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Summary Merkel cell carcinoma (MCC) is a rare, aggressive neuroendocrine skin cancer, with approxi-
mately 80% of cases related to Merkel cell polyomavirus (MCPyV). Indoleamine 2,3-dioxygenase 1
(IDO1) and tryptophan 2,3-dioxygenase 2 (TDO2) are the key rate-limiting enzymes of the tryptophan-
to-kynurenine metabolic pathway. With aryl hydrocarbon receptor (AhR), an intracellular transcription fac-

?Fse lé han 2.3di tor, they play a role in escaping the immunosurveillance process in several cancers. IDO1/TDO2/AhR ex-
asrgg.()p an &, -dloxygen- pression associated with the MCPyV status and prognosis in MCC was investigated. Samples included

24 MCPyV-positive MCCs, 12 MCPyV-negative MCCs with squamous cell carcinoma, and 7 MCPyV-
negative pure MCCs. They were stained immunohistochemically with IDO1, TDO2, and AhR antibodies
and analyzed. Higher IDO1 expression in MCC tumor cells was found in MCPyV-negative than in
MCPyV-positive MCC (P < .001). The tumor microenvironment (TME) in MCPyV-negative MCC
expressed higher TDO2 than in MCPyV-positive MCC (P <.001). Kaplan-Meier and log-rank tests showed
that MCC with lower IDO1 expression in tumor cells and with lower TDO2 and AhR expressions in TME
had better overall survival than otherwise (P =.043, .008, and .035, respectively); lower TDO2 expression in

Aryl hydrocarbon receptor
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TME was also associated with longer disease-specific survival (P =.016). This suggests that IDO1, TDO2,
and AhR express differentially in tumor cells or TME and play different roles in tumorigenesis between
MCPyV-positive and MCPyV-negative MCC that may affect the MCC biology. Evaluating IDO1/TDO2/
AhR expression is important for selecting the most likely patients with MCC for immunotherapies targeting

the IDO1/TDO2-AhR pathway.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Merkel cell carcinoma (MCC) is an aggressive, neuroendo-
crine, cutaneous cancer generally diagnosed in elderly individ-
uals with sun exposure, and its risk of occurrence is related to
an immunocompromised condition and the presence of other
cancers [1,2]. Approximately 80% of MCC cases are associ-
ated with Merkel cell polyomavirus (MCPyV). Integration of
the monoclonal pattern of the viral genome into the tumor ge-
nome indicates that MCPyV infection and genomic integration
occur earlier in tumorigenesis [3]. The presence of MCPyV in-
fection is associated with histologic differences in MCCs.
MCPyV-positive MCC tumor cells have uniform round nuclei
and less cytoplasm, whereas MCPyV-negative cells have ir-
regular nuclei and abundant cytoplasm [4]. MCPyV infection
also contributes to a different survival prognosis. Patients with
MCPyV-positive MCC generally showed longer survival and
better prognosis than did those with MCPyV-negative MCC
[5-8].

Recently, 3 phase II open-label clinical trials of therapeutic
antibodies against programmed death 1 (PD1) or programmed
death-ligand 1 (PD-L1), key targets of an immune-checkpoint
pathway, were studied in patients with advanced-stage MCC.
The trials demonstrated higher and more durable response
rates than chemotherapy; however, a substantial number of ad-
vanced-stage MCC cases do not respond to PD1-PD-L1 in-
hibitors [9-11].

The tumor microenvironment (TME) is the cellular envi-
ronment in which the tumor exists, including the surrounding
blood vessels, fibroblasts, immune cells (lymphocytes, mye-
loid-derived suppressor cells, dendritic cells [DCs], and tu-
mor-associated macrophages), signaling molecules, and the
extracellular matrix [12]. The responders to cancer immuno-
therapy seem to carry an inflammatory T-cell signature in their
TME: functional neoantigen presentation by DCs and infiltra-
tion and proliferation of tumor-specific cytotoxic T lympho-
cytes (CTLs). Therefore, novel strategies capable of
transforming the immunosuppressive TME of non—T-cell in-
flammatory tumors to inflammatory tumors may support a
new paradigm in cancer immunotherapy [12]. In the spotlight
is the indoleamine 2,3-dioxygenase 1 (IDO1)/tryptophan 2,3-
dioxygenase 2 (TDO2)—kynurenine (KYN)—aryl hydrocarbon
receptor (AhR) signaling pathway, which includes the trypto-
phan (Trp) catabolic enzymes IDO1 and TDO?2, their product
KYN, and an endogenous ligand of the AhR. Recent research
has revealed that KYN and AhR are key signaling molecules

that can transduce the immunosuppressive effects of IDO1
and TDO?2. In addition, IDO1 has been shown to participate
in mechanisms of resistance to checkpoint inhibitors. There-
fore, the combination of an IDO1 inhibitor with a checkpoint
inhibitor is a promising strategy to expand patient populations
for immunotherapy [12].

An essential amino acid in humans, Trp is not only neces-
sary for protein synthesis but also used as a substrate in the
metabolic synthesis of essential signaling molecules in physi-
ology, the pathological system, and immunity [13]. Trp metab-
olism, which occurs mostly via the KYN pathway, produces
several catabolic products with diverse biological activities.
This process is catalyzed by IDO and TDO2, and its product,
N-formyl KYN, is rapidly converted into KYN. IDO also cat-
alyzes the process to form N1-acetyl-N2-formyl-5-methoxy-
kynuramine (AFMK) from melatonin, an important
metabolite of Trp produced in the skin. Melatonin is a well-
known regulator of circadian rhythmicity and skin pigmenta-
tion, and also stimulates the expression of antioxidative en-
zymes and DNA repair and has immunomodulatory and
antitumor properties [14]. There are 2 known isoforms of
IDO, IDO1, and IDO2, although IDO?2 is less characterized
and its function remains unclear [15,16].

Trp catabolism is known as a central pathway preserving
the immunosuppressive TME in many types of cancers [17].
Tumor cells or myeloid cells in the TME or draining lymph
nodes express high levels of IDOI1, the first and rate-limiting
enzyme in the degradation of Trp, which result in Trp deple-
tion in the TME, followed by the inhibition of T-cell re-
sponses. T cells sense low Trp levels via uncharged tRNAs
and subsequently activate the general control nonderepressible
2 (GCN2) kinase and induce amino acid starvation, which
causes cell cycle arrest and cell death [17]. This results in local
immunosuppression in the TME. Trp degradation by TDO2,
an alternative route of Trp degradation in tumors, creates Trp
depletion together with IDO1, which is completed by tumor
cells and myeloid cells [17]. Trp catabolism by IDO1 and
TDO2 results in Trp depletion and accumulation of Trp
metabolites.

KYN binds AhR as an intracellular transcription factor,
which plays roles in the autoimmune and tumor immunity
process. Previous studies suggest that the binding of
KYN to AhR causes differentiation of CD4 T cells into
Treg cells and inhibits its differentiation into interleukin
17—producing Th17 cells [18]. In addition, the ligand-acti-
vated AhR also induces the activation of IDO and promotes
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Table 1  List of antibodies and positive controls used for immunohistochemistry
Antibodies Host and type Source Dilution ratio Positive controls
IDO1 Mouse monoclonal Origene (Rockville, MD) 1:100 Lymph node
TDO2 Mouse monoclonal LifeSpan BioSciences (Seattle, WA) 1:100 Adrenal gland
AhR Mouse monoclonal Santa Cruz Biotechnology (Santa Cruz, CA) 1:100 Duodenum

the transcription of immunosuppressive mediators, such as in-
terleukin 10 and prostaglandin E2 in DCs [19]. Therefore, the
activation of AhR by the IDO1/TDO2 product KYN leads to
the generation of immunotolerant DCs and Treg and affects
the TME by decreasing its ability to recognize and eradicate
cancer cells [12].

IDO is activated in tumor, stromal, and innate immune cells
in various cancers, and its expression is correlated with a less
favorable prognosis [20]. Increased TDO2 expression is asso-
ciated with a higher grade, estrogen receptor—negative status,
and a shorter overall survival (OS) in triple-negative breast
cancer [21], whereas AhR overexpression in several cancers
can be a positive or negative prognostic factor, depending on
the type of cancer [22]. High AhR expression in breast cancer
correlates with higher expression of several genes in inflam-
mation, endogenous Trp metabolism, and the invasion signal-
ing pathway [23].

The IDO1/TDO2-AhR pathway is now an important target
for the development of novel cancer immunotherapy [12].
However, to the best of our knowledge, there has been no

study on the expressions of IDO1, TDO2, and AhR in MCCs.
Therefore, in this study, we investigated IDO1, TDO2, and
AhR expressions in tumor cells and TME stromal cells in
MCPyV-positive and MCPyV-negative MCCs. We also eval-
uated the relationship of these markers with clinicopathologi-
cal factors and the prognosis of MCC.

2. Materials and methods
2.1. Samples

In this study, 43 formalin-fixed, paraffin-embedded sam-
ples were prepared. These included 24 MCPyV-positive
MCC:s (15 samples from the United Kingdom and 9 samples
from Japan) and 19 MCPyV-negative MCCs (14 samples
from the United Kingdom and 5 from Japan) samples. The
MCPyV-negative MCC samples contained 12 MCC samples
combined with squamous cell carcinoma (SqCC) or Bowen

Table 2  Comparison of clinicopathological parameters of MCCs based on MCPyV status
Clinicopathological parameters MCPyV-positive MCPyV-negative P
Sex, n (%)
Male 5(20.8) 6 (31.6) 43
Female 19 (79.2) 13 (68.4)
Age (y), mean + SD 77.45 £ 10.34 84.68 +9.63 .021 =
Race, n (%)
Japanese 9 (37.5) 5(26.3) 442
UK White 15 (62.5) 14 (73.7)
Staging (I/II or III/IV), n (%)
a1l 23 (95.8) 15 (78.9) .09
v 1(4.2) 4 (21.1)
Radical excision (no/yes), n (%)
No 3 (13) 6 (37.5) .078
Yes 20 (87) 10 (62.5)
IDO1 H-score in MCC tumor cells, mean + SD 28.96 + 31.86 94.32 + 39.49 <.001 *
TDO2 H-score in MCC tumor cells, mean & SD 97.4 +39.90 106.32 + 49.49 .65
AhR H-score in MCC Tumor Cells, Mean + SD 76.29 + 50.01 71.42 + 33.70 932
IDOLI expressed by TME (%) * of MCCs, mean + SD 46.25 + 23.56 39.67 +24.38 444
TDO2 expressed by TME (%) of MCCs, mean + SD 48.13 £18.29 82.95 + 14.49 <.001 =
AhR expressed by TME (%) of MCCs, mean + SD 88.38 + 12.80 95.11 +7.49 .054

Abbreviations: AhR, aryl hydrocarbon receptor; IDO1, indoleamine 2,3-dioxygenase 1; MCC, Merkel cell carcinoma; MCPyV, Merkel cell polyomavirus;

TDO2, tryptophan 2,3-dioxygenase2.

# TME (%), immunoreactive cell frequency (%) in all component stromal cells of TME of MCCs including fibroblasts, vessels, and inflammatory cells.

* Statistically significant (Mann-Whitney U test, P < .05).
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disease. A summary of clinicopathological data is listed in
Supplementary Table S1. This study was approved by the in-
stitutional review board of Medical Faculty, Tottori Univer-
sity, Japan.

2.2. Immunohistochemistry

Formalin-fixed, paraffin-embedded samples were sec-
tioned into 4-um-thick pieces, followed by deparaffiniza-
tion and rehydration. Antigen retrieval was performed by
incubating the sections for 40 minutes at 100°C in
Nichirei Heat Pro II (Tokyo, Japan). After blocking en-
dogenous peroxidase activity for 5 minutes, sections were
incubated for 60 minutes with the first antibody and then
incubated with the secondary antibody for 30 minutes.
Sections were incubated with diaminobenzidine for 10 mi-
nutes; all these processes used the Nichirei Histo Stainer.
After washing the sections using phosphate-buffered sa-
line, they were counterstained with hematoxylin for 5 sec-
onds, and then rehydrated and mounted. The primary
antibodies (IDO1, TDO2, AhR) used in this study and
the tissues used as positive controls are listed in Table 1.
The stained tissue slides were evaluated by pathologists and
researchers who were blinded to the patients’ clinical data.
The cytoplasm and/or nucleus of IDO1-, TDO2-, and AhR-
positive cells were stained, and the stained tumor cells of
MCC and combined tumor were evaluated using the modified
H-score. The percentage of staining was summed and multi-
plied by values according to the intensity level (0, not stained;
1, weakly stained; 2, moderately stained; and 3, strongly
stained), and the H-score ranged from 0 to a maximum of
300 [24]. The frequency of immunoreactive stromal cells in
the TME of MCC included fibroblasts, endothelial cells, and
inflammatory cells, which were stained by immunohistochem-
ical staining, and were recorded as a percentage of immunore-
active cells in the all-component stromal cells in the TME of
MCC. We evaluated immunohistochemically all cells in the
areas of TME, which consist of the intratumoral stroma and
surrounding morphologically reactive stroma. Entrapped skin
appendages and the surrounding normal tissues as well as ul-
cerated tumor lesions were excluded. The internal negative
control used nonneoplastic skin and subcutaneous tissues from
MCC samples.

2.3. Statistical analysis

All clinicopathological parameters, such as age, sex,
race, and immunohistochemistry results, were differenti-
ated based on the MCPyV status and analyzed using the
Mann-Whitney U test. The survival analysis was evaluated
using the Kaplan-Meier method in accordance with IDO1/
TDO2/AhR expressions. The significant differences were ex-
amined using the log-rank test. The Cox proportional hazards
regression model was applied to perform univariate and multi-
variate analyses, and those variables that achieved statistical

significance in the univariate analysis were included in the
multivariable analysis. All data were analyzed statistically
using SPSS software (version 21.0 J; SPSS Japan, Tokyo, Ja-
pan), and a P value of less than .05 was considered statistically
significant.

3. Results
3.1. Characteristics of clinical background

The 43 cases of MCC used in this study, comprising
24 MCPyV-positive MCCs and 19 MCPyV-negative
MCCs, are described in Table 2 and Supplementary Table
S1. There was a significant difference in the ages of both
groups: MCPyV-negative MCC cases (mean, 84.68 years)
were older than MCPyV-positive cases (mean, 77.45 years),
as shown in Table 2 (P =.021). The other clinical parameters,
such as sex, race, and staging, were not different in the 2
groups.

3.2. Histologic findings

Immunohistochemical staining was performed to evaluate
the Trp catabolism process through the KYN pathway
(IDO1, TDO2, and AhR) in MCC tumor cells and the
surrounding TME cells, and the results are summarized in
Table 2 and Supplementary Tables S2, S3, and S4. The repre-
sentative immunostaining features of IDO1, TDO2, and AhR
in MCPyV-positive and MCPyV-negative MCC cases are
shown in Fig. 1. The H-score of IDO1 was significantly lower
in MCPyV-positive MCC than in MCPyV-negative MCC
(Fig. 1E and F, Table 2; P <.001), and there was no difference
in IDO1 expression in the TME of both groups. TDO2 was
significantly more frequent in the TME of MCPyV-negative
MCC than in that of MCPyV-positive MCC (Fig. 1H and G,
Table 2; P <.001). Conversely, the H-score of TDO2 expres-
sion in tumor cells of these subgroups was not significantly
different. The similar trend results as TDO2 expression were
seen in AhR evaluation. AhR expression was more frequent
in the TME of MCPyV-negative cases than in MCPyV-posi-
tive cases (Fig. 1J and I), although the trend was not statisti-
cally significant (P = .054), whereas MCPyV-positive and
MCPyV-negative MCC tumor cells showed similar H-scores
of their expression.

In combined MCC and SqCC cases, tumor cells in the
MCC component showed a significantly higher H-score
of IDO1 expression than did those in the SqCC cases
(Supplementary Table S4; P <.001). TDO2 expression of
tumor cells in the MCC component was significantly higher
than that in the SqCC component in combined MCC and
SqCC cases (Supplementary Table S4; P = .04). AhR expres-
sion was higher in SqCC components than in MCC compo-
nents, but not statistically significant (Supplementary Table
S4).
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Image of Fig. 1
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3.3. Prognostic analysis

The Kaplan-Meier with log-rank test was used to analyze
prognostic survival in this study, and the results are summarized
in Table 3. A lower-than-mean IDO1 expression in MCC tu-
mor cells (H-score <58) corresponded with a favorable OS
(Fig. 2A; P = .043) but not disease-specific survival (DSS;
Fig. 2B; P = .119). A higher-than-mean TDO2 expression
compared with the TDO2 low expression group in TME stro-
mal cells of MCCs (=64%) related not only to poor OS (Fig.
2C; P=.008) but also to poor DSS (Fig. 2D; P=.016). As well
as to TDO2 expression in the TME of MCCs, higher AhR ex-
pression (=91%) exhibited a shorter OS (Fig. 2E; P = .035),
which could not be seen in DSS (Fig. 2F; P =.291).

Clinicopathological parameters and IDO1, TDO2, and AhR
expressions in both tumor cells and TME stromal cells for the
prediction of OS and DSS were further investigated by univar-
iate and multivariate analyses with the Cox regression model.
The results are shown in Table 4. Results from the univariate
analysis indicated that the negativity of the MCPyV state (co-
efficient, 1.422; hazard ratio [HR], 4.145; P = .004) and ad-
vanced age (coefficient, 2.075; HR, 7.968; P = .045) were
unfavorable factors for OS. Similarly, with the MCPyV-nega-
tive state and advanced age, higher expression of TDO2 in
TME stromal cells (coefficient, 1.234; HR, 3.437; P =.013)
and AhR in TME stromal cells (coefficient, 1.061; HR,
2.889; P =.044) also shortened OS, and radical excision treat-
ment (coefficient, —1.179; HR, 0.308; P =.02) could extend
OS. Higher TDO2 expression in TME stromal cells (coeffi-
cient, 2.158; HR, 8.653; P = .045) reduced DSS, and radical
excision treatment (coefficient, —2.048; HR, 0.129; P = .006)
could lengthen DSS. Then, 5 variables that influenced OS
were included in a multivariate Cox proportional hazards anal-
ysis, and no variables showed a prognostic significance to OS,
whereas only radical excision treatment showed a significant
increase in DSS (coefficient, —2.076; HR, 0.125; P =.033).

4. Discussion

MCPyV is known to play roles in the carcinogenesis of
most MCC cases, namely, MCPyV-positive MCC. MCPyV-

negative MCC shows a high frequency of DNA mutations as-
sociated with UV damage, disruption of RBI and TP53, the
presence of a high degree of aneuploidy, and mutations in
genes related to responses to DNA impairment and repair.
MCPyV-positive MCC usually has few somatic mutations
and little evidence of UV damage, and most MCPyV-positive
cases contain intact RB/ and wild-type 7P53 [25]. In our pre-
vious study, we showed that MCPyV-positive MCC tumor
cells had uniform round nuclei and less cytoplasm, whereas
MCPyV-negative tumor cells had irregular nuclei and abun-
dant cytoplasm [4]. The MCPyV status relates to different sur-
vival and prognosis. Patients with MCPyV-positive MCC
usually have longer survival and better prognosis compared
with those with MCPyV-negative MCC [7,8]. In this study,
we reconfirmed the results of our previous study that patients
with MCPyV-negative MCC have unfavorable length of sur-
vival [5,24,26], which is worse if they are elderly [24].

The IDO1/TDO2-AhR pathway has been known to play
roles in tumorigenesis by creating an immunosuppressive en-
vironment through interactions among tumor cells and stromal
cells in the TME, which is beneficial for tumor progression.
Therefore, new immuno-oncology therapies to target this sig-
naling pathway have been developed [12]. We first evaluated
the expression status of the IDO1/TDO2-AhR pathway in tu-
mor cells and TME stromal cells of MCC to help develop
new immunotherapies for patients with MCC.

IDOL1 as the first key rate-limiting enzyme in Trp catabo-
lism is ubiquitously expressed by many kinds of tissues and
cells that constitute the TME, including endothelial cells, mac-
rophages, and fibroblasts [12,27]. In addition, DCs and mye-
loid-derived suppressor cells in the TME are coerced by
cancer cells to express IDO1, resulting in avoiding immuno-
surveillance [12]. IDO1 expression by cancer cells is also seen
in acute myeloid leukemia, breast, cervical, colorectal, and en-
dometrial cancers, and glioma. Its overexpression has usually
been related to negative prognostic factors and worse outcome
measures [20,28,29]. Trott et al [30] reported that IDO1 was
expressed by tumor cells not only in renal cell carcinoma but
also in the TME. IDO1 expression scores in both tumor cells
and interstitial cells of renal cell carcinoma were higher than
those in normal kidney tissue.

In our study, tumor cells in MCPyV-negative MCCs ex-
press significantly higher IDO1 compared with MCPyV-

Fig. 1  Representative images of immunohistochemical staining of MCPyV-positive and MCPyV-negative MCC. The morphology and immuno-

staining of MCPyV-positive MCC (A, C, E, G, and I) and MCPyV-negative MCC (B, D, F, H, and J) are shown. MCPyV-positive MCC tumor cells
(A) had nuclei with a regular shape and less cytoplasm than MCPyV-negative MCC cells (B). The positivity of MCPyV-LT was shown as a dense
diffuse nuclear reactivity in all MCPyV-positive MCCs (C), but not in MCPyV-negative MCCs (D). A-D, The bar represents 50 pm. IDO1 was
expressed more strongly in MCPyV-negative tumor cells (F) than in MCPyV-positive tumor cells (E; H-score: mean + SD, 94.32 + 39.49 and
28.96 + 31.86, respectively; P < .001; bar, 500 pm), whereas its expression in TME cells was not different in both MCC subgroups. Insets, The
bar represents 50 pm. The expressions of TDO2 and AhR in MCC tumor cells were similar in MCPyV-positive (G and I, respectively; bar,
100 um) and MCPyV-negative (H and J, respectively; bar, 100 um) tumor cells. In TME stromal cells, TDO2 was expressed more frequently
in MCPyV-negative MCC than in MCPyV-positive MCC (mean = SD, 82.95% + 14.49% versus 48.13% = 18.29%; P < .001). A similar tendency
was seen in AhR expressed in MCPyV-negative TME stromal cells, which was more prominent than that in MCPyV-positive TME stromal cells
(mean + SD, 95.11% =+ 7.49% and 88.38% + 12.80%, respectively; P =.054). A and B, Hematoxylin-eosin stain; C-J, immunostain. Abbrevia-
tions: T, tumor cells; S, stromal cells in the TME.
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Table 3  Comparison between clinicopathological parameter including immunohistochemistry (H-score) and OS or DSS

Factor Mean OS (P value) DSS (P value)
IDO1 in MCC H-score <58/>58 57.84 .043 * 119
TDO2 in MCC H-score <101/>101 101.34 177 .087
AhR in MCC H-score <74/>74 74.14 .188 813
IDO1 expressed by TME (%) * <43/>43 4343 279 931
TDO2 expressed by TME (%) <64/>64 63.51 .008 = .016 *
AhR expressed by TME (%) <91/>91 91.35 .035 = 291
MCPyV-Positive/Negative .002 * .059
Age (<75/>75y) .017 = 324
Sex (male/female) .554 .68
Race (Japanese/UK White) .559 742
Staging (I/II or III/IV) .649 .894
Radical excision (No/Yes) .014 * .001 =

Abbreviations: AhR, aryl hydrocarbon receptor; DSS, disease-specific survival; IDO1, indoleamine 2,3-dioxygenase 1; MCC, Merkel cell carcinoma; MCPyV,
Merkel cell polyomavirus; OS, overall survival; TDO2, tryptophan 2,3-dioxygenase2.

# TME (%), immunoreactive cell frequency (%) in all component stromal cells of TME of MCCs including fibroblasts, vessels, and inflammatory cells.

* Statistically significant (Kaplan-Meier method; P < .05).

positive tumor cells. A higher-than-total-mean IDO1 expres- IDOI1 expression (H-score <58), but there is no relationship
sion of tumor cells (H-score >58 [total mean]) is associated with DSS. This study shows that there is no difference in
with significantly worse OS than the lower-than-total-mean IDO1 expression by TME stromal cells between MCPyV-
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Fig.2 OS(A, C, and E) and MCC-specific survival (DSS; B, D, and F) classified by mean expression status of IDO1 in MCC tumor cells (A and
B), TDO2 in the TME of MCC (C and D), and AhR in the TME of MCC (E and F). Kaplan-Meier with log-rank test evaluated the statistical sig-
nificance. A and B, Patients with a lower-than-mean IDO1 expression in MCC tumor cells (H-score <58) survived significantly longer than did
those with higher IDO1 expression (H-score >58) in OS (A, P = .043), but there was no significant difference in DSS (B, P =.119). C and D,
Patients with a lower-than-mean TDO2 expression in the TME (<64%) had a significantly longer survival than did those with a higher TDO2 ex-
pression in the TME (=64%; OS: P=.008 [C] and DSS: P=.016 [D]). E and F, Patients with a lower AhR expression in the TME (<91%) had a
significantly longer survival than did those with a higher AhR expression in the TME (=91%) in OS (E, P=.035), whereas there was no significant
difference in DSS (F, P = .291).
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Table 4 Univariate and multivariate Cox proportional hazard regression analysis of prognostic factors for mortality in MCC cases
Factor oS DSS
Coefficient ~HR 95% CI /P Coefficient ~ HR 95% Cl P

Univariate
MCPyV-positive/negative 1.422 4.145 1.556-11.04 .004 s 1.428 4.169 0.833-20.868 .082
Sex (male/female) 0.29 1.336  0.508-3.513 557 0.335 1.398 0.28-6.982 .683
Age (<75/>75y) 2.075 7.968 1.052-60.375 .045 = 1.013 2.753  0.336-22.59 346
Race (Japanese/UK White) —0.31 0.734  0.256-2.098 .563 -0.271 0.763 0.15-3.878 744
Staging (I/II or III/TV) 0.283 1.327 0.388-4.544 .652 0.142 1.152  0.141-9.407 .895
Radical excision (no/yes) -1.179 0.308 0.114-0.829  .02x  —2.048 0.129  0.03-0.562 .006 *
IDO1 in MCC H-score <58/>58 0.915 2497 0.993-6.279 .052 1.202 3.326 0.666-16.597 143
TDO2 in MCC H-score <101/>101 0.586 1.797 0.755-4.275 .185 1.188 3.28 0.774-13.907 107
AhR in MCC H-score <74/>74 0.574 1.776  0.743-4.244 197 -0.173 0.841 0.198-3.567 814
IDOI expressed by TME * (%) <43/>43  —0.48 0.619 0.256-1.497 287 —0.061 0.941 0.235-3.774 931
TDO2 expressed by TME (%) <64/>64 1.234 3.437 1.302-9.069 013 2.158 8.653 1.049-71.413 .045 =
AhR expressed by TME (%) <91/>91 1.061 2.889 1.03-8.1 .044 0.842 232 0.463-11.625 306

Multivariate
MCPyV-positive/negative 0.111 1.117  0.204-6.115 .898 —0.427 0.652 0.031-13.69 783
Age (<75/>75y) 1.949 7.021 0.804-61.313 .078 0.863 2.37  0.195-28.777 498
Radical excision (no/yes) —0.769 0.463 0.146-1.467 191 —2.076 0.125 0.019-0.847 .033 %
TDO2 expressed by TME (%) <64/>64 1.331 3.785 0.883-16.229 .073 1.962 7.115  0.499-101.439 .148
AhR expressed by TME (%) <91/>91 -0.037 0.964 0.205-4.532 963 0.009 1.009 0.071-14.246  .995

Abbreviations: CI, confidence interval.
* Statistically significant.

* TME (%), immunoreactive cell frequency (%) in all component stromal cells of TME of MCCs including fibroblasts, vessels, and inflammatory cells.

positive and MCPyV-negative MCC. These results suggest
that the MCPyV status may be related to differential IDO1 ex-
pression only in MCC tumor cells.

On the other hand, TDO2, expressed mainly by the liver to
maintain the systemic homeostasis of Trp through dietary in-
take metabolism [12,31], is expressed by several cancers such
as glioma, hepatocellular carcinoma, bladder cancer, and mel-
anoma [31,32]. Chen et al [33] showed that both IDO1 and
TDO?2 expressions were significantly increased in colorectal
cancer tissues and strongly associated with lymph node metas-
tasis and advanced stage of cancer.

We see a slightly higher tendency for TDO2 expression
in MCPyV-negative tumor cells than in positive cells, but
the difference is not statistically significant. On the contrary,
TDO?2 expression in TME stromal cells of MCPyV-negative
MCC is significantly higher than that of MCPyV-positive
MCC. Patients with a higher mean TDO2 expression in
TME stromal cells of MCC (=64%) are associated with a
significantly more unfavorable OS and DSS compared with
those with a lower mean TDO2 expression (<64%). Higher
TDO2 expression in stromal cells in the TME of MCC is asso-
ciated with a poor prognosis, but expression in tumor cells is
not.

Numerous types of cancer cells preferentially express IDO1
or TDO2 and express both in some cases [12]. In most MCCs,
both IDO1 and TDO?2 are expressed in tumor cells and the
TME.

KYN is an endogenous ligand of AhR, the ligand-activated
transcription factor. Their binding (KYN-AhR complex) in-
duces a tolerogenic immune response by inducing Treg

proliferation and immunotolerant DCs [18]. AhR activation
collectively fosters an immunosuppressive TME that is defec-
tive in recognizing and eradicating cancer cells [12]. In addi-
tion, AHR overexpression can affect prognosis positively or
negatively. It relies on the type of cancer and the endogenous
role of a receptor, because AhR can exhibit tumor-specific pro-
oncogenic and tumor suppressor—like functions [22]. Cancer
cells can use the KYN-AhR complex for their benefit, as it pro-
motes a pro-tumorigenic effect that increases cell motility
[31,34]. TDO2-expressed triple-negative breast cancer lines
produced Trp metabolites to activate AhR, resulting in
TDO?2 induction, and AhR also accelerated migration in an
AhR-dependent fashion [34]. The immunohistochemistry of
AhR in breast cancers revealed the presence of AhR in tumor
cells and in the intratumoral nonepithelial tissue (endothelial
cells and immune cells including lymphocytes) [23].

We showed that AhR expressed by the TME in MCPyV-
negative MCC is higher than that in MCPyV-positive MCC,
although it is not statistically significant (P = .054), whereas
tumor cells in MCPyV-positive and MCPyV-negative MCC
expressed similar levels of AhR. A higher mean of AhR ex-
pression (=91%) in the TME of MCC is correlated with a sig-
nificantly shortened OS. These results suggest that higher AhR
expression in the TME may be associated with MCPyV nega-
tivity and poor prognosis in MCC, although AhR expression is
not different in tumor cells between MCPyV-positive and
MCPyV-negative MCC. This may be partially caused in
MCC by the known mechanism of AhR as a negative prognos-
tic factor, whereas Trp metabolites can activate AhR to induce
an immunosuppressive TME leading to tumor growth.
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Tables 2 and 3 show that there were significant differences
between MCPyV-negative and MCPyV-positive cases in the
expression of IDO1 in tumor cells and TDO2 in TME, and that
higher means of IDO1 in tumor cells, TDO2 in TME, and AhR
in TME were associated with unfavorable prognosis. There-
fore, we also evaluated the correlation among these 3 variables,
and there was a significant strong positive correlation between
IDO1 in tumor cells and TDO2 in TME, whereas IDO1 in tumor
cells with AhR in TME and TDO2 in TME with AhR in TME
showed weak positive correlations and were not statistically signif-
icant (unpublished data). Higher mean of TDO2 expression in
TME as shown in Tables 3 and 4 influenced patients’ prognosis
with shorter survival in OS and DSS, whereas higher mean of
IDO1 in tumor cells only affected OS as shown in Table 3.
This suggests that stromal cell involvement by expressing
TDO?2 is a more important factor for the tumorigenesis and bi-
ology of MCC than IDOI1 expressed by tumor cells, although
both of them will give an impact on prognosis of MCC.

The IDO1/TDO2-AhR pathway has become a focus of atten-
tion because tumorigenesis is influenced by immunological re-
sponses in the TME, which lead to tumor growth. Therefore,
to activate the immune system to kill cancer cells, several ap-
proaches targeting the IDO1/TDO2-KYN-AhR signaling cir-
cuitry have been tried: (1) developing IDO1/TDO2 inhibitors
to prevent KYN production as a ligand for AhR, (2) systemic de-
pletion of KYN by engineered kynureninase, and (3) inhibition
of AhR activation by synthetic AhR modulators [12]. Interac-
tions between AhR and its ligand increase immunosuppression
leading to tumor growth; therefore, a synthetic AhR antagonist
has been created, but it has not yet been fully investigated [12].
The lack of anticancer activity of IDO1 inhibitors (epacadostat
and indoximod) as monotherapy has led to a new approach of
using IDO1 inhibitors in combination with approved antican-
cer drugs. Several selective IDO1 inhibitors have entered the
clinical trial phase as a combined therapy in cancers such as
melanoma, head and neck cancer, colorectal cancer, or solid
tumors. Their effectiveness is still under evaluation. Epacado-
stat has shown some promising results in melanoma when
used with an immune-checkpoint inhibitor (PD-1 inhibitor,
pembrolizumab) [12].

PD-L1 and IDO1 were expressed by melanoma cells based
on morphology but could also be expressed by some stromal
cells [35]. Interferon-vy is a hallmark tumoricidal cytokine se-
creted from CTL, and it up-regulates IDO1 and PD-L1, which
attenuate the cytotoxicity of CTLs. Melanoma develops resis-
tance to anticytotoxic T-lymphocyte associated protein 4
(CTLA-4) therapy by up-regulation of IDO1 [12].

The PD1-PD-L1 immune-checkpoint pathway is a key
therapeutic target in reactivating immune responses against
various types of cancers, including MCC [25]. MCC has been
identified as an immunogenic cancer because of the presence
of immune response to MCPyV T antigens in the serum of pa-
tients with MCPyV-positive MCC and neoantigens associated
with very frequent DNA mutations in MCPyV-negative MCC.
Three clinical trials of immune-checkpoint inhibition using the
anti-PD1 or anti—PD-L1 antibody in patients with advanced-

stage MCC show higher and more durable response rates than
conventional chemotherapy. However, a substantial fraction
of advanced-stage MCC cases do not respond to these PD1
or PD-L1 blockade therapies [9-11]. Therefore, several clinical
combination trials of immune-checkpoint inhibitors with
CTLA-4 inhibitors, adoptive T-cell or natural killer cell trans-
fers are underway in MCC. It is noteworthy that the response
to immune-checkpoint blockade therapy was independent of
the MCPyV or PD-L1 expression status [25].

In MCC, combination therapies of inhibitors targeting the
IDO1/TDO2-KYN-AhR signaling circuitry with immune-
checkpoint blockades against PD1, PD-L1, or CTLA-4 will be
new clinical trials in the future to overcome the immune escape
mechanism. Understanding and evaluating the immune escape
mechanisms of the IDO1/TDO2-KYN-AhR signaling circuitry
and immune-checkpoints in MCC is necessary to select patients
who can benefit most from these immunotherapies.

In conclusion, we have shown that MCPyV-negative MCC is
significantly related to higher IDO1 expression in tumor cells
and higher TDO2 expression by the TME than MCPyV-positive
MCC. Using Kaplan-Meier analysis, a higher mean of IDO1 ex-
pression by tumor cells is associated with a significantly shorter
OS, and a higher mean of TDO2 expression by the TME is re-
lated to a shorter OS and DSS. A higher mean of AhR expres-
sion by the TME shows a significantly unfavorable OS.
Univariate analysis reveals that MCPyV positivity, age (<75
years), radical excision, and lower expressions of TDO2 and
AhR in the TME are significantly linked with a longer OS.
Radical excision and lower expression of TDO2 in the TME
are also significantly associated with favorable DSS, but these
are not statistically significant on multivariate analysis, except
for radical excision that is significantly related to DSS. These
results suggest that the IDO1/TDO2-AhR pathway may play
arole in MCC tumorigenesis by inducing an immunosuppres-
sive environment, which leads to tumor growth in MCC and
influences the outcome. Therefore, it is important to evaluate
the expression levels of the IDO1/TDO2-AhR pathway in both
tumor cells and the TME of MCC to develop novel cancer im-
munotherapy and select the most likely patients to benefit from
targeted therapies against the IDO1/TDO2-AhR pathway.

Supplementary data

Supplementary data to this article can be found online at
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