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Abstract
Background: Kynurenine (Kyn) is a key inducer of an immunosuppressive tumor microenvironment
(TME). Although indoleamine 2,3-dioxygenase (IDO)-selective inhibitors have been developed to suppress
the Kyn pathway, the results were not satisfactory due to the presence of various opposing mechanisms.
Here, we employed an orally administered novel Kyn pathway regulator to overcome the limitation of anti-
tumor immune response.

Methods: We identi�ed a lead compound through the development of a deep learning model to predict
compound-target interaction. Inhibitory activity of the lead compound against both IDO and tryptophan
2,3-dioxygenase (TDO) was evaluated using enzyme- and cell-based assays. CT26 colon cancer-bearing
mice were treated with the lead compound and/or immune checkpoint inhibitors. Tumor samples were
analyzed using histological, �ow cytometry, and immune pro�ling assays.

Results: We identi�ed a novel core structure that inhibited both IDO and TDO. An orally available lead
compound, STB-C017 (designated hereafter as STB), was then selected via validation of structural
modi�cation and in vitro assays. STB effectively inhibited the enzymatic and cellular activity of IDO and
TDO in vitro. Moreover, it potently suppressed Kyn levels in both the plasma and tumor in vivo. The dose
and schedule of STB administration were optimized based on the immunotherapeutic e�cacy and
toxicity. STB monotherapy increased the in�ltration of CD8+ T cells into TME. In addition, it elicited an
anti-cancer immune response with a strong activation of T cell immunity. STB reprogrammed the TME
with widespread changes in immune-mediated gene signatures. Notably, STB-based combination
immunotherapy elicited the most potent anti-tumor e�cacy through concurrent treatment with immune
checkpoint inhibitors (฀PD-1 and/or ฀CTLA-4), leading to complete tumor regression and long-term overall
survival.

Conclusions: Our study demonstrated that a novel Kyn pathway regulator derived using deep learning
technology can activate T cell immunity and potentiate immune checkpoint blockade by overcoming an
immunosuppressive TME.

Background
Impressive progress in cancer immunotherapy has been made since the emergence of immune
checkpoint inhibitors (ICIs), such as antibodies against PD-1, PD-L1, and CTLA-4 [1–5]. However, these
new therapeutics are still associated with limitations, including moderate response rates, adaptive and
intrinsic resistance, especially in solid malignancies [2, 3, 6–8].

Following the success of ICIs, kynurenine (Kyn) signaling pathway has attracted increased attention and
has been intensively investigated as a central regulator of immune tolerance in cancer [9, 10]. Kyn acts as
a major suppressor of anti-tumor immunity by inducing T-cell dysfunction, accumulating myeloid-derived
suppressor cells (MDSCs) and promoting aberrant tumor angiogenesis [11–13]. Two major enzymes,
indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) regulate the rate-limiting step
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of Kyn metabolism by catalyzing tryptophan (Trp) conversion to Kyn [14–16]. IDO and TDO are frequently
upregulated in various human malignancies and facilitate the accumulation of Kyn within the tumor
microenvironment (TME) [17, 18]. Increased Kyn concentration and Kyn/Trp ratio in TME or systemic
circulation are associated with tolerogenic immune phenotype and correlated with poor survival outcome
in patients with advanced cancers [19–21]. Recent studies also demonstrated that a high serum Kyn/Trp
ratio correlates with reduced clinical bene�t from ICIs in several cancer types, including lung cancer,
kidney cancer, and melanoma [22–24]. Furthermore, inhibiting the Kyn signaling pathway reverses Kyn-
mediated cancer immune suppression and enhances the e�cacy of anti-PD1 and anti-CLTA4
immunotherapy in preclinical tumor models [25–27].

Therefore, extensive efforts have been devoted to develop a selective and potent inhibitor of the Kyn
signaling pathway, leading to the development of the IDO-selective inhibitor, epacadostat [10, 16, 28].
Epacadostat acts as a competitive inhibitor of IDO and it effectively suppresses intratumoral Kyn levels,
restores anti-tumor immunity, and synergizes with ICIs in preclinical studies [29, 30]. Based on the
encouraging preclinical results, a large Phase III trial (ECHO-301/KEYNOTE-252) was conducted where
epacadostat was combined with the anti-PD-1 antibody pembrolizumab in patients with advanced
melanoma [31, 32]. However, the addition of epacadostat did not prolong the overall survival compared
with pembrolizumab monotherapy [33].

There could be several reasons for this pivotal failure such as suboptimal suppression of the Kyn
pathway in vivo, bypass activation of other Kyn pathway enzymes, and absence of predictive biomarkers
for patient selection [21, 34, 35]. Therefore, further studies need to address the in-depth mechanisms of
Kyn-mediated immunologic dysregulation to develop more effective ways to block the Kyn pathway
within the tumor.

Here, we hypothesized that this unsatisfactory result obtained for IDO-selective inhibitors is attributed to
pathway redundancies through bypass activation of TDO, resulting in the suboptimal suppression of Kyn
synthesis. To overcome these challenges, we employed deep learning model to rationally design and
discover a novel Kyn pathway regulator with potent immunotherapeutic e�cacy.

Methods
Deep learning model construction and hit prediction

We used bioactivity data measured from 2,268 unique small compounds against IDO to construct our
initial convolution neural network (CNN) classi�cation model. The data were aggregated from four
different sources, including patent documents (579 compounds), peer-reviewed literature (62
compounds), PubChem database (442 compounds), and the proprietary screening data (1,185
compounds).

We used RDKit (www.rdkit.org) to extract a 1,024-bit molecular descriptor from individual compounds in
the datasets, where bioactivity data was available in varied forms, ranging from binary classi�cation (i.e.,
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active or inactive) to IC50, according to the data source. We thus encoded bioactivity data as a binary
feature with 0 and 1 indicating inactive and active enzyme activity, respectively, instead of continuous
data values.

We used 5-fold cross-validation to train and evaluate the prediction model. We split the training dataset
into �ve equal-sized, non-overlapping subgroups. Of the �ve subgroups, one randomly selected subgroup
was set aside as a test dataset, and the remaining four subgroups were combined and used to train the
CNN-based as a training dataset. The same process was repeated four additional times with a different
test dataset being used each time. We optimized the parameters until the trained model achieved a
receiver operating characteristic curve-area under the curve of greater than 0.9 for the test data
(Supplementary Fig. 1).

The TDO model was trained with the same method except that the initial training data consisted of
bioactivity data of 1,710 unique compounds.

We aimed to enhance the generalization of the prediction model, and thus performed four iterative cycles
of predictions followed by in vitro validation. IDO and TDO models were employed to screen a chemical
library of 270,000 commercially available small compounds. A panel of 189 compounds were curated
from the top-ranked potential IDO or TDO inhibitors, followed by experimental validation. The newly
produced assay results were then combined with the initial training data to retrain each model. This
process was repeated a total of four times.

Compounds that exhibited bioactivity against both IDO and TDO were consolidated from four rounds of
iterative training and validation. Of these, three unique structural scaffolds were derived by clustering
compounds by structural similarity and selecting a representative set. Derivatives of the selected
scaffolds were designed, and subsequent in vitro assays led to one lead compound.

Mice and cell lines

Male BALB/c mice were purchased from Orient Bio Inc. (Seongnam, Korea). Mice were housed in a
speci�c pathogen-free facility (Seongnam, Korea). All animal experiments were approved by the
Institutional Animal Care and Use Committee (IACUC, #2000174) of CHA University and carried out
following the approved protocols. The CT26 murine colon cancer cell line was obtained from the Korean
Cell Line Bank (KCLB, Seoul, Korea, #80009). Human cancer cell lines, HeLa and A172 were also
originally obtained from ATCC (#CCL-2 and #CRL-1620). These cells were maintained in DMEM or RPMI
1640 medium, each supplemented with 10% FBS and 1% penicillin/streptomycin, and incubated at 37°C,
5% CO2.

In vitro enzyme- and cell-based assay for IDO and TDO activity

For the determination of enzymatic and cellular IDO and TDO activity, an in vitro assay (BPS Bioscience)
was performed according to the manufacturer’s instructions. For the enzyme-based assay, STB-C017 was
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dissolved in dimethylsulfoxide (DMSO) and added at a variable concentration to a 384-well plate
containing the reaction solution, followed by the addition of IDO or TDO. After incubation at room
temperature for 1 h, a �uorescence-activating solution was added and continuously incubated for 4 h. For
the cell-based assay, HeLa and A172 cells were seeded in a 96-well plate at a density of 3 × 104 cells per
well and grown overnight. The next day, 50 ng/ml IFNγ and serial dilutions of STB-C017 were added into
cells and incubated at 37°C in a 5% CO2 incubator. After an additional 24 h of incubation, supernatants
were mixed with 6.1 N trichloroacetic acid (Sigma) at 50°C for 30 min. Then, the mixture was centrifuged
at 3,500 rpm for 5 min, and supernatants were transferred and mixed with the detection solution for 10
min. After the �nal incubation of enzyme- and cell-based assay, absorbance was read at 400 and 480 nm
using a Synergy Neo microplate reader (BioTek).

In vivo lipopolysaccharide (LPS) administration

BALB/c mice were intraperitoneally injected with 0.8 mg/kg LPS and/or orally administrated 100 mg/kg
STB-C017. After treatment for 24 h, mouse blood was obtained via retro-orbital puncture.

Measurement of Trp/Kyn levels using ELISA

The biological activity of IDO and TDO was evaluated via measuring Trp and Kyn levels in the plasma
and tumors. Mouse blood was centrifuged at 13,000 rpm for 10 min and the plasma was aspirated.
Tumor samples were homogenized in PBS for 5 min and debris were removed by centrifugation at 13,000
rpm. Trp and Kyn concentrations were measured using the ELISA kit (ImmuSmol, Pessac, France),
according to the manufacturer’s instructions.

Tumor models and treatment regimens

Tumors were implanted via subcutaneous injection of 2 × 105 CT26 cells into the right �ank of wild type
BALB/c mice. When tumor volume reached >50 mm3, mice were orally administrated STB-C017 twice
daily. Mice in the control group were orally treated with the same volume of PBS. For combination
therapy, we also administered epacadostat orally (100 mg/kg, EPA, LEAPChem) twice daily. For the cell
depletion study, the mice received an intraperitoneal injection of 200 μg of anti-CD8 (clone 53-6.72,
BioXCell) antibody every 3 days. For immune checkpoint blockade, each mouse received an
intraperitoneal injection of anti-PD-1 (8 mg/kg, clone J43, BioXCell) or anti-CTLA-4 (4 mg/kg, clone 9D9,
BioXCell) antibody at the given time points. The surviving mice with complete tumor regression were
rechallenged with 2 × 105 CT26 or Renca cells in the left �ank, and the tumor growth was monitored. The
tumors were measured with a digital caliper, and tumor volumes were calculated using the following
modi�ed ellipsoid formula: 1/2 × (length × width2). For survival analysis, the mice were euthanized when
the tumor volume exceeded 2000 mm3 or when the mice became moribund.

RNA isolation and NanoString gene expression analysis
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For NanoString gene expression analysis, we extracted total RNA from whole tumor tissues using TRIzol
(Invitrogen) and puri�ed it with ethanol. RNA concentration and quality were con�rmed using a Fragment
Analyzer (Advanced Analytical Technologies, IA, USA). Immune pro�ling was performed with a digital
multiplexed NanoString nCounter PanCancer Immune Pro�ling mouse panel (NanoString Technologies)
using 100 ng of total RNA isolated from tumor samples, as per our previously established protocol [8, 36].

Flow cytometry analysis

For �ow cytometry analysis, the harvested tumors from each group were minced and incubated for 1 h at
37°C in a digestion buffer comprising 2 mg/ml collagenase D (Roche) and 40 μg/ml DNase I (Roche).
Cell suspensions were �ltered through a 70 μm cell strainer (Corning) and incubated for 3 min at room
temperature in ACK lysis buffer (Gibco) to remove the cell clumps and red blood cells. After washing with
FACS buffer (1% FBS in PBS), the cells were �ltered through a nylon mesh. Next, the cells were incubated
on ice for 30 min in Fixable Viability Dye eFluorTM 450 (Invitrogen) to exclude the dead cells before
antibody staining. Then, the cells were washed with FACS buffer and incubated on ice for 30 min in FACS
buffer with surface antibodies targeting CD45 (30-F11, Invitrogen), CD3 (17A2 or 145-2C11, Invitrogen),
CD8a (53-6.7, Invitrogen), CD4 (RM4-5, Invitrogen), PD-1 (J43, Invitrogen), CD25 (PC61.5, Invitrogen), ICOS
(7E.17G9, Invitrogen), CD11b (M1/70, Invitrogen), Ly-6G (RB6-8C5, Invitrogen), F4/80 (BM8, Invitrogen), or
Ly-6C (HK1.4, Invitrogen). Cells were further permeabilized using a Foxp3 Staining Buffer kit (Invitrogen)
and stained for Foxp3 (FJK-16s, Invitrogen), iNOS (CXNFT, Invitrogen), or Arginase 1 (A1exF5, Invitrogen).
The stained cells were analyzed using a CytoFLEX �ow cytometer (Beckman Coulter), and the data were
analyzed with the FlowJo software (Tree Star Inc.).

Cytometric bead array (CBA)

To measure the levels of cytokines, including IL-2, IL-4, IL-6, IFNγ, TNF, IL-17A, and IL-10 in the plasma, the
CBA Mouse Th1/Th2/Th17 Cytokine Kit (BD Biosciences) was performed according to the
manufacturer’s instructions. In brief, the prepared capture beads and detection reagents were incubated
with the standards or the plasma samples for 2 h at room temperature. After a wash, these complexes
were detected using �ow cytometry to identify particles with �uorescence characteristics.

Histological analyses via immuno�uorescence

For immuno�uorescence staining, the tumor samples were �xed in 1% PFA, dehydrated overnight in 20%
sucrose solution, and frozen (Leica). The frozen blocks were sectioned into 50 μm-thick slices, which
were permeabilized with 0.3% PBS-T (Triton X-100 in PBS), and blocked with 5% normal goat serum in
0.1% PBS-T for 30 min at room temperature. Next, the samples were incubated overnight with the
following primary antibodies: Anti-PD-L1 (rabbit, clone 28-8, Abcam), anti-CD8 (rat, clone 53-6.7, BD
Pharmingen), anti-CD31 (hamster, clone 2H8, Millipore; rabbit, Abcam), anti-L-Kyn (mouse, clone 3D4-F2,
ImmuSmol), anti-Granzyme B (rat, clone NGZB, Invitrogen), anti-Ki67 (rabbit, Abcam), or anti-Caspase3
(rabbit, R&D Systems). After several washes, the samples were incubated for 2 h at room temperature
with the following secondary antibodies: FITC- or Cy3-conjugated anti-rabbit IgG (Jackson
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ImmunoResearch), FITC- or Cy3-conjugated anti-rat IgG (Jackson ImmunoResearch), Cy3-conjugated
anti-hamster IgG (Jackson ImmunoResearch), or FITC-conjugated anti-mouse IgG (Jackson
ImmunoResearch). Cell nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen).
Finally, samples were mounted with �uorescent mounting medium (DAKO), and images were acquired
using a Zeiss LSM 880 microscope (Carl Zeiss).

Morphometric analyses

Density measurements of blood vessels, T lymphocytes, Ki67+ proliferating cells, apoptotic cells, Kyn+

cell area, GzB+ cell area, and PD-L1+ cell area, were performed using ImageJ software
(http://rsb.info.nih.gov/ij). Blood vessel density was determined by calculating the CD31+ area per
random 0.49 mm2 �eld on the tumor sections. The degree of cytotoxic T lymphocyte in�ltration was
calculated as the percentage of CD8+ area per random 0.49 mm2 �eld. The density of proliferating cells
was measured by calculating the percentage Ki67+ area in random 0.49 mm2 �elds. The extent of
apoptosis was shown as the percentage Caspase3+ area per random 0.49 mm2 �elds. To determine the
level of Kyn expression, the Kyn+ area per random 0.49 mm2 �eld was calculated in tumor sections. To
de�ne the activation of T lymphocyte, GzB+ area per random 0.49 mm2 �eld was calculated in
intratumoral regions. The density of PD-L1+ cells was quanti�ed as the percentage of PD-L1+ area per
random 0.49 mm2 �elds. All analyses were performed on at least �ve �elds per mouse.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0 software (GraphPad Software, La Jolla,
California, USA) and PASW statistics 18 (SPSS). Values are presented as the mean ± SD unless otherwise
indicated. The statistical differences were assessed using an unpaired 1-tailed Student’s t-test. Pearson’s
correlation analysis was performed to investigate the relationship between CD8+ T cell expression and
intratumoral Kyn expression. Survival curves were generated using the Kaplan-Meier method, and
statistical differences between curves were analyzed using the log-rank test. The level of statistical
signi�cance was set at P < 0.05.

Results
Screening for an active Kyn pathway inhibitor via deep learning

We developed a deep learning model to rapidly search for compounds that exhibit inhibitory activity
against both IDO and TDO (see Method section for further details). We employed three steps (Fig. 1a) as
follows: First, IDO- and TDO-inhibitor prediction models were trained using data for 2,283 and 1,710
compounds with known bioactivity; second, the initial IDO and TDO models were used to screen ZINC-15
chemical library, and top-ranked compounds were experimentally validated; �nally, newly generated data
were combined with the initial training data to retrain the models. Four rounds of iterative cycles led to the
identi�cation of three unique scaffolds.

http://rsb.info.nih.gov/ij
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A lead compound, STB-C017 (designated hereafter as STB) was derived from the veri�ed core structure
through structural modi�cation and subsequent in vitro assays. STB actively inhibited IDO and TDO,
detected via an in vitro enzyme-based assay (Fig. 1b). Moreover, STB suppressed IDO cellular activity in
HeLa cervical cancer cells and TDO cellular activity in A172 glioblastoma cells, reducing Kyn production
in a dose-dependent manner (Fig. 1c). To con�rm the in vivo activity of STB, mice were intraperitoneally
injected with LPS and subsequently treated with STB orally. While the plasma level of Kyn was markedly
increased upon intraperitoneal LPS injection, STB treatment normalized plasma Kyn levels (Fig. 1d). To
con�rm the Kyn level-reducing effects within the tumor, mice were subcutaneously injected with CT26
cells and treated with vehicle or STB. STB treatment effectively reduced tumoral Kyn expression in CT26
colon cancer-bearing mice, therefore reducing intratumoral Kyn/Trp ratio (Fig. 1e). Collectively, a novel
compound identi�ed via deep learning-based drug screening demonstrated remarkable Kyn suppression
in vivo and in vitro.

Dose and schedule optimization of STB treatment

To con�rm the anti-tumor e�cacy of STB, mice injected with CT26 cells were orally administered with
various concentrations of STB twice daily (Fig. 2a). STB treatment showed a dose-dependent
suppression of CT26 tumors with 55% tumor growth inhibition at a dose of 100 mg/kg (Fig. 2b). However,
continuous treatment with STB at 100 mg/kg for more than 1 week resulted in asthenia, anorexia, and
weight loss in treated mice (Fig. 2c). Therefore, to optimize STB treatment, mice were treated following
various schedules as follows: Continuous (I), 5 days of treatment followed by 2 days off (II), and 4 days
of treatment followed by 3 days off (III) (Fig. 2d). In terms of e�cacy, schedule I and II showed almost
comparable tumor-suppressing effects (Fig. 2e). In terms of toxicity, schedule I showed cumulative
weight loss and asthenia. On the contrary, schedule II and III showed transient weight loss, which was
fully reversed after days without any drug administration (Fig. 2f). Therefore, based on these �ndings,
STB at 100 mg/kg twice a day for 5 days followed by 2 days off was selected as an optimal regimen for
further experiments.

STB suppresses Kyn accumulation and in�ltrates CD8+ T cells within the tumor

To further investigate the effects of STB on TME, histological and �ow cytometry analyses were
performed on tumor samples treated with vehicle or STB. STB treatment signi�cantly decreased
intratumoral Kyn expression by 82%, while facilitating intratumoral in�ltration of CD8+ T cells by 9 folds.
Moreover, STB treatment reduced CD31+ tumor vascular density by 55% (Fig. 3a-c). Of note, there were
more abundant GzB+-activated CD8+ T cells within STB-treated tumors compared with control tumors
(Fig. 3d). Furthermore, the proliferation of tumor cells decreased by 72% and intratumoral apoptosis
increased by 3.8 folds in STB-treated tumors compared with control tumors (Fig. 3e, f). Flow cytometric
analyses showed consistent �ndings in STB-treated tumors: an increase in the percentage of CD8+ T cells
and higher ICOS levels on the surface of CD8+ T cells within tumors (Fig. 3g). There were no signi�cant
changes in the percentage of CD4+CD25+FoxP3+ regulatory T cells, CD11b+F4/80+ tumor-associated
macrophages, and CD11+Gr1+ myeloid suppressor cells (Fig. 3h, i). Finally, among various plasma



Page 10/25

cytokines, IL-6 level was markedly reduced in STB-treated mice compared to that in control mice, while
there were no signi�cant changes in the levels of other cytokines (Fig. 3j). Taken together, STB treatment
reduced intratumoral Kyn accumulation and elicited anti-tumor T-cell immunity.

STB induces widespread activation of T cell immunity

To further dissect STB-induced TME remodeling, tumors were analyzed via Nanostring PanCancer
Immune Pro�ling. STB treatment had a great impact on T cell immunity, by inducing T cell activation,
lymphocyte-mediated immunity, and lymphocyte differentiation, whereas it did not have a signi�cant
impact on myeloid cells (Fig. 4a, b). Moreover, STB treatment upregulated genes related to Th1 response
(especially Il2) and immune checkpoints (especially Pd1 and Ctla-4) (Fig. 4c). To con�rm the importance
of T-cell-mediated immunity during STB treatment, we treated tumor-bearing mice with STB in the
absence or presence of the CD8 neutralizing antibody (Fig. 4d). CD8 depletion completely abrogated the
anti-tumor effects of STB, indicating that CD8+ T cells are indispensable for STB anti-tumor e�cacy. (Fig.
4e). Intriguingly, STB-mediated adverse events, such as asthenia and anorexia, were alleviated upon CD8+

T cell depletion. Finally, �ow cytometry analyses revealed increased PD-1 expression on CD8+ T cells
following STB treatment, while there were no signi�cant changes in tumoral PD-L1 expression (Fig. 4f, g).
Overall, STB treatment activated T cell immunity and suppressed tumor growth in a CD8+ T cell-
dependent manner.

STB synergizes with ICIs to suppress tumor growth

Because STB treatment upregulated inhibitory immune checkpoints, such as PD-1 and CTLA-4, these
checkpoints could serve as a negative regulatory mechanism against STB-induced anti-tumor immunity.
Therefore, we treated CT26 tumors with STB in combination with anti-PD-1 and/or anti-CTLA-4 antibodies
(Fig. 5a). While STB alone exhibited modest suppression of CT26 tumors, dual or triple combination
immunotherapy induced stronger suppression of CT26 tumors, inducing complete regression (CR) (Fig.
5b, c). Moreover, tumors treated with combination immunotherapy of STB and ICIs showed robust CD8+ T
cell in�ltration, while reducing the tumor vascular density (Fig. 5d). Flow cytometry analysis showed
consistent results with increased intratumoral CD8+ and CD4+ T cell percentage in mice treated with STB-
based combination immunotherapy compared with control mice (Fig. 5e). Overall, combining STB with
anti-PD-1 and/or anti-CTLA-4 antibodies could potentiate the immunotherapeutic e�cacy of STB by
further augmenting T-cell-mediated immunity within TME (Fig. 5f).

STB-based combination immunotherapy induces durable protective anti-tumor immunity

Because STB showed a potent suppression of the Kyn pathway and tumor growth, we then compared the
e�cacy of STB with epacadostat, the most advanced IDO inhibitor in clinical development, either as a
monotherapy or combination therapy with PD-1 and/or CTLA-4 inhibitors (Fig. 6a). While STB
monotherapy did not differ signi�cantly from epacadostat monotherapy, combination therapy of STB,
anti-PD-1, and/or anti-CTLA-4 showed better tumor control and CR rate when compared with epacadostat-
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based combination therapy (Fig. 6b, c). Moreover, STB-based triple combination immunotherapy showed
superior overall survival, in which over 60% of treated animals survived without recurrence compared with
other groups (Fig. 6d). Finally, when mice that experienced CR after STB-based combination therapy were
rechallenged with CT26 or Renca tumor cells, they were completely immune to CT26 tumors, but not to
Renca tumors, indicating tumor-speci�c protective immunity. Overall, we demonstrated that STB in
combination with immune checkpoint blockade was more e�cient than epacadostat-based
combinations, inducing more durable and protective anti-tumor immunity.

Discussion
While ICIs have revolutionized the treatment paradigm of advanced cancers, many preclinical and clinical
studies have suggested that the e�cacy of immunotherapy is hampered by immunosuppressive TME,
which impairs T cell effector function and even induces T cell death [37–42]. Kyn is a major suppressor
of T cell immunity in TME and it is produced via conversion of Trp by two major enzymes, IDO and TDO
[14, 43].

Here, we screened a novel small molecule inhibitor of the Kyn pathway from a chemical library using our
deep learning model for IDO and TDO inhibition. Despite the shared role in the Kyn pathway, the protein
structures are signi�cantly different between IDO and TDO [44, 45]. Moreover, structural �exibility of the
IDO active site also poses major challenges in obtaining reliable binding poses necessary for structure-
based virtual screening [46]. In addition, the presence of a heme iron at the active site of IDO and TDO
also makes the docking studies di�cult [46]. Previous studies have employed molecular docking, which
led to identi�cation of small molecule inhibitors which showed high speci�city towards IDO over TDO
[47]. In the present study, we chose to employ a ligand-based screening approach when designing the
deep learning model to overcome the di�culties accompanying structure-based identi�cation of IDO and
TDO dual inhibitors. Our lead compound, STB, suppressed both IDO and TDO and demonstrated a potent
suppression of Kyn synthesis in vitro and in vivo. STB accumulated and activated tumor-in�ltrating CD8+

T cells, thereby inducing a strong T-cell-mediated immunity within TME. These STB-activated CD8+ T cells
upregulated granzyme B and induced extensive tumor cell death within TME.

Previously, epacadostat was developed as a highly potent and selective inhibitor of IDO in preclinical
studies [10, 28, 30]. However, it failed to demonstrate an overall survival bene�t in combination with
pembrolizumab in the phase III ECHO trial in patients with melanoma [31–33]. This pivotal failure raised
skepticism about single IDO blockade in cancer treatment and triggered further research to unveil the in-
depth resistance mechanisms of IDO inhibition. First, IDO inhibition alone cannot su�ciently suppress
Kyn synthesis because TDO has a redundant function in Kyn synthesis even in the absence of IDO
activity [14, 48, 49]. Moreover, within TME, IDO enzymatic activity is sustained via an autocrine AhR-IL-6-
STAT3 signaling axis [13, 50]. While epacadostat suppresses IDO activity, it is also known to activate AhR,
thereby inducing AhR-mediated reactivation of the Kyn signaling pathway. Therefore, epacadostat may
not be su�cient to disrupt this vicious loop and induce a durable suppression of IDO activity within TME.
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In contrast to epacadostat, STB demonstrated a durable suppression of the Kyn pathway within TME.
Moreover, it simultaneously inhibited IL-6 at both transcriptional and translational levels. Besides, it also
suppressed Stat3 within TME. Collectively, STB could disrupt the immunosuppressive AhR-IL-6-STAT3
circuit at multiple levels, resulting in better control of the Kyn pathway compared with epacadostat.
Accordingly, STB-based combination immunotherapy showed deeper and more durable response and
consequently improved overall survival compared with epacadostat-based combination immunotherapy
in tumor-bearing mice.

In the present study, in addition to the e�cacy evaluation, we also identi�ed STB-related adverse events.
Continuous STB administration induced asthenia and weight loss in tumor-bearing mice. These toxicities
are presumed to be immune-mediated because they were alleviated upon CD8+ T cell depletion. These
immune-related adverse events were reversible and all mice fully recovered after adjusting the drug
administration schedule (5 days on and 2 days off). Therefore, optimized scheduling will be critical to
maintain therapeutic e�cacy and tolerability of STB in future clinical development.

Conclusions
In conclusion, we rationally developed a potent inhibitor of the Kyn pathway, STB-C017, which can
activate T-cell-mediated immunity and potentiate the e�cacy of ICIs. The clinical development of this
agent is expected to provide an effective strategy to overcome immunosuppressive TME.
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Figure 1

Deep learning screening identi�ed a novel compound that inhibits IDO and TDO. IDO and TDO dual
inhibitor, STB-C017 (STB), was identi�ed through a deep learning model and validated both in vitro and in
vivo. a. Diagram depicting the identi�cation and optimization of the lead compound, STB, through deep
learning model. b. Measurement of IDO and TOD enzyme kinetics using an enzyme-based assay. c.
Measurement of IDO and TDO cellular activity using a cell-based assay. d. Mice were treated with vehicle
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or STB 24 h after a single intraperitoneal injection of LPS (0.8 mg/kg). Comparison of plasma kynurenine
(Kyn) levels. e. CT26 colon cancer-bearing mice were treated with vehicle or STB. Comparison of
intratumoral tryptophan (Trp) and Kyn level. Values are presented as the mean ± SD. *p<0.05 versus
control. One-way ANOVA and two-tailed Student’s t-test were used. IDO, Indoleamine 2,3-dioxygenase;
TDO, Trp 2,3-dioxygenase; STB, STB-C017; LPS, Lipopolysaccharide.

Figure 2
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Dose and schedule optimization of STB treatment. CT26 tumor cells were subcutaneously implanted into
mice, which were treated orally with vehicle or STB. a. Diagram of the treatment schedule. Arrows indicate
treatment. b. Comparison of CT26 tumor growth in mice treated with vehicle or STB using different
doses. c. Comparison of body weight in mice treated with vehicle or STB. d. Diagram of the treatment
schedule. Black arrows indicate vehicle and red arrows indicate STB treatment. e. Comparison of tumor
growth in mice treated with vehicle or STB using different treatment schedules. f. Comparison of CT26
mouse weight upon treatment with vehicle or STB. Values are presented as the mean ±SD. *p<0.05 versus
control. A two-tailed Student’s t-test was used.

Figure 3

STB suppresses Kyn accumulation and in�ltrates CD8+ T cells within tumor microenvironment. Mice
were subcutaneously implanted with CT26 tumor cells and orally treated with vehicle or STB. a.
Representative images and comparisons of Kyn expression and the number of CD8+ T cells within
tumors. b. Correlation between intratumoral Kyn expression and CD8+ T cell number in vehicle or STB
treated tumors. c-f. Representative images and comparisons of CD8+ T cell numbers, CD31+ tumor blood
vessel numbers (c), GzB+ T cell activation (d), cell proliferation (e) and cell apoptosis (f) within tumors. g.
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Representative �ow cytometry plot and comparisons of CD8+ T cell, CD4+ T cell and CD8+ICOS+ cell
fractions. h. Comparisons of CD4+Foxp3+CD25+ Treg fraction and CD8/Treg ratio in tumors. i.
Comparisons of CD11b+F4/80+ TAMs and CD11b+Ly6G+ MDSCs fractions in tumors. j. Representative
�ow cytometry plot showing the level of multiple cytokines in the plasma. Values are presented as the
mean ±SD. *p<0.05 versus control. A two-tailed Student’s t-test was used. Scale bars, 50 μm. GzB,
granzyme B; Treg, regulatory T cell; TAM, tumor-associated macrophage; MDSC, myeloid-derived
suppressor cell.

Figure 4

STB induced widespread transcriptional programs that activate T cell immunity. CT26 tumor cells were
implanted subcutaneously into mice, which were treated orally with vehicle or STB and the depleting
antibody for CD8 (αCD8). a. Dot plot showing enrichment of GO biological processes for NanoString
immune-related genes in mice treated with vehicle or STB. 17 GO biological processes with the largest
gene ratios are plotted in order of gene ratio. The size of each dot represents the number of genes
signi�cantly related to immunity associated with the GO term and the color of the dots represent the P-
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adjusted value. b. GESA of gene sets involved in T cell and immune response activation. c. Comparisons
of gene expression related to the Kyn pathway and TME, Th1 response, Th2 response, endothelial cell
(EC)-lymphocyte (LC) interaction, agonistic immune checkpoints, and inhibitory immune checkpoints. d.
Diagram of the treatment schedule. Arrows indicate treatment. e. Comparison of CT26 tumor growth in
mice. Mean and individual tumor growth curves over time. f. Representative �ow cytometry plot showing
PD-1 expression in CD8+ T cells. g. Representative images and comparisons of tumoral PD-L1+ cell
numbers. Values are presented as the mean ±SD. *p<0.05 versus control. One-tailed Student’s t-test and
Two-tailed Student’s t-test were used. Scale bars, 50 μm. GO, Gene Ontology; GESA, Gene Set Enrichment
Analysis; PD-1, program cell death protein 1; PD-L1, program cell death ligand 1.
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Figure 5

STB synergizes with immune checkpoint inhibitors (ICIs) to enhance cancer immunity and suppress
tumor growth. Mice were subcutaneously implanted with CT26 tumor cells and treated with STB and anti-
PD-1 and/or anti-CTLA-4 antibodies. a. Diagram of the treatment schedule. Arrows indicate treatment. b,
c. Comparison of CT26 tumor growth in mice. The number of tumor-free mice (complete response, CR) is
indicated for each group. d. Representative images and comparisons of intratumoral CD8+ T cells and
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CD31+ tumor blood vessels. e. Representative �ow cytometry analysis plot and comparisons of CD8+ T
cell, CD4+ T cell, and CD4+Foxp3+CD25+ (Treg), and CD8/Treg ratio in tumor. f. Diagram depicting the
mechanism by which STB-C017 facilitates T-cell-mediated immunity within TME. Values are presented as
the mean ±SD. *p<0.05 versus control. A two-tailed Student’s t-test was used. Scale bars, 50 μm.

Figure 6

STB in combination with ICIs was more e�cient than epacadostat-based combinations. Mice were
subcutaneously implanted with CT26 tumor cells and treated with STB, epacadostat, and anti-PD-1
and/or anti-CTLA-4 antibodies. a. Diagram of the treatment schedule. Arrows indicate treatment. b, c.
Comparison of CT26 tumor growth in mice. Mean (b) and individual (c) tumor growth curves over time.
The number of tumor-free mice (CR) is indicated for each group. d. Kaplan-Meier plot for overall survival.
e. Comparison of tumor growth after injection of CT26 or Renca tumor cells into mice with complete
tumor regression. Values are presented as the mean ±SD. *p<0.05 versus control. Two-tailed Student’s t-
test and log-lank test were used.
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