cytokines such as IL-10 and IL-6 and
further reinforced the immune tolerance and supports Treg expansion.’!s *> Beyond
immune evasion, IDOT1 acts as a critical modifier of the inflammatory milieu, particularly
by influencing neovascularization and supporting tumor growth and metastasis.
Experimental models indicate that IDO1 does not directly lead to inflammation or tumor
initiation but it rather alters the metabolic character of inflammation and makes it more

conducive to tumor development.*> ¥ For example, in skin and lung cancer models,
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genetic deletion of IDO1 leads to reduced tumor outgrowth and impaired
neovascularization, effects that are closely linked to decreased levels of the pro-
inflammatory cytokine IL-6.3* IDO1 serves as a regulatory node at the interface between
IFNy and IL-6 and shiftes the inflammatory environment from an anti-tumorigenic and
IFNy-dominated state which restricts new blood vessel formation towards a tumor-
promoting, IL-6-rich state, sustaining neovascularization and tumor progression. This
function distinguishes IDO1 from classical pro-angiogenic factors like VEGF, as IDOI,
instead of directly promoting new vessel formation, primarily maintains established
neovasculature by limiting vessel regression'® * Moreover, IDO1 has been involved in
promoting tumor cell survival through the induction of a dormancy program. In response
to IFNy, expression of IDO1 along with AhR in tumor-repopulating cells can inhibit pro-
apoptotic STAT1 signaling and upregulate cell cycle inhibitors such as p27, which can
divert cells from apoptosis to a dormant and survival state. This dormancy mechanism
enables tumor cells to evade immune-mediated destruction and may contribute to
resistance against therapy and tumor relapse.'®
1.4. Targeting Enzymatic Activity of IDO1 as well as Non-Canonical Signaling in
Preclinical Therapeutic Strategies

IDOI1, being a pivotal enzyme in cancer immunology, acts as both a metabolic and
signaling checkpoint, enabling tumors to evade immune surveillance. IDO1 catalyzes the
degradation of tryptophan into kynurenines, immunosuppressive metabolites. This process
has several extreme effects on the tumor microenvironment (TME). Firstly, depletion of
local tryptophan activates stress-response pathways in neighboring T cells, markedly
increasing the GCN2 and mTOR kinases, which lead to T cell cycle arrest, impaired
effector function, and anergy. Secondly, accumulation of kynurenine and its downstream
metabolites directly inhibit effector T cell proliferation and induces apoptosis as well as
encourages the differentiation of naive CD4" T cells into immunosuppressive regulatory
T cells (Tregs) via activation of the aryl hydrocarbon receptor (AhR). Furthermore, the
activity of IDO1 supports the development of tolerogenic dendritic cells and myeloid-
derived suppressor cells. Hence, further dampening anti-tumor immunity.** 3 Along with
its well-characterized enzymatic functions, IDO1 also exerts non-enzymatic, signaling-
based immunosuppressive effects. The protein exists in two forms: holo-IDO1 (with heme,
catalytically active) and apo-IDO1 (heme-free, catalytically inactive). The apo-form can
act as a signaling molecule that interacts with SH2-domain-containing proteins such as

SHP-2, PI3K, and SOCS3 through its immunoreceptor tyrosine-based inhibitory motifs
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(ITIMs). These interactions can further advances a tolerogenic phenotype in dendritic cells
and support tumorigenic signaling pathways, independent of tryptophan
metabolism.*® This plasticity complicates therapeutic targeting, as it inhibits only the
enzymatic activity, leaving the non-enzymatic, pro-tumorigenic signaling functions intact
or even enhanced, as observed with some inhibitors like epacadostat. Observing its
primary role in immune evasion, IDO1 has been targeted by various therapeutic strategies.
Small-molecule inhibitors such as epacadostat, indoximod, and BMS-986205 have been
developed to block or inhibit its enzymatic activity. Despite of it in clinical trials, including
the high-profile ECHO-301 phase III trial of epacadostat with pembrolizumab, failed to
show significant benefit, likely due to the robustness of non-enzymatic IDO1 functions
and insufficient patient stratification.!! More recent approaches include IDO1-targeted
vaccines, which stimulate cytotoxic T cells specific for IDO1, thereby directly killing
IDO1-expressing tumor and immunosuppressive cells. For example, a vaccine targeting
IDO/PD-L1 epitopes has been demonstrated to attract T cells into tumors, inducing a type
1 helper T cell (TH1) inflammatory response and synergizing with PD-1 blockade,
converting the TME from immunosuppressive to immune-permissive.>’ Combination
therapies have shown the most promising results, particularly in tumors resistant to single-
agent immunotherapy. For instance, in microsatellite-stable colorectal cancer, which is
typically unresponsive to PD-1 inhibitors, combining IDO1 inhibition with PD-1 blockade
significantly reduced tumor growth and increased infiltration of pro-inflammatory
macrophages and CD8" T cells. This was associated with the upregulation of the JAK2-
STAT3-IL6 pathway, which promotes a shift toward a more inflammatory and
immunogenic TME.*: ¥

Moreover, preclinical models have demonstrated that combining IDO1 inhibitors
with chemotherapeutic agents like cyclophosphamide yields synergistic anti-tumor effects
that lead to substantial tumor necrosis and reduced IDO1 expression in the TME. Despite
these advances, the challenge remains to fully neutralize the enzymatic and non-enzymatic
functions of IDO1.** Current pharmacologic approaches are insufficient as they
predominantly target the metabolic activity of the enzyme and leave the signaling
functions unaddressed. Future directions include the development of dual-function
inhibitors or combination regimens that can simultaneously block both arms of IDO1-
mediated immunosuppression as well as the use of biomarkers such as IDO1 expression
levels and tryptophan/kynurenine ratios for better selection of patients who are likely to

benefit from IDO1-targeted therapies.*
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1.5. Enzymatic Degradation of L-Tryptophan by IDO1

The catabolism of L-tryptophan (L-Trp) with IDO1 via the kynurenine pathway is
a primary process in immune regulation and cancer biology, acting as the primary enzyme
catalyzing the initial and rate-limiting step.?® *° IDO1, a heme-containing enzyme, is
expressed in a wide variety of tissues and is mostly upregulated in response to
inflammatory signals such as interferon-gamma, especially in dendritic cells and tumor
microenvironments. The main function of IDO1 is to convert L-Trp into N-
formylkynurenine (NFK), which is then further metabolized into kynurenine (Kyn) and a
series of downstream metabolites that include anthranilic acid, 3-hydroxykynurenine,
quinolinic acid, kynurenic acid, and ultimately nicotinamide adenine dinucleotide
(NAD+), which is a critical coenzyme in cellular metabolism. With IDO1 and its
homologs IDO2 and TDO acting as the key regulatory enzymes in peripheral tissues and
the liver, respectively, this pathway accounts for almost 95% of L-Trp depletion in the

body.*
Tryptoph
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TDO IDO
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Fig. 1.2. Schematic diagram representing the depletion of L-Trp by IDO1, IDO2, and TDO

via kynurenine pathways.
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The catabolism of L-Trp by IDOI1 begins with L-Trp and molecular oxygen
binding to the ferrous (Fe®*") heme center of the enzyme, which forms a ternary
complex. This complex undergoes a two-step ferryl-based oxidation. Firstly, the enzyme
catalyzes the inclusion of the two atoms of molecular oxygen in the indole ring of L-Trp,
generating a ferric-superoxide intermediate. Subsequently, a highly reactive ferryl
(Fe*=0) species and a Trp-epoxide intermediate are formed, finally recombining to
produce N-formylkynurenine, leaving the enzyme in an inactive ferric (Fe*") state. For the
continuation of catalysis, the enzyme then reduced back to its active ferrous form.
Primarily, the redox state of its heme cofactor regulates the catalytic activity of IDOI.
When tryptophan levels are low, IDO1 can accumulate in the inactive ferric state or even
lose its heme group and become catalytically inactive (apo-IDO1). This flexible regulation
allows cells to modulate IDO1 activity, resulting in metabolic and immunological
signals.*!> 42
From a clinical perspective, the results of IDO1-mediated L-Trp catabolism are
profound. The degradation of local tryptophan in the microenvironment activates the
general control nonderepressible 2 (GCN2) kinase pathway in T cells, which leads to cell
cycle arrest, anergy, and impaired effector function. In parallel, the accumulation of
kynurenine and its derivatives act as endogenous ligands for the aryl hydrocarbon receptor
(AhR), promotes the differentiation and expansion of regulatory T cells (Tregs), and
suppresses immune responses.

For maintaining tolerance for maternal-fetal during pregnancy and for resolving
inflammation, these immunosuppressive effects are crucial, but they are also hijacked by
tumors to evade immune surveillance, making IDO1 a major target in immunotherapy for
cancer. Along with the enzymatic activity, IDO1 has non-enzymatic signaling functions,
particularly in dendritic cells, where it can revise immune responses toward long-term
tolerance through SHP1/SHP2 and noncanonical NF-kB pathways.* Overall, IDO1-
mediated L-Trp catabolism is a highly regulated and multifaceted process that not only
governs amino acid metabolism but also manages immune responses in disease and health.
Its main role in immune suppression, especially in the tumor microenvironment, has
driven the development of IDOI inhibitors as potential cancer therapeutics, although the
complexity of its regulation and dual functions present significant challenges for clinical
translation.” 4
The architecture of the active site of IDO1 is fundamental to its catalytic efficiency

and substrate specificity in L-tryptophan (Trp) catabolism. The catalytic site of IDO1 is
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built around a prosthetic heme group (Heme-Porphyrin IX), centrally positioned within a
large domain that forms the catalytic cleft. This active site features two primary substrate-
binding regions, one is the S, site, subdivided into a partially hydrophobic pocket A and
hydrophilic pocket B on the distal side of the heme, and the unique S; site on the proximal
side. Trp binds primarily at the S, site, forming a hydrogen bond with the ammonium
group and the 7-propionate group of the heme, anchoring the substrate for catalysis. The
carboxylate group of Trp establishes a hydrogen bond with Arg231 in pocket B, while the
indoleamine moiety is stabilized by a hydrogen bond to Ser167 via a bridging water

molecule and hydrophobic interactions with residues in pocket A.*

8 (Y b
p—— - \4"‘*\ ! ’\yr249 val130 Cys129 pocket A
ma omain ' 7 \
1 J \u/«
|8 : y Tyr126 ‘ Phel64
(\E AL /C Phe163
’ ' Ala26
Gly262 phezzs
phe270 . T &
' L op Phe227
Pocket C X
% L‘/{ 3 - & Hi chew
Asp274 Ros N
2% lle354

lle384

N

Fig. 1.3. Binding Sites of IDO1 enzyme and the key residues of the binding sites.

Reproduced from ref.45 with permission from the Springer Nature.

Crystallographic studies have revealed that the Trp occupying the S; site can induce
conformational changes in the S. site and disrupt the recombination of the ferryl
intermediate with the Trp-epoxide during catalysis. Furthermore, binding of Trp at the S;
site, prompting the movement of Phe270, acts as a gatekeeper residue to block the water
tunnel and thereby interfere with Oz delivery to the S, site, an essential step for efficient
enzyme turnover. The heme cofactor itself is dynamic and can reversibly associate with
the protein, where its binding and redox state (ferrous or ferric) critically influence enzyme
activity and substrate processing. The main residues for substrate recognition, positioning,
and the catalytic process, which are Ser167, Arg231, and Phe270, are known to be crucial.

The interaction between these residues, the heme group, and the structural flexibility of
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the active site, including the JK loop, checks the substrate access, ensures the precise
orchestration of Trp binding, oxygen activation, and product formation in IDO1-mediated
catabolism. This detailed understanding of the active site elucidates the molecular basis of
IDO1 function and also informs the rational design of selective inhibitors for therapeutic

intervention in cancer and immune-related diseases.*’

Base catalysed :w i co
: Electrophilic/redox p= 2
reaction : P ./ R‘N——<

! mechanism NH,
R .
R B :
B A : O,-Tr
p ) ' 1P
- Fe(ll
) QP U . [P
d‘) d‘) Electrophilic Redox pathway
' pathway
Fe(ll) Fedl) E
H* : R R
L HN-/ 4~
1 o S, (—
O
d

(H 2 Fe(ll} Fe(”) Rate limiting
Fe(”) Ternary Complex region for TDO
Dioxetane Crlegee %

||) Fe(lll)

Fe(ll) Fe(II Fe(ll) E \ v J
\_ o
Y E
- y Rate limiting
u R e R region for IDO1
J | 0
N-Formylkynurenine Fe(lV)

Ferryl Intermediate

Fig. 1.4. Catabolism of L-Trp by IDO1 enzyme.

1.6. The role of the plasticity of the IDO1 enzyme pocket in inhibitor design.

The plasticity of the IDO1 enzyme pocket plays a crucial role in designing the
potent inhibitors. Based on the research, it has been found that the active site of IDO1 has
conformational and structural flexibility, particularly, the JK loop region. Depending on
the structure of the ligand it can transit between open or close configuration, making room
for various structurally different ligands inside the IDO1 pocket, by arranging the key
residues and sub pockets in the active site.*®
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The IDO1 pocket is divided into two main regions, pocket A and pocket B. The
pocket A region of IDO1 is hydrophobic in nature and it interacts directly with the heme
iron. In Pocket B larger molecules can be accommodate as it is spacious and flexible,
ensuring the inhibitors can utilize the interacting sites and conformation providing higher
potency, selectivity and specific inhibition. The ligands, for accommodating the active site
and stabilising the closed JK loop, has to mimic the natural substrate with same polarity.
Although, in the substrate (L-Trp) bound structures (PDB IDs Swmu, Swmv, 6e35,
and 6e46)*”>*® JK loop is resolved and is always in close conformation but in case of most
of the apo-IDOI1 structures, it remains unresolved and hence probably in open
conformation except for PDB ID 6e43,*” where the loop is resolved and shows a close
conformation. This structural flexibility and adaptability of IDO1 highlights the natural
multitasking role of the enzyme and other biological roles beyond tryptophan metabolism.
Furthermore, the plasticity of the active site of IDO1 allows a large range of binding
modes, promoting the exploration of different interaction sites within the enzyme. For
instance, in pocket A hydrophobic interaction combined with the hydrogen bond or van
der Waals bond in the pocket B and the JK loop can be optimized for maximizing the
potency and selectivity. Therefore, this plasticity of the IDO1 enzyme assists in developing
robust, effective and selective inhibitors, enabling a fine-tuning of molecular interactions
and dynamics crucial for therapeutic applications. *°
1.7. Classification of mechanism-based IDO1 inhibitors

The mechanism of tryptophan catabolism by IDOI1 is sophistically dependent on
redox conditions and the presence of oxygen (O-). It is crucial to understand how inhibitors
interact with the IDO1 active site for elucidating their inhibitory mechanisms. Based on
their modes of binding and interaction of the enzyme with its active site and cofactors,
IDO1 inhibitors are classified into several different categories. The first category is known
as type I inhibitors that function by directly competing with the natural substrate L-
tryptophan for accessing the active site of the enzyme. These inhibitors do not bind directly
to the heme iron at the catalytic center, but they block the entry of the substrate and prevent
the enzyme from catalyzing the oxidative opening of tryptophan. This mode of inhibition
is strictly competitive with respect to L-Trp. On the other hand, type II inhibitors exhibit
a different mechanism by competing with molecular oxygen to bind with the ferrous (Fe?*")
form of the heme group within the active site. These inhibitors effectively block the
function of the enzyme by occupying the site that would otherwise be used by oxygen,

thus halting the oxidation process required for Trp catabolism, as oxygen binding is
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essential for the catalytic activity of IDO1. Type III inhibitors are characterized by their
ability to bind to the inactive, oxidized ferric (Fe**) form of the heme group. They prevent
the reduction of the heme iron back to its catalytically active ferrous form by stabilizing
this inactive state, resulting in the enzyme remaining in its inactive state, unable to
participate in Trp metabolism.* The fourth category, type IV inhibitors, involves
competition with the heme cofactor itself. These inhibitors preferentially bind to the apo
form of IDO1, which lacks the heme group, disrupting the normal incorporation of heme
into the enzyme and This process is both time- and temperature-dependent. This leads to
a reduction in the amount of catalytically active holo-IDO1 with time and thereby
diminishing the activity of the enzyme. Finally, type V inhibitors operate a redox-based
mechanism, exerting their inhibitory effect. These inhibitors encourage the reduction of
the active ferrous heme to the inactive ferric state rather than binding directly to the active
site or the heme group, and hence shift the redox balance in this way; they effectively

inactivate the enzyme without directly occupying the substrate or cofactor binding sites.*°
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Fig. 1.5. Schematic diagram representing the catalytic cycle, redox equilibrium, and ligand
binding with IDO1 enzyme. Reproduced from ref.49 with permission from the American

Chemical Society.
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1.8. Classifying IDO1 Inhibitors: Binding Mechanisms and Experimental
Characterization

In regard to the complexity of inhibition kinetics and the dynamic redox states of
the heme cofactor, accurate classification of IDOI1 inhibitors requires rigorous
experimental scrutiny. Traditional methods rely on N-formylkynurenine (NFK) production
kinetics and often yield ambiguous results for inhibitors targeting inactive ferric IDO1 or
exhibiting substrate inhibition at high concentrations. These limitations complicate
mechanistic assessment, along with the necessity for complementary techniques like
optical absorbance spectroscopy. The heme group in IDO1 exhibits a distinct spectral
trademark sensitive to oxidation and spin states. That is, ferrous (Fe?*) IDO1 displays a
high-spin Soret peak at ~428 nm, while ferric (Fe**) IDO1 shows peaks at ~405 nm (high-
spin) or lower wavelengths (low-spin). The electronic environment of heme iron is altered
by inhibitor binding, manifesting as shifts or depletion in the Soret band (~400 nm) and
o/P bands (500-600 nm). However, conventional spectroscopy under inert atmospheres
(for example, N2) lacks physiological relevance due to the absence of oxygen (O), which
is a critical substrate in the catalytic cycle.

Recent O:-dependent absorbance kinetics simulate catabolic conditions, enabling
direct observation of inhibitor interactions with ferrous/ferric IDO1 during catalysis and
providing unambiguous mechanistic insights.>® For instance, L-1-methyl-tryptophan (L-
IMT) exhibits competitive inhibition with L-Trp and shows non-competitive behavior
with O2. Despite this kinetic profile, spectroscopic analysis reveals no shift in Soret peak
in ferric (405 nm), ferrous (428 nm), or ferrous-oxy (411 nm) IDO1, indicating there is no
direct heme-iron coordination. This absence of spectral perturbation, combined with weak
binding to IDO1, confirms L-1MT as a type I inhibitor that competes with L-Trp that does
not engage with the heme cofactor. Similarly, the stereoisomer D-1MT (indoximod) and
PF-06840003 demonstrate analogous spectral behavior, with no wavelength shifts in ferric
(405 nm) or ferrous (427 nm) IDO1 under N2, but depletion of Soret peaks. This depletion
suggests altered active-site polarity upon binding rather than direct heme interaction. As a
result, both compounds are definitively classified as type I inhibitors.! These findings
highlight the necessity of integrated kinetic and spectroscopic approaches for resolving

inhibition mechanisms
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N-terminal
domain

Fig. 1.6. Crystal structure of the hIDO1-CN-Trp complex (a), Active site of IDOI, S.. (b,
c¢). The Trp, via various hydrophobic and polar interactions, interacts with the protein
matrix, as well as the heme (d).*> Reproduced from ref.45 with permission from the

Springer Nature.

While type I inhibitors exploit substrate competition, other classes target distinct
vulnerabilities. For instance, type II inhibitors (such as epacadostat) compete with O: for
ferrous heme binding, whereas in type III, inactive ferric heme is stabilized, and type IV
(like linrodostat) displaces heme from IDOI1 to form apo-IDO1. Type IV inhibitors were
first characterized in 2018, demonstrating time- and temperature-dependent inhibition due
to heme dissociation.*! Such subtlety highlights how advanced spectroscopic methods are
indispensable for elucidating true inhibition modes and guiding therapeutic design,
particularly under Oz-replete conditions.

The hydroxyamidine chemotype has become a keystone in the development of
potent IDO1 inhibitors, standing out as a particularly well-studied representative of this
class. These inhibitors are particularly known for their unique mechanism of action
compared to other classes of IDO1 inhibitors. Incyte-51 has shown IDO1 inhibition activity
through a competitive mechanism in regard to both L-tryptophan and D-tryptophan, a

natural and a synthetic substrate of the enzyme, respectively. This competitive inhibition
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suggests that Incyte-51 binds directly within the active site of IDO1, effectively blocking
substrate access and thereby impeding the catalytic function of the enzyme. The binding
characteristics and mechanistic details of IDO1 inhibition of Incyte-51 have been
thoroughly explored using UV-Visible spectroscopy, a powerful technique for probing the
electronic environment of heme-containing proteins. The heme group in IDOI1 is
responsible for its catalytic activity, exhibiting distinct spectral features depending on its
oxidation state. When Incyte-51 binds with the ferric (Fe**) form of the Soret peak
associated with the heme group, it shifts from its typical position to 412 nm. Similarly,
when Incyte-51 interacts with the ferrous (Fe?**) form of the enzyme, the Soret peak has
been observed at 419 nm. These shifts indicate that Incyte-51 directly interacts with the
heme iron in both redox states by altering its electronic structure.’® > A particularly
revealing experiment involves the addition of a reducing agent to the ferric IDO1-Incyte-
51 complex, where over the course of time, the Soret peak shifted from 411 nm to 419 nm,
revealing that Incyte-51 not only binds to the ferric form but has a higher affinity for the
catalytically relevant ferrous form of the enzyme. This preferential binding to ferrous
heme is critical because the ferrous state is needed for oxygen binding and then catalysis
of the tryptophan degradation pathway. By stabilizing the ferrous heme in a form that
cannot bind oxygen, Incyte-51 effectively shuts down the activity of the enzyme at a
fundamental level.

Epacadostat (INCB024360), another hydroxyamidine-based inhibitor developed
as a derivative of Incyte-51, exhibits nearly identical spectroscopic behavior. Epacadostat,
when bound to IDO1, induces the same Soret peak maxima at 412 nm for the ferric
complex and 419 nm for the ferrous complex, which confirms that it shares the same
binding mode and mechanism of action as Incyte-51.° As their inhibitory mechanism are
very comparable, both compounds are classified as type II IDOI1 inhibitors. Type II
inhibitors are defined by their ability to specifically target the ferrous heme within the
IDO1 active site, forming a stable inhibitor-heme complex that blocks the binding of
oxygen. This is a crucial distinction, as oxygen binding is the first step in the tryptophan
catabolism pathway, and its inhibition halts the entire catabolic process. These findings
are significant for the development of a drug where IDO1 activity is often upregulated for
suppression of immune responses and promoting tumor survival. By precisely targeting
the active and catalytically essential form of IDOI1, hydroxyamidine-based type II
inhibitors like Incyte-51 and epacadostat offer a rational and effective strategy for

modulating immune function. Their mode of action is validated through both kinetic
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studies and sophisticated spectroscopic analyses, providing a blueprint for next-generation
inhibitors of IDO1 with improved potency, selectivity, and therapeutic potential. This

mechanistic clarity enhances our understanding of enzyme inhibition and also guides the

optimization of inhibitor scaffolds for clinical application.> 3
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Fig. 1.7. Epacadostat and spectral markers for O and N-based inhibitors binding to the
crystal structure of the hIDO1-epacadostat complex (a). Absorption spectra of hIDO1 with
epacadostat (b) and NLG919 (c). Reproduced from ref.45 with permission from the

Springer Nature.

Imidazole-based inhibitors have played a pivotal role in uncovering the structural
mechanisms behind the inhibition of IDO1. The first known co-crystal structure of IDO1
with a small molecule inhibitor was 4PI, an imidazole-based compound (PDB: 2D0T). In
this structure, the imidazole moiety of 4PI coordinates directly with the heme group of the
enzyme, anchoring the inhibitor within the active site. The phenyl group of 4PI settles into
a hydrophobic region, known as “pocket A” of IDOI, stabilized by aromatic stacking
interactions with the residues of the protein. Notably, a buffer molecule, CHES, is also
present in the active site and forms salt bridges with both the propionate group of heme
and the Arg231 residue, providing additional stability to the complex.>*

Additional efforts based on the 4PI scaffold led to the development of a more

advanced imidazole-based inhibitor known as NLG919, containing an imidazoleisoindole
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core allied with a hydroxyl group and a cyclohexyl substituent. The co-crystal structure
demonstrates that the imidazole nitrogen of NLG919 (PDB: 5EK3) binds to the heme iron
in a manner similar to 4PI. The rest of the molecule fits snugly into “pocket A,” making
multiple hydrophobic contacts with neighboring protein residues. The cyclohexyl group
extends into an adjacent region towards “pocket B,” involving hydrophobic residues such
as Phe226, Ile354, and Leu384.> Additionally, the hydroxyl group on NLG919 forms an
intramolecular hydrogen bond with the isoindole nitrogen, enabaling it to participate in
hydrogen bonding with the heme 7-propionate and Ala264, thus stabilizing a unique
inhibitor conformation and strengthening its interaction with the enzyme. These findings
highlight the importance of the imidazole scaffold and have been instrumental in the
rational design and optimization of potent and selective IDO1 inhibitors. GDC-0919
(navoximod) is an advanced analog of NLG919, designed with strategic structural
modifications, including a hydroxyl group attached to the cyclohexane moiety and a
fluorine atom at the C¢ position of the imidazoisoindole core. These changes enhance its
binding efficiency and potency as an IDO1 inhibitor. According to the co-crystal structure
of navoximod complexed with IDO1 (PDB: 603I), the overall binding mode is quite
similar to that observed with NLG919. However, the additional hydroxyl group on the
cyclohexane ring forms a hydrogen bond with Ser235, while the presence of the Ce-
fluorine enables a notable interaction with Gly262, adding to the stability of the inhibitor
in the binding pocket.’% >’

MMG-0358, a well-known inhibitor, consisting of a triazole ring and a substituted
phenyl group.*’ Structural analysis of its complex with IDO1 (PDB: 6R63) reveals that
MMG-0358 coordinates the ferric heme within the active pocket of the enzyme. The
substituted phenyl group fits neatly into pocket A, where its chlorine substituent is closely
associated with Leu234, Cys129, and Gly262. The hydroxy group on MMG-0358 forms
a hydrogen bond with Ser167. The compound is also found to occupy the so-called S; site
of IDO1. Notably, the triazole ring exists partly in its deprotonated state, and quantum
mechanical calculations suggest that this form exhibits even stronger binding to IDO1
compared to the neutral state. Both imidazole and triazole-based inhibitors exploit their
nitrogen atoms for direct coordination to the heme iron at the active site. The strong
hydrogen bonding network and optimal positioning of these nitrogen atoms contribute to
vigorous enzyme inhibition. Furthermore, the hard nature of imidazole and triazole ligands

provides a strong affinity for the ferric ion in the heme, consistent with a type III inhibition
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mechanism. These observations highlight the importance of carefully designed
heterocyclic scaffolds in achieving potent and selective inhibition of IDO1.%

Vertex-AT is an IDOI1 inhibitor featuring a 4-amino-substituted triazole core and a
chloro-substituted phenyl ring.’® Structural data (PDB: 6F0A) shows that the triazole
moiety directly coordinates to the heme iron, similar to other triazole-based inhibitors like
MMG-0358. The chlorophenyl group occupies the hydrophobic pocket A, and the 4-amino
group forms a hydrogen bond with Ser167. The ammonium and carboxylate group of L-
Trp mediates a salt-bridge interactions among the triazole, heme propionate, Arg231, and
Thr379. Notably, the nitrogen of triazole prefers binding to ferric heme (type III
inhibition), but the influence of the buffer can facilitate interaction with ferrous heme as
well (type II inhibition). Thus, Vertex-AT shows dual type II and I1I inhibition mechanisms
due to its versatile triazole scaffold and dynamic binding environment.>®

BMS-986205, also known as linrodostat, is composed of phenyl propenamide,
cyclohexane, and quinoline scaffolds and is also known as suicide inhibitor.> It exhibits a
unique mechanism of inhibiting IDO1 by targeting the apo form of the enzyme. The co-
crystal structure of BMS-986205 bound to heme-deficient IDO1 (PDB: 6MQ6) reveals
that the quinoline moiety extends into the S; pocket of the enzyme, establishing hydrogen
bonding with His343 and mn-stacking interactions with Phe270. Meanwhile, the
propenamide forms additional hydrogen bonds with Ser167 and His346 residues, whereas
the phenyl and propenamide groups occupy the Sa pocket. Significantly, the cyclohexane
group occupies the position normally held by the heme, effectively mimicking its
placement within the binding cavity. Mechanistic studies have explained that inhibition of
BMS-986205 relies on a distinct binding trajectory responsible for its specific affinity for
apo-IDOL. Initially, BMS-986205 associates with the enzyme in a solvent-exposed surface
binding mode that induces conformational changes in the active site, facilitating heme
release (as observed in structure PDB: 6DPQ). This initial interaction is driven
predominantly by the hydrophobic characteristics of the quinoline and the elongated
cyclohexane substituent, which help to destabilize the heme-occupied conformation.
Subsequently, the cyclohexane moiety undergoes a conformational transition, shifting
from a kinked (PDB: 6DPR) to a bent form (PDB: 6MQ6) that stabilizes the heme-
deficient enzyme-inhibitor complex and impedes re-association of the heme group.
Overall, BMS-986205 is an example of a type 1V inhibition mechanism, promoting heme
dissociation and targeting the apo enzyme form. This dual-pocket binding, along with

conformational modulation of the active site, underscores the unique strategy by which
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BMS-986205 achieves irreversible inhibition of IDO1 by preventing heme to come back
to the protein.>”

In brief, Type I inhibitors act as substrate mimics occupying the active site. Type
Il inhibitors preferentially bind the ferrous (Fe?*) form of IDO1, whereas Type III
inhibitors coordinate directly to the ferric (Fe**) heme iron. Type IV inhibitors are
elongated hydrophobic molecules that target solvent-exposed pockets on apo-IDOI,
promoting heme dissociation and stabilizing the heme-free enzyme. Lastly, type V
inhibitors consist of redox-active quinone derivatives that modulate IDO1 activity through
redox cycling, affecting the electronic environment of the enzyme. Together, these
classifications highlight diverse strategies exploiting the metal state of IDO1 and structural
conformations to achieve selective inhibition.
1.9. Efficacy of IDO1 Inhibitors

The first identified IDO1 inhibitors were L-tryptophan (L-Trp) and related indole
compounds were among, with 1-methyl-D/L-tryptophan (1MT) being mostly studied.
IDO1 inhibition activity of IMT is moderate with K; = 34 uM, but only the L-isomer (L-
IMT) binds to the active site of IDO1 for direct inhibition. Interestingly, the D-isomer (D-
IMT) does not directly inhibit the enzyme but triggers strong anticancer effects by
restoring T-cell function that is suppressed in tumors. D-1MT also reactivates the
mTORCI1 metabolic pathway under L-Trp depletion, leading to immune cell function and
adding to its antitumor activity. High-throughput screening discovered PF-06840003 as a
highly selective IDO1 inhibitor with low micromolar or submicromolar ICso values,
particularly the R-enantiomer showing strong potency. PF-06840003 is active in cells, has
a long half-life, and crosses the blood-brain barrier, enabling trials for brain cancers.
Incyte-51, with a potency of ICso = 67 nM, has poor oral bioavailability, which halted its
clinical development. Epacadostat is a clinical lead with very high potency and good
bioavailability, and it shows antitumor effects preclinically but failed to improve survival
when combined with pembrolizumab in melanoma trials. Other inhibitors like 4PI,
NLGO0919, navoximod, MMGO0358, Vertex-AT, and BMS-986205 vary in potency and
mechanism. Notably, BMS-986205 shows nanomolar potency in cells. Naphthoquinone
derivatives, such as menadione and -lapachone, inhibit IDO1 enzymatically and can also
induce tumor cytotoxicity through redox cycling via the enzyme NQO1.*> ¢ The IDO1
inhibitors can be classified by binding mechanism into five types. Type IV inhibitors
targeting apo-IDO1 show picomolar inhibition, Type II hydroxyamidines have low

nanomolar ICsos, Type III inhibitors show 100 nM ICsos, and Type I inhibitors that mimic
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substrates generally have weaker micromolar potency. Type V acts via redox mechanisms,
causing cytotoxicity rather than direct inhibition. IDO1 exists mostly as apo-IDO1 (~85%)
in cells, with the rest as heme-bound forms. Catalytic activity relies on ferrous-heme
generated by cellular reductase systems. Apo-IDO1, being the more promising target for
effective inhibition, shows differential potency against the IDO1 forms. The mTORCI1
pathway interacts with IDOI1 activity. Tryptophan depletion catalyzes suppression of
mTORCI signaling, which leads to immune suppression. D-IMT can reactivate mTORC1
activity and support immune cell function even though it cannot inhibit tryptophan
degradation. This interaction impacts tumor immune evasion and influences the
effectiveness of therapies targeting these pathways. These findings highlight mTOR and
IDOL1 as linked targets in cancer immunotherapy.

Collectively, the efficacy of IDOI inhibitors depends not only on direct enzyme
inhibition but also on favorable cellular activity, pharmacokinetics, and interaction with
metabolic pathways such as mTORC1 to modulate immune responses for antitumor
effects. This comprehensive understanding leads to the development of next-generation

drugs for IDO1 inhibition with better clinical prospects.®!-%3
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Fig. 1.8. Potent IDOI1 inhibitors along with their inhibitory potency.

1.10. Characterization of Off-Target Pharmacological Effects of Reported IDO1
Inhibitors

The aryl hydrocarbon receptor (AhR) is a helix-loop-helix transcription factor that
binds various xenobiotic ligands, undergoes nuclear translocation, and subsequently
regulates the expression of numerous target genes. The IDOI-mediated kynurenine
pathway generates L-Trp metabolites, including kynurenine itself, serving as endogenous
agonists of AhR, and establishing a regulatory axis between these two proteins. Notably,
AhR can directly associate with the promoter region of the IDO1 gene and facilitates its
transcription, forming a positive regulatory AhR-IDO1 feedback loop.®! High-affinity,

naturally occurring AhR agonists include the L-Trp mimetic compounds 6-
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formylindolo[3,2-b] carbazole (FICZ) and 2-(1'H-indole-3'-carbonyl)-thiazole-4-
carboxylic acid methyl ester (ITE), as well as indole-3-carbinol (13C).%? I3C enhances
IDO1 expression, partly through upregulation of immune modulatory mediators such as
prostaglandin E2 (PGE2) and interleukin-6 (IL-6).%° Activation of the AhR also promotes
immunosuppressive mechanisms in the tumor microenvironment, which includes the
differentiation of regulatory T cells (Tregs) and regulatory dendritic cells through IL-10
signaling pathways. Overall, L-Trp-mimetic xenobiotics featuring polycyclic, planar
molecular scaffolds are well-suited for high-affinity interaction with AhR and can elicit
pronounced AhR-mediated immunoregulatory and immune tolerance effects.®

Recent studies have shown that many IDO1 inhibitors are in clinical development,
like indoximod, also function as AhR agonists. Indoximod markedly increased AhR-
driven luciferase activity by 19.6-fold in human Hep-G?2 cells, which indicates strong AhR
activation. Similarly, epacadostat and navoximod, following metabolic conversion by
UGT and CYP enzymes, have enhanced AhR-mediated luciferase activity by 1.2-fold and
1.3-fold, respectively, in the same cell line. These findings suggest that IDO1 inhibitors
with L-Trp-like or planar, polycyclic scaffolds can act as AhR agonists, potentially

diminishing their therapeutic efficacy by activating immunosuppressive pathways.®
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Fig. 1.9. Reported structure of the AHR-activated molecule.

1.11. Compounds Targeting Both IDO1 as well as TDO Pathways

Several small-molecule compounds with different chemical scaffolds have been
developed and characterized as potential inhibitors of the IDO1 enzyme, aiming to
modulate immune responses in the tumor microenvironment. Despite initial success, the
clinical efficacy of selective IDO1 inhibition, such as in the widely publicized phase 3
ECHO-301 trial, where epacadostat in combination with the PD-1 checkpoint inhibitor
pembrolizumab, fell short of expectations. This outcome raised questions about whether
targeting IDO1 alone for effective cancer immunotherapy is sufficient. Consequently, the

scientific and clinical communities have shifted focus towards combination strategies,
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integrating IDO1 inhibitors with other immune checkpoint agents, and have called for a
thorough understanding of the mechanisms incorporated in IDO1 inhibition to maximize

its therapeutic benefit.%
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Fig. 1.10. Structure of reported dual IDO1 and TDO inhibitors.

Moreover, the roles of other related enzymes, TDO and IDO2, have come into
sharper focus. Though TDO and IDO2 were thought to function primarily in hepatic
tryptophan metabolism, however, recent research has revealed that TDO is not only
confined to the liver, but it is also expressed in various tumor cells, promoting the
establishment of immune tolerance and supporting tumor progression by sustaining local
kynurenine production, which suppresses immune activity. Comprehensive cellular and
animal studies now support the notion that TDO is a critical, tumor-associated player in
tryptophan catabolism. As a result, attention has shifted towards the development of dual
inhibitors that can simultaneously target both IDO1 as well as TDO. Such an approach is
increasingly recognized as essential for effectively disrupting the kynurenine pathway,
overcoming mechanisms of immune escape, and broadening the impact of
immunotherapeutic interventions in cancer. This dual inhibition strategy holds the promise
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of achieving more robust and clinically relevant anti-tumor immune responses than IDO1
inhibition alone.®’” The active site of both IDO1 and TDO plays a pivotal role in the
catalytic function during L-Trp metabolism. Even though there are distinct differences in
the overall structures of the two enzymes, their active sites are remarkably similar, each
featuring a prosthetic heme group and a S, site composed of both hydrophobic (pocket A)
and hydrophilic (pocket B) regions on the distal side of the heme group. L-Trp binds at
the S. site in both enzymes, but IDO1 possesses an additional substrate-binding region
known as the Si site, which is located on the proximal side of the heme group, whereas it
is absent in TDO. The exact binding interactions of L-Trp with the two enzymes varied.
In IDO1, the indoleamine ring of L-Trp binds to Ser167, forming a hydrogen bond via a
bridging water molecule. Whereas, in TDO, the same moiety engaged in a direct hydrogen
bond with His76. When L-Trp occupies the S; site in IDO1, it induces a conformational
change in the Sa site. Further, L-Trp binding in the S; site facilitates the repositioning of
the Phe270 residue, effectively blocking the water tunnel and eventually disrupting the
delivery of molecular oxygen to the S, site during enzyme turnover. This regulatory
mechanism is unique to IDO1. The active pocket of TDO is more structurally rigid, leading
to high substrate-specific properties. This characteristic leads to a comparatively limited
variety of small-molecule inhibitors for TDO inhibition. From these structural and
mechanistic aspects, it can be concluded that both enzymes overlap but still have their own
unique features to influence inhibitor design and the broader regulation of tryptophan
catabolism in different biological contexts.®

Numerous indole derivatives, including 680C91, LM10, and NSC36398, have
demonstrated selective inhibitory activity against TDO.%*- 7 However, due to the limited
availability of bioisosteres that effectively mimic the substrate L-Trp, the development of
TDO inhibitors has been relatively underexplored. Recent research into L-Trp-induced
immunosuppression has highlighted the potential clinical advantage of designing dual
inhibitors that target both IDO1 and TDO enzymes. Although only a few dual inhibitors
have been reported in the literature, cell-based inhibition studies on diaryl hydroxylamine
compounds (1 and 2) indicate that many of these molecules act as PAN inhibitors, affecting
multiple enzymes.”! Additionally, N-benzyl and aryl-substituted tryptanthrin derivatives
(3) have been shown to directly interact with IDO1, IDO2, and TDO, which leads to
significant T cell proliferation and inhibition of L-Trp catabolism via the kynurenine
pathway. Furthermore, a cinnamic acid derivative of tryptanthrin (4) has demonstrated

potent inhibitory effects against IDO1 and TDO enzymatic activities.”> Moreover, a series
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of indole-2-carboxylic acid derivatives was synthesized and evaluated for their inhibitory
effects on both enzymes. Structure-activity relationship (SAR) investigations highlighted
a 6-acetamido-indole-2-carboxylic acid derivative 5 as a potent dual inhibitor, showing
low micromolar ICso values against both IDO1 and TDO. This compound also promoted
T cell proliferation and effectively suppressed tumor growth in the BI6F10 melanoma
mouse model, demonstrating promising immunomodulatory and antitumor potential.”
Researchers have also explored 1H-indazole derivatives, especially 4,6-substituted
variants, as dual enzyme inhibitors. The benzo-oxadiazole—substituted 1H-indazole
derivative 6 exhibited strong inhibition of both purified IDO1 and TDO in enzymatic
assays, as well as under cellular conditions. Notably, 6 remarkably reduced IDO1 protein
expression in interferon-y-stimulated HeLa cells, demonstrating substantial tumor-
suppressive activity in the CT26 xenograft model. Additionally, recent advances have
recognized quinone scaffolds as promising candidates for designing dual IDO1/TDO
inhibitors. Computational techniques, such as 3D-shape similarity and pharmacophore-
based in silico screening, have identified quinone derivatives with high dual-inhibitory
potential.”* Some of these compounds displayed strong, low nanomolar inhibitory activity
against both enzymes in biochemical assays, reinforcing the viability of this scaffold for
future development.’® 74

Cellular assays have shown that the quinone derivative 7 is capable of inhibiting
both IDO1 and TDO enzyme activities. However, the mechanism by which the redox-
active quinone moiety exerts its inhibitory effects still has some uncertainty, as this aspect
has not been thoroughly elucidated.”” In parallel, the compound CMGO17 has
demonstrated potent suppression of kynurenine production in various human and murine
cancer cell lines, seemingly outperforming inhibitors that selectively target either IDO1 or
TDO alone. In mouse models bearing tumors, CMGO017 significantly reduced kynurenine
concentrations in both tumors and plasma and effectively inhibited tumor growth without
causing much notable toxicity. Additionally, administration of CMGO017 was associated
with increased infiltration of CD8" effector T cells into tumors and considerable changes
in the expression of immune-related genes within the tumor microenvironment.
Combination therapies, CMGO017 along with immune checkpoint inhibitors such as anti-
PD-1 or anti-CTLA-4 antibodies, led to more pronounced tumor regression and improved
long-term survival rates. Nevertheless, detailed structural information regarding CMGO017
has not been made publicly available. It is worth noting that several dual IDO1/TDO

inhibitors have recently advanced into clinical trials, considering the growing interest in
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this therapeutic strategy for cancer treatment.”® Navoximod in combination with the PD-
L1 inhibitor atezolizumab is being evaluated in a phase I clinical trial for the treatment of
solid tumors. Early findings involving this combination in patients with advanced cancers
demonstrated favorable safety, tolerability, and pharmacokinetic profiles.”” Although,
navoximod is classified as a dual inhibitor targeting both IDO1 and TDO, it displays 20-
fold greater selectivity for IDO1 compared to TDO. In 2019, clinical evaluation began for
SHR-9146 (with structure not publicly disclosed), another dual IDO1/TDO inhibitor.”
Ongoing investigations are assessing SHR-9146 in combination with the PD-1 inhibitor
SHR-1210 and/or the VEGFR inhibitor Apatinib for treating advanced or metastatic solid
tumors.” In parallel, the compound DN1406131 (structure also undisclosed), which
functions as a dual IDO1/TDO inhibitor, is currently in clinical trials. In contrast, the
clinical program for M4112 (structure undisclosed), a dual IDO1/TDO inhibitor, was
recently discontinued due to inadequate pharmacodynamic outcomes.®® Overall, dual
inhibitors targeting both IDO1 and TDO incorporate several natural product-derived
scaffolds, such as tryptanthrin, quinone, and bioisosteres of L-tryptophan, like indole and
indazole derivatives. Moreover, certain heterocyclic fused aromatic compounds have
demonstrated dual inhibitory effects in both enzymatic and cellular assays. The strategy
of simultaneously inhibiting IDO1 and TDO is anticipated to offer a more comprehensive
blockade of the kynurenine pathway, a benefit increasingly supported by the initiation of
related clinical trials focused on kynurenine-driven immunosuppression. Therefore, it is
crucial to develop new, potent, and selective dual inhibitors for effective counteraction of
kynurenine-mediated immune suppression involved in cancer and other diseases.
1.12. Selectivity of the design of Inhibitors

The unsatisfactory outcome of the phase III clinical trial investigating epacadostat
combined with pembrolizumab (KEYTRUDA®) redirected the trajectory of IDO1-based
therapeutic strategies. Since then, research has increasingly emphasized approaches aimed
at augmenting the potency of IDO1 blockade, particularly through multimodal therapies
that integrate chemotherapy or photodynamic therapy (PDT).8! A collective research work
has explored the use of advanced nanoscale carriers capable of co-delivering IDO1
inhibitors together with cytotoxic agents, or of incorporating stimuli-responsive molecular
scaffolds to achieve superior synergistic effects.

Among these strategies, bio-responsive injectable hydrogels have surfaced as a
promising platform. For example, thermosensitive peptide-polymer hydrogels have been

engineered to enable the sustained and localized release of programmed cell death protein-
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1 (PD-1) antibodies along with the IDO pathway modulator 1-methyl-D-tryptophan (D-
IMT).%? Incorporation of methionine moieties within the hydrogel matrix provides
reactive oxygen species (ROS)-sensitive functionalities regulates the release kinetics of
the encapsulated agents and also actively scavenge intratumoral ROS, thereby alleviating
oxidative stress-driven immunosuppression.®®> By leveraging both controlled release and
microenvironment modulation, these intelligent hydrogel systems markedly amplify
antitumor responses when compared with administration of free drug formulations. Such
synergistic biomaterial-assisted delivery strategies represent a promising direction to
overcome the limitations of earlier IDO1-based therapies and advance next-generation
cancer immunotherapy. Drug delivery systems target IDO1 and are strategically
engineered using tumor-homing peptide conjugation and stimuli-responsive nanocarriers
84

One notable design involves arginyl-glycyl-aspartic acid (RGD) peptide-modified
IDO1 nanoinhibitors, which leverage the RGD motif for receptor-mediated accumulation
at tumor sites. With dual responsive characteristics, these nanostructures are designed, like
pH-triggered dissociation of the polypeptide backbone in the acidic tumor
microenvironment or a combination of esterase-catalyzed cleavage of the drug carrier
linkages. This stimulus-triggered responsiveness ensures localized drug liberation, and it
leads to enhanced suppression of intratumoral IDO1 activity and improved therapeutic
benefit in in vivo models.*®

Another progressive approach employs a nanoscale metal-organic framework
(nMOF), based on chlorin, that combines the photodynamic properties of chlorin with the
controlled release of encapsulated IDO1 inhibitors. Upon light activation, the nMOF
generates cytotoxic reactive oxygen species while simultaneously liberating the inhibitor
in a spatially confined manner, thereby restricting toxicity to surrounding healthy tissues.3¢
Similarly, glutathione-responsive nanoplatforms utilizing porphyrin-conjugated
phospholipids have been developed for achieving synergistic photodynamic therapy
(PDT) effects. The elevated glutathione concentrations within tumor cells selectively
trigger structural disassembly and promote precise and effective drug activation in such
systems. A glutathione-responsive liposomal formulation based on porphyrin—
phospholipid conjugates was developed for the co-delivery of IDO1 inhibitors, where the
elevated glutathione concentration in the tumor microenvironment cleaves the redox-
sensitive linkages of the liposome and releases the encapsulated drug locally. This

platform extended systemic drug circulation, improving selective accumulation within
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tumors, which translated into enhanced antitumor efficacy of the payload. Certain
chemotherapeutic compounds have been shown to augment immune responses by
inducing immunogenic cell death (ICD). Based on this principle, a cationic nanocarrier
system was engineered to co-deliver IDO1-targeting siRNA together with oxaliplatin, an
ICD-inducing chemotherapeutic. This dual-delivery platform enabled efficient deposition
of both cargos in tumor tissues and tumor-draining lymph nodes, thereby modulating
immune processes such as dendritic cell maturation and regulatory T cell activity, and
producing synergistic antitumor effects.®® Another reported strategy employed poly(vinyl
alcohol) (PVA)-based nanogels for the co-delivery of NLG919, a small-molecule IDO1
inhibitor along with docetaxel.?” These nanogels were functionalized with folic acid to
selectively target tumors via folate receptor recognition, and incorporated acid-degradable
linkages to enable rapid release of the therapeutic agents under the acidic conditions,
which is a characteristic of the tumor microenvironment. In addition, a chemo-
immunotherapeutic design was developed to co-deliver doxorubicin, an ICD-inducing
agent, together with indoximod.®” In this formulation, phospholipid-conjugated dual-
prodrugs underwent self-assembly into liposomal nanostructures and ensured effective
tumor-targeted release of both the chemotherapeutic and the IDO1 pathway modulator.
Building on the development of stimuli-responsive nanocarriers for IDO1 inhibition,
photo-responsive delivery systems have recently earned significant attention due to their
capacity for precise spatiotemporal control over drug release. By integrating
photosensitive components, such as porphyrin-based photosensitizers, into nanocarriers,
these platforms enable activation upon targeted light irradiation specifically at tumor sites.
This light-mediated release mechanism allows for localized liberation of IDO1 inhibitors
and also facilitates combination therapeutic effects through photodynamic or photothermal
actions. Such dual-function nanoplatforms improve intratumoral drug accumulation and
pharmacokinetics while minimizing systemic exposure and off-target toxicity. The
remotely controlled drug delivery ability with external light represents a crucial approach
for enhancing the safety and efficacy profile of IDO1-targeted cancer treatments within
the broader landscape of responsive nanotherapeutics.®”: 8
1.13. Summary

IDOL1 has surfaced as a crucial enzyme in cancer immunology for its primary role
in modulating immune tolerance in the tumor microenvironment. By tryptophan depletion
via the kynurenine pathway, IDOI1 inhibits effector T-cell function and encourages

regulatory T-cell activity and thereby facilitates tumor immune escape.’® This
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immunoregulatory mechanism operates synergistically with immune checkpoint pathways
that include CTLA-4 and PD-1/PD-L1, placing IDO1 as an attractive immunotherapeutic
target.

Despite developing several classes of IDOI inhibitors, only limited compounds
have successfully advanced to clinical trials. The variability of enzymatic and cell-based
screening platforms has complicated the identification of selective inhibitors. The most
notable example is the phase III ECHO-301/KEYNOTE-252 trial, where epacadostat, in
combination with pembrolizumab, failed to demonstrate improved clinical outcomes, thus
raising doubts over the therapeutic value of IDOI inhibition as immunotherapy.” To
overcome new strategies have focused on dual IDO1/TDQO inhibition, showing promising
preclinical outcomes with stronger suppression of tumor immune escape. Combination
therapies that include IDO1 blockade together with radiotherapy, chemotherapy, or
immune-checkpoint inhibitors are being actively explored as potentially more effective
approaches.”® Furthermore, nanocarrier-based delivery platforms have shown improved
tumor targeting and enhanced efficacy of IDO1 inhibitors in preclinical models.”!
Nevertheless, significant challenges still remain unchanged, such as the widespread
induction of IDOI in non-hepatic tissues and its multifactorial regulation across tumor,
immune, and stromal compartments, complicating targeted therapeutic development.®? To
overcome these barriers, integrated therapeutic strategies that enhance tumor specificity,
efficacy, and durability of immune responses are required. Ultimately, defining the multi-
dimensional role of IDO1 will be a critical step toward advancing cancer immunotherapy
and addressing the limitations observed in recent clinical trials. Also, exploring controlled
delivery of these inhibitors can lead to more efficacy and less toxicity in clinical trials.
1.14. Research gap

IDOI1, being a crucial immunoregulatory enzyme, is a critical target for immune
evasion. Although lots of efforts has been put forward for the discovery of potent and
efficient IDO1 inhibitors still considerable research gaps exist to achieve immune
modulation that are effective under pathological and physiological state. The inhibitors
developed till date includes canonical tryptophan-binding antagonists, displays moderate
potency, and only few exhibiting effective results in vivo conditions. Moreover, after the
failure of Phase I1I clinical trial of epacadostat, indicated the limitations of targeting only
the active, heme-bound (holo) form of IDO1, suggesting to emphasize on exploring the

mechanistic innovation in designing inhibitors.’
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In 2018, a new and promising strategy emerged, where the inactive, heme-free also
known as apo, form of IDOI is directly targeted.*’” Apo-IDO1 inhibitors, like linrodostat,
releases the heme or stabilizing the apo-IDO1 state oxidatively.”® It induces more
tenacious and in some cases, irreversible enzyme inhibition in comparison to classical
competitive inhibitors. Recent research demonstrated that in cancer cells, apo- IDO1 is
predominant and hence making apo-IDO1 inhibition a suitable route for improving
pharmacodynamic control. Despite, numerous chemotypes have displayed potent apo-
IDOL1 inhibition, nevertheless, groundbreaking approaches exploiting heme competition
or stabilization are growing therapeutic possibilities. Simultaneously, the conceptual
growth of stimuli-responsive IDO1 inhibitor has gained attraction as it leads to overcome
the limitations of spatial, temporal, and toxicity that cannot be controlled in systemic
therapies. Most of the current research are exploring photo-responsive drug systems by
utilizing UV light activation to deliver "on-demand" enzyme inhibition but it results in
poor tissue penetration, phototoxicity, and limited physiological application. This, in
combination with, lack of real-time monitoring and insufficient non-invasive activation
modalities, affects the vivo applications. Recently, innovative research is turning toward
external stimuli employing visible or near-infrared (NIR) light, as it can penetrate tissues
with higher efficacy, more specificity and lower cytotoxicity, providing spatiotemporal
control of drug delivery or its activation. In addition, internal stimuli, such as pH
differential found in tumor microenvironments are being explored for developing pH-
sensitive IDO1 inhibitors and nanocarriers and this development can ensure selective
activation in cancer cells and spare the healthy cells. Multifunctional nanomaterials and
smart drug delivery systems are being advanced for enhancing tissue penetration, reducing
toxicity in healthy cells, and also for active monitoring of therapeutic action, therefore
offering approaches to overcome the difficulties experienced with earlier strategies

Overall, these research directions, apo-form inhibition, externally and internally
stimuli responsive delivery inhibitors, and precise stimulation modalities, highlighted
underlying research gaps in this field. Henceforth, the accomplishing NIR or visible light-
activated, as well as pH-sensitive, IDO1 inhibitors can reshape and help us to achieve
spatiotemporal control over drug delivery, hence maximizing its therapeutic benefit and
minimizes adverse effects. This innovation is expected to significantly improve the results
in immunotherapeutic strategies where immune regulation via IDOI is crucial.

1.15. Objective of research work
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Based on the comprehensive literature, IDO1 serves an important role in
suppression of the immune system in tumour cells as well as other diseases, by
catabolising tryptophan and generating kynurenine metabolites which act as
immunosuppressive metabolites. These studies encouraged the investigation of IDOI
inhibition techniques. Inhibiting the enzyme can restraint immune suppression which can
enhance tumor infiltration by immune cells. This can also boost the outcomes of the
treatments when combined with immunotherapy, chemotherapy or other known therapies.
Recent findings also featured the participation of IDO1 in other immunoregulatory
conditions, for instance, Alzheimer’s, suggesting it can be a promising therapeutic target
for various diseases that are caused by pathological immune suppression.

In this thesis, we focused on designing and synthesizing small molecules for robust
and selective inhibition of IDO1. The entire thesis is arranged into three chapters. In
chapter 2, we have focused on how the substrate, linradostat, mimics DCQ derivative
inhibitors targeting both apo IDO1 as well as free heme for the inhibition process. Chapter
3 mainly deals with selective drug delivery with a photo-responsive linker linked to the
tryptamine derivative IDO1 inhibitors. Chapter 4 corroborates how a dual stimuli-
responsive spiropyran inhibitor selectively binds with apo IDO1 as well as free heme,

inhibiting the IDO1 activity.
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2.1. Background and objective of present work

Guided by the findings in previous chapter, in this second chapter,
establishing IDOI as a therapeutic target for diseases is emphasized on. This therapeutic
target involves immune suppression. Overexpression of this immunosuppressive enzyme
has led to poor clinical outcomes across various malignancies.' In multiple cancer cells,
blocking of IDOI activity effectively restrain abnormal tumor growth. Moreover, through
IDO1 inhibition, both radiation and chemotherapy efficacy has been enhanced. Inhibitors
such as epacadostat, linrodostat, PF-06840003, and prodrugs like NLG802 have been
developed and tested.?> However, significant clinical setbacks of the ECHO-301 trial with
epacadostat plus pembrolizumab highlighted the need to for new mechanisms of IDO1
inhibition.® According to recent study, most IDO1 exists in its heme-free (apo-IDO1) form.
This generates excess free heme that may encourage cancer cell survival via oxidative
stress and activate other heme proteins. Therefore, targeting apo-IDO1 directly, while
reducing free heme toxicity, is now considered a promising strategy.’

Inspired by the success of the apo-IDOI1 inhibitor, linrodostat, in the clinical trials,
herein we report the development of 4,7-dichloroquinoline (DCQ) derivatives in effort to
develop an apo-IDO1 inhibitor. The novelty of our design of compounds is the use
of amino acids with chiral center and the easy installation of piperazine moiety. We also
tried to incorporate a heme binding moiety, 7-chloro-4-aminoquinoline, to these drugs.®
The biophysical studies revealed that the potent DCQ derivative binds to apo-IDO1 and
free heme, inhibiting IDO1 enzyme activity.

2.2. Result and discussion
2.2.1. Synthesis of DCQ derivatives

Linrodostat (BMS-986205), developed by Bristol-Myers Squibb, is an orally
available IDO1 (apo-IDO1) inhibitor that restores and induces the proliferation and
activation of immune cells and reduces the proliferation of Tre.” Consequent growth of
IDO1-expressing tumor cells are getting diminished. Currently, linrodostat is in Phase-
III clinical trials for the treatment of muscle-invasive bladder and other cancers.!'”
However, the optimized synthesis required more than 12 steps to produce linrodostat,
which could limit its large-scale production and enhance production cost.!! We
hypothesized that developing small molecules that could have similar apo-IDO1-mediated
inhibitory activity and be synthesized in fewer steps would benefit IDO1-mediated drug-

discovery studies. In this regard, we designed and synthesized DCQ derivatives in 4 steps
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from commercially available DCQ, piperazine, and amino acids with moderate yields.
The heme-binding efficacy of the 7-chloro-4-aminoquinoline moiety also prompted us to
develop a DCQ-based compound with a hydrophobic moiety suitable to occupy the ligand
binding site of the apo-IDO1. To synthesize these DCQ derivatives, first 4,7-
dichloroquinoline was reacted with 1,4-diaminocyclohexane or piperazine in the presence
of triethylamine to obtain 4-substituted 7-chloroquinoline.'? Meanwhile, the o-amino
group of corresponding amino acid was brominated using 48% HBr and NaNO; (Scheme
2.1). The brominated product was then coupled with the respective amine

using oxalyl chloride.

o 0] Ala; Rq = 'CHZPh
NaNO,, 48% HBr '
Ho)ker S )H/Fﬂ A1b: Ry = -CH(CH,),
H0, rt HO Alc; Ry =-CHs
NH, Br A1d; Ry = -CH,CH(CH3),
A1(a-e) Ale; Ry = -CH(CH3)CH,(CH;)
A2a; Ry = -CH,Ph, Ry = -CF,

\©\ (COCI)Zn \Q\ AZb, R1 = _CH(CHS)Z R2 = -CF3
HO )'KrR1 A2c; Ry = -CHj, Ry = -CF5
B "DMAP, DCM, 4 hort A2d; R; = -CH,CH(CHa),, R, = -CF4

A2(a-f) A2e; R; = -CH(CH3)CH(CHj3), Ry = -CF3
A2f, Ry = -CH,Ph, Ry = -F

Scheme 2.1. Synthesis of amino acid derivatives.

To obtain corresponding amide derivatives. Finally, the coupling of 4-substituted
7-chloroquinoline with the bromo-containing amide derivatives using K,COs resulted in
the targeted DCQ derivatives (Scheme 2.2). The products were purified in column
chromatographic technique and characterized by HRMS and NMR techniques. Further,
HPLC-based purification analysis was also performed. The products were isolated with

more than 97-98% purity level and used further for biophysical and cellular studies.

-42 -
TH-39924206432119


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/piperazine
https://www.sciencedirect.com/topics/chemistry/amino-acid
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ligand-binding
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ligand-binding
https://www.sciencedirect.com/topics/chemistry/piperazine
https://www.sciencedirect.com/topics/chemistry/triethylamine
https://www.sciencedirect.com/science/article/pii/S2772417423000109#sch1
https://www.sciencedirect.com/science/article/pii/S2772417423000109#sch1
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/oxalyl
https://www.sciencedirect.com/topics/chemistry/amino-acid-derivative
https://www.sciencedirect.com/topics/chemistry/carboxamide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/carboxamide
https://www.sciencedirect.com/science/article/pii/S2772417423000109#sch2
https://www.sciencedirect.com/topics/chemistry/high-resolution-mass-spectrometry-hrms
https://www.sciencedirect.com/topics/chemistry/nmr-spectroscopy
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/copurification

Chapfter 2

1; Ry =F, Ry = -CH,Ph

Cl T\ H R4
HzNONHZ N, HNCNH [N] \Q o r, 2 Ri=F Ry=-CH(CHy),
2
N ﬂjkf
N

X
- [ ] ] —T 3; Ry = CF3, Ry = -CH(CHy),
110°C,18 h ¢~~~ >N 110 °C, 18 h Br 4; Ry = CF3, R, = -CH,

NH,
NH X 5; Ry = CF3, Ry = -CH,CH(CH3),
N

6; Ry = CF3, R, = -CH(CH;)CH,CH,

3, K,CO;, 4, K,CO;, 5, K,CO3, 6, K,CO3,
ACN, 24 h, ACN, 24 h, ACN, 24 h, ACN, 24 h,
75°C 75°C 75°C 75°C

N

H

» S ®
C|/©\)N\j Cl N\/ C|/©\)N\j Cl N\/

2.4 25 2.6 27

Scheme 2.2. Synthetic routes to DCQ derivatives.

2.2.2. Inhibitory activities against IDO1 enzyme

The initial enzyme activity screening revealed that the compound 2.4 strongly
inhibits the IDO1-mediated catabolism of L-trp to N-formylkynurenine (ICso = 94 + 4 M)
(Fig. 2.1) - 1415,

(A) B
10071 2.4 oo Epacadostat
IC,, =94+ 4nM IC,, = 68.54 + 5.83 nM
80 801
5 | 5
= = 707
2 2
£ 4 Mode! DoseResp £ 60
£ Equation y=ATH(AZATI + 0L = — AT+ (AZ i:sfefesﬁu LOGO
— & — = A1+ (A2 + -
g Pot X)gj) 8 307 Eaueton e
e = Plot B
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& 40- i; 100110 R 40+ Al 010
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Fig. 2.1. Plots of concentration of N-formyl kynurenine in the presence of different

concentrations of 2.4.

The other DCQ derivative sowed much weaker IDOI1 inhibitory activity.
Tryptophan 2,3-dioxygenase (TDO) is another member of the same enzyme family as that
of IDOI and regulates the initial rate-limiting step in the metabolism of L-trp to N-
formylkynurenine via the kynurenine pathway. However, the potent compound did not
show significant inhibitory activity against the tryptophan 2,3-dioxygenase (TDO)
enzyme, suggesting its higher selectivity in inhibiting IDO1 over the TDO enzyme
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(Table 2.1 and 2.2). In particular, L-trp and indole derivatives are preferred binding
partners for the TDO. On the other hand, various types of small molecules can
accommodate within the active site of IDO1 due to its plasticity.'® Accordingly, the potent
DCQ derivative could have higher specificity for the IDO1 over the TDO enzyme. For
these measurements the inhibitory activity was measured with 60 min of preincubation of
the compound with purified enzyme. The cell viability assay revealed that the potent
compound has negligible toxicity for HeLa, MDA-MB-231, and HEK-293 cells,
indicating its suitability for IDO1 inhibitory studies (Fig. 2.7).

Table 2.1. IDO1 Inhibition activities of the synthesized compounds.

Compound %IDO1 inhibition® ICs0 (nM)
0.1uM | 1 uM S5uM

2.1 6.64 7.02 12.11

2.2 2.37 6.38 16.68

2.3 21.86 |52.40 |69.02

24 51.88 | 92.51 99.89 94 +4

2.5 13.80 | 30.01 42.54

2.6 18.32 | 22.82 |[24.96

2.7 1421 |23.86 |30.94
) . _ _ _ 0.70 £0.37
%

Epacadostat

# hIDOI inhibition values are the mean of three independent assays. The activity was
measured with 60 min of preincubation of the compound with purified hIDO1 enzyme.

® Epacadostat is the reported IDO1 inhibitors

Table 2.2. Inhibitory activity of the 2.4 against purified hIDO1 and hTDO enzymes.

Compound | % Inhibition
0.1 uM I uM S5uM
IDO1 TDO IDO1 TDO IDO1 TDO
24 51.88 3.9 92.51 10.57 99.89 14.16
44 -
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2.2.3. Time and temperature-dependent IDO1 activity

The potent DCQ derivative has no significant similarity to the substrate L-trp or
any reported inhibitor; hence we investigated its mechanism of IDO1 inhibition. Initially,
the UV-Vis spectral analysis of IDO1 was carried out both in the absence and presence
of 2.4 to examine whether removing the heme-cofactor from the IDO1 active site is the
vital step for such inhibitory activity (Fig. 2.2A).!” The temperature and time-dependent
inhibition assays were performed without preincubation, and only the incubation
times were varied. The spectral analysis revealed a significant reduction of Soret-peak,
suggesting the release of the heme-cofactor from holo-IDO1. Conversely, there was no
substantial alteration in the Soret-peak of the TDO enzyme. In addition, the other heme-
containing proteins, such as hemoglobin and myoglobin, did not significantly alter the
Soret-peak, suggesting that the 2.4-mediated loss of the heme cofactor could be more
selective for the IDO1 enzyme. (Fig. 2.2A). Meanwhile, the IDOI inhibitory activity
of 2.4 was examined with different incubation times (10—60 min) at 37 °C. (Fig. 2.2B).

A T T T T T . [ T T T T T T T T T T T T T T T
A6l "n " T 150 0161 T " oo | ol p —Hb | —gal - o
: 20.14} : >0
3 —-IDO1| 3 —TDO | 3 — Hb 3 — Mb
SO.'I 2 + 2'4 30.12' + 2.4 30'3 + 2.4 E + 2.4
= c0.08 - e
5008 3! c0.2 ©
Q £0.06} Q2 Q9
30.04 90.04} So.1 0.1
o] 20.02! e 0
< 0 <™ 0 <C <C
400 440 480 400 440 480 0 400 440 480 0 400 440 480
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
=g T0mm 24 Q) 24
B 20 min 80
JIEE 30 min —_
140 min S
|/ 60 min c60-
o
=
9
<40
£
Q20
0 J
0 2.5 5 0 0016008 04 2 10

Concentration (uM) Concentration (uM)

Fig. 2.2. Absorption spectra of the ferric-IDO1 enzyme, ferric-TDO enzyme, hemoglobin,
and myoglobin (200 nM) in the absence and presence of the compounds (5 uM) in 100
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mM phosphate buffer at pH 6.5 after 60 min of incubation at 37 °C (A). Incubation
time was varied to measure the IDO1 (200 nM) activity in the absence and presence of
different concentrations of 2.4 (B). Temperature-dependent (C) IDO1 (200 nM) activity in
the absence and presence of different concentrations of 2.4 with 60 min of incubation time
(C). All of these measurements were performed without any preincubation of enzyme with

compound.

Interestingly, an increase in the inhibitory activity was observed with the increase
in preincubation time. The maximum inhibitory activity was obtained with 60 min of
incubation time. In addition, the IDO1 inhibitory activity of 2.4 was examined at different
temperatures with a fixed reincubation time of 60 min (Fig. 2.2C).!7 This temperature-
dependent activity assay showed an increase in IDO1 inhibitory activity from 10 to 40 °C,
suggesting the probable loss of the heme-cofactor from holo-IDOI1 in the presence of the
compound. The vicinity of 2.4 to the solvent-exposed surface area of IDO1 could promote
partial unfolding of the holo-IDO1, stimulating the release of the heme-cofactor.> '3
2.2.4. Compound-induced heme release property

The protoporphyrin IX (PpIX) quenching experiment was performed to
investigate whether 2.4 enhances the release of the heme-cofactor from IDO1. An
interaction of PpIX with free heme is known to quench the fluorescence signal of PpIX.”
I8 Therefore, reducing the PpIX fluorescence signal suggested the 2.4-mediated release of
heme from the IDO1 enzyme and the interaction of the released heme with the PpIX
(Fig. 2.3A). In comparison, the PpIX fluorescence signal remained unaltered in the
presence of only 2.4. Meanwhile, the circular dichroism (CD) spectral analysis of IDO1
in the absence and presence of 2.4 did not show any significant change, suggesting a
conservation of the structural integrity of the IDO1 even after the loss of the heme-cofactor
(Fig. 2.5). Hence, the spectral analyses suggest the possibility of compound-mediated

release of heme cofactor from IDO1 plays a crucial role in the.
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Fig. 2.3. Variation of PpIX fluorescence intensity in the presence of IDO1 or IDOI1
equilibrated with 2.4 for different time intervals (A). The activity of apo-IDOI in the

absence and presence of heme and/or 2.4 after equilibration for 60 min (B).

2.4-mediated inhibition studies also indicate that 2.4-mediated inhibition of IDO1
activity could be due to the conversion of apo-IDO1 from holo-IDO1.”> I To investigate
the rate-limiting process of IDO1 inhibition, we performed the activity assay in the
presence of different concentrations of 2.4. The variation of Soret-peak indicates that the
extent of heme release efficacy was over 2.2-folds slowed for catalytically active IDO1
than of the inactive IDO1, suggesting that the oxidation state of iron in the heme-cofactor

plays a significant role in the heme release profile of IDO1 enzyme in the presence
of 2.4 (Fig. 2.4)."”
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Fig. 2.4. Time-dependent heme dissociation from IDOI1 (0.75 uM) in the presence of
compound 2.4 (25 uM) at 37 °C. Absorbance spectra of ferrous-IDO1 (A) and ferric-IDO1
(B). The loss in absorbance for ferrous-IDO1 and ferric-IDO1 as a function of time (C).
The ferrous-deoxy reaction environment was generated by adding Na>S>O4 to the solution
under an N2 atmosphere. Heme dissociation from IDO1 was monitored by the loss of

absorbance of the Soret peak: 404 nm for ferric-IDO1 and 425 nm for ferrous-IDOI.
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Meanwhile, the inhibitory activity studies of apo-IDO1 in the absence and
presence of external heme suggest the recurrence of catalytic IDO1 activity (Fig. 2.3B).
The CD analysis also showed that the structural integrity of apo-IDO1 was intact
(Fig. 2.5). The control experiment with apo-IDO1 and only 2.4 failed to show any
inhibitory activity, even in the presence of external heme. Hence, our systematic
biophysical studies revealed that 2.4 promotes the release of heme cofactor from the holo-

IDO1 enzyme to produce apo-IDOI protein.

20 1 1 || | ]
——1IDO1 + No Inhibitor
15 L ——IDO1+24 i
— Apo-IDO1
10 -
o
°
£ 5F -
(]
O 0 /,
5L \ yd _
-10

1 1 1 1 L
200 210 220 230 240 250
Wavelength (nm)

Fig. 2.5. Circular dichroism spectra of apo-IDO1 and IDOI1 in the absence and presence
of 2.4.

Table 2.3 Circular dichroism analysis of apo-IDO1 and IDO1 in the absence and presence

of 2.4.
S1. No. | Sample name % of secondary structural elements
Helix Beta Turn Random
1 IDO1 + No | 51.9 0 10.5 37.5
Inhibitor

2 IDO1 +2.4 55.5 0 7.4 33.2

3 Apo-IDO1 56.9 0 11.4 31.7

4 Apo-IDO1 + 2.4 50.4 0 10.6 38.21
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2.2.5. Direct apo-IDO1 binding properties of the compound

In the earlier sections, we demonstrated that 2.4 promotes the release of heme
cofactor from the holo-IDO1 enzyme to generate apo-IDO1. Consequently, the accretion
of free heme in the cytoplasm could stimulate the activity of other heme-containing
proteins and heme exporters and alter the turnover.

Rate of the IDO1 enzyme. in free heme-mediated biosynthetic pathways could be
stimulated in cancer cells.”-?° The 2.4 concentration-dependent decrease of the Soret-peak

suggests the interaction of 2.4 with heme (Fig. 2.6).
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Fig. 2.6. The plot of absorbance of heme (5 pM) in the presence of different concentrations

(0-175 uM) of DMSO (A), quinine (B), and 2.4 (C).

The binding affinity of 2.4 for heme is higher than that of quinine, a known heme-
binding molecule (Fig.2.7A). The fluorescence quenching of PpIX in the presence
of 2.4 also confirmed the interaction of 2.4 with heme 7 '8, Additionally, the equilibrated
solution of 2.4 and heme significantly affects the PpIX fluorescence quenching and

suggests the potential interaction of 2.4 with heme (Fig. 2.7B) . Therefore, these binding
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studies indicate that 2.4 could also bind free heme, which could partly suppress the cellular
activity of free heme. To investigate whether 2.4 binds to apo-IDO1, we performed surface
plasmon resonance (SPR) analysis. The concentration-dependent SPR analysis revealed
that 2.4 strongly binds to apo-IDO1 with an affinity (Kp) of 5.98 £ 0.75 uM (Fig. 2.8A),
whereas 2.4 weakly binds to IDO1 (Kp =290.70 M £ 10.45 uM), which could be due to
its competition with heme for the same binding site of IDO1 enzyme (Fig. 2.8B).

(A) T [“—Heme+bmso ||(B)-04
—~ ] —e—Heme + Quinine || 59-26
50.607 ——Heme + 2.4 50.88
G —
; y L 0.8
$0.45 o — PpIX + DMSO
= 00.72¢ — PplX + Heme
Ne) <0.64 — PpIX + Heme + Quinine
‘50-30 = —PplX + Heme + 2.4
-8 ] L. :5056- =
<o.sLvariation@401 nm __ [ Zg gl e

0 40 80 120 160 0 100 200 300 400
[2.4] /(uM) Time (sec)

Fig. 2.7. Measurement of heme binding of the compound. Variation of the absorbance at
401 nm of heme (5 uM) in the absence and presence of different concentrations of quinine
and 2.4 by spectrophotometric method (A). Variation of PpIX (5 uM) fluorescence in the
absence and presence of heme (1.5 uM) or solution of heme (1.5 uM) equilibrated
with 2.4 (30 uM) (B).
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Fig. 2.8. Real-time  concentration-dependent  binding  measurements of  the
compound, 2.4 with IDO1 enzyme (A) and apo-IDOI1 protein by SPR analyses (B).
Probable mode of interaction of 2.4 with the apo-IDO1 (PDB ID: 6MQ6) (C). The root-
mean-square deviations (RMSD) for protein (apo-IDO1 protein bound to 2.4; blue) and
ligand (2.4 bound to apo-IDOI; red) (D).

2.2.6. Molecular docking and molecular dynamic simulation studies

Meanwhile, the molecular docking and molecular dynamic simulation studies
showed that 2.4 strongly binds to the binding site of apo-IDO1 (PDB ID:6MQ6). The
blind-docking results showed that the top pose of the ligand is in the binding site of the
IDO1 (Fig. 2.8C). The hydrogen bonding and hydrophobic interactions of 2.4 with the
side chain and backbone of apo-IDO1 could be the driving force for such strong
interactions. The molecular dynamic results show that the protein reached a stable state
with a value of RMSD of 7.2 A. In comparison, the RMSD of the ligand indicates
that 2.4 attained a stable condition with a value of RMSD 4.0 A (Fig. 2.8D). The RMSF
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of the protein shows that the zone with less stability is close to the C-terminal (Fig. 2.9A).
The protein-ligand interactions profile of the molecular dynamics diagram generated
between apo-IDO1 and 2.4 revealed that the Y114, A198, F202, 1205, F214, and F258
residues could be involved in hydrophobic interaction with the protein. Whereas, the H334
could be involved in hydrogen bonding or electrostatic interaction with 2.4 (Fig. 2.9B).
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Fig. 2.9. The root-mean-square fluctuation (RMSF) was obtained for apo-IDO1 bound to
2.4 (blue). Two-dimensional protein-ligand interactions of the molecular dynamics

diagram generated between apo-IDO1 and 2.4.

2.2.7. IDO1 activity under cellular environment
The MTT studies were performed to check the toxicity of the compound in Hel.a

as well as normal cells and found almost negligible toxicity (Fig.2.10).
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Fig. 2.10. Effect of the potent compound, 2.4, on the viability of HeLa, MDA-MB-231,
HEK-293 cells. The cells were treated with the indicated concentrations of the compounds
for 48 h. The MTT assay determined cell viability. Three independent experiments

averaged cell viability (%) with standard deviation (error bars).

Finally, the IDO1 inhibitory activity of 2.4 was carried out under a cellular
environment in the presence of interferon-gamma (IFN-y) and external hemin to explore
its further applicability (Fig. 2.11). The native IDO1 enzyme is known to be induced from
its mRNA by IFN-y in cancer cells. Hence, HeLa cells were treated with [FN-y to evaluate
the inhibitory activity of 2.4 against cellular IDO1. The ECso value for 2.4 was 326 + 69
pM in HeLa cells (Fig. 2.11A). However, the dissimilarity of the IDO1 inhibitory activity
against purified IDO1 enzyme and cellular IDO1 enzyme could be due to the difficulties
in controlling the redox activity of the enzyme under experimental conditions. The cellular
environment or the presence of apo-IDO1 could also impact the activity assay. Meanwhile,
the treatment of 2.4 equilibrated with heme (1:5; molar ratio) showed a significant decline
in cellular IDO1 activity (Fig. 2.11B). Such lower IDO1 activity could be due to the
complexation of 2.4 with free heme, significantly affecting the heme binding to the
inactive apo-IDOI1 protein under the cellular environment. A similar finding was also
observed for quinine-based apo-IDO1 inhibitors.” Overall, 2.4 showed negligible
cytotoxicity and higher selectivity for IDO1 enzyme inhibition, and the IDO1 inhibitory
activity of 2.4 could be due to its direct binding to apo-IDO1 protein and formation of 2.4-
heme complex (Fig. 2.11C).
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Fig. 2.11. Concentration-dependent cellular IDO1 activity of 2.4 (A). IDO1 activities in
the absence and presence of 2.4 and extracellular heme in IFN-y treated HeLa cells (B).
Activities were calculated by HPLC-based kynurenine assay. The schematic diagram

depicts the dual mode of action of the 2.4 (C).

Additional theoritical calculations-based on Swiss ADME server revealed the

probable advantages and the applicability of 2.4 for future experimental investigations

(Fig. 2.12).
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Fig. 2.12. Swiss ADME, pharmacokinetic and drug-likeness properties of 2.4 (A) and
Swiss target prediction for 2.4 (B).

-54 -
TH-3992,2061:22119


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/kynurenine
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/absorption-distribution-metabolism-excretion
https://www.sciencedirect.com/science/article/pii/S2772417423000109#appsec1

Chapfter 2

Earlier reports demonstrated that the ICso value of linrodostat is 500 pM in HeLa
cell lines. The potent DCQ-derivative also exhibited a similar ICso value of 326 pM in

t.'° However, the

HeLa cell lines, indicating its better/comparable efficacy to linrodosta
ICso value of both cannot be compared under similar experimental conditions due to
synthetic complexity and the commercial unavailability of linrodostat. It is also
demonstrated that linrodostat exerts its inhibitory effect on apo-IDO1 by competing with
heme for binding, thereby causing inhibition. In contrast, the potent DCQ-derivatives not
only bind to apo-IDO1 but also interact with free heme, effectively preventing any
potential reassociation of heme and apo-IDO1. This ‘one stone, two bird approach’ gives
DCQ derivatives a comprehensive advantage for inhibiting the heme-apo-IDO1 rebinding,
causing efficient IDO1 inhibition. Hence this strategy might inspire the development of
the next generation of IDO1 inhibitors where both apo-enzymes and the cofactors could
be targeted by a single potent compound leading to superior results in immunotherapy and
other related research areas.

2.3. Summary

In summary, we synthesized DCQ derivatives that showed selective inhibitory
activity against purified and cellular IDO1 enzymes. A systematic biophysical analysis
revealed that the potent DCQ derivate promotes the release of heme-cofactor from holo-
IDOL1 to generate apo-IDOI and strongly bind to the apo-IDO1. The potent compound
also binds to free heme-cofactor, minimizes the rebinding efficacy of heme-cofactor to the
apo-IDO1, and reduces the catalytic activity of holo-IDO1. The synthesis of potent DCQ
derivatives is much simpler and more scalable. Hence, this strategy of designing small
molecules-based IDO1 inhibitors that target both apo-IDO1 and free heme-cofactor could
provide a peerless advantage over the classical IDO1 inhibitors.

2.4. Experimental section
2.4.1. Synthesis of the compounds
2.4.1.1. Synthesis of compounds Al(a-e)

Sodium nitrite (1.2 equiv.) solution in water (at 0 °C) was added dropwise to a
stirring solution of the respective amino acid (1 equiv.) in 48% HBr (3 mL) and water (10
mL). The reaction mixture was then allowed to warm up to room temperature and stirred
for 2 hours. The maximum consumption of the starting material in the reaction mixture
was then extracted with CH2Clz (3 x 20 mL), the combined organic layers were dried over
anhydrous Na»SOg4, and the solvent was evaporated under reduced pressure. The crude

product was sufficiently pure for the next step (yield: 89.6%).
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2.4.1.2. Synthesis of compounds A2(a-e)

To a stirring solution of Al(a-e) (1 equiv.) in CH2Cl> (10 mL) oxalyl chloride (4
equiv.) was added under the N> atmosphere at 0 °C. DMF (2 drops) was added to the
reaction mixture, brought to room temperature, and stirred for 2 hours. After that,
unreacted oxalyl chloride was removed under reduced pressure. The residual was then
added to a stirring reaction mixture of 4-(trifluoromethyl) aniline (1.5 equiv.) and DMAP
(3 equiv.) under an N, atmosphere at 0 °C. Then the reaction mixture was warmed to room
temperature and stirred for another 2 hours. The reaction mixture was extracted with
CHxCl; (3 x 20 mL). The combined organic layers were washed with water (2 x 20 mL)
and dried over anhydrous Na>SO4. The solvents were removed under reduced pressure.
The reaction mixture was purified through column chromatography using a gradient
solvent system of ethyl acetate in hexane (0 — 10%) to obtain the pure product as a
crystalline solid (yield: 76%).
2.4.1.3. Synthesis of compound A2f

To a stirring solution of Ala (1 equiv.) in CH2Cl, (10 mL), oxalyl chloride (4
equiv.) was added under an N atmosphere at 0 °C. DMF (2 drops) was added to the
reaction mixture, and bought to room temperature and stirred for 2 hours. After 2 hours,
excess oxalyl chloride was then evaporated under reduced pressure. The residual was then
added to a stirring reaction mixture of 4-fluoroaniline (1.5 equiv.) and DMAP (3 equiv.)
under an N2 atmosphere at 0 °C, and then the reaction mixture was warmed up to room
temperature and stirred for additional 2 hours. Then the reaction mixture was extracted
with CH2Clz (3 x 20 mL). The combined organic layers were washed with water (2 x 20
mL) and dried over anhydrous Na>SOs. The solvents were removed under reduced
pressure. The reaction mixture was purified through column chromatography using a
gradient solvent system of ethyl acetate in hexane (0 — 10%) to get the pure product as a
crystalline solid (yield: 74%).
2.4.1.4. Synthesis of 7-chloro-4-(piperazin-1-yl) quinoline

4,7-Dichloroquinoline (0.5g, 1 equiv, 2.5 mmol) was added to piperazine (0.21 g,
1 equiv., 2.5 mmol) triethylamine (5 mL) and the reaction mixture was stirred under reflux
condition at 110 °C for 18 hours. The reaction mixture was then extracted with ethyl
acetate (3 x 20 mL) and was dried over anhydrous Na>SOs4. The solvents were evaporated
under reduced pressure. The reaction mixture was purified by column chromatography
using a solvent gradient of methanol in CH2Cl, (15-30%) to provide the pure product
(yield: 54%, 0.27 g).
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2.4.1.5. Synthesis of N'-(6-chloronaphthalen-1-yl) cyclohexane-1,4-diamine

4,7-Dichloroquinoline (0.5 g, 1 equiv, 2.5 mmol) was added to 1,4-
cyclohexanediamine (0.29 g, lequiv., 2.5 mmol) in triethylamine (5 mL) and the reaction
mixture was stirred under reflux condition at 110 °C for 18 hours. The reaction mixture
was then extracted with ethyl acetate (3 x 20 mL) and was dried over anhydrous Na>SOs.
The solvents were evaporated under reduced pressure. The reaction mixture was purified
by column chromatography using a solvent gradient of methanol in CH2Cl, (32-40%) to
provide the pure product (yield: 49%, 0.24 g).
2.4.1.6. Synthesis of compounds 2.1 and 2.2

To a stirring solution of compound A2b or A2f (1equiv.) in acetonitrile were added
N'-(6-chloronaphthalen-1-yl) cyclohexane-1,4-diamine (1.5 equiv.) and potassium
carbonate (1.5equiv.) under N> atmospheric pressure. The reaction mixture was stirred
under reflux conditions for 24 hours at 75 °C. After 24 hours, the reaction mixture was
extracted with ethyl acetate (3 x 20 mL) and was dried over anhydrous Na>SOs. Column
chromatography was performed to purify the reaction mixture using a solvent gradient of
ethyl acetate in hexane (25-46%) to obtain the respective pure compound.
2.4.1.7. Synthesis of compounds 2.3-2.7

To a stirring solution of compound A2(a-e) (1equiv.) in dry acetonitrile was added
7-chloro-4-(piperazin-1-yl)quinoline (1.5 equiv.) and potassium carbonate (1.5 equiv.)
under N atmospheric pressure. The reaction mixture was stirred under reflux conditions
for 24 hours at 75 °C. After 24 hours, the reaction mixture was extracted with ethyl acetate
(3 x 20 mL) and was dried over anhydrous Na>SO4. Column chromatography was
performed to purify the reaction mixture using a solvent gradient of ethyl acetate in hexane
(25-40%) to obtain respective pure compounds.
2.4.2. Characterization of 2.1-2.7 derivatives
2.4.2.1. Characterization of (S)-2-((4-((7-chloroquinolin-4-
yl)amino)cyclohexyl)amino)-N-(4-fluorophenyl)-3-phenylpropanamide (2.1)

Following the general procedure as mentioned in section 2.4.1.6., the reaction of
(R)-2-bromo-N-(4-fluorophenyl)-3-phenylpropanamide (0.06 g, 0.16 mmol) with N'-(6-
chloronaphthalen-1-yl) cyclohexane-1,4-diamine (0.7 g, 0.25 mmol) to give 2.1 as 63%
yield. The product was scrutinized by 'H NMR, '3C NMR, and HRMS analyses. '"H NMR
(600 MHz, CDCl3): dppm 9.48 (s, 1H), 8.38 (s, 1H), 7.91 (s, 1H), 7.78 (s, 1H), 7.60 - 7.58
(m, 2H), 7.40 - 7.37 (m, 2H), 7.34 - 7.31 (m, 2H), 7.28 -7.27 (m, 2H), 7.08 (t, /= 8.5 Hz,
2H), 6.34 (d, J = 5.6 Hz, 1H), 3.55 — 3.53 (m, 1H), 3.38 — 3.35 (m, 1H), 2.80 — 2.76 (m,
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1H), 2.41 —2.37 (m, 1H), 2.20 -2.13 (m, 1H), 2.00-1.98 (m, 1H), 1.84-1.82 (m, 1H), 1.31
-1.23 (m, 8H). 3*C NMR (150 MHz, CDCl3): 8ppm 172.4, 160.1, 158.5, 137.2, 133.7, 133.7,
129.1, 129.0, 127.2, 125.7, 121.0, 120.9, 115.8, 115.7, 98.9, 62.4, 56.0, 51.6, 39.6, 32.7,
31.5,31.0,30.9,29.7,22.7,22.7, 14.1. HRMS (ESI) calcd. for C30H3CIFN4O (M+ H)":
517.2165, found: 517.2177.

2.4.2.2. Characterization of (S)-2-((4-((7-chloroquinolin-4-
yl)amino)cyclohexyl)amino)-3-methyl-/NV-(4-(trifluoromethyl)phenyl)butanamide
2.2)

Following the general procedure as mentioned in section 2.4.1.6., the reaction of
(R)-2-bromo-3-methyl-N-(4-(trifluoromethyl)phenyl)butanamide (0.1 g, 0.3 mmol) with
N'-(6-chloronaphthalen-1-yl) cyclohexane-1,4-diamine (0.12 g, 0.46 mmol) to give 2.2 as
61% yield. The product was scrutinized by 'H NMR, '*C NMR, and HRMS analyses. 'H
NMR (600 MHz, CDCIl3): 6ppm 9.76 (s, 1H), 8.45 (d, /= 5.4 Hz, 1H), 7.94 (s, 1H), 7.86 —
7.67 (m, 3H), 7.62-7.61 (m, 2H), 7.39 — 7.30 (m, 1H), 6.40-6.39 (m, 1H), 3.62 —3.39 (m,
1H), 3.17-3.16 (m, 1H), 2.54-2.50 (m, 1H), 2.34 — 2.21 (m, 3H), 2.06-2.04 (m, 1H), 1.49
— 1.32 (m, 4H), 1.29-1.27 (m, 4H),1.1-1.08 (m, 3H), 0.96-0.95 (m, 3H)."*C NMR (150
MHz, CDCIl3): dppm 173.2, 150.6, 149.3, 140.6, 135.5, 127.6, 126.4, 126.3, 126.0, 125.8,
125.5,125.0,123.2,121.5,118.9,116.8,99.1, 66.9, 56.9, 51.5, 32.8,32.1, 31.6,31.2,29.7,
19.8, 17.5. HRMS (ESI) calcd. for C27H30CIF3N4O (M+ H)": 519.2133, found: 519.2143.
2.4.2.3. Characterization of (S)-2-(4-(7-chloroquinolin-4-yl)piperazin-1-yl)-3-methyl-
N-(4(trifluoromethyl)phenyl)butanamide (2.3)

Following the general procedure as mentioned in section 2.4.1.7., (R)-2-bromo-3-
methyl-N-(4-(trifluoromethyl)phenyl)butanamide (0.2 g, 0.6 mmol) was reacted with 7-
chloro-4-(piperazin-1-yl)quinoline (0.2 g, 0.9 mmol) to give 2.3 as 59% yield. '"H NMR
(600 MHz, CDCI3): dppm 8.84 — 8.61 (m, 2H), 8.06 (s, 1H), 7.95-7.93 (m, 1H), 7.74-7.73
(m, 2H), 7.61-7.59 (m, 2H), 7.44-7.42 (m, 1H), 6.86 (d, J = 4.9 Hz, 1H), 3.30- 3.29 (m,
4H), 2.95-2.91 (m, 4H), 2.34 (dd, J=13.0, 6.6 Hz, 1H), 1.28-1.26 (m, 1H), 1.14-1.13 (m,
3H), 1.03-1.02 (m, 3H). *C NMR (150 MHz, CDCl3): §ppm 169.7, 156.7, 151.8, 150.0,
140.5, 135.1, 128.8, 126.4, 126.4, 126.3, 125.1, 121.8, 119.3, 112.9, 109.0, 75.8, 52.5,
50.6,26.9,20.2, 17.6. HRMS (ESI) calcd. for C25sH26CIF3N4O (M+H)': 491.1820, found:
491.1830.
2.4.2.4. Characterization of (S)-2-(4-(7-chloroquinolin-4-yl)piperazin-1yl)-3-phenyl-
N-(4-(trifluoromethyl)phenyl)propanamide (2.4)
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Following the general procedure as mentioned in section 2.4.1.7., (R)-2-bromo-3-
phenyl-N-(4-(trifluoromethyl)phenyl)propanamide (0.2 g, 0.5 mmol) was reacted with 7-
chloro-4-(piperazin-1-yl)quinoline (0.199 g, 0.8 mmol) to give 2.4 as 63% yield. The
product was scrutinized by 'H NMR, '*C NMR, and HRMS analyses. '"H NMR (600 MHz,
CDCI3): 8ppm 6 9.17 (s, 1H), 8.76-8.75 (m, 1H), 8.08 (s, 1H), 7.92-7.91 (m, 1H), 7.67-7.66
(m, 2H), 7.60-7.59 (m, 2H), 7.47-7.46 (m, 1H), 7.40 — 7.36 (m, 4H), 7.29-7.28 (m, 1H),
6.89-6.88 (m, 1H), 3.70-3.68 (m, 1H), 3.47-3.44 (m, 1H), 3.32-3.28 (m, 4H), 3.13-3.10
(m, 1H), 3.00-2.97 (m, 4H). 3*C NMR (150 MHz, CDCl5): §pm 170.3, 156.5, 151.9, 150.1,
140.6, 139.1, 135.2, 129.2, 128.9, 128.7, 126.6, 126.5, 126.4, 126.3, 125.0, 121.8, 119.0,
109.1, 71.2, 52.7, 32.5. HRMS (ESI) calcd. for C2oHa6CIF3sN4O (M+ H)™: 539.1820,
found: 539.1832.
2.4.2.5. Characterization of (S)-2-(4-(7-chloroquinolin-4-yl)piperazin-1-yl)-N-(4-
(trifluoromethyl)phenyl)propanamide (2.5)

Following the general procedure as mentioned in section 2.4.1.7., (R)-2-bromo-N-
(4-(trifluoromethyl)phenyl)propenamide (0.1 g, 0.33 mmol) was reacted with 7-chloro-4-
(piperazin-1-yl)quinoline (0.2 g, 0.9 mmol) to give 2.5 as 57% yield. The product was
scrutinized by 'H NMR, *C NMR, and HRMS analyses. 'H NMR (600 MHz, CDCI3):
Sppm 9.42 (s, 1H), 8.78-7.74 (m, 1H), 8.09-8.07 (m, 1H), 7.97-7.94 (m, 1H), 7.74 — 7.72
(m, 2H), 7.62 -7.61 (m, 2H), 7.48-7.46 (m, 1H), 6.91 (d, J= 5.0 Hz, 1H), 3.43-3,33 (m,
4H), 3.12 — 3.07 (m, 1H), 2.99 — 2.89 (m, 4H), 1.46 (d, J = 7.1 Hz, 3H). 3C NMR (150
MHz, CDCl3): 8ppm 171.8, 156.5, 151.9, 150.2, 140.7, 135.2, 129.0, 126.5, 126.4, 124.9,
121.8, 118.9, 109.1, 64.6, 57.6, 52.6, 29.7, 11.2. HRMS (ESI) calcd. for C23H22CIF3;N4O
(M+ H)": 463.1507, found: 463.1515.
2.4.2.6. Characterization of (S)-2-(4-(7-chloroquinolin-4-yl)piperazin-1-yl)-4-methyl-
N-(4-(trifluoromethyl)phenyl)pentanamide (2.6)

Following the general procedure as mentioned in section 2.4.1.7., (R)-2-bromo-4-
methyl-N-(4-(trifluoromethyl)phenyl)pentanamide (0.1 g, 0.33 mmol) was reacted with 7-
chloro-4-(piperazin-1-yl)quinoline (0.2 g, 0.9 mmol) to give 2.6 as 57% yield. The product
was scrutinized by '"H NMR, 3*C NMR, and HRMS analyses. 'H NMR (500 MHz, CDCl5):
Oppm 8.67-8.64 (m, 2H), 7.99-7.98 (m, 1H), 7.87-7.84 (m, 1H), 7.65-7.63 (m, 2H), 7.53-
7.50 (m, 2H), 7.37-7.34 (m, 1H), 6.78 (dd, J = 5.0, 2.5 Hz, 1H), 3.30-3.23 (m, 4H), 2.96
(d,J=5.1 Hz, 1H), 2.88 — 2.79 (m, 4H), 2.02 — 1.94 (m, 1H), 1.63 — 1.56 (m, 1H), 1.32 —
1.24 (m, 1H), 0.99 — 0.89 (m, 6H). '*C NMR (100 MHz, CDCl5): 8ppm 169.8, 156.6, 151.9,
150.1, 140.4, 135.1, 128.9, 126.4, 126.4, 125.0, 121.8, 119.2, 119.2, 109.0, 75.6, 52.5,
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34.0, 29.7, 27.0, 24.3, 16.4, 12.2. HRMS (ESI) calcd. for CzsH23CIF3N4sO (M+H)":
505.1977, found: 505.1988.

2.4.27. characterization of (2S)-2-(4-(7-chloroquinolin-4-yl)piperazin-1-yl)-3-
methyl-N-(4-(trifluoromethyl)phenyl)pentanamide (2.7)

Following the general procedure as mentioned in section 2.4.1.7. the reaction of
(R)-2-bromo-3-methyl-N-(4-(trifluoromethyl)phenyl)pentanamide (0.1g, 0.33 mmol)
with 7-chloro-4-(piperazin-1-yl)quinoline (0.2 g, 0.9 mmol) to give 2.7 as 57% yield. The
product was scrutinized by 'H NMR, '*C NMR, and HRMS analyses. '"H NMR (400 MHz,
CDCls): 8ppm 'H NMR (500 MHz, CDCI3) & 8.67-8.65 (m, 2H), 8.00-7.98 (m, 1H), 7.86-
7.84 (m, 1H), 7.64-7.63 (m, 2H), 7.52-7.50 (m, 2H), 7.36 — 7.33 (m, 1H), 6.78 — 6.77 (m,
1H), 3.23-3.21 (m, 4H), 2.87-2.80 (m, 4H), 1.99 — 1.95 (m, 1H), 1.61 — 1.57 (m, 1H), 1.31
—1.28 (m, 2H), 1.23-1.18 (m, 3H), 0.94-0.92 (m, 3H).."*C NMR (100 MHz, CDCl5): Sppm
13C NMR (101 MHz, CDCls) & 169.8, 156.7, 151.7, 149.91, 140.4, 135.2, 128.8, 126.5,
126.4, 126.4, 125.1, 121.7, 119.2, 119.2, 108.9, 74.0, 52.5, 50.8, 33.7, 27.0, 14.7, 12.1.
HRMS (ESI) calcd. for C26HasCIF3N4O (M+H)™: 505.1977, found: 505.1985.

2.4.3. Purification of holo-human indoleamine 2,3-dioxygenase 1 and holo-
tryptophan 2,3- dioxygenase (TDO) enzymes

Human indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxygenase
(TDO) enzymes were purified according to the reported protocols.’!% 12 19, 21. 22
Recombinant human IDO1 and TDO enzymes (with N-terminus 6xhistidine-tag) were
expressed by transforming the cDNAs of human IDO1 and TDO into Escherichia coli
(BL21-DES3 strain) cells. A single colony of Escherichia coli cells was inoculated in 5 mL
of Luria-Bertani (LB) medium (containing 50 pg/mL kanamycin), and the cells were
grown for 12-14 hours at 37 °C and 180 rpm. The overnight culture (1 mL) was added into
1 L of the same culture media containing antibiotics and incubated at 37 °C and 120 rpm
to achieve an ODgoo of 0.6 of the culture media. Hemin (10 uM) and L-tryptophan (1 mM)
were added to the culture medium and incubated at 37 °C for an additional 20-30 min
until the ODegoo reached 0.9-1.0. After cooling the medium, isopropyl B-D-1
thiogalactopyranoside (IPTG, 0.5 mM) was used to promote protein expression. The
induced cells were grown for additional 16-18 hours at 22 °C and 120 rpm. The cell pellet
was collected by centrifugation and re-suspended in ice-cold phosphate-buffered saline
(PBS; 20 mL), centrifuged again to remove hemin (15000 rpm for 10 minutes at 4 °C),
and kept at —80 °C.
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For enzyme purification, the stored pellet was re-suspended in 15 mL of ice-cold
50 mM potassium phosphate buffer (KPB) at pH 7.2 containing 300 mM potassium
chloride (KCI), 10 mM magnesium chloride (MgClz), 25 mM imidazole, 5% glycerol,
protease inhibitors (complete EDTA free), and DNase (<I mg). Then, the cells were
disrupted on ice, and the cell lysate was centrifuged at 20,000 rpm for 30 minutes at 4 °C.
The reddish supernatant was then filtered via a 0.22 um filter. Nickel-nitrilotriacetic acid
resin (Qiagen, 1 mL) was added to the reddish supernatant and incubated for 2 hours at 4
°C and 80 rpm. After pouring the liquid into the column, it was equilibrated with 50 mM
KPB containing 300 mM KCIl, 25 mM imidazole, and 5% glycerol at pH 7.2. The column
was progressively washed with 10 mL of KPB at pH 7.2 containing 300 mM KCI, 60 mM
imidazole, and 5% glycerol to remove the non-specifically bound protein. The protein was
eluted using 50 mM KPB at pH 7.2, 300 mM KCI, 190 mM imidazole, and 5% glycerol.
Sephadex-G25 column was used to exchange the IDO1 and TDO proteins' eluted buffer
with 50 mM KPB at pH 6.8 with 150 mM KCI and 10% glycerol. The purity of the
enzymes was assessed by Coomassie blue-stained SDS-PAGE screening method.
Additionally, IDO1 and TDO enzyme purity was measured by the absorbance ratio at 404
nm/280 nm, which was found to be 1.4 and 1.1, respectively.
2.4.4. Expression and purification of apo-indoleamine 2,3-dioxygenase 1 enzyme

Following the same protocol, human apo-IDO1 was expressed and purified.
During protein expression, hemin was not added to the medium externally. After nickel-
nitrilotriacetic acid resin-based purification, the protein was dialyzed against a buffer
containing 25 mM HEPES, 250 mM NaCl, and 100 M tris(2-carboxyethyl)phosphine
(TCEP) at pH 7.2. The enzyme was dialyzed and then left to react with 150 mM sodium
2-mercaptoethanesulfonate (MESNA) at room temperature for 6 hours to release the heme
cofactor. The apo-IDO1 was then buffer exchanged with 50 mM potassium phosphate
buffer at pH 6.8 containing 150 mM KClI and 10% glycerol using a Sephadex-G25 column
after being dialyzed in 25 mM HEPES, 250 mM NaCl at pH 7.2. The purified apo-IDO1
enzyme's absorbance ratio at 404 nm/280 nm was used to analyze its heme concentration
(around 0.05).
2.4.5. Indoleamine 2,3-dioxygenase 1 and tryptophan 2,3-dioxygenase inhibition
assay by the spectrometric method

Following the described methods, the IDO1 and TDO enzyme inhibitory activities
were investigated by spectrophotometric measurements. Compounds were initially

solubilized in DMSO before diluting with buffer. It was determined that 1% DMSO was
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the optimal quantity for the test technique. IDO1 and TDO enzymes were incubated with
the drug at the prescribed time and temperature (0 to 60 minutes and 10 to 40 °C,
respectively) before the activity assay. After incubation, a standard reaction mixture
consisting of potassium phosphate buffer (100 mM, pH 6.5), sodium ascorbate (20 mM),
methylene blue (10 uM), bovine liver catalase (240 nM), and L-Trp (150 uM) was diluted
(5%) to 500 pL and analyzed for enzyme inhibition. The inhibitor concentration was
adjusted by serial dilution. The reaction mixture was then incubated at 37 °C for an hour.
After adding trichloroacetic acid (100 pL of 30% (w/v)), we quenched the reaction and
incubated the mixture for another 15 minutes at 65 °C. Further addition of
paradimethylaminobenzaldehyde (pDMAB; 2% (w/v) in acetic acid) and measurement of
the absorbance at 480 nm with a UV-Vis spectrophotometer, we were able to determine
the extent of kynurenine production was quantified. In this spectrophotometric analysis of
IDO1/TDO activity, the absorption spectra of UV-active DCQ derivatives (50 puM)
exhibited no substantial interference.
2.4.6. Cell viability analysis

The viability of HeLa, MDA-MB-231, and HEK-293 cells in the presence and
absence of compounds were investigated by using the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay. Ten thousand cells were plated in 1 mL of
DMEM/F12 complete media at 37 °C with 5% COz in a 96-well tissue culture plate. After
12 hours of culture, the cells were washed in PBS buffer. The compounds (0.1 nM to 50
uM) were then added to the incomplete medium and cultured for an additional 72 hours
at 37 °C with 5% COa. After that, 100 pL of MTT dye (5 mg/mL in PBS) was added into
the culture medium and incubated for an additional 4 hours. The MTT solution was
drained, and the formazan crystals were dissolved in 100 pL cell culture grade DMSO. A
FLoid® Cell Imaging Station spectrophotometer was used to measure absorbance at 570
and 600 nm. The absorbance of the formazan crystals was used to determine the viability
of cells.
2.4.7. Cellular indoleamine 2,3-dioxygenase 1 activity assay:
A. Spectrophotometric cellular IDO1 inhibition assay

The cellular enzyme activity assay was performed according to the reported
procedure with minor modifications.®!% 17122 IDO1 mRNA was found in the HeLa cell
line; hence, HeLa cells were considered for this assay. HeLa cells were first suspended in
DMEM phenol-red free media (including 10% FBS) with 20,000 cells per well and
incubated for 3—4 hours at 37 °C with 5% CO.. Then, the selected compound or solely
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heme or heme-incubated compound with different compound-to-heme ratios was
incubated with the cells. After 1 h, 50 ng/mL IFN-y (supplemented in DMEM phenol-red
free medium (containing 10% FBS)) was added into the cells and incubated for another 2
hours. Trichloroacetic acid (5% for 0.5 h at 65 °C) was added to the cells to quench the
reactions. After sonication, the precipitate was removed by centrifugation (Cells were not
washed away before lysis.). The solution was used for further studies. By measuring the
reaction mixture's absorbance at 480 nm, the amount of kynurenine production was
measured using the pPDMAB (2% (w/v)) in acetic acid.
B. HPLC-based cellular IDO1 inhibition assay

The cellular enzyme activity was measured according to the reported procedure.'®
Cells were grown in the presence and absence of compounds according to the method
described in section 4.7 and left to grow for 20 hours. After that, clear media was taken
for an HPLC analysis. Then 20 pL of the medium was injected through an Ascentis®
express C18, 2.7 pm HPLC column. The mobile phase was 50% sodium citrate buffer (40
mM, pH 2.25) and 50% methanol (v/v) with 400 uM SDS and a 0.5 mL/min flow rate.
The 365 nm and 280 nm lights were used as detectors.
2.4.8. UV-Vis spectroscopic measurement

To learn more regarding the potent compound’s binding ability to the enzyme and
the enzyme's heme lability, UV-visible spectroscopic analyses were conducted.
EVOLUTION 201 spectrophotometer was used to record the absorbance spectra. All tests
were carried out in the presence and absence of the selected compound at 37 °C with 100
mM KPB at pH 6.5 and purified hIDO1 or hTDO enzyme. Na,S,0¢ was injected into the
solution after purging it with N> gas to create the deoxy-reaction system. Using the Soret
peak, we determined the heme dissociation rate from the IDO1 enzyme (404 nm for
IDO1).
2.4.9. Detection of labile heme by fluorescence assay

Protoporphyrin-IX (PpIX) fluorescence signal was utilized to quantify free heme
in solution. The presence of heme was investigated by incubating 5 uM IDOT1 in 100 mM
KPB at pH 6.5 with 50 uM of inhibitor for varying amounts of time (from 0 to 60 minutes).
Subsequently, PpIX (5 pM) was added, and the mixture was incubated at room
temperature for 5 minutes. The free heme in the solution was measured by monitoring the

PpIX fluorescence signal (Aex =400 nm, Aem = 615 nm).
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2.4.10. Circular Dichroism analysis

The CD spectra of IDOI1 and apo-IDO1 were acquired using a Jasco-810
spectropolarimeter. The IDO1 enzyme (200 nM) was incubated in 10 mM Tris buffer at
pH 7.2 for one hour with or without the compound of interest (6.25 pM) at 37 °C. Spectra
were collected at 17 °C using a 1 mm path length quartz cuvette after incubation with a
scan rate of 100 nm/sec and a bandwidth of 1 nm from 195 nm to 250 nm. All final spectra
were corrected for buffer background (10 mM Tris buffer at pH 7.2) CD signals. This
instrument's built-in software was used to analyze the secondary structure of proteins.
Afterward, the BeStSel program was used, and the spectra were examined to determine
the secondary structures.
2.4.11. Binding analysis by surface plasmon resonance analysis

The interaction of the compound with apo-IDO1 and IDOI1 protein was measured
using surface plasmon resonance (SPR) analysis. The Biacore-X100 equipment with the
CMS5 sensor chip (GE Healthcare) was used for measurements, and the temperature was
kept constant at 25 °C. The operating buffer was a phosphate-buffered saline (PBS)
solution (pH 7.4) containing 1% DMSQO. The surface of the CMS5 sensor chip was modified
with anti-His antibody using EDC-NHS coupling in both flow cells 1 and 2 (FC-1 and FC-
2). The His-tagged IDO1 and apo-IDO1 protein was coated on the same surface in flow
cell 2 (FC-2) only. The binding efficacy of 2.4 was then assessed by measuring the change
in response unit in both the flow cell and taking the difference, i.e. (FC-2) — (FC-1). This
was performed by the inbuilt kinetics/affinity experiment in Biacore X100 control
software using a varying concentration of 2.4 i.e., from 0 to 10 uM with a flow rate of 30
pL/minute. The equilibrium dissociation constant (Kp) value of 2.4 to apo-IDO1 and IDO1
was measured using inbuilt Biacore Insight Evaluation software.
2.4.12. Heme binding affinity measurement by UV-Vis method

Heme-inhibitor affinity was determined using a spectrophotometric assay. The
heme was dissolved in DMSO and diluted to 5 uM in a 20 mM HEPES bufter, pH 7.2
(containing 40% DMSO). Inhibitors were also dissolved in DMSO to make a stock
solution. Inhibitors were then added to the hemin solution. We measured the shift in
absorbance of the heme Soret peak at 401 nm as inhibitor concentrations varied from 0 to
175 uM.
2.4.13. PpIX fluorescence-based heme affinity measurement

PpIX fluorescence-based kinetics experiment was conducted to assess the amount

of free heme in the solution. PpIX (5 pM) in 20 mM HEPES buffer, pH 7.2 was taken
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where heme (1.5 uM) and heme-incubated inhibitor (30 uM) was added at 50 seconds to
observe the fluorescence quenching by free heme with time (500 s time period). PpIX: Aex
=400 nm, Aem = 615 nm.
2.4.14. Cellular apo-indoleamine 2,3-dioxygenase 1 activation assay

The activity of cellular apo-IDO1 was measured using the previously described
protocol. However, different ratios of inhibitor and heme were incubated for 4 hours prior
to the experiment.
2.4.15. Blind Docking calculations

The blind docking consensus of the IDO1 (PDB ID: 6MQ6) against the compound
2.4 was performed using AutoDock Vina and LeadFinder software.” The protein was
processed with Maestro software using Protein Preparation Wizard and System Builder
tools to obtain the protein in mol2 format. Also, AutoDockTools was used to obtain the
protein in pdbqt format. Regarding the ligands, the tool of Maestro: LigPrep was used to
obtain both ligands in mol2 format. AutoDockTools was used to obtain the ligands in pdbqt
format. Blind Docking runs were performed with a grid box size of 30 A® and its default
parameters. All the runs of blind docking (BD) and the BD consensus were realized using
metascreener (https://github.com/bio-hpc/metascreener).
2.4.16. Molecular Dynamics calculations

Molecular Dynamics simulations were carried out using Maestro-Desmond
software (Desmond Molecular Dynamics System, D. E. Shaw Research, New York, NY,
2020. Maestro-Desmond Interoperability Tools, Schrodinger, New York, NY, 2020). The
complexes created were immersed in a box filled with water using the simple point charge
(SPC) scheme. The size of the box was 10 A3. Counter ions (1 CI') were added to neutralize
charges, and additional Na* and CI" were added to obtain a final NaCl of 0.15 M. Energy
minimization was carried out by 20000 using the steepest descent method with a threshold
of 1.0 kcal/mol/A. Periodic boundary conditions were used, and a cut off of 9 A was
established for van der Waals interactions. The Particle Mesh Ewald (PME) method with
a tolerance of 10” was used in the electrostatic part. The NPT simulations were realized
at 300 K with the Nose-Hoover algorithm, and the pressure was maintained at 1 bar with
the Martyna-Tobias-Klein barostat. The force field OPLS3e was used in all runs.
2.4.17. Probable pharmacological properties of the potent compound:

Using the SwissADME server, the ADME parameters, pharmacokinetic
characteristics, and drug-likeness of 2.4 were evaluated. The findings showed that the

lipophilic nature and substantially decreased solubility of 2.4, similar to BMS-986205,
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might impair its oral bioavailability. However, an exciting result from the Swiss target
prediction studies showed that 2.4 demonstrated about 20% glycoprotein target activity.
These moderate to low levels of g-protein targets might enhance the absorption and
retention of the therapeutic molecule within particular target locations. The hydrophobic
properties of 2.4 might facilitate its interaction with these targets. Notably, the compound
showed little off-target effects on other human enzymes, including protease enzymes. This
suggests a high level of specificity for the desired targets, indicating that 2.4 would be a
practical choice for further study.

Overall, based on the forecasts from the Swiss ADME server, the results point to
possible advantages and the applicability of 2.4 for future experimental investigations.

2.4.18. NMR spectra of the compounds:
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Fig. 2.20. '"H NMR (A) and '*C NMR (B) spectra of compound 2.7.

2.4.19. Purification of compounds by HPLC analyses:

The purity of compounds was analyzed using a silica-based C18 HPLC column
(2.7 pm). ACN/H>O was used as a mobile phase with optimized step gradient elution
methods and a 0.5 mL/minute flow rate. The 365 nm and 254 nm lights were used as the

detectors.

T T T T T T T T T ]
0 2 4 6 8 10 12 14 16 18 20
Retention time (min)

Fig. 2.21. HPLC trace of compound 2.1.
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Fig. 2.22. HPLC trace of compound 2.2.
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Fig. 2.23. HPLC trace of compound 2.3.
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Fig. 2.24. HPLC trace of compound 2.4.
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Fig. 2.25. HPLC trace of compound 2.5.
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Fig. 2.26. HPLC trace of compound 2.6.
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Fig. 2.27. HPLC trace of compound 2.7.

2.4.20. Optical purity analysis:

The optical purity of the compound was confirmed by HPLC analysis with the
chiral column (Chiral Pak AD-H, DAICEL CORPORATION). The mobile phase for the
elution technique was iPrOH:n-hexane (20:80), and the flow rate was adjusted at 1.00

mL/min. It was found that the compound has an enantiomeric excess of more than 98%.

100

o L | T LA L L L A L
5.50 7.50 8.75 10.00 11.25 12.50 13.75 15.00
Time(min)

Fig. 2.28. Optical purity analysis of compound 2.4 by chiral column.

All the synthesized compounds are optically active and are single enantiomers. We
performed a polarimetric experiment to assess the optical activity of the potent compound,
which was found to be [a]5 = -45.531 °. Moreover, the biological evaluation was carried
out with the single enantiomer of the compound.
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3.1. Background and objective of present work

IDOI1 inhibition being a promising therapeutic strategy for both cancer and
Alzheimer's disease plays a critical role in modulating immune response and
neurodegenerative processes.! The development of prodrugs targeting the IDO1 enzyme
holds significant promise for advancing targeted drug delivery and selective enzyme
inhibition in immunological disorders. While few reports exist on IDO1 prodrugs, earlier
efforts, such as an indoximod-based prodrug (NLG802), showed improved IDO1
inhibition and pharmacokinetics but failed in phase II clinical trials.? This highlights the
need for better prodrug development. Disease conditions and endogenous stimuli such as
pH, redox conditions, and enzymes influence the effectiveness of the reported IDO1
selective prodrugs. Consequently, there is a strong demand for prodrugs that can be
activated in a controlled manner.’

In second chapter, we discussed the development of DCQ derivatives as apo-IDO1
inhibitor exploring a new mechanism of inhibition. It acted as efficient apo IDO1 inhibitor
along with its heme binding efficacy but even with good inhibition activity, it lacks target
specific drug delivery and spatiotemporal control.* To overcome this concern, we
hypothesize that designing stimuli-responsive prodrugs may offer a promising strategy for
selective inhibition of the IDO1 enzyme. Light, being a versatile and biocompatible
external stimulus, has adjustable excitation, remote activation, and high spatial and
temporal resolution. The release of active IDO1 inhibitors in targeted tissues, by utilizing
light, we can control and disrupt the structure of specially designed prodrugs.’

Recently, the role of indole-based IDO1 inhibitors in cancer and Alzheimer's
disease have inspired us to develop thiourea derivatives of 1-methyltryptamine.® The
novelty of our compound design lies in developing thiourea derivatives of 2-azole-
substituted 1-methyltryptamine and its photocaged analogue. From consequent
biochemical studies, it is confirmed that the potent tryptamine derivative shows moderate
inhibitory activity against the purified IDO1 enzyme. The potent compound showed strong
IDO1 inhibition activity with an ICso value of 120 nM, whereas the photocaged prodrug
showed negligible IDO1 inhibition activity under similar experimental conditions. The
photocaged prodrug showed successful regeneration of the active IDO1 inhibitor at visible
light irradiation of 400nm light, providing a spatiotemporal control over the drug
activation, used to improve the therapeutic efficacy of IDO1 inhibitors.
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3.2. Results and discussion
3.2.1. Design and synthesis of 2-azole substituted 1-methyltryptamine derivatives
Indole-based IDO1 inhibitors, such as indoximod, PF06840003 and others, have
demonstrated strong anticancer and anti-Alzheimer's activities.> # This potency may be
attributed to their structural similarity to the IDO1 substrate, L-Trp. Additionally, azole-
based derivatives offer improved specificity for IDO1 over other heme-containing
proteins. The use of indole and azole moieties in IDO1 inhibitors has inspired us to design
a new class of 2-azole-substituted 1-methyltryptamine derivatives. We hypothesize that
these compounds will exhibit potent and selective inhibitory activity for the IDO1 enzyme
by effectively occupying the active site and interacting with the heme group and other
neighbouring residues. Whereas most of the reported indole and azole-based compounds,
which partially occupy the IDO1 active site, might lack the selectivity and inhibitory

activities for the IDO1 enzyme in comparison with the other heme—containing proteins.
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3.1b;X=S,R=H R,=F ) 2

3.2b;R=H,R,=CF3,R,= H : OH

3.1¢:X=8,R=CF3,R1=H 3 5¢.R=H R,=CF;R,= COOH E HN_ > Br
3.1d:X=S,R=H,R,=CF5 ' H
s CFs i HN-5-y N-O
1 GO AR AL
—N N° N . E tat
_ N NN : pacadosta
N :
3.3a; R, = : 7 “OH
N o, | N—" H,N
3.3b: R f‘i N. ~0 3.4 1-methyl-D-tryptophan
\\N' o : (Indoximod)

Scheme 3.1. Tryptamine-based azole derivatives.
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Scheme 3.2. Synthetic routes to various indole derivatives from tryptamine and

tryptophan.

In this regard,

the tryptamine thiourea derivatives 3.1a—d were

initially

synthesized via reactions of tryptamine with substituted phenyl isothiocyanate to

investigate the role of thiourea moiety in IDO1 inhibition (Table 3.1 and Scheme 3.2). To
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improve the IDOI efficacy of these tryptamine thiourea derivatives, we prepared 1-
methyltryptamine thiourea derivatives. The reaction of 1-methyltryptamine and 1-
methyltryptophan with substituted phenyl isothiocyanates resulted in the formation of 1-
methyltryptamine thiourea 3.2a—c (Scheme 3.1). We also synthesized 1-methyltryptamine
sulphonamide and amide derivatives 3.2d and 3.2e via reactions of 1-methyltryptamine
with tosyl chloride and substituted benzoic acid. For further improvement of IDOI1
inhibitory activity, 2-azole-substituted 1-methyltryptamine derivatives were synthesized.
The reaction of BOC-protected 1-methyltryptamine with imidazole and tetrazole in the
presence of I, under 1,4-dioxane and ammonium formate (1 : 1) solvent mixture and
subsequent deprotection of the BOC group resulted in the formation of imidazole/tetrazole
substituted 1-methyltryptamine derivatives. Finally, coupling of 1-isothiocyanato-4-
(trifluoromethyl)benzene with imidazole/tetrazole substituted 1-methyltryptamine
derivatives resulted in the targeted products 3.3.3a and 3.3b.” To develop a photo-
responsive prodrug for the IDO1 enzyme, compound 3.4 was synthesized. The reaction
of 3.3.3a with 1-(bromomethyl)-4,5-dimethoxy-2-nitrobenzene produced
compound 3.4 (Scheme 3.1).
3.2.2. Inhibitory activities against IDO1 enzyme

Both IDO1 and tryptophan 2,3-dioxygenase (TDO) enzymes are known to regulate
the initial rate-limiting step in the metabolism of L-Trp to N-formyl kynurenine via the
kynurenine pathway. The L-Trp and indole derivatives are particularly favoured as binding
partners for the active site of the TDO enzyme due to their structural compatibility. In
contrast, the active site of the IDO1 enzyme displays a remarkable degree of plasticity,
allowing a diverse range of small molecules to interact and accommodate within it. This
adaptability results in a broader selection of potential inhibitors and modulators for IDOI,
highlighting its versatility in binding interactions. The inhibitory activities of the
synthesized compounds on IDO1 were initially assessed using a UV-vis

spectrophotometric method.?
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Table 3.1. Inhibitory activity of the tryptamine derivatives against purified human IDO1

enzyme.
Compounds | ICso values | %Inhibition
(LM) luM | 0.25 uM
3.1a >10 27+£3 | 8+1
3.1b >10 362 | 141
3.1c >10 41+1 | 6+1
3.1d >10 47+3 | 16£2
3.2a 0.84+0.09 | 70+8 | 38+3
3.2b 049+£0.05 |81 +8 | 44+5
3.2¢ >10 45+£2 | 6+2
3.2d >10 25+1 [ 11£2
3.2¢ >10 32+1 [ 11£1
3.3.3a 0.12+£0.01 [99+1 |84+£1
3.3b 041+£049 | 73 +£|47+1
1
3.4 >10 32 + 1043
3
Indoximod | >10 20+1 | 192
Epacodastat | 0.09+0.02 | 97 +|80+2
2

Initial screening of IDO1 enzyme inhibitory activity of the synthesized compounds
revealed that compound 3.3a strongly inhibits the IDO1-mediated catabolism of L-Trp
to N-formyl kynurenine with an ICso value of 120 + 3 nM (Table 3.1 and Fig. 3.1A). The
other synthesized tryptamine derivatives displayed considerably weaker IDO1 inhibitory
activities. The ICso values of the reported compounds epacadostat and indoximod were 90
+ 2 nM and >10 puM, respectively, under similar experimental conditions, which is in
accordance with their reported ICso values (Fig. 3.1B and Table 3.1).° Meanwhile, the
TDO-based enzymatic activity assay of compound 3.3a showed negligible activity under
similar experimental conditions, suggesting its higher selectivity in inhibiting IDO1 over
the TDO enzyme (Table 3.2).® The UV-vis spectral analyses showed no significant
changes in the Soret peak of the TDO enzyme. (Fig. 3.3A)
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Fig. 3.1. Plots of concentration of N-formyl kynurenine in the presence of different

concentrations of compound 3.3a (A) and epacadostat (B).

Table 3.2. Inhibitory activity of the 3.3a against purified human TDO enzyme.

Compounds % TDO Inhibition
25 uM 50 uM 100 uM
3.3a 4+0.5 17+0.4 48 £1
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Fig. 3.2. UV-vis spectra of (A) ferric-IDO1 and (B) deoxy-ferrous-IDO1 enzyme in the
absence and presence of compound 3.3a (10 uM) in 100 mM phosphate buffer at pH 6.5.
[IDO1] = 0.65 uM. The insets show the zoomed area of the UV-vis spectra within 500—700
nm. (C) Surface plasmon resonance sensorgrams of compound 3.3a binding to IDOI
enzyme. The inset shows the binding isotherms generated from the response unit (RU) at
60 s (average of triplicate measurements) versus the concentration of the compounds. For
all SPR measurements, 20 mM HEPES buffer, pH 7.4, with 160 mM KCI was used. (D)
Root means square displacement (RMSD) of protein (protein ID: 4PKS5; purple) and the
ligand (compound 3.3a; green) in the most stable mode of interaction. Inset demonstrates

the probable mode of interaction of the compound 3.3a with the active site of IDO1 enzyme

(4PK5).
Similarly, the analysis of other heme-containing proteins, such as haemoglobin and
myoglobin, revealed no notable changes in their Soret peaks. This suggests

compound 3.3a selectively binds to IDO1 (Fig. 3.2A and 3.3A-C). The absorption spectra
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of compound 3.3a exhibited little to no interference with this spectrophotometry-based
enzyme activity assay (Fig. 3.3D). One of the prerequisites for the development of IDO1
inhibitor-based immunotherapy for cancer or Alzheimer's disease is minimal cytotoxicity.
The cell viability assay of the potent compounds showed minimal toxicity in HEK-293 and

HelLa cells, indicating that these compounds are suitable for IDO1 inhibitory studies (Fig.
3.6 C, D and 3.7).
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Fig. 3.3. UV-Vis spectra of the TDO (A), myoglobin (B), and hemoglobin (C) proteins
(200 nM) in the absence and presence of compound 3.3a (5 uM) in 100 mM KPB buffer
at pH 6.5 after 60 min of incubation at 37 °C (A). UV-Vis spectra of compound 3.3a

(D).

Table 3.3. Characteristic peaks from the UV-Vis measurements of the IDO1 enzyme in

the absence and presence of compound 3.3a.

SI. No. | Compound | Amax (nm) Fe** state binding | Amax (nm) Fe?* state binding
1 Only IDO1 | 410, 527, 557, 568 425, 535, 561
2 IDO1 +3.3a | 414, 537, 562, 571 421, 539, 573
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Enzyme concentration: 650 nM, compound 3.3a concentration 10 uM

To further explore the interaction of the potent compound with the IDO1 enzyme,
UV-vis-based spectral analysis and surface plasmon resonance (SPR) measurements were
performed.*

The optical properties of the heme group are susceptible to the local environment,
which provides strong evidence of the ligand binding aptitude to the IDOI1 enzyme.
Therefore, the distinctive peaks in the absorbance spectra of the heme group were used to
confirm the direct binding of the compound to the heme-containing active site of the IDO1
enzyme. The absorption spectra of ferric IDO1 and deoxy ferrous IDO1 enzymes were
recorded in the absence and presence of the selected compound (Fig. 3.2A, B). For the
ferric-IDO1 enzyme, the Soret band got red-shifted by 4 nm in the presence of
compound 3.3a, indicating its binding to the heme group. For the deoxy-ferrous-IDO1
enzyme, the Soret band got blue-shifted by 5 nm, and the Q-band at 535 nm and 561 nm
(for the only enzyme) got red-shifted by 4 nm and 12 nm, respectively, in the presence of
the compound 3.3a, indicating its binding to Fe?*-IDO1 enzyme (Table 3.3).! The SPR
measurements showed the binding affinity (Kq) between compound 3.3a and IDO1
enzyme was within the range of 20.7 = 5.5 uM (Fig. 3.2C). The absorption spectra of
compound 3.3a did not show any peak in this region. Hence, both absorption spectral
analysis and SPR measurements confirm the binding of compound 3.3a with the IDO1
enzyme.

3.2.3. Docking and MD simulation

To understand the molecular determinants regulating the inhibitory activity of
compound 3.3a, molecular docking analyses were conducted using the X-ray co-crystal
structure of the IDO1 complex (PDB code: 4PK5). The molecular docking analysis
revealed that the N-methyl indole ring of compound 3.3a could be involved in interaction
with the hydrophobic side chains of Y126, F163, F164, 1L.234, and other amino acids
present within the hydrophobic ‘pocket A’ located at the distal heme site (Fig. 3.2D, inset).
The imidazole and the thiourea moieties interact with the iron and carboxylate moieties of
the heme group. This proposed mode of interaction is in good agreement with the UV-vis
spectroscopic-based binding studies. Additionally, the molecular dynamics (MD)
simulation studies indicated that the compounds remain strongly bound within the binding
site of IDO1. The MD results showed that the protein attained a stable condition at an
RMSD of 0.3 nm, while compound 3.3a stabilized at 0.8 nm (Fig. 3.2D and 3.4).'% A slight
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drift at 70 ns could be due to the conformational change in the ligand. This leads to a
decrease in the distance between the iron of heme and the N-atom of the imidazolium ring
of the ligand. Overall, the interactions involving hydrophobic forces and hydrogen bonds

appear to be the driving factors for the binding of compound 3.3a to the IDO1 enzyme.

718t frame

0 : Roa
50 60 70 80 90 1%\ “.

Time (ns) %{

588t frame 724t frame

Fig. 3.4. The mode of interaction of compound 3.3a with the protein 4pkS5 in the presence
of the heme group after molecular docking (A) and MD simulation (B), respectively. Root
means square displacement (RMSD) of protein (protein ID: 4PKS5; purple) and the ligand

(compound 3.3a; green) at different time frames.

3.2.4. Photocleavage

Encouraged by the promising IDO1 inhibitory activities of compound 3.3a, we
aimed to enhance its therapeutic potential by introducing a photocage to provide
spatiotemporal control over inhibitor release and IDO1 inhibitory activity, enabling more
precise targeting and reducing potential off-target effects. Enzyme activity studies showed
that prodrug 3.4 exhibited significantly weaker inhibitory activity against IDO1 (Fig. 3.5).

This observed reduction in potency could be due to the modification of the
imidazole moiety, which likely affects its binding affinity toward the heme group or fails
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to fit the active site of the IDO1 enzyme. The molecular docking analysis of the X-ray co-
crystal structure of the IDO1 complex (PDB code: 4PKS5) suggests that prodrug 3.4 might
be involved in hydrophobic and hydrogen bonding interactions with the amino acids in
‘pocket B’, which is located near the entrance of the active site. However, no direct
interaction between prodrug 3.4 and the heme group of IDO1 was observed (Fig. 3.5).
This lack of direct interaction with the heme group could be one of the possible reasons
for the low inhibition activity of prodrug 3.4 against IDO1. The treatment of visible light
(ex = 400 nm) showed the regeneration of the active inhibitor 3.3a. The regeneration of
active inhibitor 3.3a from prodrug 3.4 was analyzed using HPLC, and the in-situ activity
of IDO1 was assessed using the UV-vis spectrophotometric method. The HPLC analysis
indicated that approximately 90% of prodrug 3.4 was converted to the active
inhibitor 3.3a after 30 minutes of treatment with visible light (Fig. 3.6A). This IDO1
inhibitory activity also showed the regeneration of potent compound 3.3a after
photoirradiation (Fig. 3.6B). The photolysis rate and quantum yield were analysed using
HPLC. The photolysis rate was observed to be 4.69 x 10~ mol s !, and the apparent
quantum yield was found to be 7.82 x 107>,
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Fig. 3.6. Variation of %IDOI inhibition in the presence of different concentrations for
compound 3.3a (A) and compound 3.4 (B) in the presence of IDO1 enzyme (650 nM),
Photoinduced (4ex = 400 nm) regeneration of the potent compound 3.3a from the
prodrug 3.4 was analysed by HPLC analysis (C). IDO1 activity assay of prodrug 3.4 at

different time intervals after photoinduction (400 nm) (D).

The cell viability assay of the prodrug 3.4 before and after photoirradiation
showed minimal toxicity in HEK-293 and HeLa cells (Fig. 3.6C, D). Although this
outcome aligns with the intended design of a prodrug for controlled activation, it
emphasizes the need to optimize the linker design and assess the activation kinetics of the
prodrug. These findings provide valuable insights into the development of photo-
responsive IDO1 inhibitors and demonstrate the importance of fine-tuning prodrug

strategies to balance controlled enzyme inhibition.
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Fig. 3.7. Viability of HEK-293 and HeLa cells in the presence of compound 3.3a (A),
epacadostat (B) and indoximod (C). 3.4 before (D) and after (E) photoirradiation.

3.2.5. Stability study of the prodrug

HPLC-based stability analysis. Compound 3.4 was added to water, DMEM, and
DMEEF. The stability of the compound was studied at various time intervals using a silica-based
C18 HPLC column (2.7 um). ACN/H20O was used as a mobile phase with optimized step
gradient elution methods and a 0.5 mL per minute flow rate. The 365 nm and 254 nm lights

were used as the detectors (Fig. 3.8)
(A) (B)

3a 4

0 2 4 6 § 10 12 14 1% 18 2 0 2 4 6 8
Time {(min) Time (min)

Fig. 3.8. HPLC analysis of 3.3a (A), and 3.4 (B).
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Fig. 3.8. HPLC analysis for the stability of the prodrug (3.4) at different time intervals
in water (A), DMEM (B), FBS (C).
3.3. Conclusion

This study demonstrated the synthesis of thiourea derivatives of 2-imidazole-
substituted 1-methyltryptamine that selectively inhibit IDO1 activity. The UV-vis and
SPR-based studies revealed that the potent compound binds to the IDO1 enzyme. We
installed a photocage to the potent compound to improve inhibitory efficacy and enable
targeted delivery, creating a prodrug. When exposed to visible light, this prodrug
regenerates the active inhibitor, allowing for precise, light-controlled inhibition of IDO1
activity. The findings from this study may contribute to the development of
photoresponsive prodrugs for IDO1-based immunotherapy aimed at combating cancer and
Alzheimer's disease.

3.4. Experimental sections
3.4.1. Synthesis and characterization of compounds
3.4.1.1. General method for the synthesis of compounds 3.1(a—d)

To a stirring solution of tryptamine (1 equiv.) in a dry DCM (4 mL) solvent
phenylisothiocyanate or phenylisocyanate (1 equiv.) was added and the solution was
stirred for 4 h at room temperature. The reaction mixture was then extracted with EtOAc
(3 x 20 mL), the combined organic layers were dried over anhydrous Na;SOy4, and the
solvent was evaporated under reduced pressure. The crude reaction mixture was purified
through column chromatography using a gradient solvent system of ethyl acetate (0—5%)

in hexane to obtain the pure product (yield: 63-76%)."!
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3.4.1.1.1. Synthesis of 1-(2-(1H-indol-3-yl)ethyl)-3-(4-fluorophenyl)urea (3.1a)

Following the general procedure as mentioned above, tryptamine (1 equiv.) and 1-
fluoro-4-isocyanatobenzene (1 equiv.) yielded compound 3.1a as pale-yellow solid with
73% yield. 'H NMR (400 MHz, DMSO-de) § ppm: 'H NMR (400 MHz, DMSO-
ds) 0 10.77 (s, 1H), 8.94 (s, 1H), 7.51 (d, /= 7.8 Hz, 1H), 7.37-7.33 (m, 2H), 7.28 (d, J =
8.0 Hz, 1H), 7.11 (d, J=2.3 Hz, 1H), 7.03-6.90 (m, 4H), 6.62-6.59 (m, 1H), 3.11 (s, 2H),
2.79 (t,J = 7.3 Hz, 2H). *C NMR (150 MHz, DMSO-ds) J ppm: 180.92, 161.13, 136.77,
127.42, 126.76, 122.68, 121.20, 118.51, 118.32, 115.49, 115.34, 111.75, 111.22, 53.72,
24.33. HRMS calcd. for C17H16FN3O (M + H)™: 298.1350, obtained: 298.1350.
3.4.1.1.2. Synthesis of 1-(2-(1H-indol-3-yl)ethyl)-3-(4-fluorophenyl)thiourea (3.1b)

Following the general procedure, tryptamine (1 equiv.) and 1-fluoro-4-
isothiocyanatobenzene (1 equiv.) yielded compound 3.1b as white solid with 76%
yield. 'TH NMR (600 MHz, CDCls) é ppm: 8.07 (s, 1H), 7.68 (s, 1H), 7.58 (d, J= 7.9 Hz,
1H), 7.39 (d, J= 8.1 Hz, 1H), 7.25-7.22 (m, 1H), 7.14-7.11 (m, 1H), 6.96-6.95 (m, 1H),
6.89-6.88 (m, 4H), 5.88 (s, 1H), 3.98-3.95 (m, 2H), 3.09 (t, J = 6.6 Hz, 2H). °C NMR
(150 MHz, CDCI3) 6 ppm: 180.71, 136.33, 127.62, 127.56, 127.15, 122.46, 122.12,
119.80, 118.68, 116.90, 116.75, 112.49, 111.27, 45.68, 24.29. HRMS calcd. for
Ci7H16FN3S (M + H)": 328.1270, obtained: 328.1278.
3.4.1.1.3. Synthesis of 1-(2-(1H-indol-3-yl)ethyl)-3-(3,5-
bis(trifluoromethyl)phenyl)thiourea (3.1¢)

Following the general procedure, tryptamine (1 equiv.) and 1-isothiocyanato-3,5-
bis(trifluoromethyl)benzene (1 equiv.) yielded compound 3.1c as yellow solid with 69%
yield. '"H NMR (400 MHz, DMSO-de) 6 ppm: 12.96 (s, 1H), 11.02 (s, 1H), 10.81 (d, J =
8.0 Hz, 1H), 8.49 (s, 2H), 7.60 (d, J= 7.8 Hz, 1H), 7.53 (s, 1H), 7.28 (d, J= 8.0 Hz, 1H),
7.16 (s, 1H), 7.01 (t,J = 7.5 Hz, 1H), 6.92 (t, J= 7.4 Hz, 1H), 3.67 (t,J= 7.8 Hz, 2H),
2.92 (t,J=7.7 Hz, 2H). *C NMR (150 MHz, DMSO-ds) J ppm: 180.91, 143.86, 136.72,
130.34, 127.73, 124.81, 123.23, 123.01, 121.36, 118.93, 118.66, 115.01, 112.20, 111.81,
44,90, 24.77. HRMS calcd. for Ci9HisFsN3S (M + H)": 432.0964, obtained: 432.0966.
34.1.14. Synthesis of 1-(2-(1H-indol-3-yl)ethyl)-3-(4-
(trifluoromethyl)phenyl)thiourea (3.1d)

Following the general procedure, tryptamine (1 equiv.) and 1-isothiocyanato-4-
(trifluoromethyl)benzene (1 equiv.) yielded compound 3.1d as a pale-yellow solid with
63% yield. "H NMR (600 MHz, CDCl3) 6 ppm: 8.15 (s, 1H), 8.09 (s, 1H), 7.60 (d, J= 7.9
Hz, 1H), 7.41-7.38 (m, 3H), 7.25 (t, J="7.6 Hz, 1H), 7.12 (t, /= 7.5 Hz, 1H), 6.99 (s, 1H),
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6.93 (d, J=8.1 Hz, 2H), 6.19 (s, 1H), 4.01 (s, 2H), 3.12 (t, /= 6.5 Hz, 2H). 1*C NMR (150
MHz, CDCl3) 6 ppm: 179.94, 139.32, 136.39, 127.02, 124.58, 123.67, 122.78, 122.65,
122.31, 12230, 119.94, 118.62, 112.28, 111.40, 45.70, 24.15. HRMS calcd. for
Ci1sHi6F3N3S (M + H)™: 364.1090, obtained: 364.1096.

3.4.1.1.5. General methods for Boc protection of tryptamine and tryptophan
compounds (T1-2)

The di-tert-butyl decarbonate (1.5 equiv.) was added to the solution of
tryptamine/tryptophan (1 equiv.) in DCM (5 mL) and stirred for 8 h at room temperature.
The crude reaction mixture was then extracted with EtOAc (3 x 20 mL), the combined
organic layers were dried over anhydrous Na>SOs, and the solvent was evaporated under
reduced pressure. The reaction mixture was pure enough to proceed to the next step of
reactions.!!
3.4.1.1.6. General methods for methylation of Boc-protected tryptamine and
tryptophan derivatives (T3—4)

To a stirring solution of T1-2 (1 equiv.) and NaH (2 equiv.), in dry DMF (3 mL),
methyl iodide (2 equiv.) was added dropwise. The reaction mixture was stirred at room
temperature until the maximum starting material was consumed. The consumption of the
starting was monitored by TLC. The reaction mixture was then extracted with EtOAc (4
x 20 mL), and ice water was used to remove the DMF. The combined organic layers were
dried over anhydrous Na>SOs, and the solvent was evaporated under reduced pressure.
The crude product was sufficient enough to proceed to the next step.!!
3.4.1.1.7. General methods for deprotection of Boc group from
compounds TS and T6

To a stirring solvent mixture of TFA and DCM (10 mL, 1:3, v/v),
compound T3 or T4 was added, and the reaction mixture was allowed to stir at room
temperature until the maximum consumption of the starting material. The conversation of
starting to the desired compound was monitored by TLC. TFA solvent was evaporated out
from the reaction mixture under reduced pressure. The reaction mixture was then extracted
with EtOAc (4 x 20 mL), and water was used to remove the excess TFA. The combined
organic layers were dried over anhydrous Na>SOs, and the solvent was evaporated under
reduced pressure. The crude product was sufficient enough to proceed to the next step.!?
3.4.1.2. General procedure for the synthesis of thiourea/urea derivatives of V-

methyltryptamine (3.2a-b)

-94-
TH-39924206432119



Chapfter5

To a stirring solution of N-methyltryptamine (T6) (1 equiv.) in dry DCM (3 mL),
phenylisothiocyanate (1.2 equiv.) was added. The reaction mixture was allowed to stir for
6 h at room temperature, and thereafter, it was extracted with EtOAc (3 x 20 mL). The
crude reaction mixture was purified through column chromatography using a gradient
solvent system of ethyl acetate (0-5%) in hexane to obtain the pure product (yield: 60—
71%).1!
3.4.1.2.1. Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)-3-(2-(1-methyl-1H-indol-3-
yDethyl)thiourea (3.2a)

Following the general procedure, 2-(1-methyl-1H-indol-3-yl)ethan-1-amine (T6)
(1 equiv.) and l-isothiocyanato-3,5-bis(trifluoromethyl)benzene (1 equiv.) yielded
compound 3.2a as yellow solid with 65% yield. "TH NMR (600 MHz, DMSO-ds) J ppm:
11.94 (s, 1H), 10.06 (s, 1H), 8.44 (s, 2H), 7.67 (d, J=7.7 Hz, 1H), 7.65 (s, 1H), 7.39 (d, J =
8.2 Hz, 1H), 7.21 (s, 1H), 7.15 (t,J= 7.7 Hz, 1H), 7.03 (t,J= 7.5 Hz, 1H), 3.74 (s, 3H),
2.98 (t,J= 7.7 Hz, 2H), 1.78 (s, 2H). 3C NMR (150 MHz, DMSO) 6 ppm: 180.91,
143.43, 137.13, 128.03, 127.71, 124.76, 122.96, 121.62, 121.55, 119.17, 118.80, 115.45,
111.43,110.01, 44.93, 32.71, 24.61. HRMS calcd. for C20H7F¢N3S (M + H)": 446.1120,
obtained: 446.1118.
3.4.1.2.2. Synthesis of 1-(2-(1-methyl-1H-indol-3-yl)ethyl)-3-(4-
(trifluoromethyl)phenyl)thiourea (3.2b)

Following the general procedure, 2-(1-methyl-1H-indol-3-yl)ethan-1-amine (T6)
(1 equiv.) and 1-isothiocyanato-4-(trifluoromethyl)benzene (1 equiv.) yielded
compound 3.2b as yellow solid with 62% yield. '"H NMR (600 MHz, CDCls) § ppm: 8.37
(s, 1H), 7.58 (d, J= 7.9 Hz, 1H), 7.39 (d, J= 8.2 Hz, 2H), 7.33 (d, J= 8.2 Hz, 1H), 7.29—
7.26 (m, 1H), 7.11 (t, J= 7.4 Hz, 1H), 6.96 (d, J = 8.2 Hz, 2H), 6.83 (s, 1H), 6.23 (s, 1H),
3.98 (s, 2H), 3.71 (s, 3H), 3.09 (t, J= 6.6 Hz, 2H). >*C NMR (150 MHz, CDCI3) 6 ppm:
179.80, 139.46, 137.18, 127.42, 127.10, 126.93, 124.60, 123.69, 122.80, 122.19, 119.39,
118.74, 110.59, 109.48, 45.74, 32.61, 24.05. HRMS caled. for C1oHisF3N3S (M + H)*:
378.1246, obtained: 378.1250.
3.4.1.2.3. Synthesis of 1-methyl-No-((4-
(trifluoromethyl)phenyl)carbamothioyl)tryptophan (3.2¢)

To a stirring solution of 1-methyl-L-tryptophan (1 equiv.) in dry DMF (10 mL)
solvent, 1-isothiocyanato-4-(trifluoromethyl)benzene (1 equiv.) was added. Triethylamine
(0.5 mL) was added to the solution, and the reaction mixture was stirred for 5 h at room

temperature. After completion of the reaction, it was extracted with EtOAc (3 x 20 mL)
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and ice-cold water to remove the DMF from the reaction. The crude reaction mixture was
purified through column chromatography using a gradient solvent system of ethyl acetate
(0-5%) in hexane to obtain the pure product 3.2¢ as a yellow solid with a 60% yield. 'H
NMR (600 MHz, DMSO-ds) 6 ppm: 11.15 (s, 1H), 8.55 (s, 1H), 7.92 (d, J = 8.3 Hz, 2H),
7.62 (d, J=8.0 Hz, 1H), 7.54 (d, J=8.4 Hz, 2H), 7.27 (d, /= 8.1 Hz, 1H), 7.04 (t, J= 7.5
Hz, 1H), 7.02 (s, 1H), 6.90 (t,J= 7.4 Hz, 1H), 4.65-4.63 (m, 1H), 3.61 (s, 3H), 3.20
(dd, J= 14.3, 3.7 Hz, 1H), 1.74 (s, 1H). 3*C NMR (150 MHz, DMSO) 6 ppm: 178.44,
143.88, 136.65, 129.88, 129.32, 128.44, 127.18, 125.96, 125.94, 122.14, 121.15, 119.44,
118.53, 110.52, 109.57, 79.36, 49.07, 32.59. HRMS calcd. for C20HisF3N302S (M + H)™:
422.1145, obtained: 422.1115.
3.4.1.2.4. Synthesis of 4-fluoro-N-(2-(1-methyl-1H-indol-3-yl)ethyl)benzamide (3.2d)

To a stirring solution of 2-(1-methyl-1H-indol-3-yl)ethan-1-amine (T6) (1 equiv.)
in dry DCM (10 mL), 4-fluorobenzoic acid (1 equiv.), oxalyl chloride (2 equiv.) were
added. To this solution, 20 uL of DMF was added to increase the solubility of the reactants.
The reaction mixture was stirred for 2 h at room temperature. After maximum
consumption of the starting materials, the reaction mixture was extracted with EtOAc (3
x 20 mL), the combined organic layers were dried over anhydrous Na;SOys, and the solvent
was evaporated under reduced pressure. The crude reaction mixture was purified through
column chromatography using a gradient solvent system of ethyl acetate (0-10%) in
hexane to obtain the pure product 3.2d as a white solid with a yield of 68%. 'H NMR (400
MHz, CDCl3) 0 ppm: 7.99 (s, 1H), 7.97-7.94 (m, 2H), 7.65 (d, J= 7.3 Hz, 2H), 7.62 (s,
1H), 7.29 (d, J=8.2 Hz, 1H), 7.21-7.19 (m, 1H), 7.09-7.06 (m, 1H), 6.94 (d, J= 1.7 Hz,
1H), 3.74 (d, J = 1.6 Hz, 3H), 3.71-3.68 (m, 2H), 3.09-3.05 (m, 2H). "*C NMR (150 MHz,
CDCl3) 0 ppm: 170.96, 143.12, 141.79, 137.04, 132.67, 132.65131.59, 129.95, 126.37,
123.65, 123.54, 116.53, 114.08, 45.68, 37.37, 29.91. HRMS calcd. for CisHi17FN2O
(M+H)": 297.1398, obtained: 297.1389.
3.4.1.2.5. Synthesis of 4-methyl-V-(2-(1-methyl-1H-indol-3-
ylDethyl)benzenesulfonamide (3.2¢)

To the stirring solution of 2-(1-methyl-1H-indol-3-yl)ethan-1-amine (T6, 1 equiv.)
in dry DCM (10 mL), 4-methylbenzenesulfonyl chloride (1 equiv.) and tryethylamine (1
equiv.) was added. The reaction mixture was stirred for 4 h at room temperature. After
maximum consumption of the starting materials, the reaction mixture was extracted with
EtOAc (3 x 20 mL), the combined organic layers were dried over anhydrous Na;SO4, and

the solvent was evaporated under reduced pressure. The crude reaction mixture was

-96-
TH-3992,2061:22119



Chapfter5

purified through column chromatography using a gradient solvent system of ethyl acetate
(0-10%) in hexane to obtain the pure product 3.2e as a white solid with a yield of 71%. 'H
NMR (600 MHz, CDCl3) 6 ppm: 7.67 (d, J = 8.3 Hz, 2H), 7.43 (d, /= 7.9 Hz, 1H), 7.31
(d, /J=8.2 Hz, 1H), 7.25 (t, J= 7.4 Hz, 3H), 7.10-7.07 (m, 1H), 6.85 (s, 1H), 4.65 (t,J =
6.1 Hz, 1H), 3.74 (s, 3H), 3.28 (d,J= 6.4 Hz, 2H), 2.94 (t,J= 6.7 Hz, 2H), 2.43 (s,
3H). 3C NMR (150 MHz, CDCls) § ppm: 143.30, 137.15, 136.81, 129.65, 127.39, 127.35,
127.06, 121.82, 119.00, 118.65, 109.99, 109.40, 43.25, 32.68, 25.41, 21.56. HRMS calcd.
for C1sH20N202S (M + H)": 329.1318, obtained: 329.1300.!7

3.4.1.3. General method for synthesis of Boc-protected azole derivatives of V-
methyltryptamine (T7 and T8)

To the stirring solution of tert-butyl(2-(1-methyl-1H-indol-3-yl)ethyl)carbamate
(T4) (1 equiv.) in a solvent mixture of dioxane: NH4COOH (6 mL; 1 : 1, v/v), imidazole
or tetrazole was added in presence of I>. The reaction mixture was stirred for 2 h at room
temperature to get a white solid precipitate as the desired product. The crude solid was
sufficiently pure to proceed to the next step.’
3.4.1.4. General methods for Boc-deprotection of azole derivatives of V-
methyltryptamine (T9-10)

To a stirring solvent mixture of TFA and DCM (10 mL; 1:3, v/v),
compound T7 or T8 was added and stirred at room temperature until maximum
consumption of the starting material. The conversation of starting to the desired compound
was monitored by TLC. TFA solvent was evaporated out from the reaction mixture under
reduced pressure. The reaction mixture was then extracted with EtOAc (4 x 20 mL), and
water was used to remove the excess TFA. The combined organic layers were dried over
anhydrous NaSOs, and the solvent was evaporated under reduced pressure. The crude
product was sufficient enough to proceed to the next step.
3.4.1.5. General methods for synthesis of thiourea derivatives of 2-azole substituted
tryptamine (3.3a-b)

To the stirring solution of T9 or T10 (1 equiv.) in dry DCM (3 mL) 1-
isothiocyanato-4-(trifluoromethyl)benzene (1.2 equiv.) was added. The reaction mixture
was allowed to stir for 67 h at room temperature, and thereafter, it was extracted with
EtOAc (3 x 20 mL). The combined organic layers were dried over anhydrous Na,;SO4, and
the solvent was evaporated under reduced pressure. The crude reaction mixture was
purified through column chromatography using a gradient solvent system of ethyl acetate

(0-5%) in hexane to obtain the pure products.
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3.4.1.5.1. Synthesis of 1-(2-(2-(1H-imidazol-1-yl)-1-methyl-1H-indol-3-yl)ethyl)-3-(4-
(trifluoromethyl)phenyl)thiourea (3.3a)

Following the general procedure, 2-(2-(1H-imidazol-1-yl)-1-methyl-1H-indol-3-
yl)ethan-1-amine, (T9, 1 equiv.) and l-isothiocyanato-4-(trifluoromethyl)benzene (1.2
equiv.) yielded compound 3.3a as a pale-yellow solid with 57% yield. "H NMR (600 MHz,
DMSO-ds) 6 ppm: 9.90 (s, 1H), 9.24 (s, 1H), 8.13-8.10 (m, 2H), 7.76 (d, J= 7.8 Hz, 1H),
7.68 (s, 1H), 7.66 (s, 1H), 7.64 (d, J=5.1 Hz, 3H), 7.60 (s, 1H), 7.38-7.36 (m, 1H), 7.30
(t,J = 7.4 Hz, 1H), 3.99 (s, 3H), 3.85-3.81 (m, 2H), 3.02 (t,J = 7.2 Hz, 2H). 1*C NMR
(150 MHz, DMSO-ds) 0 ppm: 180.83, 152.58, 151.32, 143.55, 135.40, 130.67, 126.60,
126.57, 126.15, 125.12, 123.33, 123.28, 122.45, 119.96, 119.11, 118.62, 115.16, 54.45,
43.97, 2421.F NMR (565 MHz, DMSO-ds) § ppm: 60.46. HRMS calcd. for
C22H20F3NsS (M + H)'™: 444.1464, obtained: 444.1487.
3.4.1.5.2. Synthesis of 1-(2-(1-methyl-2-(1H-tetrazol-1-yl)-1H-indol-3-yl)ethyl)-3-(4-
(trifluoromethyl)phenyl)thiourea (3.3b)

Following the general procedure, 2-(1-methyl-2-(1H-tetrazol-1-yl)-1H-indol-3-
yl)ethan-1-amine, (T10, 1 equiv.) and I-isothiocyanato-4-(trifluoromethyl)benzene (1.2
equiv.) yielded compound 3.3b as an off-white solid with 54% yield. '"H NMR (400 MHz,
DMSO-ds) 0 ppm: 8.17 (s, 1H), 8.04 (s, 1H), 7.57 (d, J= 7.8, 1H), 7.50 (s, 2H), 7.42 (s,
1H), 7.39-7.35 (m, 1H), 7.28-7.24 (m, 1H), 7.07 (d, J = 8.2 Hz, 2H), 6.19 (s, 1H), 4.03
(s, 3H), 4.01-3.97 (m, 2H), 3.08-3.05 (m, 2H). *C NMR (150 MHz, CDCI3) 6 ppm:
180.32, 139.34, 135.59, 129.97, 127.18, 127.15, 125.19, 124.52, 123.19, 123.08, 122.71,
119.02, 118.07, 115.40, 53.88, 44.97, 24.16. HRMS calcd. for C20HsF3N7S (M + Na)™:
468.1189, obtained: 468.1174.
3.4.1.5.3. Synthesis of 3-(4,5-dimethoxy-2-nitrobenzyl)-1-(1-methyl-3-(2-(3-(4-
(trifluoromethyl)phenyl)thioureido)ethyl)-1H-indol-2-yl)-1H-imidazol-3-ium (3.4)

To a stirring solution of 1-(2-(2-(1H-imidazol-1-yl)-1-methyl-1H-indol-3-
yl)ethyl)-3-(4-(trifluoromethyl)phenyl)thiourea (3.3a, 1 equiv.) in toluene (5 mL) 1-
(bromomethyl)-4,5-dimethoxy-2-nitrobenzene (1.2 equiv.) was added and stirred at room
temperature for 24 h. The reaction mixture is extracted with EtOAc (3 x 20 mL). The
combined organic layers were dried over anhydrous Na>SO4, and the solvent was
evaporated under reduced pressure. The crude reaction mixture was purified through
column chromatography using a gradient solvent system of ethyl acetate (0-5%) in hexane
to obtain the pure product 3.4 as a yellow solid with 47% yield. '"H NMR (600 MHz,
CDCl3) 0 ppm: 8.17 (s, 1H), 8.07 (s, 1H), 7.59 (s, 2H), 7.49 (d,J= 7.9 Hz, 1H), 7.44

- 98 -
TH-3992,2061:22119



Chapfter5

(d, /=8.3 Hz, 1H), 7.40 (d, /= 8.2 Hz, 2H), 7.35 (d, /= 8.8 Hz, 1H), 7.27 (t, /= 7.6 Hz,
1H), 7.18 (d, J=17.6 Hz, 1H), 7.07 (d, /= 8.1 Hz, 2H), 6.87 (s, 1H), 6.30 (s, 1H), 4.79 (s,
2H), 3.95 (d, J=2.2 Hz, 3H), 3.92 (s, 3H), 3.88 (s, 3H), 3.78 (s, 2H), 2.98 (t, /= 6.8 Hz,
2H). *C NMR (150 MHz, CDCl3) § ppm: 180.41, 153.26, 151.27, 148.97, 140.27, 140.07,
139.72, 130.02, 127.46, 126.98, 126.82, 126.01, 125.12, 124.58, 123.81, 123.14, 123.06,
119.04, 118.76, 118.12, 115.35, 113.72, 108.60, 56.56, 56.48, 53.84, 44.83, 30.08,
24.19. F NMR (565 MHz, DMSO-ds) 6 ppm: 60.47. HRMS calcd. for C31H30F3NgO4S™:
639.1996, obtained: 639.2020.
3.4.2. Enzyme activity assay
3.4.2.1. Purification of holo-human tryptophan 2,3-dioxygenase and human
indoleamine 2,3-dioxygenase 1

The enzymes hTDO and hIDO1 were purified according to established protocols.®
10.13 The cDNAs of human IDO1 and TDO were transformed into Escherichia coli (BL21-
DE3 strain) cells to express recombinant human IDO1 and TDO enzymes (with N-
terminus 6% histidine-tag). A single colony of Escherichia coli cells was cultured for 12—
14 h at 37 °C and 180 rpm after being injected in 5 mL of Luria-Bertani (LB) medium that
included 50 pg mL™! kanamycin. To reach an ODeoo of 0.6 of the culture media, 1 mL of
the overnight culture was added to 1 L of the same culture media, including antibiotics
and incubated at 37 °C and 120 rpm. After adding hemin (10 pM) and L-tryptophan (1
mM) to the culture medium, the mixture was incubated for 20 to 30 minutes at 37 °C until
the ODgoo reached 0.9 to 1.0. Isopropyl B-D-1 thiogalactopyranoside (IPTG, 0.5 mM) was
added to stimulate protein expression after cooling down the culture media. The induced
cells were cultured for 16—18 h at 120 rpm and 22 °C. Centrifugation was used to recover
the cell pellet, which was then re-suspended in 20 mL of ice-cold phosphate-buffered
saline (PBS), centrifuged once more to eliminate hemin (15 000 rpm for 10 minutes at 4
°C), and the cell pellet was stored at —80 °C.

For enzyme purification, the stored pellet was re-suspended in 15 mL of ice-cold
50 mM potassium phosphate buffer (KPB) at pH 7.2 containing 300 mM KCI, 10 mM
magnesium chloride (MgClz), 25 mM imidazole, 5% glycerol, protease inhibitors
(complete EDTA free), and DNase (<1 mg). Then, the cells were disrupted on ice, and the
cell lysate was centrifuged at 20 000 rpm for 30 minutes at 4 °C. The reddish supernatant
was then filtered via a 0.22 pum filter. Nickel-nitrilotriacetic acid resin (Qiagen, 1 mL) was
added to the reddish supernatant and incubated for 2 h at 4 °C and 80 rpm. After pouring
the liquid into the column, it was equilibrated with 50 mM KPB containing 300 mM KClI,
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25 mM imidazole, and 5% glycerol at pH 7.2. The non-specifically bound protein was
eliminated by gradually washing the column with 10 mL of KPB at pH 7.2, which included
300 mM KCI, 60 mM imidazole, and 5% glycerol. 50 mM KPB at pH 7.2, 300 mM KCl,
190 mM imidazole, and 5% glycerol were used to elute the protein. The eluted buffer of
the IDO1 and TDO proteins was exchanged using a Sephadex-G25 column with 50 mM
KPB at pH 6.8 with 150 mM KCI and 10% glycerol. The Coomassie blue-stained SDS-
PAGE screening method was used to evaluate the purity of enzymes. Furthermore, the
absorbance ratio at 404 nm/280 nm was used to test the purity of the IDO1 and TDO
enzymes, and the results showed that they were 1.4 and 1.1, respectively.
3.4.2.2. Indoleamine 2,3-dioxygenase 1 and tryptophan 2,3-dioxygenase inhibition
assay by the spectrometric method

Following the methods that were described, spectrophotometric measurements
were used to examine the inhibitory activities of the IDO1 and TDO enzymes.* % 1%
13 Before the dilution with buffer, the compounds were first dissolved in DMSO. The ideal
amount for the test procedure was found to be 1% DMSO. A standard reaction mixture
including KPB buffer (100 mM, pH 6.5), sodium ascorbate (20 mM), methylene blue (10
uM), bovine liver catalase (240 nM), and L-Trp (150 uM) was diluted (5%) to 500 pL.
Serial dilution was used to modify the inhibitor concentration. After that, the reaction
mixture was incubated for 1 h at 37 °C. After adding 100 pL of 30% (w/v) trichloroacetic
acid, we quenched the reaction and allowed the mixture to sit at 65 °C for an additional 15
minutes. By adding paradimethylaminobenzaldehyde (pDMAB; 2% (w/v) in acetic acid)
and using a UV-vis spectrophotometer to measure the absorbance at 480 nm, we were able
to quantify the amount of kynurenine produced. There was no significant interference in
the absorption spectra of UV-active thiourea, urea and azole derivatives (50 M) in this
spectrophotometric study of IDO1/TDO activity.
3.4.3. Protein-ligand binding studies
3.4.3.1. UV-vis spectroscopic measurement

To investigate the binding ability of the potent compound to the enzyme and its
aptitude in interacting with the heme group of the enzyme, we conducted UV-vis-based
spectroscopic analyses.® The absorbance spectra were recorded using an EVOLUTION
201 spectrophotometer. All experiments were performed at 37 °C in a 100 mM KPB buffer
at pH 6.5, using purified hIDO1 enzyme. Sodium disulfite (Na>SO3) was introduced into
the solution after purging it with nitrogen gas to establish a deoxygenation reaction system.

We determined the heme dissociation rate from the IDO1 enzyme by measuring the Soret
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peak at 404 nm. To assess the absorbance of the compound 3.3a, we utilized UV-visible
spectroscopy to record its absorbance in a 5% DMSO KPB buffer.
3.4.3.2. Binding analysis by surface plasmon resonance analysis

Surface plasmon resonance (SPR) analysis was performed to determine the
binding affinity of compound 3.3a for IDO1 protein.® The temperature was maintained at
25 °C while measurements were taken using the Biacore-X100 device with the CM5
sensor chip (GE Healthcare). A phosphate-buffered saline (PBS) solution (pH 7.4) with
1% DMSO was used as the operating buffer. EDC-NHS coupling was used to apply an
anti-His antibody to the surface of the CMS5 sensor chip in flow cells 1 and 2 (FC-1 and
FC-2). The surface was coated with both the His-tagged IDOI1 proteins in flow cell 2 (FC-
2). By measuring the change in response unit in both the flow cell and taking the
difference, i.e. (FC-2)~(FC-1), the binding efficacy of compound 3.3a was then evaluated.
This was accomplished by employing a variable concentration of compound 3.3a (from 0
to 10 uM) at a 30 puL per minute flow rate in the built-in kinetics/affinity experiment in the
Biacore X100 control software. Using the built-in Biacore Insight Evaluation program, the
equilibrium dissociation constant (Kp) value of compound 3.3a to IDO1 was calculated.
3.4.4. Cell viability analysis

HeLa and HEK-293 cells were tested for viability assay using the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, both with and without
drugs. In a 96-well tissue culture plate, 10 000 cells were plated in 1 mL of DMEM/F12
complete medium at 37 °C with 5% CO,.*® The cells were cultured for 12 h before being
rinsed in PBS buffer. Following their addition to the incomplete medium, the compounds
(0.5 uM to 30 uM) were cultured for 48 h at 37 °C with 5% CO». The culture mix was
then supplemented with 100 pL of MTT dye (5 mg mL ! in PBS) and incubated for another
4 h. The MTT solution was drained, and the formazan crystals were dissolved in 100 pL
cell culture grade DMSO. The absorbance was measured at 570 and 600 nm using a
FLo1d® Cell Imaging Station spectrophotometer. The absorbance of the formazan crystals
was used to determine the viability of cells. The viability of the cells was determined using
the absorbance of formazan crystals. The stability of prodrug 3.4 was investigated under
various physiological conditions such as water, Dulbecco's modified Eagle medium
(DMEM) media, and fetal bovine serum (FBS) containing DMEM media (DMEF). HPLC
analysis revealed that the prodrug remains stable in water, DMEM and DMEF for up to
48 hours.
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3.4.5. Molecular docking and MD simulation studies
3.4.5.1. Simulation set-up and forcefield details

The Groningen Machine for Chemical Simulations (GROMACS) package version
2023 was used to perform all the molecular dynamics simulations presented in this
study.'* The leapfrog algorithm with a timestep of 2 fs was used to integrate the equation
of motions in all the atoms for the protein—ligand in the water system. The cubic simulation
box was periodic in all dimensions in all simulations. The CHARMM36 all-atom force
field was used to model the protein (PDB ID: 4PKS5), and the ligand (3.3a).!>
16 CHARMM-modified TIP3P water model was used to solvate the protein. A cutoff
distance of 1.2 nm was used to calculate short-range nonbonded Van der Waals and
coulombic interactions. The long-range electrostatic interactions are calculated using the
particle mesh Ewald (PME) method.!® All hydrogen atoms in the protein, heme, and ligand
are constrained using the LINCS algorithm.!” The modified Berendsen thermostat with a
time constant of 0.1 ps was used to control the temperature in the simulations in the NVT
ensemble. The temperature and pressure in NPT simulations were controlled with a
modified Berendsen thermostat and Parrinello-Rahman barostat with a time constant of
0.1 ps and 2 ps, respectively.'®
3.4.5.2. MD simulation details

Using AutoDock Vina, we first conducted a docking analysis between chain B of
IDO1 (PDB ID: 4PK5) and the compound 3.3a ligand. The docked complex was then
subjected to molecular dynamics simulation. This complex was solvated with 24 615
water molecules, and two sodium ions (Na) were added to neutralize the system. We
performed energy minimization to eliminate any unfavorable contacts present in the
solvated system. The minimized configuration was then equilibrated under NVT (constant
number of particles, volume, and temperature) conditions for 0.1 ps, with a simulated
temperature set to 300 K. The final configuration from this phase underwent further
equilibration under NPT (constant number of particles, pressure, and temperature)
conditions for an additional time constant of 0.1 ps and 2 ps respectively. Notably, both
the protein and ligand structures were position-restrained during the NVT and initial NPT
equilibration stages. Subsequently, we performed a production simulation without any
position restraints for 100 ns, recording the trajectory every 100 ps. The simulation
trajectory from the production phase was then used to calculate atom-wise distances
between the protein and ligand, along with the root-mean-square deviations (RMSD) for

both the protein and the ligand.

-102 -
TH-3992,2061:22119


http://xlink.rsc.org/?pdb=4PK5
http://xlink.rsc.org/?pdb=4PK5

Chapfter5

3.4.6. Photoresponsive prodrug to drug regeneration study
3.4.6.1. HPLC-based compound regeneration analysis

The compound 3.3a was photoirradiated with light (4ex 400 nm) for 30 min. The
extent of regeneration of compound 3.3a from compound 3.4 was analyzed using a silica-
based C18 HPLC column (2.7 um). MeOH/H>O was used as a mobile phase with
optimized step gradient elution methods and a 0.5 mL per minute flow rate. The 365 nm
and 254 nm lights were used as the detectors. The corresponding eluted solutions of peaks
from HPLC traces were further characterized by HRMS analyses.
3.4.7. Stability study of the prodrug
3.4.7.1. HPLC-based stability analysis

Compound 3.4 was added to water, DMEM, and DMEF. The stability of the
compound was studied at various time intervals using a silica-based C18 HPLC column
(2.7 pm). ACN/H20 was used as a mobile phase with optimized step gradient elution
methods and a 0.5 mL per minute flow rate. The 365 nm and 254 nm lights were used as
the detectors.
3.4.8. IDOL1 activity study after photoirradiation

Irradiation of compound 3.4 using 400 nm light was conducted with 1 uM
compound 3.4 in DMSO solution. The activity assay was performed according to the
earlier section. In the activity study process, the concentration of compound 3.4 was kept
constant, and the irradiation time was varied. In the activity assay, irradiated
compound 3.4 is added to the KPB buffer (100 mM, pH 6.5) in the presence of the IDO1
enzyme. To it, a standard reaction mixture including sodium ascorbate (20 mM),
methylene blue (10 uM), bovine liver catalase (240 nM), and L-Trp (150 uM) was diluted
(5%) to 500 pL and added. After that, the reaction mixture was incubated for 1 h at 37 °C.
Once the incubation was completed, it was followed by adding 100 pL of 30% (w/v)
trichloroacetic acid to quench the reaction and allow the mixture to sit at 65 °C for an
additional 15 minutes. By adding paradimethylaminobenzaldehyde (pDMAB; 2% (w/v)
in acetic acid and using a UV-vis spectrophotometer, we measured the absorbance at 480
nm to quantify the amount of kynurenine produced (the irradiation time was 5, 10, 20, 30

minutes).
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3.4.9. 'H and 3C NMR spectra of synthesized compounds
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Fig. 3.9. 'H NMR (A) and '*C NMR (B) spectra of 1-(2-(1H-indol-3-yl)ethyl)-3-(4-
fluorophenyl)urea (3.1a) in DMSO-ds solvent.
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Fig. 3.10. 'H NMR (A) and 3C NMR (B) spectra of 1-(2-(1H-indol-3-yl)ethyl)-3-(4-
fluorophenyl)thiourea (3.1b) in CDCI; solvent.
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Fig. 3.11. 'H NMR (A) and '3C NMR (B) spectra of 1-(2-(1H-indol-3-yl)ethyl)-3-(3,5-
bis(trifluoromethyl)phenyl)thiourea (3.1¢) in DMSO-ds solvent.
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Fig. 3.13. 'H NMR (A) and '*C NMR (B) spectra of 1-(3,5-bis(trifluoromethyl)phenyl)-
3-(2-(1-methyl-1H-indol-3-yl)ethyl)thiourea (3.2a) in DMSO-ds solvent.
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Fig. 3.18. 'H NMR (A), >*C NMR (B) and '°F NMR (C) spectra of 1-(2-(2-(1H-imidazol-
1-yl)-1-methyl-1H-indol-3-yl)ethyl)-3-(4-(trifluoromethyl)phenyl)thiourea  (3.3a) in
DMSO-ds solvent.
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Fig. 3.20. 'H NMR (A) ,'*C NMR (B) and "°F NMR (C) spectra of 3-(4,5-dimethoxy-2-
nitrobenzyl)-1-(1-methyl-3-(2-(3-(4-(trifluoromethyl)phenyl)thioureido)ethyl)-1 H-indol-
2-yl)-1H-imidazol-3-ium (3.4) in CDClI3 solvent.

3.4.10. HPLC Traces for purity of the compounds

(A) (B)

3a 4

—_—

0o 2 4 6 8 10 12 14 16 18 20 0o 2 4 "6 8
Time (min) Time (min)

Fig. 3.21. HPLC analysis of 3.3a (A), and 3.4 (B).

In this chapter, except for 3.2c, in all other compounds R2 = H, so only 3.2c has one
asymmetric center. We conducted an experiment to check the optical activity of 3.2¢ and
found to be [a]} =-37.002 °.
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4.1. Background and objective of present work

IDO1, being one of the crucial enzymes in tumor microenvironment, has always
been in explored in preclinical studies. Though various potential traditional IDO1
inhibitors are developed but their effect has been limited due to lack of precise control
over the drug delivery, leading to various side effects in immune system.! Moreover, they
fail to target IDO1 cells in immune system, where its efficiency is more adverse. Hence,
more dynamic, advanced and target specific approach for IDO1 inhibition is needed. This
is where the need for stimuli responsive drug delivery arises.

In third chapter, we discussed about tryptamine-based azole derivatives as IDO1
inhibitor and photocaged it with a light cleavable moiety to get a prodrug.’ It showed
moderate efficiency as well as spatiotemporal control over drug delivery. Although it
behaves as photo-responsive prodrug but the photo cleavable linker can be toxic in long
run as well as it is not reversible once the linker in cleaved. In this regard, we assume
compounds like spiropyran that shows light as well as pH response can be incorporated
for the development of target specific IDO1 inhibitors.>> Spiropyran, versatile organic
compound, undergoes reversible isomerisation on irradiation of UV-Vis light or in acidic
environment, to its merocyanine (coloured form).% 7 This characteristics of spiropyran
motivated us to design and develop both light, external stimuli, and pH, internal stimuli
(as tumour microenvitonment is acidic in nature), responsive IDOI inhibitors.” This
spatio-temporal and controlled property allows for more effective targeting of immune
suppression within tumors, which enhance the effectiveness of cancer immunotherapy and
minimizes systemic side effects. Additionally, these inhibitors could be activated in
specific inflamed tissues, involving chronic inflammation or autoimmune diseases,
offering a controlled way to regulate the immune response.® Additionally, the dual
responsive ability, light and pH responsiveness, in spiropyran-based inhibitors also
enables a temporal aspect of control, where the inhibitor can be turned on or off in real-
time. This provides the flexibility to align treatment with circadian rhythms or specific
therapeutic windows. This level of precision would represent a significant improvement
over current approaches, offering a more dynamic and targeted method of IDOI1

inhibition.’
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4.2. Results and Discussions
4.2.1. Synthesis of spiropyran derivatives

Inspired by the benefits of photopharmacology in drug discovery, we designed and
synthesized a series of spiropyran derivatives from N-alkylated 2,3,3-trimethylindolenine
derivatives.!® ! The cyclocondensation of N-alkylated 2,3,3-trimethylindolenine with
substituted 2-hydroxy benzaldehyde or 2-hydroxy-1-napthaldehyde under basic
conditions provided the targeted spiropyran derivatives 2a-2e and 3a-4.3e (Scheme 4.1).
Spectral studies of 4.3e demonstrated photo-responsive (Aex = 400 nm) isomerization,
transitioning from the closed-ring spiropyran to the open-ring merocyanine isomer and its
reversal upon photoirradiation (Aex = 545 nm) or under dark ambient conditions (Fig.

4.1A). The spectral studies also revealed the pH-dependent reversible isomerization of
4.3e (Fig. 4.1).°

CHO
o
R R 0 oy
7 RI,ACN 7 | etoH, 75°c, 60 2
N > ’ ’ 10;R;=H, Rp=CH
70 °C, 24h R2 2¢;R4=H, R,=CH3CH,0OH
Oy 3e; R;=S03H, R,=CHj
1a ;R,=H, R,=CHj, R3=R,=Rs=H, ol
1b; R;=H, R,=CH3, R4=R,=H, Rs=NO,
1¢; Ry=H, R,=CHj, Ry= OH, R,=R5=H Rs Rs
1d; Ry=H, R,=CH3, R;=R,=H, Rs=F R,

1e; Ry=H, R,=CHj, R3=R,=H, Rs=Cl

1f; Ry=H, R,=CHj, R3=Cl, R,=H, R=F
1g; R4=H, R,=CH3, R;=Cl, R4=H, Rs=Cl
1h; R4=H, R,=CH3, R;=R,=H, Rs=Br

1i; R4=H, Ry=CH3, R3=R,=H, Rs=CN

1j; Ry=H, Ry=CH3, R3=R,=H, Rs=OMe
1k; Ry=H, R,=CHj, R3= OMe, R,= Rs=H

EtOH, 75 °C, 6h

{ 2a;R;=H, R,=CH4CH,OH, Ry=R,=H, Rs=F

{ 2b:Ry=H, R;=CHyCH,OH, Ry=R,=H, Rs=CN
! 3a;R;=SO4H, Ry=CHs, Ry=R,=H, Rs=F

! 3b;R,=SO3H, Ry=CHs, R4=R,=H, Rs=Cl|

11 Ry=H, Rp=CHj, Ry=H, Ry=OMe, Re=H = @ 3.1 —50.H, Ry=CHj, Ry=Cl, Ry=H, Rs=F

1m; Ry=H, R=CHs, R3=R,=H, Rs=OFEt : 3d;Ry=SO3H, R,=CHy, Ry=R4=H, Rs=CN
1n; R1:H, RZ:CH3, R3:CHO, R4:H, R5:CH3 :

Scheme 4.1. Synthetic routes to spiropyran derivatives from 2,3,3-trimethyl-3H-indole.
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Fig. 4.1. Absorbance spectra demonstrating the conversion of spiropyran to merocyanine
isoforms of 4.3e at different time intervals after photo-irradiation with 404 nm light (A).
Photo reversibility of 4.3e among spiropyran and merocyanine conformation (B). Photo-
irradiated (400 and 545 nm) fluorescence spectra of 4.3e at different time intervals (C, D).

Conversion of spiropyran to merocyanine isoforms of 4.3e at different pH (E).

4.2.2. Inhibitory activities against IDO1 enzyme

The initial screening of the synthesized compounds using the HPLC-based
kynurenine assay revealed that the merocyanine (MC) form of 4.3e (4.3e-MC) strongly
inhibits the activity of the IDO1 enzyme, with an ICso value of 53.9 = 2 nM (Fig. 4.2A-B,
Table 4.1, and Table 4.2). The 4.3e-MC also showed stronger IDO1 inhibitory activity
under the acidic environment (Fig. 4.2F). In contrast, the spiropyran derivative isomer of
4.3e (4.3e-SP) exhibited significantly weaker IDO1 inhibitory activity (ICso > 10 uM)
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(Fig. 4.2E). The other synthesized merocyanine derivatives showed much lower inhibitory

activities against IDO1. The potent 4.3e-MC exhibited no significant inhibitory activity

against the tryptophan 2,3-dioxygenase (TDO) enzyme, which belongs to the same

enzyme family as IDO1 (Table 4.3).

Table 4.1. Inhibitory activity of the spiropyran and merocyanine derivatives against

purified human IDO1 enzyme.

Compounds ICso values (nM) % Inhibition
0.25 uM 1 uM
0 54+2 83+1.5 97 +1
HO;S O < / O
N+ HO
\
HO,S O . O >10000 9+1 21+9
LS
Epacadostat 61+6 76 £4 96 £2

Table 4.2. Inhibitory activity of the synthesized compounds against purified human IDO1

enzyme measured by the HPLC method.

|
SP-1c HG

Compound % Compound % Inhibition
(Spiropyran form) Inhibition | (merocyanine form)
I uM I uM | 0.25 uM
7+0.3 O 29+£7 | 12+£2
(LK Lo
/
-0 o
SP-1a fossta
9+2 NO, 24+7 3+1
(Lhy e Crot 3
N+  HO
SP-1b | mc-1b
13+1 22+4 7+1
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Table 4.3. Inhibitory activity of the compounds against purified human TDO enzyme

using pPDMAB assay.

Compound

% enzyme inhibition

0.25 uM of 4.3e-

1 uM of 4.3e-MC

MC

H°3S /
Be
N+ H
\

IDO1

TDO

IDO1

TDO

83+2

9+4

97+ 1

24+4

(0]

| \,N
N~g

Epacadostat

F. H
\N H
D /'H/Hzl’\/N\ ,NHZ
Br S
N
H

0’ ‘o

76 +4

5+1

96 +2

16 £4

4.2.3. Time and temperature-dependent IDO1 activity

The activity of 4.3e-MC encouraged us to explore its detailed inhibitory

mechanism on IDOI. A variation in the pre-incubation time period of 4.3e-MC with IDO1

enzyme at 37 °C demonstrated a significant increase in its inhibitory activity over time,

reaching maximum activity (>90%) at 60 minutes (Fig. 4.2C). The temperature-dependent

TH-3992_2Q6221¢8s
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activity assays showed that the inhibition of IDO1 by 4.3e-MC increased when the
temperature was raised from 20 °C to 37 °C. These results indicate that the inhibition
process may involve time and temperature-sensitive events, such as the dissociation of the

heme cofactor from the IDO1 enzyme (Fig. 4.2C).!> 13

(A)‘I 001 43e-MC (B)100 Photoirradiation @ 400 nm (E) 100 pH=72
i pH7.2 z :
g 20 |C50—54 +2nM 580 [4.36] = 1 uM g 20
= = I =
e} 0 Nal
Ze0 £60 T 60
£ = I £ P
= =40 5 40 I
O 40 o o 1
8 =} E a [
R20 £20 . 8 201
086734 T
10 15 20 25 30 35 0 5 10 20 30 60 T T T T T
log (Concentration) Time (min) 0625 125 25 5 10
. . Concentration (uM)
c Time (min) b F
(Chgp80 50 40 30 20 10, (D) (F) 100
Temperature 0.254 I ‘E’
—&— Time — & H=6.5
580 2053 | c 3 80 P
% g \@:0.20 E _E o S
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€601 4= Soas s E $ |5
S 605 £ - PY €
o 1 50.10{ © = o S =
a0 8 8 a g 8 8 |g
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Fig 4.2. Inhibitory activities of IDO1 at different concentrations of 4.3e-MC at pH 6.5
(A), after photoirradiation of 4.3e with 400 nm light at different time intervals (B). IDO1
inhibitory activities at different temperatures and time intervals with 4.3e-MC at pH 6.5
(C). The activity of apo-IDO1 in the absence and presence of the compound and/or hemin

(D). IDOI1 inhibitory activities at different pH in presence of 4.3e (10 and 1uM) (E, F).

4.2.4. Compound-induced heme release property

The binding of 4.3e-MC to “pocket C” near the solvent-exposed regions of the
IDO1 enzyme could induce partial unfolding of the enzyme, promoting heme release. To
determine whether the loss of heme-cofactor is a decisive step in the inhibition process of
IDO1 enzyme, we performed UV-Vis spectroscopic analysis both in the presence and
absence of 4.3e-MC. The results showed a decrease in the Soret peak in the presence of
4.3e-MC, indicating that heme was released from IDO1(Fig. 4.3A).!? Notably, no
significant changes were observed in the Soret peaks of TDO or other heme-containing
proteins, such as hemoglobin and myoglobin, suggesting that the hemin loss induced by

4.3e-MC is selective for IDO1 enzyme (Fig. 4.3B-D).
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Fig. 4.3. Absorption spectra of the ferric-IDO1 enzyme(A), ferric-TDO enzyme (B),
hemoglobin (C), and myoglobin (0.9 uM) (D) in the absence and presence of the
compound 4.3e-MC (10 uM) in 100 mM phosphate buffer at pH 6.5 after 15 min
incubation at 37 °C.

For further investigation of the 4.3e-MC-mediated release of the heme cofactor
from the IDO1 enzyme, the protoporphyrin IX (PpIX)-based fluorescence quenching
assay was performed. A significant decrease in the PpIX fluorescence upon the addition
of 4.3e-MC indicated the interaction between PpIX and hemin. In contrast, no observable
change in the PpIX fluorescence signal was detected in the presence of 4.3e-SP (Fig. 4.4).
Thus, these UV-Vis and fluorescence spectral changes of the IDO1 enzyme and PpIX
suggest the potential for 4.3e-MC-mediated release of the heme from IDOI1.
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Fig. 4.4. Extent of heme release from IDO1 enzyme (0.75 pM) in the absence and presence

of compounds at different time intervals (A, B, C, and D), measured by monitoring the

fluorescence intensity of PpIX (615 nm).

Additionally, we did not observe any significant changes in the circular dichroism

(CD) spectra of IDO1 before and after incubation with 4.3e-MC, indicating the

compound-mediated release of the heme cofactor from the IDOT1 active site is not caused

by any significant alteration in its structural integrity (Fig. 4.5 and Table 4.4). Therefore,

removing the heme-cofactor from the IDO1 enzyme and generating apo-IDO1 are the

crucial steps in the IDO1 inhibitory activity of 4.3e-MC.

TH-3992,2061:22119
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Fig. 4.5. Circular dichroism spectra of apo-IDO1 protein and IDO1 enzyme in the absence

and presence of compound 4.3e-MC.

Table 4.4. Circular dichroism analysis of apo-IDO1 protein and IDO1 enzyme in the

absence and presence of compound 4.3e-MC.

Sl. | Sample Name % of secondary structural elements

No. Helix Beta Turn Other
1 IDO1 62.3 0.0 14.6 23.1
2 IDO1 + 4.3e-SP 60.6 0.0 14.7 25.2
3 IDO1 +4.3e-MC 53.2 0.0 15.7 31.1
4 Apo IDO1 52.4 0.0 13.8 33.8

The concentration-dependent activity assay was performed to investigate the rate-

limiting process of 4.3e-MC-mediated IDO1 inhibition. The activity assay was performed

after incubating the IDO1 enzyme with 4.3e-MC for 60 minutes. The IDO1 activity at

various concentrations of 4.3e-MC exhibited a non-linear relationship. The IDOI1

inhibition assay in the presence of L-Trp and the reducing agents (ascorbate, methylene

blue, and catalase) against different concentrations of 4.3e-MC also showed a nonlinear

inhibition profile, suggesting that the oxidation state of iron does not influence the 4.3e-

MC-mediated IDO1 inhibitory activity in the hemin group. Therefore, releasing the heme

cofactor or generating the apo-IDO1 protein is the rate-limiting step of the 4.3e-MC-

TH-3992_2Q6422%
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mediated IDO1 inhibition mechanism. The UV-Vis spectral analysis showed that the
extent of reduction of the Soret peak was quite similar for both catalytically active and
inactive IDO1 enzyme, indicating that the release capability of the heme cofactor was
nearly the same (Fig. 4.6). The apo-IDO1 protein equilibrated with external hemin
regained its catalytic activity, whereas the apo-IDOI1 protein equilibrated with 4.3e-MC

failed to show any significant activity even after adding external hemin (Fig. 4.2D).
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Fig. 4.6. Time-dependent heme dissociation from IDO1 enzyme (0.75 uM) in the presence
of compound 4.3e-MC (25 uM) at 37 °C. Absorbance spectra of ferric-IDO1 enzyme. The
inset shows the loss in absorbance for ferric-IDO1 as a function of time (A). Absorbance
spectra of ferrous-IDO1 enzyme (B). The ferrous-deoxy reaction environment was
generated by adding NazS204 to the solution under an N> atmosphere. The inset shows the
loss in absorbance for ferrous-IDO1 as a function of time. Heme dissociation from IDO1
was monitored by the loss of absorbance of the Soret peak: 404 nm for ferric-IDO1 and

425 nm for ferrous-IDO1.

4.2.5. Heme binding properties of the compound

Recent studies indicate that free hemin is necessary for cellular homeostasis and
plays a dual role in cancer, where its accumulation and metabolic dysregulation promote
tumor growth by generating oxidative stress and inflammation. However, hemin
deficiency also impairs critical cellular functions, necessitating careful regulation of hemin
metabolism. Various spectrometric techniques were employed to investigate whether 4.3e-
MC exhibits hemin-binding properties. The concentration-dependent decrease of the Soret
peak indicated that 4.3e-MC also interacts with the free heme cofactor. The binding
affinities of these 4.3e-MC are similar to quinine, a known hemin-binding molecule (Fig.
4.7).
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Fig. 4.7. The plot of absorbance of heme (5 uM) in the presence of different concentrations

(0- 175 uM) of DMSO (A), 4.3e-MC (B), and Quinine (C).

The time-dependent decrease in PpIX fluorescence in the presence of hemin
indicates the interaction of PpIX with hemin. However, the addition of 4.3e-MC, in
combination with hemin, significantly alters the degree of PpIX fluorescence quenching
induced by hemin, indicating the potential interaction of 4.3e-MC with PpIX (Fig. 4.8).
In contrast, the addition of 4.3e-SP, in combination with hemin, did not result in any
significant alterations in the PpIX fluorescence quenching caused by hemin. Thus, the
PpIX-based fluorescence studies indicate that 4.3e-MC could inhibit the activity of
overproduced labile hemin, while 4.3e-SP failed to do so. The photo or pH-induced
conversion of 4.3e-SP to 4.3e-MC and the interaction between 4.3e-MC and apo-IDO1

were examined using various spectroscopic studies.
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Fig. 4.8. The plot of PpIX fluorescence (5 mM) in the absence or presence of only heme

or a solution of heme (1.5 mM) equilibrated with compounds (30 mM).
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4.2.6. Apo-IDO1 binding properties of the compound

The steady-state fluorescence anisotropy measurements of 4.3e-MC showed a
significant increase in anisotropy with increasing concentrations of apo-IDO1, resulting
in a binding affinity (Ka) of 3.9 + 0.58 uM (Fig. 4.9A).!* Additionally, the introduction of
NaCl led to a concentration-dependent decrease in the steady-state anisotropy value,

indicating that the interaction between 4.3e-MC and apo-IDOI is reversible (Fig. 4.9A).
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Fig. 4.9. Steady-state fluorescence anisotropy measurements of 4.3e-MC (500 nM) in the
presence of various concentrations of apo-IDO1 protein (0-12 uM) and in the absence and
presence of different concentrations of NaCl (0-75 mM) (A). The variation in RMSD
obtained for apo IDO1 (orange) and 4.3e-MC (blue) (B). IDO1 inhibition activity in cells
with and without IFN-y treatment in the presence and absence of the isoforms of 4.3e (C).

Confocal microscopic image of 4.3e-MC-treated HeLa cells (D).

The time-dependent UV-Vis spectral studies of 4.3e-MC in equilibrium with apo-
IDO1 were conducted under neutral and dark conditions. The absorbance profiles of 4.3e-
MC in the presence of apo-IDO1 exhibited minimal variation over time. This indicates
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that the 4.3e-MC isomer remains stable within the binding site of apo-IDO1 and does not
experience significant photochemical or structural changes during a prolonged incubation
period of up to 10 h (Fig. 4.10A-B). However, the control study without apo-IDO1 showed
the spontaneous conversion of the merocyanine (4.3e-MC) to the spiropyran isomer (4.3e-
SP) under similar experimental conditions (Fig. 4.10C-D). Hence, these spectral studies
suggest a strong and persistent interaction of 4.3e-MC with the apo-IDO1, which is crucial

for the 4.3e-MC-mediated IDOI1 inhibitory activity.
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Fig. 4.10. Absorption (A) and emission spectra (B) of the IDO1 enzyme incubated with
4.3e-MC at different time intervals. Absorption (C) and emission spectra (D) of 4.3e-MC

without IDO1 enzyme under similar experimental conditions.

4.2.7. Molecular docking and molecular dynamic simulation studies

To investigate the molecular determinants responsible for the binding of 4.3e-MC
to the apo-IDO1, molecular docking and molecular dynamics (MD) simulations were
performed.”> The molecular docking analysis of 4.3e-MC with the X-ray co-crystal
structure of the apo-IDO1 protein (PDB ID: 6AZW) revealed that the resulting top poses
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are located within the binding site of the apo-IDO. The MD simulation studies (100 ns) of
the best pose showed that 4.3e-MC remains strongly bound within the binding site of apo-
IDO1, with an RMSD of 0.143 nm, while 4.3e-MC stabilized at 0.191 nm. The slight
drifts in RMSD values could be due to changes in the conformation of 4.3e-MC within
the binding site. Further molecular docking analysis indicated that the hydrophobic,
hydrogen bond, pi-pi stacking, pi-cation and water bridge interactions could primarily
drive the binding of 4.3e-MC to the apo-IDOI protein. The napthyl and 2,2-dimethyl
indolenine moieties of 4.3e-MC could be involved in hydrophobic interactions with the
residues T117, P117, P217, 1225, A255 and 1345, respectively. The hydroxyl group of the
naphthalene ring and sulfonic acid 4.3e-MC could be involved in hydrogen bond
interactions with the backbone of 1345 and G355 residues. There is a water bridge between
the residue A255 and the ligand, which helps to keep the ligand in place by adding more
flexibility to the binding (Fig. 4.9B).
4.2.8. IDO1 activity under cellular environment

The viability assay of 4.3e-MC showed low toxicity in HeLa and HEK-293 cells
(after 48 h), indicating that this compound is suitable for IDO1 inhibitory studies (Fig.
4.11). Initially, 4.3e-SP was converted to 4.3e-MC through light or acidic treatment;
however, the following 48 h incubation period with HeLa cells could allow for partial
thermal reversal of 4.3e-MC back to 4.3e-SP. Consequently, the observed cell viability
outcomes likely reflect the combined effects of merocyanine and spiropyran isomers,

rather than only 4.3e-MC.
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Fig. 4.11. Effect of the compounds on the viability of HeLa cells (A) and HeK cells (B).
The cells were treated with the indicated concentrations of the compounds for 48 h. The
MTT assay determined cell viability. Cell viability (%) is averaged with standard deviation
(error bars) from three independent experiments. Conversion of 4.3e-MC to 4.3e-SP in 48

h during the MTT assay (C).

The cellular IDO1 activity assays demonstrated a considerable increase in IDO1
activity when treated with external IFN-y and hemin, suggesting a notable amount of apo-
IDOL1 is present in the cellular environment. Under similar experimental conditions,
hemin, which was equilibrated with the potent compound, demonstrated a significant
decrease in IDO1 activity. This suggests that the complexation of hemin with the 4.3e-
MC hinders the ability of apo-IDO1 to rebind hemin (Fig. 4.9C and 4.12). Therefore,
compound binding to the apo-IDO1 and the formation of the hemin-4.3e-MC complex
could inhibit the cellular IDO1 activity. The confocal microscopic images revealed distinct
red fluorescent puncta in treated HeLa cells, confirming internalization of 4.3e-MC, while

untreated control cells showed no fluorescence (Fig. 4.9D and 4.13).
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Fig. 4.12. Concentration-dependent cellular IDO1 enzyme activity in the absence and
presence of compound 4.3e-MC (A). IDO1 enzyme activities in the absence and presence
of 4.3e and extracellular heme in the IFN-y-treated HeLa cells (B). Activities were
calculated by HPLC-based kynurenine assay.
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Fig. 4.13. Representative confocal microscopic images of untreated (A) and 4.3e-MC-

treated (B) HeLa cells.
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The ability to respond to visible light and changes in pH provides a mechanism for
controlled IDO1 enzyme inhibition and offers the prospect of targeted therapeutic
intervention with minimized off-target effects. The acidic pH-dependent isomerization of
4.3e from inactive (4.3e-SP) to active (4.3e-MC) IDO1 enzyme inhibitor offers a
significant advantage, because a lower extracellular pH typically characterizes the tumor
microenvironment compared to healthy tissues.!> The visible light can serve as an external
stimulus to convert an inactive inhibitor of the IDO1 enzyme into an active one. This
approach also offers significant advantages for biomedical applications, as it has relatively
low phototoxicity and allows for deeper tissue penetration compared to ultraviolet light.'®
Therefore, the inherent properties of spiropyran derivatives make them a promising
scaffold for the development of smart drugs that effectively respond to specific stimuli in
a spatiotemporally controlled manner, particularly in the field of immunotherapy.

4.3. Summary

In summary, we synthesized a series of spiropyran derivatives and identified 4.3e
as a potent and stimuli-responsive inhibitor of IDO1. Upon exposure to light, 4.3e
undergoes conversion to the photoactive 4.3e-MC isoform, which exhibits strong IDO1
inhibitory activity in comparison to that of the photoinactive 4.3e-SP isoform. By
facilitating the release of heme from holo-IDO1 and transforming it into the apo form, the
4.3e-MC exhibits the ability to bind both apo-IDO1 protein and free hemin. These findings
highlight a novel strategy for spatiotemporal regulation of IDO1 activity by utilizing light
and pH as the external stimuli. Compared to traditional IDOI inhibitors, this
photoresponsive approach offers significant potential for the development of
spatiotemporally regulated therapies for cancer, Alzheimer's disease, and other
pathological conditions, enabling greater specificity and safety.

4.4. General information

The required chemicals were all acquired from Sigma Aldrich, Merck, and various
sources and utilized directly without any purification. The thin-layer chromatography
(TLC) was prepared using silica gel 60 F254 (0.25 mm) on glass plates and used to monitor
the progress of the reaction. Column chromatography was carried out using 60-120 mesh
silica gels. With the help of 600, 400, and 150 MHz Bruker spectrometer, the 'H NMR
and '*C NMR were obtained, respectively. The chemical shift (8ypm) and the coupling
constants (J values) were mentioned in parts per million (ppm) and Hertz (Hz),
respectively, downfield from tetramethylsilane using CDCl; and DMSO-ds as the internal
solvent. The residual chloroform (d = 7.28 ppm for 'H NMR, d = 77.23 ppm for *C NMR)

-139 -
TH-3992_2Q6225¢8s



Chapter 4

was used as an internal standard. Multiplicities were designated as follows: s (singlet), d
(doublet), t (triplet), m (multiplet), and br (broadened). The Agilent Q-TOF mass
spectrometer was used to record the high-resolution mass spectra (HRMS) of the
synthesized compounds.
4.5. Experimental section
4.5.1. Synthesis and characterization of compounds
4.5.1.1. General method for the synthesis of N-alkylated 2,3,3-trimethylindolenine
derivatives
To the stirring solution of 2,3,3-trimethyl-3H-indole (1equiv.) in CAN (25 mL),
methyl iodide/ iodoethanol (2 equiv.) was added. The reaction mixture was stirred under
reflux conditions for 24 hours. A pink precipitate formed in the mixture, which was
subsequently filtered out and washed with acetone to yield the desired product with around
95% yield. The product obtained was sufficiently pure to proceed to the next reaction
without further purification.!”
R1\©\>§7 R,l, ACN R1©\)§~
/, — /,
N 70 °C , 24h N+
R,

Scheme 4.2. Synthetic routes to N-alkylated 2,3,3-trimethylindolenine derivatives.

4.5.1.2. General method for the synthesis of spiropyran derivatives

To a stirring solution of N-alkylated 2,3,3-trimethylindolenine derivative (1.14
equiv) in EtOH (10 mL), salicylaldehyde derivatives (1.08 equiv.) To the reaction
mixture, NaOAc (2 equiv.) was added and stirred for 6 hours at 75 °C. The reaction
mixture was then extracted with EtOAc (3 x 20 mL), and the combined organic layers
were dried over anhydrous Na>SOs, and the solvent was evaporated under reduced
pressure. The reaction mixture was purified through column chromatography using a

gradient solvent system of EtOAC/Hexane (0-15%) to obtain the pure product.'

R1 % 6h 75°C,EtOH
N/ + OH ’ ’ >

RZ R5 R3 R3 R4
Ra

Scheme 4.3. General method for the synthesis of spiropyran derivatives.

4.5.1.2.1. Synthesis of 1',3',3"'-trimethylspiro[chromene-2,2'-indoline] (1a)
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The targeted compound (76% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 2-hydroxybenzaldehyde following the general procedure as mentioned in
section 4.5.1. TH NMR (600 MHz, DMSO-ds) dppm 7.17 (dd, J=7.6, 1.7 Hz, 1H), 7.12 -
7.08 (m, 3H), 7.02 (d, /= 10.2 Hz, 1H), 6.83 (t, /= 7.4 Hz, 1H), 6.77 (t, J= 7.4 Hz, 1H),
6.66 (d, J= 8.1 Hz, 1H), 6.56 (d, J= 7.7 Hz, 1H), 5.76 (d, J= 10.2 Hz, 1H), 2.65 (s, 3H),
1.21 (s, 3H), 1.09 (s, 3H). 3C NMR (150 MHz, DMSO-ds) dppm 154.41, 148.31, 136.75,
130.25, 129.80, 127.91, 127.39, 121.92, 120.67, 119.70, 119.39, 119.08, 114.79, 107.25,
104.29, 51.82, 29.04, 26.13, 20.35. HRMS (ESI) calcd. for CisH1oNO (M+ H)" :
278.1539, found: 278.1507.
4.5.1.2.2. Synthesis of 1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline| (1b)

The targeted compound (71% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 2-hydroxy-5-nitrobenzaldehyde following the general procedure as
mentioned in section 4.5.1. "TH NMR (400 MHz, DMSO-ds) dppm 8.16 (d, ] =2.8 Hz, 1H),
7.94 (dd,J =9.0,2.9 Hz, 1H), 7.17 (d,J = 10.4 Hz, 1H), 7.06 (d, J = 7.4 Hz, 2H), 6.83 (dd,
J=9.0,0.7 Hz, 1H), 6.75 (td, J = 7.4, 1.0 Hz, 1H), 6.56 (dt, J = 7.3, 1.0 Hz, 1H), 5.93 (d,
J=10.4 Hz, 1H), 2.62 (s, 3H), 1.16 (s, 3H), 1.05 (s, 3H). '3C NMR (150 MHz, DMSO-
ds) dppm 159.87, 147.88, 140.95, 136.29, 128.75, 128.13, 126.20, 123.28, 122.03, 121.90,
119.90, 119.39, 115.85, 107.51, 106.61, 52.33, 28.97, 26.14, 20.12. HRMS (ESI) calcd.
for C1oH1sN20 (M+ H)" : 323.1390, found: 323.1358.
4.5.1.2.3. Synthesis of 1',3',3'-trimethylspiro[chromene-2,2'-indolin]-8-ol (1¢)

The targeted compound (73% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 2,3-dihydroxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. '"H NMR (600 MHz, CDCl3) ppm 7.22 (td, J = 7.6, 1.3 Hz,
1H), 7.12 (dd, J = 7.3, 1.3 Hz, 1H), 6.91 — 6.88 (m, 2H), 6.82 (dd, J = 8.0, 1.6 Hz, 1H),
6.78 (t,J =7.7 Hz, 1H), 6.68 (dd, ] = 7.5, 1.6 Hz, 1H), 6.57 (d, ] = 7.7 Hz, 1H), 5.73 (d, J
=10.3 Hz, 1H), 5.56 (s, 1H), 2.79 (s, 3H), 1.34 (s, 3H), 1.22 (s, 3H). *C NMR (150 MHz,
CDCl3) dppm 147.98, 143.23, 140.82, 136.56, 129.57, 127.75, 121.68, 120.36, 119.49,
119.35, 118.96, 118.05, 115.61, 106.98, 105.35, 51.76, 28.88, 25.91, 19.92. HRMS (ESI)
calcd. for C1oH19NO2 (M+ H)* : 294.1489, found: 294.1491.
4.5.1.2.4. Synthesis of 6-fluoro-1',3"',3'-trimethylspiro[chromene-2,2'-indoline] (1d)

The targeted compound (80% yield) was synthesized from 1,2,3,3-tetramethyl-3 H-
indol-1-ium and 5-fluoro-2-hydroxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. '"H NMR (400 MHz, CDCl3) 6ppm 7.18 (td, J = 7.6, 1.3 Hz,
1H), 7.07 (dd, J = 7.2, 1.3 Hz, 1H), 6.84 (td, J = 7.4, 1.0 Hz, 1H), 6.80 — 6.75 (m, 3H),
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6.65-6.62 (m, 1H), 6.52 (d, J= 7.7 Hz, 1H), 5.74 (d, J = 10.2 Hz, 1H), 2.72 (s, 3H), 1.30
(s, 3H), 1.16 (s, 3H). '3C NMR (150 MHz, CDCl3) 8ppm 157.34, 155.76, 150.43, 148.11,
136.65, 128.67, 127.64, 121.51, 120.89, 119.20, 115.81, 112.62, 112.46, 106.82, 104.22,
51.82, 28.93, 25.84, 20.20. HRMS (ESI) calcd. for C1oH1sFNO (M+ H)" : 296.1445,
found: 296.1416.

4.5.1.2.5. Synthesis of 6-chloro-1',3',3'-trimethylspiro[chromene-2,2'-indoline] (1e)

The targeted compound (78% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 5-chloro-2-hydroxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. 'TH NMR (400 MHz, CDCl3) 6ppm 7.10 (td, J = 7.6, 1.3 Hz,
1H), 6.99 (dd, J = 7.3, 1.3 Hz, 1H), 6.94 (dq, J = 4.7, 2.6 Hz, 2H), 6.77 (td, J= 7.4, 1.0
Hz, 1H), 6.70 (d, J=10.3 Hz, 1H), 6.57 — 6.54 (m, 1H), 6.44 (d, /= 7.7 Hz, 1H), 5.65 (d,
J=10.2 Hz, 1H), 2.64 (s, 3H), 1.21 (s, 4H), 1.08 (s, 3H). *C NMR (150 MHz, CDCl3)
oppm 153.06, 148.08, 136.58, 129.36, 128.51, 127.70, 126.18, 124.64, 121.54, 120.76,
120.06, 119.32, 116.38, 106.90, 104.55, 51.91, 28.94, 25.88, 20.16. HRMS (ESI) calcd.
for C1oH1sCINO (M+ H)" : 312.1150, found: 312.1150
4.5.1.2.6. Synthesis of 8-chloro-6-fluoro-1',3',3'-trimethylspiro[chromene-2,2'-
indoline] (1f)

The targeted compound (76% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 3-chloro-5-fluoro-2-hydroxybenzaldehyde following the general
procedure as mentioned in section 4.5.1. "TH NMR (400 MHz, CDCI3) 8ppm 7.16 (td, J =
7.6, 1.3 Hz, 1H), 7.06 (dd, J= 7.3, 1.3 Hz, 1H), 6.90 (dd, J= 8.3, 3.0 Hz, 1H), 6.84 (td, J
=17.4, 1.0 Hz, 1H), 6.76 (d, J = 10.2 Hz, 1H), 6.69 (dd, J = 8.0, 3.0 Hz, 1H), 6.52 (d, J =
7.6 Hz, 1H), 5.79 (d, J = 10.2 Hz, 1H), 2.72 (s, 3H), 1.30 (s, 3H), 1.17 (s, 4H). ¥*C NMR
(150 MHz, CDCI3) dppm 156.37, 154.78, 147.89, 146.30, 146.28, 136.41, 128.18, 127.60,
122.24, 121.45, 119.35, 116.84, 111.25, 106.88, 105.30, 51.94, 28.89, 25.77, 20.26.
HRMS (ESI) calcd. for CioHi7CIFNO (M+ H)" : 330.1055, found: 330.1038.
4.5.1.2.7. Synthesis of 6,8-dichloro-1',3',3'-trimethylspiro[chromene-2,2'-indoline]
(1g)

The targeted compound (81% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 3,5-dichloro-2-hydroxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. 'H NMR (400 MHz, CDCI3) dppm 7.09 (dd, J = 7.6, 1.3 Hz,
1H), 7.06 (dd, J = 3.5, 1.9 Hz, 1H), 6.98 (dd, J = 7.3, 1.3 Hz, 1H), 6.86 (d, J = 2.5 Hz,
1H), 6.76 (td, J = 7.4, 1.0 Hz, 1H), 6.68 (d, J = 10.3 Hz, 1H), 6.45 (d, J = 7.7 Hz, 1H),
5.70 (d, J = 10.2 Hz, 1H), 2.63 (s, 3H), 1.21 (s, 3H), 1.08 (s, 3H). 13C NMR (150 MHz,
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CDClI3) oppm 148.67, 147.83, 136.33, 131.14, 129.39, 128.01, 127.63, 124.71, 124.45,
122.03, 121.46, 121.07, 119.45, 106.93, 105.69, 52.03, 28.88, 25.80, 20.21. HRMS (ESI)
calcd. for C1oHi1sC1a2NO (M+ H)": 346.076, found: 346.0740.

4.5.1.2.8. Synthesis of 6-bromo-1',3',3'-trimethylspiro[chromene-2,2'-indoline] (1h)

The targeted compound (78% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 5-bromo-2-hydroxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. 'TH NMR (400 MHz, DMSO-ds) dppm 7.33 (dd, J = 28.1 Hz,
2.8Hz, 1H), 7.17 (dd, J= 8.6, 2.6 Hz, 1H), 7.11 — 7.02 (m, 2H), 6.96 (d, /= 10.3 Hz, 1H),
6.72 (t,J=17.3 Hz, 1H), 6.59 (d, /= 8.6 Hz, 1H), 6.48 (dd, J=22.1, 8.4 Hz, 1H), 5.79 (d,
J=10.3 Hz, 1H), 2.58 (s, 3H), 1.14 (s, 3H), 1.03 (s, 3H). 13C NMR (150 MHz, DMSO-
ds) Oppm 153.63, 148.13, 137.95, 136.57, 132.49, 129.56, 128.76, 127.98, 121.94, 121.16,
119.55, 117.13, 111.69, 107.31, 104.77, 52.01, 29.00, 24.06, 20.27. HRMS (ESI) calcd.
for C1oH1sBrNO (M+ H)": 356.0645, found: 356.0600.
4.5.1.2.9. Synthesis of 1',3',3'-trimethylspiro[chromene-2,2'-indoline]-6-carbonitrile
(1i)

The targeted compound (74% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 3-formyl-4-hydroxybenzonitrile following the general procedure as
mentioned in section 4.5.1. 'H NMR (400 MHz, CDCl3) 6ppm 7.38 — 7.35 (m, 2H), 7.20
(td, J=17.7,1.3 Hz, 1H), 7.08 (dd, J= 7.2, 1.2 Hz, 1H), 6.89 — 6.83 (m, 2H), 6.76 — 6.74
(m, 1H), 6.55 (d, J= 7.7 Hz, 1H), 5.81 (d, J = 10.3 Hz, 1H), 2.73 (s, 3H), 1.29 (s, 3H),
1.17 (s, 3H). 3C NMR (150 MHz, CDCl3) dppm 158.00, 147.79, 136.19, 133.84, 130.76,
128.03, 127.82, 121.57, 121.42, 119.67, 119.55, 119.18, 116.13, 107.03, 105.76, 103.26,
52.21, 28.88, 25.86, 19.99. HRMS (ESI) calcd. for C20H1sN20 (M+ H)": 303.1492,
found: 303.1461.
4.5.1.2.10. Synthesis of 6-methoxy-1',3',3'-trimethylspiro[chromene-2,2'-indoline]
(1j)

The targeted compound (75% yield) was synthesized from 1,2,3,3-tetramethyl-3 H-
indol-1-ium and 2-hydroxy-5-methoxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. '"H NMR (400 MHz, CDCl3) dppm 7.16 (td, J = 7.6, 1.3 Hz,
1H), 7.06 (dd, J = 7.3, 1.3 Hz, 1H), 6.83 (dd, J= 7.4, 1.0 Hz, 1H), 6.79 (d, J=10.2 Hz,
1H), 6.65 — 6.64 (m, 2H), 6.60 — 6.59 (m, 1H), 6.51 (d, J= 7.9 Hz,1H), 5.69 (d, J=10.2
Hz, 1H), 3.74 (s, 3H), 2.71 (s, 3H), 1.30 (s, 3H), 1.15 (s, 3H). 3C NMR (150 MHz,
CDCls) oppm 153.15, 148.63, 148.28, 136.88, 129.34, 127.61, 121.53, 120.33, 119.12,
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119.07,115.56,115.28,111.49, 106.80, 103.89, 55.82, 51.67,29.00, 25.90, 20.29. HRMS
(ESI) calcd. for C20H21NO2 (M+ H)™: 308.1645, found: 308.1646.

4.5.1.2.11. Synthesis of 8-methoxy-1',3',3'-trimethylspiro[chromene-2,2'-indoline]
(1k)

The targeted compound (73% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 2-hydroxy-3-methoxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. 'TH NMR (400 MHz, CDCl3) 8ppm 7.05 (td, J = 7.6, 1.3 Hz,
1H), 6.96 (dd, J=7.2, 1.3 Hz, 1H), 6.74 — 6.72 (m, 1H), 6.70 (d, /= 1.6 Hz, 1H), 6.65 (d,
J=6.0 Hz, 2H), 6.60 — 6.58 (m, 1H), 6.41 (d, /= 7.7 Hz, 1H), 5.57 (d, /= 10.2 Hz, 1H),
3.55 (s, 3H), 2.65 (s, 3H), 1.23 (s, 3H), 1.08 (s, 3H). *C NMR (150 MHz, CDCl3) dppm
148.16, 147.09, 143.98, 136.81, 129.21, 127.44, 121.50, 119.83, 119.69, 119.60, 119.28,
118.87, 114.10, 106.65, 104.31, 56.59, 51.64, 28.88, 25.79, 20.32. HRMS (ESI) calcd.
for C20H21NO2 (M+ H)": 308.1645, found: 308.1614.
4.5.1.2.12. Synthesis of 7-methoxy-1',3',3'-trimethylspiro[chromene-2,2'-indoline]
(1D

The targeted compound (72% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 2-hydroxy-4-methoxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. 'TH NMR (600 MHz, CDCl3) 6ppm 7.22 (td, J = 7.6, 1.3 Hz,
1H), 7.12 (dd, J=7.2, 1.3 Hz, 1H), 6.98 (d, /= 8.3 Hz, 1H), 6.89 (td, /= 7.4, 1.0 Hz, 1H),
6.84 (d,J=10.2 Hz, 1H), 6.57 (d, J= 7.7 Hz, 1H), 6.43 (dd, J= 8.3, 2.4 Hz, 1H), 6.35 —
6.34 (m, 1H), 5.57 (d, /= 10.2 Hz, 1H), 3.74 (s, 2H), 2.78 (s, 3H), 1.36 (s, 3H), 1.20 (s,
3H). 13C NMR (150 MHz, CDCl3) dppm 161.09, 155.86, 148.29, 136.93, 129.10, 127.60,
127.37, 121.54, 119.10, 116.22, 112.26, 106.84, 106.64, 104.64, 100.12, 55.31, 51.57,
28.92, 25.93, 20.11. HRMS (ESI) calcd. for C20H21NO2 (M+ H)": 308.1645, found:
308.1624.
4.5.1.2.13. Synthesis of 6-ethoxy-1',3',3'-trimethylspiro[chromene-2,2'-indoline] (1m)

The targeted compound €72% yield) was synthesized from 1,2,3,3-tetramethyl-3 H-
indol-1-ium and 5-ethoxy-2-hydroxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. "TH NMR (600 MHz, CDCl3) dppm 7.19 (t, J = 7.7 Hz, 1H),
7.10 (d, J= 7.2 Hz, 1H), 6.87 (t, J = 8.5 Hz, 2H), 6.85 — 6.82 (m, 1H), 6.79 — 6.75 (m,
2H), 6.53 (d, J=17.7 Hz, 1H), 5.73 (d, J=10.1 Hz, 1H), 3.93 (p, J = 6.9 Hz, 2H), 2.76 (s,
2H), 1.37 (s, 3H), 1.23 (s, 3H), 1.14 (t, J = 7.0 Hz, 3H). 3C NMR (150 MHz, CDCl3)
oppm 148.12, 146.04, 145.00, 136.91, 129.42, 127.42, 121.43, 120.06, 120.05, 119.63,
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119.36, 118.97, 118.07, 106.64, 104.23, 66.27, 51.42, 28.93, 25.78, 20.32, 14.96. HRMS
(ESI) calcd. for C21H23NO2 (M+ H)"™: 322.1802, found: 322.1802.

4.5.1.2.14. Synthesis of 1'3'.3",6-tetramethylspiro[chromene-2,2'-indoline|-8-
carbaldehyde (1n)

The targeted compound (72% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 2-hydroxy-5-methylisophthalaldehyde following the general procedure
as mentioned in section 4.5.1. "TH NMR (400 MHz, CDCl3) dppm 10.03 (s, 1H), 7.36 (dd,
J=23,0.9Hz, 1H), 7.07 (td, J= 7.6, 1.3 Hz, 1H), 7.01 (d, /= 2.3 Hz, 1H), 6.97 (dd, J =
7.1, 1.3 Hz, 1H), 6.79 — 6.74 (m, 2H), 6.43 (d, J = 7.7 Hz, 1H), 5.70 (d, /= 10.3 Hz, 1H),
2.66 (s, 4H), 2.18 (s, 4H), 1.24 (s, 4H), 1.11 (s, 4H). 3C NMR (150 MHz, CDCl3) dppm
189.08, 155.59, 147.81, 136.36, 133.55, 129.32, 128.85, 127.69, 127.39, 122.24, 121.44,
120.38, 120.00, 119.55, 106.96, 105.47, 52.03, 28.98, 25.82, 20.44, 20.30. HRMS (ESI)
calcd. for C21H21NO2 (M+ H)™: 320.1645, found: 320.1642.
4.5.1.2.15. Synthesis of 1',3',3'-trimethylspiro[benzo[f]chromene-2,2'-indoline] (10)

The targeted compound (68% yield) was synthesized from 1,2,3,3-tetramethyl-3H-
indol-1-ium and 1-hydroxy-2-naphthaldehyde following the general procedure as
mentioned in section 4.5.1. 'H NMR (400 MHz, DMSO-ds) dppm 8.14 (d, J = 8.5 Hz,
1H), 7.77 — 7.74 (m, 2H), 7.66 (d, J = 8.9 Hz, 1H), 7.47 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H),
7.30 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H), 7.08 — 7.04 (m, 2H), 6.92 (d, J = 8.9 Hz, 1H), 6.73
(td,/=7.4,1.0 Hz, 1H), 6.53 — 6.50 (m, 1H), 5.81 (d, /= 10.4 Hz, 1H), 2.60 (s, 3H), 1.19
(s, 3H), 1.09 (s, 3H). 13C NMR (150 MHz, DMSO-ds) dppm 152.45, 148.15, 136.69,
130.62, 129.86, 128.89, 128.82, 127.96, 127.43, 125.60, 123.94, 121.97, 121.57, 119.50,
118.21, 117.36, 110.95, 107.26, 104.39, 51.66, 29.00, 26.05, 20.41. HRMS (ESI) calcd.
for C23H21NO (M+ H)": 328.1696, found: 328.1672.
4.5.1.2.16. Synthesis of 2-(6-fluoro-3',3'-dimethylspiro[chromene-2,2'-indolin]-1'-
ylethan-1-ol (2a)

The targeted compound (78% yield) was synthesized from 1,2,3,3-tetramethyl-3 H-
indol-1-ium and 5-fluoro-2-hydroxybenzaldehyde following the general procedure as
mentioned in section 4.5.1. '"H NMR (600 MHz, CDCl3) dppm 7.20 (td, J = 7.6, 1.3 Hz,
1H), 7.11 (d, J= 7.2 Hz, 1H), 6.89 (t, /= 7.4 Hz, 1H), 6.83 — 6.78 (m, 3H), 6.68 — 6.65
(m, 2H), 5.77 (d, J=10.2 Hz, 1H), 3.79 — 3.77 (m, 2H), 3.56 — 3.51 (m, 1H), 3.36 (dt, J =
15.0, 5.2 Hz, 1H), 1.33 (s, 3H), 1.20 (s, 3H). 3C NMR (150 MHz, CDCl3) 8ppm 157.57,
156.00, 149.86, 147.24, 136.29, 128.78, 128.77, 127.66, 121.88, 121.24, 119.44, 116.19,
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112.89, 106.65, 104.69, 60.79, 52.45, 46.13, 25.82, 20.38. HRMS (ESI) calcd. for
C20H20FNO2 (M+ H)": 326.1551, found: 326.1532.

4.5.1.2.17. Synthesis of 1'-(2-hydroxyethyl)-3',3'-dimethylspiro[chromene-2,2'-
indoline]-6-carbonitrile (2b)

The targeted compound (64% yield) was synthesized from 1-(2-hydroxyethyl)-
2,3,3-trimethyl-3H-indol-1-ium and 3-formyl-4-hydroxybenzonitrile following the
general procedure as mentioned in section 4.5.1. '"H NMR (400 MHz, CDCl3) 8ppm 7.38
—7.34 (m, 2H), 7.18 (td, J= 7.6, 1.3 Hz, 1H), 7.09 (dd, /= 7.3, 1.3 Hz, 1H), 6.89 (td, J =
7.4, 1.0 Hz, 1H), 6.83 (d, /= 10.4 Hz, 1H), 6.74 (d, J = 8.4 Hz, 1H), 6.66 (d, J= 7.8 Hz,
1H), 5.83 (d, /=10.3 Hz, 1H), 3.82 — 3.70 (m, 2H), 3.45 (ddd, J=14.9, 7.4, 5.5 Hz, 1H),
3.32 (dt, J = 14.8, 5.2 Hz, 1H), 1.28 (s, 3H), 1.18 (s, 3H). 1*C NMR (150 MHz, CDCls)
oppm 157.52, 147.06, 135.90, 133.99, 130.87, 128.03, 127.82, 121.90, 121.74, 119.89,
119.41,119.03,116.17,106.85, 106.15, 103.60, 60.84, 52.76, 46.11,25.87, 20.08. HRMS
(ESI) calcd. for C21H20N202 (M+ H)": 333.1598, found: 333.1579.
4.5.1.2.18.  Synthesis  2-(3',3'-dimethylspiro[benzo[f]chromene-3,2'-indolin]-1'-
ylethan-1-ol (2¢)

The targeted compound (67% yield) was synthesized from 1-(2-hydroxyethyl)-
2,3,3-trimethyl-3H-indol-1-ium and 2-hydroxy-1-naphthaldehyde following the general
procedure as mentioned in section 4.5.1. "TH NMR (400 MHz, CDCI3) 8ppm 7.93 (d, J =
8.5 Hz, 1H), 7.65 — 7.63 (m, 1H), 7.51 (dd, J=19.9, 9.7 Hz, 2H), 7.42 (ddd, J = 8.4, 6.8,
1.3 Hz, 1H), 7.25 (ddd, J=8.1, 6.8, 1.1 Hz, 1H), 7.09 (td, /= 7.7, 1.3 Hz, 2H), 7.01 (dd,
J=72,13Hz 1H), 6.88 (d, /= 8.9 Hz, 1H), 6.79 (t, /= 7.4 Hz, 1H), 6.56 (d, J= 7.8 Hz,
1H), 5.71 (d, J=10.5 Hz, 1H), 3.66 (ddq, J=16.5, 11.1, 5.9, 5.3 Hz, 2H), 3.45 (ddd, J =
14.9,7.2, 5.3 Hz, 1H), 3.26 (dt, J= 14.8, 5.2 Hz, 1H), 1.25 (s, 3H), 1.13 (s, 3H). 3C NMR
(150 MHz, CDCI3) dppm 152.13, 147.32, 136.40, 130.30, 129.74, 128.89, 128.64, 127.61,
126.85, 125.05, 123.49, 121.92, 120.69, 119.43, 118.04, 117.29, 110.50, 106.63, 104.74,
60.93,52.16,46.11,25.73,20.37. HRMS (ESI) calcd. for C24H23NO2 (M+H)": 358.1802,
found: 358.1783.
4.5.1.2.19. Synthesis of 6-fluoro-1',3',3'-trimethylspiro[chromene-2,2'-indoline]-5'-
sulfonic acid (3a)

The targeted compound (54% yield) was synthesized from 1,2,3,3-tetramethyl-5-
sulfo-3H-indol-1-ium and 5-fluoro-2-hydroxybenzaldehyde following the general
procedure as mentioned in section 4.5.1. '"H NMR (400 MHz, DMSO-ds) dppm 7.33 (dd,
J=28.0,1.7Hz, 1H), 7.24 (d, J= 1.7 Hz, 1H), 7.02 (dd, J= 8.7, 3.1 Hz, 1H), 6.95 (d, J =
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10.2 Hz, 1H), 6.86 (td, J=8.7, 3.1 Hz, 1H), 6.67 (dd, J=8.9,4.6 Hz, 1H), 6.42 (d, J=8.0
Hz, 1H), 5.81 (d, J=10.2 Hz, 1H), 2.59 (s, 3H), 1.16 (s, 3H), 1.04 (s, 3H). '*C NMR (150
MHz, DMSO-ds) dppm 150.57, 148.37, 140.39, 135.79, 129.22, 125.81, 121.08, 119.81,
116.31, 116.06, 116.00, 113.36, 113.20, 105.83, 104.73, 51.82, 29.15, 25.95, 20.26.
HRMS (ESI) calcd. for C19H1sFNOsS (M—H): 374.0868, found: 374.0892.

4.5.1.2.20. Synthesis of 6-chloro-1',3',3'-trimethylspiro[chromene-2,2'-indoline]-5'-
sulfonic acid (3b)

The targeted compound (57% yield) was synthesized from 1,2,3,3-tetramethyl-5-
sulfo-3H-indol-1-ium and 5-chloro-2-hydroxybenzaldehyde following the general
procedure as mentioned in section 4.5.1. 'H NMR (400 MHz, DMSO-ds) dppm 7.54 (dd,
J=28.0, 1.7 Hz, 1H), 7.44 (t,J = 2.1 Hz, 2H), 7.25 (dd, J = 8.7, 2.6 Hz, 1H), 7.17 (d, J =
10.3 Hz, 1H), 6.89 (d, J = 8.7 Hz, 1H), 6.63 (d, ] = 8.0 Hz, 1H), 6.01 (d, J = 10.3 Hz, 1H),
2.80 (s, 3H), 1.36 (s, 3H), 1.24 (s, 3H). 3C NMR (150 MHz, DMSO-d6) dppm 153.15,
148.32, 140.42, 135.71, 129.66, 128.97, 126.72, 125.84, 124.15, 120.99, 120.72, 119.82,
116.70, 105.88, 105.05, 51.89, 29.12, 25.96, 20.19. HRMS (ESI) calcd. for
C19H1sCINO4sS (M—H) : 390.0572, found: 390.0595.
4.5.1.2.21. Synthesis of 8-chloro-6-fluoro-1',3',3'-trimethylspiro[chromene-2,2'-
indoline]-5'-sulfonic acid (3¢)

The targeted compound (52% yield) was synthesized from 1,2,3,3-tetramethyl-5-
sulfo-3H-indol-1-ium and 3-chloro-5-fluoro-2-hydroxybenzaldehyde following the
general procedure as mentioned in section 4.5.1. "H NMR (600 MHz, DMSO-ds) dppm
7.43 (d,J=8.0 Hz, 1H), 7.33 (d, J= 1.7 Hz, 1H), 7.24 (dd, J=8.5, 3.0 Hz, 1H), 7.15 (dd,
J=28.5,3.0 Hz, 1H), 7.06 (d, J=10.2 Hz, 1H), 6.53 (d, /= 8.0 Hz, 1H), 5.97 (d, /= 10.2
Hz, 1H), 2.67 (s, 3H), 1.23 (s, 3H), 1.11 (s, 3H). ¥*C NMR (150 MHz, DMSO-ds) dppm
156.32, 154.74, 148.11, 146.21, 140.19, 135.52, 128.80, 128.78, 126.02, 122.42, 121.20,
119.78, 116.79, 112.49, 105.77, 52.00, 29.02, 26.04, 20.20. HRMS (ESI) calcd. for
C1oH17CIFNO4S (M+ H)": 410.0624, found: 410.0606.
4.5.1.2.22. Synthesis 6-cyano-1',3',3'-trimethylspiro[chromene-2,2'-indoline]-5'-
sulfonic acid (3d)

The targeted compound (59% yield) was synthesized from 1,2,3,3-tetramethyl-5-
sulfo-3H-indol-1-ium and 3-formyl-4-hydroxybenzonitrile following the general
procedure as mentioned in section 4.5.1. "TH NMR (400 MHz, DMSO-ds) 8ppm 7.66 (d, J
=2.1 Hz, 1H), 7.49 (dd, J= 8.5, 2.2 Hz, 1H), 7.37 (dd, /= 8.0, 1.7 Hz, 1H), 7.28 (d, J =
1.7 Hz, 1H), 7.03 (d, /= 10.4 Hz, 1H), 6.83 (d, J= 8.5 Hz, 1H), 6.47 (d, J= 8.1 Hz, 1H),
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5.89 (d, J=10.3 Hz, 1H), 2.61 (s, 3H), 1.73 (s, 3H), 1.06 (s, 3H). 13C NMR (150 MHz,
DMSO-ds) dppm 157.94, 148.25, 140.31, 135.56, 134.52, 131.59, 128.63, 125.99, 121.37,
120.03, 119.85, 119.46, 116.37, 106.18, 106.07, 102.97, 52.12, 29.06, 25.94, 20.03.
HRMS (ESI) calcd. for C20H18N204S (M—H): 381.0915, found: 381.0925.

4.5.1.2.23. Synthesis 1',3',3'-trimethylspiro[benzo[f]chromene-3,2'-indoline]-5'-
sulfonic acid (4.3¢)

The targeted compound (61% yield) was synthesized from 1,2,3,3-tetramethyl-5-
sulfo-3H-indol-1-ium and 2-hydroxy-1-naphthaldehyde following the general procedure
as mentioned in section 4.5.1. "TH NMR (400 MHz, DMSO-ds) dppm 8.15 (d, J = 8.5 Hz,
1H), 7.78 — 7.74 (m, 2H), 7.66 (d, J = 8.9 Hz, 1H), 7.48 (dd, ] = 8.5, 6.9 Hz, 1H), 7.35 (dd,
J=28.0,1.7 Hz, 1H), 7.30 (t, ] = 7.5 Hz, 1H), 7.27 (d, J = 1.7 Hz, 1H), 6.97 (d, ] = 8.9 Hz,
1H), 6.43 (d, J=8.0 Hz, 1H), 5.83 (d, J=10.5 Hz, 1H), 2.61 (s, 3H), 1.20 (s, 3H), 1.10 (s,
3H). 13C NMR (150 MHz, DMSO-ds) dppm 152.45, 148.30, 140.42, 135.80, 130.66,
129.85, 128.90, 128.85, 127.42, 125.82, 125.73, 123.94, 121.57, 119.85, 117.97, 117.40,
110.90, 105.82, 104.69, 51.54, 29.11, 25.91, 20.31. HRMS (ESI) calcd. for C23H21NO4S
(M): 407.1197, found: 407.1183.

4.5.2. Purity Assessment by HPLC Analysis

HPLC analyses were performed to assess the purity of the synthesized compounds.
Compound solution (20 pL of 100 uM) was injected into a 2.7 pum Ascentis® Express
C18 HPLC column. The mobile phase, comprising 50% sodium citrate buffer (40 mM,
pH 2.25), 50% methanol (v/v) containing 400 uM SDS, was used to perform HPLC
analyses with a flow rate of 0.5 mL/minute. The HPLC traces were monitored using a 254
and 360 nm light source. The purity of the potent compounds was found to be 95-98%.
4.5.3. Light- and pH-modulated conformational switching of the compound

The photoswitchable properties of 4.3e were examined under light irradiation and
varying pH conditions using UV—Vis spectroscopy. A solution of 4.3e in DMSO (100
uM) was irradiated at a wavelength of 400 nm. The resulting photochemical response was
monitored using UV-Vis absorption spectroscopy with an EVOLUTION 201
spectrophotometer. We also investigated the photo reversibility of the 4.3e between
merocyanine and spiropyran conformation up to 7 cycles. Spectroscopic measurements
were conducted across different pH levels to assess the pH-dependent switching behavior.
Both UV-Vis and fluorescence spectroscopy were employed to monitor the changes in
optical properties. Fluorescence measurements were performed for two distinct forms of

the compound: 4.3e-SP (Aex = 400 nm, Aem = 510 nm) and 4.3e-MC (Aex = 545 nm, Aem =
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603 nm). These spectral analyses demonstrated the reversible isomerization of 4.3e in
response to external stimuli, such as light and pH.
4.5.4. Purification of human tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-
dioxygenase 1 enzymes

The tryptophan 2,3-dioxygenase (TDO) and human indoleamine 2,3-dioxygenase
1 (IDO1) enzymes were purified following established protocols.” > ' Recombinant
human IDO1 and TDO enzymes, each engineered with an N-terminal 6xhistidine tag,
were expressed in Escherichia coli BL21 (DE3) cells. For culture initiation, a single
transformed colony was inoculated into 5 mL of Luria—Bertani (LB) medium with
kanamycin (50 pg/mL) and incubated overnight at 37 °C with shaking at 180 rpm. The
resulting preculture (1 mL) was used to seed 1 L of fresh LB medium containing
kanamycin, and the culture was maintained at 37 °C with shaking at 120 rpm until an
optical density at 600 nm (ODeoo) of approximately 0.6 was attained. To facilitate proper
heme incorporation into the enzymes, hemin (10 uM) and L-tryptophan (1 mM) were
introduced, and cells were allowed to grow further until reaching an ODgoo of 0.9—1.0.
Induction of protein expression was achieved by adding isopropyl p-D-1-
thiogalactopyranoside (IPTG, 0.5 mM) following a cooling step, after which cultures were
incubated at 22 °C with shaking at 120 rpm for 16—18 h to promote soluble protein
expression. Cells were subsequently harvested by centrifugation, resuspended in 20 mL
of ice-cold phosphate-buffered saline (PBS), and re-centrifuged at 15,000 rpm for 10
minutes at 4 °C to remove excess hemin. The resulting pellet was stored at —80 °C until
further processing. The frozen cell pellet was resuspended in 15 mL of ice-cold potassium
phosphate buffer (50 mM, pH 7.2) containing 300 mM KCI, 10 mM MgClz, 25 mM
imidazole, 5% glycerol, a protease inhibitor cocktail (EDTA-free), and DNase (<1 mg) to
facilitate protein purification. Cell disruption was carried out on ice, and the resulting
lysate was centrifuged at 20,000 rpm for 30 minutes at 4 °C. The reddish supernatant was
clarified through a 0.22 pum filter and subsequently incubated with 1 mL of nickel—
nitrilotriacetic acid (Ni-NTA) resin (Qiagen) for 2 h at 4 °C with gentle agitation (80 rpm).
The resin—protein suspension was transferred to an affinity column pre-equilibrated with
potassium phosphate buffer (50 mM, pH 7.2) containing 300 mM KCIl, 25 mM imidazole,
and 5% glycerol. Unbound and weakly associated proteins were removed by sequential
washing with 10 mL of equilibration buffer supplemented with 60 mM imidazole. Bound
protein was eluted using phosphate buffer (50 mM, pH 7.2) containing 300 mM KCl, 190
mM imidazole, and 5% glycerol. IDO1 and TDO samples were passed through a Sephadex
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G-25 desalting column equilibrated with phosphate buffer (50 mM, pH 6.8) to exchange
the elution buffer containing 150 mM KCl and 10% glycerol. Protein purity was initially
assessed by SDS-PAGE followed by Coomassie brilliant blue staining. Spectroscopic
evaluation of enzyme quality was performed by calculating the absorbance ratio at 404
nm to 280 nm, yielding values of 1.1 for IDO1 and 0.8 for TDO, confirming the presence
of heme-bound protein with satisfactory purity.
4.5.5. Expression and purification of apo-indoleamine 2,3-dioxygenase 1 enzyme

With a similar procedure, as described earlier, human apo-IDO1 was expressed
and purified.!” No external hemin was supplemented during protein expression. Following
Ni—NTA affinity purification, the protein was dialyzed against 25 mM HEPES buffer (pH
7.2) containing 250 mM NaCl and 100 uM tris(2-carboxyethyl)phosphine (TCEP) to
ensure a reducing environment. The enzyme was subsequently incubated overnight at
room temperature with 150 mM sodium 2-mercaptoethanesulfonate (MESNA) to remove
the bound heme cofactor. The resulting apo-IDO1 was dialyzed again in 25 mM HEPES
buffer (pH 7.2) with 250 mM NaCl, and its buffer was further exchanged through a
Sephadex G-25 column equilibrated with 50 mM potassium phosphate buffer (pH 6.8)
containing 150 mM KCI and 10% glycerol. The efficiency of heme removal was assessed
by calculating the absorbance ratio at 404 nm/280 nm for the purified apo-IDO1, which
was approximately 0.06, indicating successful depletion of the heme cofactor.
4.5.6. Indoleamine 2,3-dioxygenase 1 and tryptophan 2,3-dioxygenase inhibition
assay by the HPLC method

The HPLC analyses were performed to investigate the inhibitory activities of the
IDO1 and TDO enzymes, following previously described protocols.!* ' Compounds were
initially dissolved in DMSO and subsequently diluted with buffer, with 1% DMSO
identified as the optimal concentration for the assay conditions. The inhibitors were pre-
incubated with IDO1 and TDO enzymes for 1 hour prior to the activity assay. Following
incubation, the reaction mixture was diluted 5-fold to a final volume of 500 uL in
potassium phosphate buffer (100 mM, pH 7.2) supplemented with sodium ascorbate (20
mM), methylene blue (10 uM), bovine liver catalase (240 nM), and L-tryptophan (150
uM). Enzyme inhibition was assessed using a series of inhibitor concentrations prepared
by serial dilution. The reaction mixtures were then incubated at 37 °C for 1 hour. To
terminate the reaction, 100 puL of 30% (w/v) trichloroacetic acid was added, followed by
incubation at 65 °C for 15 minutes to ensure complete quenching. The resulting precipitate

was removed by centrifugation, and the supernatant was collected for HPLC analysis. A
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20 pL aliquot was injected onto a 2.7 um Ascentis® Express C18 column. The mobile
phase consisted of a 1:1 (v/v) mixture of 40 mM sodium citrate buffer (pH 2.25) and
methanol containing 400 uM SDS, delivered at a flow rate of 0.5 mL/min. Chromatograms
were monitored at 365 nm and 280 nm to quantify kynurenine formation and tryptophan
depletion, respectively.
4.5.7. Enzyme binding selectivity studies

To investigate the selectivity of 4.3e-MC towards IDO1 in comparison with other
heme-containing enzymes, the UV-Vis spectroscopic analyses of the purified hIDOI1,
hTDO, myoglobin, and hemoglobin enzymes were performed to investigate the ability of
the potent compound to bind to the enzymes and interact with their heme groups.!” A
solution of 4.3e-MC (10 puM) prepared in phosphate buffer (pH 6.5) was incubated
separately with TDO, hemoglobin, and myoglobin for 15 min at 37 °C. The absorption
spectra of the only enzymes, as well as the mixture of protein/enzyme and 4.3e-MC, were
recorded using a UV—Vis spectrophotometer.
4.5.8. Detection of released heme from IDO1 enzyme using fluorescence assay

The 4.3e-MC-induced release of heme cofactor from the IDO1 enzyme in solution
was detected by monitoring the fluorescence signal of protoporphyrin-IX (PpIX; Aex =400
nm, Aem = 615 nm).?% 2! To determine whether heme was present in the solution, 5 pM of
IDO1 was first incubated in 100 mM potassium phosphate buffer at pH 6.5 with 50 uM of
inhibitors for different times (0—60 minutes) at 37 °C. The solution was then mixed with
PpIX (5 uM) and allowed to sit at room temperature for five minutes. We also conducted
UV- Vis spectroscopic studies to further investigate the spectral relationship among PpIX,
4.3e-MC, and 4.3e-SP. The results revealed no overlap between the absorption spectra of
PpIX with 4.3e-MC. In contrast, a significant overlap was observed between the spectra
of PpIX and 4.3e-SP, accounting for their similar excitation profiles. However, the
emission spectrum of PpIX was distinctly different from that of 4.3e-SP, with no spectral
overlap between the two.
4.5.9. Circular Dichroism analysis

Circular dichroism (CD) spectra of IDO1 enzyme and apo-IDO1 protein were
recorded using a Jasco-810 spectropolarimeter. The IDO1 enzyme (200 nM) was
incubated at 37 °C for one hour either in the presence or absence of the compound 4.3e-
MC (6.25 uM) in 10 mM tris buffer (pH 7.2). Following incubation, CD spectra were
collected at 17 °C using a quartz cuvette with a 1 mm path length. Measurements were

performed over a wavelength range of 195 to 250 nm with a 1 nm bandwidth and a scan
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rate of 100 nm/sec. Background signals from the corresponding buffer (10 mM Tris, pH
7.2) were subtracted from all spectra. The secondary structure determination of the enzyme
or protein was initially assessed using the in-built analysis software of the instrument and
further verified through spectral deconvolution with the BeStSel program.
4.5.10. UV Vis spectral analysis for both catalytically active and inactive forms of
IDO1

The UV-Vis spectroscopy was used to investigate the activity of catalytically
active and inactive forms of IDO1 and the release of heme from IDO1.%2%2* Absorbance
spectra were acquired using an EVOLUTION 201 spectrophotometer. All measurements
were performed at 37 °C in 100 mM potassium phosphate buffer at pH 6.5. To create a
deoxygenated environment, the solutions were purged with nitrogen gas, followed by the
addition of sodium dithionate (Na2S204). The dissociation rate of the heme cofactor from
the IDO1 enzyme was determined by monitoring the Soret peak absorption at 404 nm.
Additionally, the absorbance spectrum of the compound 4.3e-MC was recorded in 5%
DMSO-containing potassium phosphate buffer.
4.5.11. Heme binding affinity of the compound investigated by the UV-Vis method

The heme binding affinity of the compounds was evaluated by UV-Vis
spectrophotometric analysis. Hemin was initially dissolved in DMSO and subsequently
diluted to a final concentration of 5 uM in 20 mM HEPES buffer (pH 7.2) containing 40%
DMSO. The stock solutions of the compounds were also prepared in DMSO. Hemin
solutions were titrated with increasing concentrations of the compound, ranging from 0 to
175 uM. The extent of interaction was monitored by recording changes in the absorbance
of the heme Soret peak at 401 nm as a function of compound concentration, allowing
assessment of inhibitor binding affinity. Quinine and DMSO were used as positive and
negative controls.
4.5.12. PpIX fluorescence-based heme binding affinity measurement

To investigate the heme binding affinity of the compounds, the fluorescence-based
(Aex = 400 nm, Aem = 615 nm) kinetic measurements were performed in the absence and
presence of compounds (quinine, 4.3e-SP, and 4.3e-MC). Freshly prepared stock solution
of hemin (0.5 mM in DMSO) in 20 mM HEPES buffer (pH 7.2) was incubated for 1 h at
room temperature with and without the compounds.
4.5.13. Protein-ligand binding affinity measurement by Steady-state fluorescence

anisotropy measurements
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Steady-state fluorescence anisotropy measurements were performed using a
Fluoromax-4 spectrofluorometer to determine the binding affinity between the potent
compound and apo-IDOI1 protein. A solution of 4.3e-MC (500 nM) was prepared in
potassium phosphate buffer (pH 6.5), and steady-state fluorescence anisotropy was
recorded upon successive additions of varying concentrations of the apo-IDO1 protein.
All anisotropy values of the 4.3e-MC (Aex =545 nm; Aem = 603 nm) in the absence or
presence of apo-IDO1 protein are the mean values of three individual determinations. The
degree (r) of anisotropy in the 4.3e-MC fluorescence was calculated using the following

equation.

_— (Iyy — Glyy)
(Iyy + 2Glyy)

The Ivv and Ivu are the fluorescence intensities of the emitted light polarized
parallel and perpendicular to the excited light, respectively, and G = Ivu/Iun is the
instrumental grating factor.>*

Similar steady-state fluorescence anisotropy measurements were performed in the
presence of NaCl to investigate whether the interaction of 4.3e-MC with apo-IDO1 is
governed by covalent or non-covalent interaction. The 4.3e-MC (500 nM) was
equilibrated with apo-IDO1 (12 uM) protein, 600 uL of potassium phosphate buffer (pH
6.5) for 1 h. Following incubation, the steady-state fluorescence anisotropy (Aex = 545 nm;
Aem = 603 nm) of the mixture was measured in the absence or presence of NaCl (0-75 uM).
4.5.14. Effect of apo-IDO1 protein on the spyropyran-merocyanine isomerization

To evaluate the stability of compound 4.3e-MC within the IDOT1 active site, UV—
Vis spectroscopic measurements were performed. 4.3e-MC (10 uM) was incubated with
IDO1 enzyme (0.9 uM) in potassium phosphate buffer (100 mM, pH 7.2) at 37 °C for 1 h.
Absorption spectra were recorded at defined time intervals to monitor potential changes
in the spectral profile of the 4.3e-MC, hence assessing the stability of the compound in
the enzyme-bound state. The 4.3e-MC, in the absence of apo-IDOlprotein, readily
converted to 4.3e-SP, whereas the 4.3e-MC remained stable in the presence of apo-IDO1
protein under similar experimental conditions.

4.5.15. Molecular docking and molecular dynamics simulations
4.5.15.1. Simulation setup and force field details

Molecular dynamics simulations were conducted using GROMACS (version
2023). The velocity Verlet scheme was employed for numerical integration with a timestep
of 2 fs. The protein—ligand system was placed in a cubic box with periodic boundary
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conditions in all directions. For the protein (PDB ID: 6AZW), the AMBER99SB-ILDN
force field was applied, while the ligand (mero) was described using the General AMBER
Force Field (GAFF). Ligand topologies were generated in Antechamber and converted to
a GROMACS-compatible format with ACPYPE. The system was solvated with TIP3P
water molecules. Non-bonded van der Waals and electrostatic short-range interactions
were truncated at 1.2 nm, whereas long-range electrostatics were computed using the
particle mesh Ewald (PME) approach. Bond lengths involving hydrogen atoms were
constrained with the LINCS algorithm. Temperature was regulated with the modified V-
rescale thermostat (relaxation time: 0.1 ps). During equilibration, pressure control was
carried out with the C-rescale barostat (time constant: 2 ps), while the production stage
employed the Parrinello-Rahman barostat with the same coupling constant.
4.5.15.2. MD simulation details

Before the simulations, docking was performed between chain B of 6AZW and the
ligands (mero) using SwissDock with the AutoDock Vina scoring engine. The 6AZW—
mero complex was selected for subsequent MD simulations. The solvated system
consisted of 25,702 water molecules and a single chloride ion to neutralize the overall
charge. Following solvation, steepest-descent energy minimisation was carried out to
eliminate steric clashes and high-energy contacts. Equilibration was then performed in two
steps: (1) NVT equilibration at 300 K for 0.1 ps, and (i1) NPT equilibration for 2 ps. During
both stages, heavy atoms of the protein and ligand were restrained. Finally, a 100 ns
production run was conducted under NPT conditions without restraints, and system
coordinates were saved every 100 ps for analysis.
4.5.16. Cell viability analysis

Human cervical cancer cells (HeLa) and human embryonic kidney cells (HEK 293)
were purchased from the National Centre for Cell Science (NCCS), Pune, India, and were
used for this study. Cell lines were maintained with Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), Sodium bicarbonate, and 1%
Antibiotic-antimycotic and were incubated in a 5% CO; humidified incubator at 37 °C.
Trypsin-EDTA was used for further subculture and maintenance of the cells.>>2° For the
cell viability assay, 5 x 10° cells of each cell line were seeded in 96-well plates, followed
by 48h treatment with 4.3e-SP and 4.3e-MC in increasing concentration. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye was used to estimate
the viability of the cells. Treated cells were incubated in the presence of MTT for 3h, for

the dye to interact with the mitochondrial dehydrogenase enzymes, which is a direct
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indication of live viable cells. After that, the MTT-containing media were removed, and
100 puL of MTT solvent composed of 100% isopropanol, 4 mM HCI, and 0.1% Triton X-
100 was added to each well. The plates were then incubated for 15 minutes at room
temperature in the dark, with slight shaking. Finally, the absorbance was recorded at 560
nm with the reference filter at 600 nm (GloMax® Discover). The data were analyzed using
GraphPad Prism 8 software, and the half-maximal inhibitory concentrations (ICso) for the
compounds were calculated (if achieved). Cell viability was calculated using the following

formula.

Cell viability % = (Abs 560 — Abs 600)Treated cells ¥ 100
ert VIADTLY 70 = ibs 560 — Abs 600) Untreated cells

4.5.17. Cellular Indoleamine 2,3-dioxygenase 1 activity assay

The cellular enzyme activity assay was performed according to the reported
procedure with minor modifications.!” The HeLa cells were selected for this experiment
because of the presence of IDO1 mRNA in this cell line.?” First, HeLa cells (20,000 cells
per well) were suspended in DMEM phenol-red-free medium (containing 10% FBS) and
incubated for 3-4 h at 37 °C with 5% CO,. After that, different compounds or only hemin
or hemin-incubated compounds were dispensed into the previously incubated cells. After
1h, 50 ng/mL IFN-y (supplemented in DMEM phenol-red free medium (containing 10%
FBS)) was added to the cells. The treated cells were further incubated for 20 h. Reactions
were terminated by the addition of trichloroacetic acid (5% for 0.5 h at 65 °C) into the
incubated cells. After sonication, the precipitate was removed by centrifugation (Cells
were not washed away before lysis). After that, clear media was taken for HPLC analysis.
20 uL of the media was then injected through Ascentis® express C18, 2.7 um HPLC
column. The mobile phase was 50% sodium citrate buffer (40 mM, pH 2.25) and 50%
methanol (v/v) containing 400 uM SDS with a flow rate of 0.5 mL/minute.
4.5.18. Cellular internalization study

HeLa cells (1 x 10°) were seeded in a 35 mm glass-bottom dish and incubated for
24 h to allow for cell adhesion. After this period, the cells were treated with compound
4.3e-MC (final concentration of 50 uM ) for 6 h. Incubated cells were washed three times
with 1X PBS and then fixed using a 4% formaldehyde solution, followed by a PBS wash.

Cells were visualized using a confocal microscope (Zeiss LSM 880).
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4.5.19. NMR spectra of the synthesized compound
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Fig. 4.14. '"H NMR (A) and '3C NMR (B) spectra of compound 1a.
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4.5.20. HPLC traces:
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Fig. 4.37. HPLC traces of 3a (A), 3d (B), 4.3¢ (C).

In this Chapter, the molecules synthesized has two isomers (spiropyran and merocyanine).
The spiropyran isomer is in racemic mixture but the active form, which is merocyanine
form, is planar and does not have a chiral centre. So, the potent isomer is a single product
with no racemic mixture.
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5. Conclusion

In this thesis, we have successfully described the role of IDO1 in the
immunosuppression process associated with various life-threatening diseases. Chapter 1
elaborates the role of IDO1 and the importance of IDO1 inhibition. In Chapter 2 we
describe the development dichloroquinoline derivatives, mimicking linrodostat, which
show moderate apo-IDOI1 inhibitory activity by releasing the heme from the holo-IDO1
pocket and also binding with the free heme, preventing it from reinserting inside the apo-
IDO1 pocket. Though dichloroquinoline showed moderate inhibition of apo-IDO1 and
also binds to heme, it lacks target-specific drug release, hence, in Chapter 3,
photopharmacology was introduced, where the tryptamine-based azole derivatives linked
to a photo-sensitive linker act as a prodrug, and when 400 nm light is applied. They release
the tryptamine-based azole derivative, exhibiting decent IDOI1 inhibition. In Chapter 4,
the spiropyran derivatives were developed that act as apo IDO1 inhibitors when converted
to merocyanine derivatives in the presence of light or pH, act as an apo-IDO1 inhibitor by
releasing heme and binding to the apo-IDO1 pocket. The spiropyran derivatives also bind
to the free heme in its merocyanine form. These photoswitch derivatives enable us to
explore a dual-stimuli-responsive IDO1 inhibitor, demonstrating temporal and target-
specific drug release.
6. Future prospects

In future research prospects, the non-enzymatic pathways for IDO1 inhibition can
be explored and this may lead to a promising yet under-investigated area. Though most
current studies primarily focus on inhibiting the enzymatic catalytic activity of IDO1 but
the emerging evidence highlights the significance of targeting the apo form of IDOI,
which is an inactive form of IDOI lacking the heme cofactor. This form exhibits non-
catalytic signaling functions that contribute to immune regulation in the tumor
microenvironment, and selective inhibitors that bind to this apo form could offer a novel
approach for modulating both enzymatic and non-enzymatic activities of IDO1 for
enhancement of therapeutic benefit. Moreover, developing IDO1 inhibitors with covalent
linkers can offer a potential for irreversible inhibition, which in turn may lead to more
sustained and effective suppression of IDO1 activity. Such covalent inhibitors can form
stable, irreversible bonds with the enzyme, leading to potentially overcome the limitations
associated with reversible binding and enzyme turnover. Additionally, incorporating
fluorescent tagging with IDOT1 inhibition strategies opens exciting breakthrough for dual-

function therapeutic and diagnostic tools. Fluorescent labeling could enable real-time
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visualization as well as tracking of IDO1 inhibitor localization and dynamics within
biological systems and facilitate mechanistic studies and aiding in precision delivery. The
combination of fluorescence with potent inhibition could enhance understanding of the
role of IDO1 and improve the design of targeted therapies.

In summary, future research should focus on the targeting both enzymatic and non-
enzymatic pathways of IDO1. Researcher should emphasize on developing irreversible
covalent inhibitors as well as the fluorescent markers to advance both the therapeutic
efficacy and mechanistic understanding of IDO1 inhibition in disease contexts such as

cancer immunotherapy.
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