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Abstract

Introduction: Indoleamine 2,3-dioxygenase (IDO) converts
L-tryptophan (T) to L-kynurenine (K) resulting in an immu-
nosuppressive microenvironment. The aim of the current
study was to evaluate in patients with neuroendocrine tu-
mor (NET) (1) T and K concentrations; (2) correlation with
clinical outcome; (3) relationship between IDO activity and
inflammatory cytokines. Methods: A cross-sectional study
was performed to investigate the IDO pathway in patients in
follow-up for NET. Clinicopathological features, serum levels
of Kand T through liquid chromatography, and serum assay
of cytokines (IL-6, IL-10, IL-17A, IL-22, IL-23, TNF-a) through
MAGPIX were evaluated. Results: Seventy-eight NET pa-
tients were enrolled (66 lung, 12 pancreatic): 69.2% were in

postoperative remission, 14.1% in stable disease, and 16.7%
in disease progression. T was significantly lower in patients
older than 65 years (p = 0.003). K and T were significantly
lower in patients with progression (p = 0.03, p = 0.004,
respectively). T was an independent predictor factor of
progression in multivariable analysis (p = 0.041). A cutoff of
7.74 pg/mL significantly differentiates patients with pro-
gression and those with stable disease. IL-6 and IL-10 were
significantly associated with tumor progression in univariate
analysis (p = 0.005, p = 0.001, respectively) but not in the
multivariable analysis. A statistically significant negative
correlation was found between T and IL-10 (r = —-0.366, p
value = 0.04). Conclusion: The K/T pathway may play a role
as a potential predictor of tumor progression in NET. These
findings need to be validated in large prospective studies
investigating its metabolites as both prognostic and pre-
dictive factors for treatment response.
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Introduction

Indoleamine 2,3-dioxygenase (IDO) and tryptophan
2,3-dioxygenase (TDO or TDO?2) are rate-limiting en-
zymes, involved in more than 95% of tryptophan (T)
catabolism along with the kynurenine (K) pathway. T is
an essential amino acid in humans, serving multiple
important functions, and is critical for the synthesis of key
neuroendocrine mediators, such as serotonin, and the
regulation of both local and systemic cell-mediated im-
munity [1]. Induction of IDO leads to the production of a
group of metabolites known as “kynurenines” [1], which
are recognized for their ability to suppress T-cell function
and promote T-cell apoptosis [2, 3]. Moreover, T de-
pletion stimulates stress mechanisms, through the acti-
vation of the general control non-derepressible 2 kinase,
enhancing T-cell immunosuppressive signaling by
causing T-cell G1 cycle arrest and Fas-mediated apoptosis
[4, 5]. Some malignant solid tumors use IDO-induced
immunosuppression as one of the immune evasion
mechanisms [1, 5-9]; therefore, a higher IDO activity
may be linked to a worse prognosis [9-13]. For this
reason, IDO activity could be a tool to monitor disease
activity and response to therapy in various malignant
solid malignancies.

Neuroendocrine neoplasms (NEN) represent a het-
erogeneous group of malignancies originating from
neuroendocrine cells distributed throughout the body
[14]. They can arise in various organs but more com-
monly in the gastroenteropancreatic tract and lungs
[15-18]. The main histotype is neuroendocrine tumors
(NETs) exhibit considerable heterogeneity in their clin-
ical presentation, histological features, and biological
behavior, posing significant challenges for diagnosis and
management [19-23]. In this regard, the pathological
classification of NEN needs to be periodically updated
and new tissue and circulating biomarkers tested and
validated. Finally, imaging techniques still represent a
challenge for clinicians, especially for follow-up, which
needs to be standardized and adapted to the different
scenarios [24]. Despite their relatively indolent course
compared to other malignancies, a subset of NET may
manifest aggressive behavior, leading to metastatic spread
and worse clinical outcomes [25].

To date, the study of the tumor microenvironment
(TME) has become crucial in various types of tumors
[26], with the aim of identifying new therapeutic targets
[27]. Immune cells such as B and T cells, NK cells, mast
cells, dendritic cells, and macrophages infiltrate NET and
create an immunosuppressive environment through
various mechanisms [28-35]. The typical “immune
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contexture” of NET, characterized by poor lymphocyte
infiltration and often referred to as a “cold” tumor [36,
37], lacks the features associated with response to im-
mune checkpoint inhibitors (ICIs), which induce IDO
and TDO expression [38]. To date, a number of IDO and
TDO inhibitors have been tested into clinical trials with
or without ICIs in patients with solid tumor [39]. Spe-
cifically, in advanced solid tumors, such as melanoma,
bladder and kidney cancers, BMS-986205 [40] has been
evaluated with nivolumab to target the K/T pathway to
overcome immunosuppression. This approach aims to
modulate immune responses, making the TME more
responsive to immunotherapy. The combination of
epacadostat [41] with pembrolizumab in early phase I/1I
studies appeared promising but was not effective in larger
trials, highlighting the complexity of modulating the
immune milieu [42]. New approaches like IDO1-targeted
peptide vaccines are also being explored to enhance
antitumor immune responses [43, 44]. These approaches
could be particularly relevant for NET as they aim to
activate immune cells in environments typically resistant
to conventional ICIs. Other trials are ongoing for dif-
ferent tumor types, focusing on refining strategies of
association therapies [45-47]. In this setting, a dynamic
interplay between NET cells and the TME regulates the
growth and tumor progression, and intensive research is
needed to exploit the vulnerabilities of such molecular
interactions. Several evidence suggested that the dysre-
gulated activity of IDO and the associated establishment
of an immunosuppressive TME may be influenced by
various cytokines and signaling pathways [40-44]. In this
regard, chronic inflammation appears to play a critical
role in the development of these tumors through the
network of different cytokines and growth factors such as
TNF-a, IL-2, IL-6, IL-8, IL-1p [45, 46]. For instance, IL-6
can stimulate IDO expression in certain inflammatory
conditions [47], IL-10 can increase IDO expression,
particularly in immune-regulating settings, and can
suppress the activation of the immune system [48], while
IL-17A together with IL-22 are primarily involved in
inflammatory immune responses, often associated with
pathological conditions [47-49]. Finally, IL-23 and TNEF-
alpha can regulate IDO expression, particularly in the
context of inflammatory and immune processes [48]. In
light of these findings, understanding the interplay be-
tween IDO activity, TME, and tumor behavior could help
to identify novel therapeutic strategies and prognostic
markers in NET. While the role of IDO in immune
evasion has been extensively studied in other cancers, its
significance in NET remains poorly understood. There-
fore, this study aimed to evaluate IDO enzymatic activity,
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as expressed by the serum concentrations of K and T as
well as their ratio, and its prognostic role in NET patients.
Furthermore, the relationship between IDO activity and
inflammatory cytokines was also investigated.

Methods

Sample Cohort and Clinical Data Evaluation

This is a cross-sectional study enrolling patients with a
diagnosis of NET in follow-up at the ENETS center of
excellence Sant’Andrea Hospital. Inclusion criteria were
age>18 years; histologically documented diagnosis of
NET; Eastern Cooperative Oncology Group (ECOG)
performance status <2; adequate cardiac, pulmonary,
renal, liver, and bone marrow function; written informed
consent. Exclusion criteria were histology of neuroen-
docrine carcinoma or mixed neuroendocrine/epithelial
tumor; unknown primary site of NET; genetic syndrome;
autoimmune disease; symptomatic interstitial lung dis-
ease; systemic immunosuppressive treatment; prior
treatment with immune-stimulatory antitumor agents
including checkpoint-targeted agents. Baseline clinico-
pathological data included primary tumor site, tumor
stage (AJCC/UICC TNM classifications), tumor grade,
ki67 index, disease status, NET-related endocrine
syndromes.

Histological diagnosis was based on conventional
hematoxylin-eosin staining and immunohistochemistry
for neuroendocrine markers, according to the 2022 WHO
classification of NEN [50, 51]. Disease status was eval-
uated according to the Response Evaluation Criteria in
Solid Tumors (RECIST, version 1.1).

Each study participant who accepted to participate in
the study willingly provided written informed consent.
The study adhered to the ethical standards outlined in the
Declaration of Helsinki guidelines and the International
Conference on Harmonization (ICH) Good Clinical
Practice (GCP) guidelines and was approved by Sapienza
University Ethics Committee (RIF CE 6648/2022).

Kynurenine and Tryptophan Serum Assessment

Blood samples were collected, centrifuged to obtain
serum samples, and stored at —20°C until analysis. Fifty
microliters of serum sample was treated using 50 pL of
deproteinizing solution, consisting of 4% aqueous solu-
tion of trichloroacetic acid. The mixture was mixed for
30 s and centrifuged at 14,000 rpm for 20 min. Ten
microliters of clean supernatant was injected into the
chromatographic system. Compounds were detected
using a liquid chromatography-tandem mass spectrom-
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etry analytical method [52]. Chromatographic separation
of analytes was performed using an Agilent Liquid
Chromatography System series 1100 (Agilent Technol-
ogies, USA), on an F5 column (100 x 2.1 mm, Kinetex
2.6 um Polar C18, 100 A, Phenomenex, CA, USA)
equipped with a security guard pre-column (Phenom-
enex, Torrance, CA, USA). The mobile phase consisted of
a solution of 0.1% aqueous formic acid (A) and 100%
methanol (B); elution was performed at a flow rate of
400 pL/min, using an elution gradient. The mass spec-
trometry method was performed on a 3200 triple
quadrupole system (Applied Biosystems, Foster City, CA,
USA) equipped with a TurbolonSpray source. The de-
tector was set in the positive ion mode. The instrument
was set in the multiple reaction monitoring mode. Data
were acquired and processed by the Analyst 1.5.1
Software [52].

Cytokines Serum Assessment

Cytokines serum assessment was conducted in a
subgroup of 39 patients. This pilot analysis was carried
out in a limited number of patients due to sample
availability. Blood samples were centrifuged at 1,500 g
(NEYA 10R centrifuge, REMI ELEKTROTECHNIK
LTD, Vasai 401-208, India) for 10 min and an aliquot of
350 pL of plasma was stored at —80°C until processing.
Interleukin IL-6, IL-10, IL-17A, IL-22, IL-23, and TNF-a
were determined using a human cytokine/chemokine
magnetic bead panel A (Milliplex MAP kit, Millipore
Corp., Billerica, MA, USA) and measured by a MAGPIX
Luminex instrument and xXPONENT software (version
4.2, Luminex Corp., Austin, TX, USA) according to
manufacturer’s instruction. Samples were analyzed un-
diluted. Luminex Multiplex Bead Immunoassays are
solid-phase sandwich immunoassays. Beads of defined
spectral properties conjugated to analyte-specific capture
antibodies and samples (including standards of known
analyte concentration, control specimens, and un-
knowns) are pipetted into the wells of a filter bottom
microplate and incubated. During this first incubation,
analytes bind to the capture antibodies on the beads. After
washing the beads, analyte-specific biotinylated detector
antibodies are added and incubated with the beads.
During this second incubation, the analyte-specific bio-
tinylated detector antibodies recognize their epitopes and
bind to the appropriate immobilized analytes. After re-
moval of excess biotinylated detector antibodies, strep-
tavidin conjugated to the fluorescent protein,
R-phycoerythrin (streptavidin-RPE), is added and in-
cubated. During this final incubation, the streptavidin-
RPE binds to the biotinylated detector antibodies
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associated with the immune complexes on the beads,
forming a four-member solid-phase sandwich. After
washing to remove unbound streptavidin-RPE, the beads
are analyzed in a subgroup of 39 patients with the Lu-
minex instrument. By monitoring the spectral properties
of the beads and the amount of associated RPE fluo-
rescence, the concentration of one or more analytes can
be determined.

Statistical Analysis

All normally distributed variables were represented
as mean and standard deviation (mean + standard
deviation); variables that did not follow a normal
distribution were represented as median with Q1 and
Q3 quartiles. Qualitative variables were summarized as
frequencies and percentages. Group comparisons were
conducted using either the Student’s ¢ test or Mann-
Whitney test, as appropriate, for quantitative variables
and utilizing Pearson’s chi-square or Fisher’s test, as
appropriate, for qualitative variables. A logistic re-
gression analysis was performed using each clinico-
pathological characteristic as the dependent variable
and K, T, K/T ratio, and cytokines tested in the study as
covariates.

A receiver operating characteristic analysis was also
performed. These results were expressed as area under the
curve and 95% CI.

The Pearson correlation coefficient (r) was calculated
to quantify the strength and direction of the linear re-
lationship between IDO enzyme activity parameters and
cytokines assayed. The results were reported as correla-
tion coefficients (r) with associated p values. All statistical
analyses were performed using IBM Statistical Package
for Social Sciences (SPSS) version 22 (IBM Corp., Ar-
monk, NY) and p value <0.05 was considered statistically
significant.

Results

A total of 78 patients with NET were enrolled (shown
in Table 1), of which 26 (33.3%) were males and 52
(66.6%) were females. The cohort included 66 patients
with lung NET (84.6%) and 12 patients with pancreatic
NET (15.4%). Overall, 54 were in postoperative remission
(69.2%) and 24 had advanced disease (30.8%): 11 of them
had stable disease (14.1%), while 13 of them had pro-
gressive disease (16.7%). Among the cohort of patients, 51
(65.4%) patients undergone surgery, 6 (7.7%) patients
received somatostatin analogs (SSAs), and 21 (26.9%)
received a combination therapy (SSA + targeted therapy
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and/or chemotherapy and/or peptide receptor radionu-
clide therapy) (shown in Table 1).

The mean K/T ratio was 0.02 + 0.02 in the whole
population, the mean K was 0.18 + 0.06 pg/mL, and the
mean T was 8.28 + 2.26 pg/mL (shown in Table 1). K and
T serum levels were significantly lower in patients with
disease progression compared to patients with stable
disease (p = 0.03 and p = 0.004, respectively) (shown in
Table 2; Fig. 1). Moreover, T levels were significantly
lower in patients older than 65 years of age (p = 0.003)
(shown in Table 2). No statistically significant differences
of Kand T serum concentrations as well as K/T ratio were
found according to sex, primary site, tumor stage, tumor
grade, and Ki67% index.

A logistic regression analysis was conducted to identify
the association between K and T serum concentrations, as
well as K/T ratio, with the clinicopathological parameters
(shown in Table 3). At the univariate analysis, K and T
serum concentrations were associated with tumor pro-
gression (p = 0.032 and p = 0.008, respectively). At the
multivariate analysis, only T serum concentration re-
mained significantly associated with progression (p =
0.041) (shown in Table 3). Furthermore, at receiver
operating characteristic analysis, T serum level was a
significant predictor of tumor progression (area under the
curve 0.723; 95% CI 0.593; 0.853) (shown in Table 3),
with an optimal threshold value for T of 7.74 pg/mL, with
a sensibility of 69.2% and specificity of 61.5%. In a
subgroup of 39 patients with NET, IL-6, IL-10, IL-17a, IL-
22, IL-23 serum levels were measured. The serum levels
were 250 [0.15-114.41], 2.90 [2.50-31.92], 12.00
[0.67-12.00], 0.16 [0.14-0.92], 0.91 [0.83-2.67] median
[IQR], respectively (shown in Table 4). No statistically
significant differences were found according to age,
gender, primary site, tumor stage, tumor grade, Ki67%
index, and disease status. At the univariate analysis, IL-6
and IL-10 serum concentrations were associated with
tumor progression (p = 0.005, p = 0.001, respectively).
However, these results were not confirmed at multivar-
iable analysis.

The Pearson correlation analysis revealed a statistically
significant negative correlation between T serum levels
and IL-10 (r = —0.366, p = 0.046). No other significant
correlations were observed.

Discussion
The clinical benefit of immunotherapy in NET re-

mains less well defined compared to other cancer types
due to the typical features of NET, such as variable/
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Table 1. Characteristics of the study population

Overall (n = 78) Subgroup (n = 39)

Age, median [IQR], years

65 [56.0-74.0] 64 [55.0-72.5]

Sex, n (%)
Male
Female

26 (33.3%)
52 (66.7%)

12 (30.8%)
27 (69.2%)

Tumor site, n (%)
Lung
Pancreas

Tumor grade, n (%)
1
2
3

Tumor stage, n (%)
|
Il
i
[\

66 (84.6%)
12 (15.4%)

35 (89.7%)
4 (10.3%)

42 (53.8%)
31 (39.8%)
5 (6.4%)

20 (51.3%)
16 (41.0%)
3 (7.7%)

47 (60.2%) 24 (61.5%)

11 (14.1%) 4 (10.3%)
8 (10.3%) 4 (10.3%)
12 (15.4%) 7 (17.9%)

Ki67 index %, median [IQR]

2.00 [1.00, 4.00] 2.00 [1.00, 5.5]

Disease status, n (%)

Remission 54 (69.2%) 25 (64.1%)

Stability 11 (14.1%) 8 (25.5%)

Progression 13 (16.7%) 6 (15.4%)
Functional syndrome, n (%)

Insulinoma 2 (2.6%) 1 (2.6%)

Carcinoid syndrome 1 (1.3%) 1 (2.6%)

Cushing syndrome 1 (1.3%) 0 (2.6%)

Therapy, n (%)

Surgery 51 (65.4%) 26 (66.7%)

SSA 6 (7.7%) 4 (10.3%)

SSA + other therapies (PRRT, targeted therapy, chemotherapy) 21 (26.9%) 9 (23.1%)
Serum L-kynurenine, mean + SD, pug/mL 0.18 (0.06) 0.22 (0.06)
Serum L-tryptophan, mean + SD, pug/mL 8.28 (2.26) 8.89 (2.43)
K/T, mean = SD 0.02 (0.02) 0.03 (0.02)

This table summarizes the demographic and clinic-pathological characteristics of the whole study population (n = 78) and the
subgroup undergone cytokines assessment (n = 39). SSA, somatostatin analog; PRRT, peptide receptor radionuclide therapy; K,

L-kynurenine; T, L-tryptophan.

heterogeneous site of origin and highly variable biological
characteristics, ranging from well- to moderately differ-
entiated and from low to high grade [53]. In addition,
NETs are characterized by a cold TME, which means they
are less responsive to immunotherapies. This results in a
loss of features associated with response to ICIs, such as
the expression of IDO and TDO, which are typically
involved in modulating the immune response. The re-
duced expression of these enzymes in NET contributes to
the lower efficacy of ICIs in these tumors compared to
other cancers [38, 54].

IDO Activity in Neuroendocrine Tumors

Several lines of evidence suggest that a dysregulated
IDO activity contributes to tumor immune evasion,
immune tolerance, and the immunosuppressive TME.
These processes can be influenced by a range of cytokines
and signaling pathways [55-59]. To date, several IDO and
TDO inhibitors have been investigated in clinical trials,
either alone or in combination with PD-1 inhibitors, in
patients with solid tumors [39]. In particular, patients
with NET may derive benefit from combination of im-
munotherapies to overcome the challenges posed by this
cold immune microenvironment. In addition, the specific
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Table 2. K/T ratio and serum concentrations of L-kynurenine and L-tryptophan according to the clinicopathological features of NET

L-kynurenine, mean + SD  p value

L-tryptophan, mean + SD  p value

K/T ratio, mean = SD p value

Age, median (IQR)

<65 0.18 (0.06) 0.50 9.05 (2.12) 0.003 0.02 (0.01) 0.15
>65 0.17 (0.07) 7.54 (2.16) 0.03 (0.02)

Sex
Male 0.17 (0.07) 0.82 8.13 (2.07) 045 0.02 (0.01) 0.83
Female 0.18 (0.06) 8.58 (2.62) 0.01 (0.02)

Tumor site
Lung 0.17 (0.04) 0.57 8.72 (2.42) 047 0.02 (0.01) 0.79
Pancreas 0.18 (0.07) 8.20 (1.79) 0.03 (0.02)

Tumor stage
I, 0.18 (0.07) 0.40 8.44 (2.02) 0.96 0.02 (0.02) 0.58
i, v 0.18 (0.07) 7.83 (2.99) 0.02 (0.01)

Tumor grade
1 0.19 (0.07) 0.87 7.89 (1.84) 0.21 0.03 (0.02) 0.17
2,3 0.16 (0.06) 8.56 (2.58) 0.02 (0.01)

Ki67 index %
<2 0.19 (0.07) 0.25 8.15 (2.06) 0.55 0.03 (0.02) 0.19
>2 0.17 (0.05) 8.49 (2.59) 0.02 (0.01)

Disease status, n
Stability 0.19 (0.07) 0.03 8.55 (2.23) 0.004 0.03 (0.02) 0.24
Progression  0.14 (0.06) 6.76 (1.77) 0.02 (0.01)

K, L-kynurenine; T, L-tryptophan.

correlations between immunotherapies and IDO activity
may differ depending on the context and type of
pathology.

Interestingly, our results showed that most of the
clinicopathological features investigated do not play a
significant role in the variation of K, T, K/T ratio, and all
cytokines, in agreement with the literature available to
date [60]. On the other hand, age and tumor progression
were significantly associated to T serum concentrations,
being lower in older than younger subjects and in pro-
gressive than stable tumor. Tumor progression was also
associated with lower serum values of K. The observed
reduction in T levels in older patients is consistent with
established findings on the effects of aging on T meta-
bolism. Indeed, T is essential for many physiological
processes, including protein synthesis and immune
regulation; T depletion in older adults has been linked to
immune dysfunction and heightened activity of the ky-
nurenine pathway [61]. The findings of this study may
reflect these broader patterns. A reduction in T levels may
also contribute to disease progression, as suggested by the
association between lower T levels and tumor progression
in NET patients. These findings are consistent with ex-

416 Neuroendocrinology 2025;115:411-421
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isting literature and further support the role of altered T
metabolism in both aging and disease progression [61]. In
contrast, the K/T ratio, which reflects the activity of IDO
enzyme, was not increased in patients with progressive
disease compared to patients with stable disease. One
potential explanation is that alternative metabolic path-
ways are enhanced in patients with progressive NET,
resulting in lower T levels and also explaining the lower K
levels found in these patients [62]. Among the alternative
metabolic pathways targeting T, the serotonin synthesis
may be upregulated in NET patients with tumor pro-
gression. However, this was not the objective of the
present study. Anyway, given the frequent dysregulation
of the serotonin pathway in NET, even in the absence of a
classic carcinoid syndrome, it is reasonable to hypothesize
that increased serotonin synthesis could represent a tu-
mor escape mechanism. Indeed, serotonin is known to
promote cell proliferation, angiogenesis, and metastasis,
thereby facilitating tumor growth [63, 64]. Therefore, we
might speculate that increased serotonin synthesis may
provide an alternative mechanism to IDO activation in
supporting tumor growth in patients with progressive
disease. Dedicated studies are needed to elucidate the
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Fig. 1. L-kynurenine, L-tryptophan, and K/T ratio in NET
patients with stable and progressive disease. The mean values of
L-kynurenine (K), L-tryptophan (T), and their ratio (K/T) in
patients with neuroendocrine tumors (NETs) accompanied by
SDs. The data correspond to the last three rows of Table 3. A key
finding illustrated by the figure is that T and K levels were

relative roles of these different pathways and to identify
novel targeted therapies.

A previous report found a significant correlation be-
tween elevated IDO activity, as suggested by increased
K/T ratio and decreased patient survival [65]; interest-
ingly, the authors described IDO activity as a potential
prognostic marker in NET, highlighting that increased
IDO activity, leading to T depletion and K accumulation,
correlates with poorer clinical outcomes and higher

IDO Activity in Neuroendocrine Tumors

significantly lower in patients with disease progression com-
pared to those with stable disease (6.76 + 1.77 vs. 8.55 + 2.23, p
value 0.004; 0.14 + 0.06 vs. 0.19 + 0.07, p value 0.03, respec-
tively). This suggests a potential role of tryptophan depletion in
disease progression, which could be explored as a prognostic
indicator in NET.

mortality rates [65]. In contrast to this previous study, our
data showed a significant reduction in the mean T value
in patients with disease progression compared to those
with stable disease, emphasizing the specific role of T
levels. On the other hand, survival analysis in the present
study was not reliable due to the extremely low death rate.
An intriguing hypothesis is that the worst outcome is
associated with K accumulation rather than to T de-
pletion, thus explaining the different findings between the
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Table 3. Predictive factors of disease progression in NET: univariate, multivariate, and ROC analysis

Univariate Multivariable ROC analysis

p value p value  95% Cl AUC 95% Cl p value
L-kynurenine (ug/mL) 0.032 - - - -
L-tryptophan (ug/mL)  0.008 0.041 0.474-0.984 0723  0.593-0.853  0.011
K/T ratio 0.304 - - - -
IL-23 0.213 - - - - -
IL-6 0.005 - - - - -
IL-10 0.001 - - - - -
IL-17a 0.773 - - - - -
IL-22 0.281 - - - - -
TNF-a 0.839 - - - - -

K, L-kynurenine; T, L-tryptophan; AUC, area under the curve; ROC, receiver operating characteristic.
Statistically significant data (p < 0.05) are shown in bold.

Table 4. Cytokines serum levels in a subgroup of patients with
NET (n = 39)

Patients (n = 39)

Serum IL-6, median [IQR]
Serum IL-10, median [IQR]
Serum IL-17a, median [IQR]
Serum IL-22, median [IQR]
Serum IL-23, median [IQR]
Serum TNF-alpha, median [IQR]

2.50 [0.15-114.41]
2.90 [2.50-31.92]
12.00 [0.67-12.00]
0.16 [0.14-0.92]
0.91 [0.83-2.67]
8.12 [6.67-14.51]

study from Pschowski study and the present one [65].
However, the smaller sample size of the current study
should be also considered.

The evaluation of systemic therapies, such as SSAs,
provides an opportunity to explore their potential effects
on modulation of the K/T ratio. SSAs have anti-
proliferative and immunomodulatory effects in NET.
These effects occur through their action on somatostatin
receptors, particularly SST2, affecting tumor cell signal-
ing, angiogenesis, and immune responses [66]. However,
to date no studies explored this specific effect of SSAs
on IDO.

When cytokines were evaluated according to
progression, IL-10 and IL-6 were significantly asso-
ciated, although multivariable analysis did not con-
firm this relationship. These findings highlight the
critical roles of specific factors such as interleukin in

418 Neuroendocrinology 2025;115:411-421
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understanding and predicting the progression of
NET, which can inform more effective treatment
strategies [48]. Specifically, according to Munir et al.
[48], we can speculate that IL-10 may suppress the acti-
vation of the immune system and therefore maintain
immune system tolerance to the tumor. The negative
correlation between T and IL-10 observed in our study
could indicate that lower T levels might increase IL-10-
mediated immune suppression [67].

Finally, when comparing IDO activity in NET with
other malignancies reported in the literature, the K/T
ratio was significantly lower in NET than in non-small
cell lung carcinoma and squamous cell carcinoma of
the head and neck (0.057 + 0.035 and 0.055 + 0.026,
respectively) [68]. This suggests potential differences in
IDO activity and its implications across different tumor
types. Specifically, a previous study conducted on 26
patients with non-small cell lung carcinoma showed
that higher kyn/trp ratio could predict resistance to
anti-PD-1 treatment [68]. The comparative analysis
underscores the tumor-specific IDO activity, high-
lighting that this pathway should be validated for each
kind of tumor, to personalize the use of this tool in
clinical management. The main limitation of the study
is the small number of patients enrolled, mainly for
cytokine analysis, which represent the preliminary
results of a pilot study.

Furthermore, the heterogeneity of the tumor charac-
teristics represents another limitation. However, this
point is an intrinsic characteristic of NET, which en-
compasses different primary origins and histotypes.
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Conclusion

Understanding the molecular pathways involved in
IDO activity may shed light on the sensitivity to im-
munotherapy in these patients. T depletion seems to play
a significant role in disease progression among patients
with NET. These findings emphasize the importance of
monitoring T metabolism and cytokine levels (IL-6 and
IL-10) in the clinical management in patients with NET.
Conversely, no significant associations were found be-
tween K, K/T ratio, or cytokine levels with gender, tumor
site, stage, or grade. A larger cohort in a multicenter
study, also including other biomarkers such as serotonin,
should be encouraged to validate these observations.
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