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Tryptophan depletion by IDO1
contributes to anti-tumor effect of IFNy

IDO1 inhibition restores tryptophan,
adversely leading to tumor protection
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Highlights
e Tryptophan depletion by IDO1 contributes to anti-tumor
effect of IFNy

e IFNy shuts down general protein translation, which is
reversed by IDO1 inhibition

e MITF downregulation contributes to melanoma T cell
responses in vitro and in patients

e IDO1 inhibition prevents MITF downregulation, protecting
melanoma cells from IFNy
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In brief

Whereas IDO1 inhibitors were developed
to reinvigorate T cells by restoring
tryptophan, they lack clinical benefit.
Kenski et al. discover an adverse effect of
IDO1 inhibition: protecting melanoma
cells from the effects of T cell-derived
IFNy. MITF plays a key role in this
response in vitro and in patients.
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SUMMARY

By restoring tryptophan, indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors aim to reactivate anti-tumor T cells.
However, a phase lll trial assessing their clinical benefit failed, prompting us to revisit the role of IDO1 in tumor
cells under T cell attack. We show here that IDO1 inhibition leads to an adverse protection of melanoma cells
to T cell-derived interferon-gamma (IFNy). RNA sequencing and ribosome profiling shows that IFNy shuts
down general protein translation, which is reversed by IDO1 inhibition. Impaired translation is accompanied
by an amino acid deprivation-dependent stress response driving activating transcription factor-4 (ATF4)"9"/
microphtalmia-associated transcription factor (MITF)'°¥ transcriptomic signatures, also in patient mela-
nomas. Single-cell sequencing analysis reveals that MITF downregulation upon immune checkpoint
blockade treatment predicts improved patient outcome. Conversely, MITF restoration in cultured melanoma
cells causes T cell resistance. These results highlight the critical role of tryptophan and MITF in the melanoma
response to T cell-derived IFNy and uncover an unexpected negative consequence of IDO1 inhibition.

INTRODUCTION

Despite the profound improvement in melanoma outcome upon
immune checkpoint blockade (ICB), therapy resistance limits
clinical benefit for many patients." This creates a need not only
for uncovering additional targets for immunotherapy, but also
for a better understanding of the mechanisms of action of their
corresponding inhibitors. An example is indoleamine 2,3-dioxy-
genase 1 (IDO1), an enzyme induced by interferon-gamma
(IFN'y)? and responsible for catalyzing the conversion of essential
amino acid tryptophan to kynurenine.® Pre-clinical evidence sug-
gested IDO1 as a key mechanism of acquired immune tolerance,
by affecting several immune cells within the tumor microenviron-
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ment.*® IDO1 expression and consequently low tryptophan
levels increases intratumoral T regulatory cell (Treg) and
myeloid-derived suppressor cell (MDSC) infiltration while
decreasing dendritic cell (DC) antigen uptake, mediating IFN-
v-induced differentiation of monocytes into M2 macrophages
and impairing cytotoxic T cell function.>® Therefore, 1DO1
inhibitors were developed and evaluated in combination with
pembrolizumab (anti-programmed cell death-1/PD-1 antibody)
in ECHO-301/KEYNOTE-252, a large phase 3 trial. Whereas
the aforementioned pre-clinical evidence supported the use
of IDO1 inhibition in the context of immunotherapy in solid
tumors,”® co-treatment of pembrolizumab with epacadostat
failed to improve progression-free survival compared with
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pembrolizumab alone®. These results led several pharmaceu-
tical companies to scale down or terminate their IDO1 inhibitor
studies.'°

While several explanations were given for these disappointing
results, including the potential low dose of epacadostat and se-
lection bias, the reasons for the failure are still under debate.'®
Interestingly, whereas T cells are sensitive to tryptophan (TRP)
deprivation in the tumor microenvironment (TME),®>"" studies
from the 80s and 90s suggested that, in fact, tumor cells, too,
require TRP for viability.”>"'* These seemingly contradictory
observations prompted us to study the functional interactions
between IDO1, epacadostat, tumor cells, and T cells in more
mechanistic detail.

RESULTS

TRP restoration by IDO1 inhibition protects tumor cells
from T cell-mediated killing

To study under defined conditions the effect of IDO1 inhibition on
tumor cells that are under T cell attack, we made use of a co-cul-
ture system that we previously established.'® Briefly, we intro-
duced the melanoma antigen recognized by T cell (MART-1)-spe-
cific T cell receptor (TCR; 1D3 clone) recognizing the human
leukocyte antigen (HLA)-A2-restricted MART-1 peptide (amino
acid [aa] 26-35) into CD8* T lymphocytes isolated from blood of
healthy donors.'® To ensure specific and equal recognition by
MART-1 T cells and exclude potential confounding effects of dif-
ferences in IFNy signaling, antigen presentation machinery, and
major histocompatibility complex (MHC) and antigen expression
levels, we ectopically expressed through lentiviral transduction
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HLA-A*02:01 and MART-1 in a panel of human melanoma cell
lines, including patient-derived melanoma xenograft (PDX) cell
lines.'” After confirming that the kiling was TCRspecific (Fig-
ure S1A), we observed that exposure of these cell lines to the
matched T cells led to common upregulation of IDO1 protein
(albeit to varying degrees; Figure 1A). In parallel, we determined
the relative susceptibility of this cell line panel to T cell-mediated
killing. We observed a range of sensitivities, with some cell lines
being highly sensitive, some showing an intermediate sensitivity,
and others being relatively resistant (Figure 1B).

Because IDO1 activity leads to degradation of TRP in the TME,
we measured the level of TRP in the culture medium after T cell
treatment of melanoma cultures at a 1:10 T cell:tumor ratio,
where we observed the biggest range of tumor sensitivities.
The sensitivity of cell lines to T cell killing correlated significantly
with the degree of TRP drop: the most sensitive cell lines had the
highest relative decline in TRP levels after T cell challenge (Fig-
ure 1C), illustrating that melanoma cells can differentially suffer
from low levels of TRP, while there may also be a contribution
of the expression levels of IDO1 (Figure 1A).

We next asked whether the IDO1-induced TRP loss in fact
contributed to the anti-tumor effect of IFNy. As expected, treat-
ment with IDO1 inhibitor epacadostat led to complete restoration
of TRP levels (Figure 1D). More importantly, this was accompa-
nied by a full rescue of the toxic effects of IFNy (Figures 1E and
S1B). IDO1 inhibition also rescued from T cell-induced killing
(Figure S1C).

This result led us to investigate whether it could be recapitu-
lated in vivo in a humanized adoptive cell transfer (ACT) setting.
We used immunocompromised NOD/SCID IL2Ry™" (NSG)

Figure 1. Tryptophan restoration by IDO1 inhibition protects tumor cells to T cell-mediated killing
Melanoma cells were co-cultured with MART-1 T cells (or no T cells as a control) at 1:5 and 1:10 T cell:tumor cell ratios for 24 h.

(A) After co-culture, cells were harvested and immunoblotted for IDO1 (short exposure and long exposure), all in parallel; HSP90 served as loading control.
(B) The same melanoma cell line panel was exposed to MART-1 T cells at indicated T cell:tumor cell ratios or no T cells as a control and stained with crystal violet
after 6 days, and the percentage of surviving melanoma cells was quantified. Color coding indicates sensitivity to T cells: blue, relatively T cell-sensitive; orange,
intermediate phenotype; pink, relatively resistant. Color coding was done arbitrarily for better visualization. The grouping of cell lines was not used for further
analysis, and cell lines were always analyzed individually.

(C) Spearman correlation between relative (to control) tryptophan drop upon T cell exposure and percentage of surviving cells after T cell challenge, both ata 1:10
(T cell:tumor cell) ratio from the experiment shown in (B). Tryptophan (TRP) levels were measured from supernatant of melanoma and MART-1 T cell co-cultures
by a fluorometric assay after 24 h of the experiment shown in (B).

(D) TRP concentrations from supernatants in (E) were measured by a fluorometric assay after 72 h of treatment. Statistical significance shown for the IFN-y-only
group was tested comparing the IFNy group against its control, whereas in the epacadostat-treated groups, it was compared with the corresponding IFNy dose.
The y axis shows normalized TRP levels compared with control.

(E) Cell lines were treated with IFNYy (2.5, 5, or 10 ng/mL) and/or epacadostat (2 uM), fixed and stained with crystal violet after 6 days. Quantification in Figure S1B.
(F) NSG mice received A375-MelanA cells subcutaneously into the flank, and after 3 days, 5 million MART-1-specific or control (untransduced) CD8* T cells were
injected intravenously, and the mice were treated daily with epacadostat (100 mg/kg) orally. n = 6 mice for T cell control group and n = 10 mice for MART-1 T cell-
treated group. Tumor sizes at endpoint are shown.

(G) TRP levels measured in supernatants of experiment shown in (H) after 72 h of treatment. Statistical testing of IFNy and MART-1 T cell-only group was
performed against their own control.

(H) D10, M026X1.CL, and 99.08 cells were treated with IFN+y (5 ng/mL), TRP (100 ng/mL), or MART-1 T cells (1:20 effector-to-target [E:T] ratio), fixed and stained
after 6 days. Quantification in Figure S1G.

() Cell lines were co-cultured with MART-1 T cells at a 1:20 ratio in the presence or absence of IFNvy- blocking antibody. TRP levels were measured at the 72 h time
point.

(J) Cells from experiment in (I) were fixed and stained with crystal violet after 6 days.

(G)-(J) belong to the same experiment and were separated for representation purposes. In vitro experiments were performed in two independent biological
replicates, each in three technical replicates (available in Mendeley data [https://doi.org/10.17632/hd4h8fxdm9.1]). Bars represent +SD for in vitro and +SEM
for in vivo. Statistical testing was done in the three technical replicates by one-way ANOVA with Tukey’s post-hoc test. *p < 0.05; **p < 0.01; **p < 0.001;
***p < 0.0001 and one-way ANOVA with Sidak’s post-hoc for (F).

See also Figure S1.
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mice and injected human melan-A antigen-expressing A375
melanoma cells subcutaneously. After 3 days, we injected either
untransduced or MART-1 T cells via the tail vein and started the
treatment with epacadostat. ACT of matched T cells caused sig-
nificant tumor reduction (Figures 1F and S1D). However, recapit-
ulating our in vitro data, we did not observe better tumor control
upon epacadostat treatment in vivo, but instead a moderate, yet
significant, increase in tumor expansion (Figures 1F and S1D). In
an immunocompetent B16-OVA melanoma model, while we did
not observe tumor acceleration upon IDO1 inhibition (likely
because of simultaneous tumor cell and immune cell protection),
there was again no improved tumor control (Figure S1E), in line
with a previous study.'® We confirmed by antibody depletion
that CD8 T cells contributed to tumor control in this model
(Figure S1F).

To determine whether this effect of epacadostat was mediated
by TRP, we replenished this amino acid in the culture medium
in vitro. TRP restoration, too, was able to revert the anti-tumor ef-
fect of either T cells or IFNy treatment (Figures 1G, 1H, and S1G).
This result is in concordance with the rescue in TRP levels caused
by epacadostat treatment (Figure 1D) and indicate that the protec-
tion observed after IDO1 inhibition by this compound is indeed
due to a specific TRP restoration. IFNy was the major contributor
of the T cell effect in this setting, because its blockade by a spe-
cific antibody significantly both rescued the decline in TRP and
protected tumor cells (Figures 11, 1J, and S1H). From these obser-
vations, we conclude that whereas IDO1 inhibitors were devel-
oped to reinvigorate immune cells in a TRP-deprived milieu,
another consequence of TRP replenishment is that tumor cells
are protected against T cell elimination or, in other words, an
on-target adverse effect of IDO1 inhibition.

IFNy-induced TRP depletion triggers general translation
stalling associated with an activating transcription
factor-4 (ATF4) stress response

To validate these findings in a more clinically relevant setting, we
treated a panel of PDX melanoma cell lines with IFNy and again
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observed intrinsic differences in their susceptibility to it (Fig-
ure 2A). To better understand the transcriptional reprogramming
induced by this cytokine, we performed RNA sequencing of
this PDX panel as a function of IFNy treatment. Gene set enrich-
ment analysis (GSEA) of their differentially expressed genes re-
vealed enrichment of four distinct clusters of semantically
related ontology terms: immune cell activity, protein regulation,
response to cytokine, and cell death (Figure 2B).

These results prompted us to investigate whether these IFN-
y-induced transcriptomic changes were related to each other
and to IFNy sensitivity. In line with our previous findings (Fig-
ure 1), we detected a strong correlation between gene sets
related to TRP metabolic processes, IFNy response-related
pathways, cell death, and sensitivity (Figure 2C). Furthermore,
pathway changes associated with a decrease in translation
were also linked to higher expression of genes involved in TRP
catabolism in this dataset (Figure 2C). Further exploring the dif-
ferential response of sensitive and resistant cell lines to IFNy,
we observed that signatures for amino acid deprivation, TRP
catabolism/metabolism, stress response, and death-related
pathways were enriched in IFNy-sensitive PDX cell lines (Fig-
ure 2D). This was also seen for a signature comprising translation
initiation genes that are downregulated.

After demonstrating in PDX cell lines that IFNy induces not
only substantial transcriptional changes but also affects protein
translation, we set out to confirm the latter observation in our
original cell line panel (Figure 1) using ribosome profiling. We
selected an IFNy-responsive human melanoma cell line (D10),
which showed a steep decline in TRP levels upon T cell and
IFNvy co-culture (Figures 1C and 2E). As a control, we used an
IFNy-resistant cell line (888Mel), which failed to degrade TRP
when encountering either IFNy or T cells (Figures 1C and 2E).
We recently demonstrated by differential ribosome codon
reading (diricore) analysis that 48 h of IFNy treatment leads to
stalling at the TRP codon.?’ We show here that this is preceded
by a reduced signal in the initiator ATG (first methionine) at posi-
tion 12 at 20 h, when there are no significant changes yet in the

Figure 2. IFNy-induced TRP depletion triggers general translation stalling associated with an ATF4 stress response

(A) A panel of patient-derived melanoma xenograft (PDX) cell lines was treated with 10 ng/mL IFNy. Confluence was measured after 96 h by Incucyte live-cell
imaging. Experiment was done with four technical replicates. Color coding was done arbitrarily for better visualization. Bars represent +/- SD.

(B) The same panel of PDX cell lines shown in (A) was analyzed by RNA sequencing (two biological replicates) after 24 h of IFNy treatment (10 ng/mL). REVIGO'®
analysis was performed on significantly different Gene Ontology terms between IFNy-treated and control samples.

(C) Heatmap shows Spearman correlation values between significantly different gene sets (IFNvy versus control) and survival (from A). Gene sets shown are the
following (from left to right after survival): (1) GO_Negative_regulation_of_translation; (2) GO_Translational_initiation; (3) KEGG_Tryptophan_metabolism; (4)
REACTOME_Tryptophan_catabolism, belonging to protein synthesis cluster; (5) HALLMARK_Apoptosis; (6) KEGG_Apoptosis; (7) BIOCARTA_Death_pathway,
part of cell death cluster; (8) GO_Interferon_gamma_mediated_signaling; (9) HALLMARK __ Interferon_gamma_response; and (10) GO_Response_to_interfer-
on_gamma, part of response to cytokine cluster.

(D) Gene set enrichment analysis was performed on the differentially expressed genes between control and IFNy treatment in the IFNy-sensitive (top 25%
quartile) and IFNy-resistant (top 25% quartile) cell lines from (A). All pathways shown have p <0.05.

(E) Fluorometric TRP measurement in D10 and 888Mel cells used for ribosome profiling.

(F and G) Analysis of ribosome profiling performed after 20 h of IFNy treatment (5 ng/mL) alone or in combination with epacadostat (2 pM). Control cells were left
untreated.

(F) Ribosome accumulation at specific codons (dashed boxes). Ribosome accumulation at the start methionine codon in D10 cells after IFNy treatment is a
statistically significantly outlier when compared with ribosome occupancy of other codons.

(G) Panels representing differential ribosome occupancy determined by Diricore®® analysis at the codons in proximity to the start site (initiator ATG; left panels) or
other ATG codons (right panels) in control cells versus IFNy-treated cells (red line) and IFNy-treated cells versus cells treated with IFNy in combination with
epacadostat (blue line).

(H) Gene set enrichment analysis was performed in IFNy-treated PDX cell lines comparing the IFNy-sensitive (top 25% quartile) and IFNvy-resistant (top 25%
quartile) cell lines.
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TRP codons (Figures 2F and 2G). A slower translation initiation
rate with elongation proceeding at a normal pace (Figure 2G)
causes an imbalance resulting in a significant change in ribo-
some occupancy at the ATG initiator, which indicates a strong
general inhibition of translation,”® here shown for IFNy-treated
D10 cells. This occurred when TRP levels were low due to
IFNy treatment (Figure 2E). Strikingly, co-treatment with epaca-
dostat fully prevented protein translation shutdown (Figures 2F
and 2G). Diminished translation also correlated with IFNy
responsiveness, because control IFNy-resistant 888Mel cells
failed to show this (Figures 2F and 2G).

A previous study has shown that cells under amino acid star-
vation stress can impair translation while selectively increasing
translation of ATF4,%? a key factor integrating protein translation
and stress signaling, including amino acid deprivation.”®> To
determine whether this was the case, GSEA was performed on
the most IFNy-sensitive vs. most IFNvy-resistant PDX cell lines.
As expected, we observed an enrichment of IFNy and ATF4
signatures in the sensitive cell lines (Figure 2H). Likely, the mech-
anism by which the sensing of uncharged tRNA-TRP in D10
cells treated with IFNy occurs is via the general control non-
derepressible-2 (GCN2), leading to eukaryotic initiation factor 2
(elF2alpha) phosphorylation and ATF4 expression.”*?° In cells
not depleted for TRP (in 888Mel cells or D10 cells treated with
epacadostat), there are no uncharged tRNA TRPs and thus no
increase in ribosome accumulation at the start codons and,
therefore, no ATF4-induced stress response.

MITF contributes to melanoma T cell sensitivity

ATF4 induction upon nutrient-deprivation stress has been asso-
ciated with a reduction in the expression levels of microphtalmia-
associated transcription factor (MITF), whereby the latter is tran-
scriptionally suppressed by the first.”® Furthermore, MITF is a
critical survival factor for melanoma®”*® and modulates the
response to targeted tumor inhibitors.>>~®" These data, as well
as the function of MITF in phenotypic plasticity and therapeutic
resistance,*” prompted us to investigate if it has a role in a
tumor/T cell context. We observed distinct melanoma cell re-
sponses to T cell challenge: whereas several cell lines showed
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downregulation of MITF, others failed to diminish its expression
(Figure 3A). The differential regulation of MITF was independent
of activation of the early IFNy signaling cascade because all
examined cell lines expressed IFNy receptors 1 and 2, as well
as their downstream targets Janus kinase 1 and 2 (JAK1
and JAK2) and signal transducer and activator of transcription
1 (STAT1) (Figure S2A), while STAT1 was phosphorylated
(Figure 3A).

This diversity in MITF response and its involvement in mela-
noma survival led us to explore any causal relationship with the
observed differential susceptibility to T cell-induced cytotox-
icity. We confirmed that the sensitivity of the tumor cells to
T cells was strongly associated with their ability to downregu-
late MITF (Figure 3B). This correlation was also seen in the
IFNy-treated PDX cell line panel when analyzed by RNA
sequencing (Figure 3C).

The inverse correlation between MITF expression and T cell
susceptibility raised the possibility that the protection to IFNy
by IDO1 inhibition is due to the absence of an MITF downregula-
tion. To investigate this, we co-treated melanoma cells with IFNy
and epacadostat. We observed that IDO1 inhibition prevented
an ATF4-driven stress response and consequently MITF down-
regulation, even in the presence of active IFNy signaling, as
judged by STAT1 phosphorylation (Figure 3D). This result indi-
cates that IFNy-induced MITF regulation is a consequence of
the modulation of endogenous TRP levels.

To determine whether the downregulation of MITF upon ribo-
some stalling was IFNy dependent, we engineered IFNy recep-
tor 1 (IFNyR1) knockout clones and exposed them to T cells.
After co-culture, MITF downregulation did not occur when
IFNy signaling was lacking (Figure 3E). These phenomena
together resulted in a profound resistance to T cell cytotoxicity
(Figure 3F).

To examine whether MITF plays a causal role, we prevented its
downregulation in IFNy-sensitive cells by introducing a cassette
driving moderate expression of MITF. Because we used a heter-
ologous promoter, MITF levels remained stable upon treatment
with IFNy (Figures 3G and 3l). The IFNy signaling cascade was
activated in both control and MITF-expressing cells, as

Figure 3. MITF contributes to melanoma T cell sensitivity

(A) Melanoma cell lines were co-cultured with T cells in 1:10 and 1:5 ratios for 24 h. Protein lysates were immunoblotted for MITF and phospho-STAT1 (Tyr701).
Vinculin served as a loading control. Figure 1A and (A) belong to the same biological experiment, and western blotting was performed in parallel.

(B) Correlation between percentage of surviving cells after T cell challenge at a 1:10 (T cell:tumor cell) ratio and normalized (to loading control) change in MITF
expression at the same ratio from immunoblot quantification data. Spearman correlation is plotted.

(C) Spearman correlation between relative survival upon IFNy treatment in the PDX cell line panel from Figure 2A, plotted against MITF targets downregulation

from RNA profiles after 24 h of IFNy treatment.
For (B) and (C), color coding as in Figure 1B.

(D) Indicated cell lines were treated with IFNy (2.5, 5, 10, and 20 ng/mL) or with epacadostat (2 uM) + 5 or 20 ng/mL IFNv for 72 h and harvested forimmunoblotting
with the indicated antibodies, all in parallel. Vinculin served as a loading control.

(E and F) D10 cells carrying either single guide control (sgControl) or a sgRNA targeting IFNYR1 were co-cultured with T cells at 1:20/1:10/1:5 E:T ratios. Cells were
harvested after 24 h for immunobilotting (E) or fixed and stained with crystal violet after 6 days, for which quantification is shown (F).

(G-J) D10 and M026.X1.CL cell lines were infected with lentivirus encoding GFP (as control) or MITF and were subsequently treated with IFNy at 1, 5, or 10 ng/mL.
Cells were either harvested after 72 h for immunoblotting (G and I) or fixed and stained with crystal violet after 6 days, for which quantification is shown (H and J).
Experiments were performed in at least two independent biological replicates, each in three technical replicates (available in Mendeley data [https://doi.org/10.
17632/hd4h8fxdm9.1]).

Statistical testing comparing either IFNy treatment or T cell treatment against controls was done with one-way ANOVA and Dunnet’s post-hoc. Comparisons
between sgControl versus sgIFNyR1 or GFP versus MITF were done by unpaired Student’s t test (two-tailed). Bars represent +/-SD. *p < 0.05; **p < 0.01; **p <
0.001; ***p < 0.0001.

See also Figure S2.
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confirmed by STAT1 phosphorylation (Figures 3G and 3l). Impor-
tantly, the enforced inability of (patient-derived) melanoma cells
to downregulate MITF diminished their sensitivity to IFNy
(Figures 3H and 3J). These data demonstrate that the ability of
melanoma cells to downregulate MITF is essential for their
intrinsic susceptibility to the anti-tumor effect of IFNy.

On-treatment MITF downregulation predicts clinical
outcome of ICB

To determine whether these results bear clinical relevance, we
analyzed MITF expression as well as its target genes in The Can-
cer Genome Atlas (TCGA) melanoma cohort. This revealed that
MITF expression, together with that of its transcriptional targets,
is inversely correlated with IFNYy itself, an IFNvy signature, and the
IFNy-inducible gene IDO1. This inverse correlation was also
seen for ATF4, amino acid deprivation, and TRP catabolism ge-
netic signatures (Figure 4A), in accordance with our previous
observations in cell lines (Figure 2C).

Since T cells can be reinvigorated and triggered to produce IFNy
by ICB, we subsequently analyzed two independent gene expres-
sion datasets of anti-PD-1-treated patients for whom both pre-
and on-treatment samples were available.*** In line with our
in vitro data, those patient tumors that responded to immuno-
therapy downregulated MITF target genes on treatment in both co-
horts, whereas the non-responding tumors did not (Figure 4B).
Similar results were observed for anti-cytotoxic T lymphocyte-
associated protein 4 (CTLA-4)-treated patients®® (Figure S3A).
We confirmed these findings in patient cohorts analyzed at the
single-cell level.*® We observed that melanoma cells in patients
responding to treatment had significantly lower levels of MITF
and MITF target genes than prior to treatment or non-responders
(Figures 4C and 4D). Additional mining of the Riaz*® and Guide®*
datasets revealed that melanomas with a high IFNy signature®”
and the strongest change in MITF are most likely to respond to
anti-PD-1 (Figures 4E and 4G, left panels). Responding tumors
also showed significantly higher expression levels of genes related
to TRP catabolism than the other samples (Figures 4E and 4G,
right panels). Furthermore, stress response, IFNy signaling,
and TRP metabolism/catabolism apoptosis-related gene sets
were enriched on treatment in responders to anti-PD-1 treatment
(Figures 4F and 4H). Together, these results demonstrate that the
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intrinsic sensitivity of melanoma cells to IFNy, T cells, and PD-1
blockade correlates with their ability to show a dynamic MITF
response.

DISCUSSION

We uncovered an unexpected, and undesired, on-target effect of
IDO1 inhibition: whereas IDO1 inhibitors were developed to pro-
tect cytotoxic T cells and other immune cells against the delete-
rious effects of TRP depletion in the TME, we demonstrate here
that IDO1 inhibition (or TRP replenishment) also leads to protec-
tion of melanoma cells from T cell elimination in vitro and in vivo.
Given that IFNy can exert a strong bystander effect, influencing
not just antigen-positive cells,® the protection by epacadostat
may extend to remote tumor cells. While we do not wish to claim
that this is a major cause for the failure of the ECHO-301 IDO1
trial,®*° our results do shed light on a critical aspect of IDO1
inhibition that was not previously appreciated. This may be an
opportunity to guide the design of any future immunotherapy
application of IDO1 inhibitors.

Our data suggest that targeting MITF could be a promising
approach in combination with immunotherapy, since its downre-
gulation in melanoma cells under T cell attack contributes to their
propensity to be eliminated. MITF is an important survival factor
for melanoma, and changes in its expression levels can have ma-
jor consequences in several contexts.”®*> However, to study this
in vitro is challenging, as was noted by us and many other
groups: melanocytes and melanoma cells do not tolerate strong
modulations of the expression levels of MITF whether by
depletion or overexpression.®**'™** This notwithstanding, our
data are consistent with the notion that MITF is a key regulator
of differential cell states when cells experience various types of
stress.®>*%% Additionally, chronic exposure of melanoma cells
to T cells can lead to de-differentiation and resistance.”” Taken
together, our data suggest that patients with immunotherapy-re-
fractory melanoma could benefit from an acute therapy-induced
decrease of MITF levels to increase their susceptibility to cyto-
toxic T cells.

The clinical benefit of epacadostat was investigated in the
context of anti-PD-1.° This is in keeping with the increasing
awareness that for most advanced cancers, therapy resistance

Figure 4. On-treatment MITF downregulation predicts clinical outcome of immune checkpoint blockade

(A) Heatmap showing Spearman correlations between IDO7, MITF, and IFNy gene expression, average MITF targets, mean of amino acid deprivation signature,®*
and average of Hallmark IFNy and Reactome TRP catabolism signatures from SKCM melanoma cohort from TCGA. *p < 0.05.

(B) Average change in gene expression of MITF target genes comparing pre-treatment and on-treatment samples for partial responders (PRs), complete re-
sponders (CRs), stable disease (SD), and progressive disease (PD) patients for anti-PD-1 treatment, for two clinical cohorts.>**® Box plots represent the median
and 1.5 interquartile range (IQR) of the upper quartile/lower quartile. Bars represent +/- SD.

(C and D) Single-cell RNA sequencing data from pre- and on-immune checkpoint blockade-treated patients®® were analyzed for MITF and MITF targets changes.
Each dot represents a cell. p values calculated by Wilcoxon signed-rank test.

(E and G) The average expression level of the IFNy signature® on treatment was plotted against the change in MITF target gene expression (ratio between
normalized counts on versus pre-treatment). Left panels show clinical response data (color code at the top). Statistical analysis was performed by y-squared test
comparing top left quadrants with the remainder quadrants. Right panels show expression of the gene set (Reactome) TRP catabolism. Size and color of the
circles indicate effect size of pathway enrichment. Enrichment values in the top quadrants (MITF target gene downregulation/IFNy signature high) were
significantly different from the other three quadrants (Mann-Whitney U ranked, p value indicated).

(F and H) Gene set enrichment analysis (GSEA) performed on on-treatment samples comparing responders (PRs/CRs) and non-responders (PD/SD). All
pathways shown have p <0.05.

(B, top panel, E, and F) Riaz clinical cohort.*® (B, bottom panel, G, and H) Gide clinical cohort.>*

See also Figure S3.
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limits the benefit of single-agent therapies. Therefore, thousands
of clinical trials are currently testing combination treatments,
often with anti-PD-1 (or variations thereof). As we recently
argued, however, with the increasing numbers of (immuno)ther-
apeutics developed, the possibilities for combination treatments
dramatically outnumber the patients available to enroll in clinical
trials.*® Rational design, informed by fundamental biological and
mechanistic insight, will be required to solve this clinical prob-
lem. The current study provides an example of how a better
mechanistic understanding may contribute to this in that it not
only uncovers an on-target adverse effect of IDO1 inhibition
but also raises the possibility that pharmacologic MITF interven-
tion might be explored to improve immunotherapy outcome of
patients with melanoma.

Limitations of the study

This study has a number of limitations that should be consid-
ered. This includes the technical challenge of manipulating
MITF in a stable and reliable manner to provide genetic confir-
mation of some of our findings. Similarly, while our data sug-
gest that targeting MITF might be beneficial in combination
with IDO1 inhibition, the lack of a specific MITF inhibitor pre-
cludes pharmacologic testing. Furthermore, our findings may
be particularly relevant to IFNy-rich tumors and MITF-express-
ing melanomas. More complex immunocompetent models will
be required for formal testing of our hypothesis in vivo that
the positive effect that IDO1 inhibition may have on CD8
T cells is counteracted by the tumor protection described
here. Lastly, datasets from patient melanomas with acquired
ICB resistance and IDO1 inhibition are scarce, hindering such
clinical corroboration.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Daniel S.

Peeper (d.peeper@nki.nl).

Materials availability

The materials generated in this study did not generate new unique reagents.

Data and code availability

® RNA-Sequencing data from IFNy-treated patient-derived cell lines have been deposited at GEO and are publicly available as of
the date of publication. Accession numbers are listed in the key resources table.

o Original western blot images (and other source data related to this work) have been deposited at Mendeley and are publicly
available as of the date of publication. The DOl is listed in the key resources table.

@ This paper also analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key re-

sources table.

o All the R scripts used in this study are available upon request and without restriction to the lead contact.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human primary CD8* T cells

Buffy coats were purchased from Sanquin. Human PBMCs (peripheral blood mononuclear cells) were isolated by density gradient
centrifugation using Ficoll (1.078 g/mL, Fisher Scientific #11743219). CD8 T lymphocytes were positively selected by CD8 Dyna-
beads (Thermo Fisher Scientific) following manufacturer’s instructions. Anti-CD3 and anti-CD28 antibodies (eBioscience, 5 mg
per well in 24-well plate format) were pre-coated for CD8 activation. After 48h of in vitro activation, T cells were transduced with retro-
virus encoding 1D3 TCR. Transduction efficiency was assessed by FACS analysis and tumor cell-T cell ratios for co-culture were
corrected for 1D3 TCR transduction efficiency. Multiple T cell donors (male and female origin) were used throughout this manuscript
and can vary in killing efficiency between experiments.

Cell lines and culture conditions

All melanoma cell lines, including PDX-derived melanoma cell lines were obtained from the Peeper laboratory cell line stock. Cell lines
derived from both male and female individuals were used. Cell lines were cultured in DMEM with 9% fetal bovine serum (FBS) (Sigma),
100U/mL penicillin and 0.1 mg/mL streptomycin (Gibco); HEK293T cells were used for virus production for ectopic expression of MITF,
MelanA, GFP, HLA-A2, MART-1, sgRNAs or Ovalbumin. All cell lines were authenticated by STR profiling and regularly confirmed to be
free of mycoplasma by PCR.® D10 and M0.26X1.CL cells have endogenous MART-1 and HLA-A2 expression; for Mel99.08, BLM and
Mel624, cells we introduced MART-1,6_35 and HLA-A2 by viral transduction. MART-1,¢_35 and HLA-A2 double-positive cells were sorted
and seeded into 96-well plates at one cell per well. When single cells grew out, MART-1 and HLA-A2 expression were confirmed by
FACS. For experiments in Figures 1A-1C, and 3A, all cell lines expressed MART-1,6.35 and HLA-A2 using lentiviral vectors and a hy-
gromycin resistance cassette. After selection, the cells were used for follow up experiments. Cells were maintained in presence of hy-
gromycin. D10 cells carrying either sgControl or a small guide RNA for IFNgR1 (sequences can be found on Resource table) were gener-
ated by lentiviral transduction and single cell clones were isolated for further experiments. For the in vivo experiment (Figure 1F and
Extended data Figure 1D), A375 cells (which are endogenously HLA-A2-positive) ectopically expressing Melan-A were used. The in vivo
experiment from Extended Data Figure 1E and 1F, B16-F10 melanoma cells expressing the protein ovalbumin (B16-OVA) were used.

Animal studies

Animal work procedures were approved by the animal experimental committee of the NKI and performed in accordance with ethical and
procedural guidelines established by the NKI and Dutch legislation. 1 million tumor cells per mouse were mixed in 50uL PBS+50uL Ma-
trigel (Corning) prior to injection. Vehicle and Epacadostat (MedChem) were administered after diluting in DMSO + Cremophor EL (2:1)
with saline addition just before use (to a final concentration of 2:1:8). Adoptive cell transfer was performed in male NSG (JAX, bred at NKI)
mice from 8-12 weeks. Briefly, human A375 melanoma cells ectopically expressing MelanA were injected subcutaneously into the flank.
Five million transduced MART-1-specific T cells or control T cells (CD8* T cells that were not transduced with MART-1-specific TCR)
were injected at d3 via tail vein followed by intraperitoneal injection of 100.000U of IL-2 (Proleukin) at d3-5 to support T cells. From d3
treatment with either vehicle or Epacadostat (100 mg/kg) was performed daily by oral gavage until tumors reached 1000 mm3. In
experiment shown in Figures 1F and S1D, mice were sacrificed when tumor size reached 1000 mm?®. For the experiments depicted
in Extended Data Figure 1E, male C57BL/6JRj (8-12 weeks-old, from Janvier) mice were injected with B16-OVA cells (300.000 cells,
also 1:1 PBS in Matrigel) and treated with epacadostat as described above, starting from day one. In Extended Data Figure 1F,
each mouse received 100ug of CD8-depleting antibody or isotype control (BE0061, BEO090, from BioXCell), once a week prior to tumor
cell injection until endpoint. CD8"* T cell depletion was confirmed by flow cytometry. After that, the experiment was conducted as
described for Extended Data Figure 1E. All animals are housed in disposable cages in the laboratory animal center of the NKI, minimizing
the risk of cross-infection, improving ergonomics and obviating the need for a robotics infrastructure for cage-washing. The mice were
kept under specific pathogen free (SPF) conditions. Tumor growth rates were analyzed by measuring tumor length (L) and width (W), and
calculating volume through the use of the formula 1/2 x length (mm) x width (mm). The experiments were finished for individual mice
either when the total tumor volume exceeded 1000 or 1400 mm3, when the tumor presented ulceration, in case of serious clinical iliness,
or when tumor growth assessment had been completed.

METHOD DETAILS

Lentivirus production
For virus production, HEK293T cells were transfected with the plasmid of interest and the helper plasmids (pMDLgIpRRE, pHCMV-G
and pRSVrev) with polyethylenimine. The day after, cells were refreshed and 24h later, culture supernatant was filtered and snap
frozen for later infection. After overnight lentiviral infection, puromycin at 1 pg/mL (Sigma) or hygromycin at 5 ug/mL (Life technology)
was added for selection.

Cytotoxicity assays

Cytotoxic assays were performed in 12-well plate format. Tumor cells (40-60k for IFN+y treatment and 150-200k for T cell co-cultures)
were plated at day 0 and IFNYy (Preprotech) or T cells were added at day 1 in 1mL, and cells were stained with 0.1% crystal violet in
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50% methanol after 4-6days after treatment or T cell co-culture (when the control reached 100% confluency) without media refresh-
ment in the meantime. To investigate how tumor cells respond to tryptophan depletion, cell cultures were not replenished with fresh
media (containing new tryptophan). IFNy was diluted in water and kept at —80, and because of instability can vary in levels of phos-
phor-STAT1 induction throughout experiments. Viable tumor cells at the end of the assays were quantified by ImagedJ or by crystal
violet staining solubilization (10% acetic acid (Sigma). Absorbance was measured on an Infinite 200 Pro spectrophotometer (Tecan)
at 595nm. Percentage of viable cells after treatment was calculated relative to the average of its own cell line control (untreated, set to
100%) and SD is shown based on each measured value in relation to the average control value. Epacadostat (2 uM, SelleckChem),
exogenous tryptophan (Sigma) at 100ug/mL or IFNy blocking antibody at 25ug/mL (Ultra-LEAF Purified anti-human IFNy antibody
from Biolegend) was always added together with either IFN+y or T cells. For protein and RNA analyses, cells were collected from 6 cm?
or 10 cm? dishes and snap-frozen after harvesting for further analysis.

Immunoblotting and antibodies

Cells were lysed in RIPA (50mM TRIS pH 8.0, 150mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS) containing
protease and phosphatase inhibitors (Halt - Thermofisher). Protein concentrations were measured by Bradford protein assay
(Bio-Rad). Immunoblotting was performed on precast 4-12% bis-Tris gels (NuPage) and nitrocellulose membranes (GE Healthcare).
Membranes were blocked in 4% milk powder and 0.2% Tween in PBS and incubated overnight with primary antibodies. Western
blots were developed using Super-Signal West Dura Extended Duration Substrate (Thermo Fisher Scientific) and luminescence
was captured by Chemidoc Imaging system (BioRad). Immunoblotting quantifications were done using Imaged. The following anti-
bodies were used: pSTAT1 (9167), IDO1 (86630), ATF4 (11815), from Cell Signaling; MITF (ab12039) from Abcam, Vinculin (V9131)
from Sigma, HSP90 alpha/beta (H-114) from Santa Cruz.

RNA-sequencing and analysis

Low passage patient-derived melanoma cells were treated with 10 ng/mL of IFNy for 24h, washed with cold PBS and and harvested
for sequencing. Two independent biological replicates were performed. Total RNA was extracted using TRIzol reagent (15,596-018,
Ambion life technologies) according to the manufactures protocol. The total RNA was further purified using the RNeasy Mini kit
(74,106, Qiagen), including an on-column DNase digestion (79,254, Qiagen), according to the manufacturer’s instructions. Quality
and quantity of the total RNA was assessed by the 2100 Bioanalyzer using a Nano chip (Agilent, Santa Clara, CA). Total RNA samples
having RIN>8 were subjected to library generation. Strand-specific libraries were generated using the TruSeq Stranded mRNA sam-
ple preparation kit (lllumina Inc., San Diego, RS-122-210"2) according to the manufacturer’s instructions (lllumina, Part # 15031047
Rev. E). The libraries were analyzed on a 2100 Bioanalyzer using a 7500 chip (Agilent, Santa Clara, CA), diluted and pooled equimolar
into multiplex sequencing pools. The libraries were sequenced with 65 base single reads on a HiSeq2500 using V4 chemistry (lllumina
Inc., San Diego). To remove the sequenced reads of mouse origin from the low passage patient-derived xenografted cell lines,
sequenced reads were aligned in parallel using tophat-2.0.12 to mouse GRCm38 and human GRCh38. Subsequent alignments to
reference were compared according to the edit distance by XenofilteR>” to keep only sequences more likely human. For all the
samples, the range of filtered reads is between 0.41 and 2.34%. Of the filtered human reads, per gene reads were counted using
itreecount and annotated using Ensembl gtf GRCh38.82. Raw counts were pre-processed and normalized using DESeqg2 (1.30.1).
Gene sets were obtained from Molecular Signatures Database (v7.4) at GSEA. The gene set enrichment score (ES) for IFNy hallmark
and ATF4 reactome gene sets were obtained with GSEA on the signal to noise ratio between sensitive and resistant PDX cell lines,
using the java application GSEA®***

Ribosome profiling and analysis

D10 and Mel888 cell lines were treated with 5 ng/mL of IFNy in the presence or absence of epacadostat (2uM) for 20h. Medium was
harvested for tryptophan measurements showed in Figure 2E and cells were harvested on ice. The ribosome-protected fragment
(RPF) libraries were constructed using SENSE Total RNA-Seq Library Prep Kit for lllumina (LEXOGEN) as previously described.?°
Sequencing was performed on a HiSeq 2000 System (lllumina). Diricore analysis of RPF, codon occupancy frequency between
two conditions as indicated (e.g., IFNy versus control) are compared with methodology described previously.*°

Tryptophan measurement

Tryptophan concentration was measured from the supernatant of cultured melanoma cells after treatment with IFNy or T cells in the
presence or absence of epacadostat or exogenous tryptophan as indicated in the Figure legends. After supernatant collection,
samples were boiled for 10 min at 100°C and kept at 4°C until measurement. A tryptophan Assay Kit by Biovision (K557) was
used according to protocol and fluorescence was measured at Ex’Em = 370/440 nm on a Perkin Elmer EnVision plate reader.

Bioinformatic analysis

Raw read count data and clinical information for an anti-PD-1 treatment patient cohort®® was downloaded from NCBI's GEO
(GSE91061). Read count data was pre-processed and normalized using DESeqg2 (1.30.0). Centering of the normalized gene expres-
sion data was performed by subtracting the row means and scaling by dividing the columns by the SD to generate a Z score. From the
cohort, only the samples were selected for which both the samples before start of treatment were available as well as the matching
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sample during treatment (n = 42). The change in average expression of the MITF-target genes (http://www.jurmo.ch/work_mitf.php)
was calculated between pre-treatment and on-treatment samples. IFNy signature was used from Ayers et al.®’

In the anti-PD-1 and the combo treatment (anti-PD-1 & anti-CTLA-4) patient cohort, the RNA sequencing data was downloaded
from the European Nucleotide Archive (ENA) under PRJEB23709.% The FASTQ files were aligned using STAR (v.2.6.0) with default
setting on two-pass mode. The raw counts were generated using HTSeq (v0.10.0). Centering of the normalized gene expression data
is performed by subtracting the row means and scaling by dividing the columns by the SD to generate a Z score. Only patient samples
were selected if they were present in the pre- and on-treatment sets. IFNy signature was used from Ayers et al.>’ In an anti-CTLA-4
treated cohort, genes showing decreased mean post-treatment expression in patients in the responder group®® (data used for the
analysis can be found in the original article in supplementary table S3) were used. MITF target genes (http://www.jurmo.ch/work_mitf.
php) were selected, and expression values were scaled and plotted in a heatmap. Analysis showed in Figure 4A was done using the
TCGA melanoma database. The enrichment of the gene sets (obtained using GSEA-msigdb) for individual samples was performed
using single sample gene set enrichment analysis (ssGSEA) with GSVA in R (1.38.2).°° In the anti-PD-1 treatment patient cohort, the
ssGSEA of all responders (RECIST format: PR, CR) was compared to the ssGSEA of all non-responders (RECIST format: PD, SD). In
the PDX dataset, the ssGSEA of the samples without treatment versus samples treated with IFNy were compared. Single cell
sequencing data of immuno-checkpoint treated melanoma cohort was provided and analyzed by Marine lab.*® Other relevant infor-
mation is available on original cited paper. Used codes with according references are Diricore,”® DESeq2°' (1.30.1/1.30.0),
GSEA,*** STAR®°(v.2.6.0), XenofilteR,>® (HTSeq (v0.10.0)°', GSVA in R (1.38.2),°° Itreecount (https:/github.com/NKI-GCF/
itreecount). All the R scripts used in this study are available when request to the lead contact Daniel S. Peeper (d.peeper@nki.nl).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical testing

In vivo tumor growth data was analyzed at the last time point before any mouse reached the endpoint, by one-way ANOVA with
Sidak’s Post-Hoc. For comparisons between two treatment groups in B16-OVA experiment, Mann-Whitney test was performed.
For in vitro experiments, Mann-Whitney test or unpaired t-test was used for two conditions, depending on whether or not the
data were normally distributed. Kruskal-Wallis or one-way ANOVA test were applied when two or more conditions were compared,
depending on whether or not a normal distribution was observed. For ANOVA'’s multiple comparisons Post-hoc tests, Tukey’s test
was performed when comparing multiple groups against each other, or Dunnet’s when comparing with the control condition. For
Kruskal-Wallis post-hoc, Dunn’s test was performed to correct for multiple comparisons. Correlations were calculated with
Spearman coefficient. Calculations were always two-tailed. The analyses were performed with Prism Graphpad software v9 or R.

ADDITIONAL RESOURCES
lllustration

Parts of the graphical abstract figures were obtained from Servier Medical Art. Servier Medical Art by Servier is licensed under a
Creative Commons Attribution 3.0 Unported License (creativecommons.org/licenses/by/3.0/).
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