






hazards models including age, tumor size, lymph node sta-
tus and staging as covariates was built. Statistical analysis
was carried out using GraphPad Prism v6.0 software
(GraphPad Software, Inc., La Jolla, CA, USA) and JMP 11
software (SAS Institute, Cary, NC, USA). All P values were
based on two-sided tests, and all values under.05 were
considered statistically significant.

Results
As recently shown by Schalper et al. [37], the IDO1 detec-
tion assay was validated by measuring the levels in ex-
ogenous/inducible expression systems and human control
samples. The reproducibility of IDO1 measurement using
QIF was high, with a linear regression coefficient (R2)
between independent experiments of 0.97 in serial tissue
microarray (TMA) sections (Additional file 1: Figure S1).
Figure 1 illustrates representative cases with different

IDO1 protein levels. Staining was predominantly observed
in the tumor compartment, with cytoplasmic/perinuclear
pattern. As shown in Fig. 2, hormone receptor-positive
BCs, showed a wide range of IDO1 expression and the
target was detected in 276 of 362 cases (76.2%). There was
a moderate association between scores measured in differ-
ent tumor areas/cores (Fig. 2 inset, R2 = 0.3), indicating
heterogeneity of expression. There was a positive correl-
ation between IDO1 scores in the stromal compartment
and tumor cells (Additional file 1: Figure S2, R2 = 0.56).
There were no associations between IDO1 levels and
age, tumor size, histologic grade, nuclear grade, lymph
node status or stage (Table 1). Comparison with retro-
spective data from our group revealed no association

between ER and PgR and IDO1 expression at the pro-
tein level in HR+ BC cases (R2 = 0.001 and R2 = 0.004,
respectively; data not shown).
Tumor-infiltrating lymphocyte (TIL) scores for CD3

and CD8 showed the highest dynamic range in hormone
receptor-positive breast cancer cases (Additional file 1:
Figure S3). Additional file 1: Figure S4 shows representa-
tive microphotographs of cases with low and high levels
of TILs. Elevated IDO1 was observed in tumors with
low CD20 levels (P = 0.0004, Fig. 3c). There were no
significant associations between IDO1 and CD3 or CD8
scores (Fig. 3a and b, respectively), however, there was a
trend for higher IDO1 in CD3-low cases (P = 0.05).
When IDO1 levels in the stromal compartment were
stratified by TILs abundance, there were no significant
associations (Additional file 1: Figure S5). Additional
file 1: Figure S6A shows a representative microphoto-
graph of T regulatory cell detection in HR+ BC by
assessing FOXP3. FOXP3 levels presented a decreased
dynamic range of signal, compared to other TILs
makers (Additional file 1: Figure S6B). When IDO1
scores where stratified by FOXP3 status, there were no
significant associations in tumor or stroma (Additional
file 1: Figure S6C and D, respectively).
In univariate Kaplan-Meier survival analysis, elevated

IDO1 protein was associated with lower 20-year overall
survival (log-rank P = 0.02, HR = 1.39, 95% C.I.: 1.05-
1.82, Fig. 4). IDO1 scores were independently associated
with overall survival in a multivariate Cox proportional
hazards model including age, tumor size, lymph node
status and stage (Table 2).

Discussion and conclusions
Herein we report the use of a validated and reproducible
assay for IDO1 protein measurement coupled to QIF in
FFPE breast cancer samples. We found IDO1 protein ex-
pression in the majority of hormone receptor-positive
breast tumors and negative prognostic value.
A recent article by Isla Larrain et al. [42] addressed IDO

protein expression in breast cancer by qualitative chromo-
genic immunohistochemistry (IHC) using a commercial
antibody (clone not specified). They found high IDO levels
across all breast cancer subtypes, together with an associ-
ation with features of aggressiveness. In contrast, a study
by Soliman et al. [43], using anti-IDO antibody clone 10.1
from Millipore and semiquantitative evaluation by 2 pa-
thologists, found higher IDO scores in ER-positive tumors.
Additionally, they found that with medium/high IDO
expression in ER-positive cases correlated with increased
5-year OS. This apparent discordant result is not uncom-
mon in the pathology/biomarker literature due likely to
variability in antibody performance [44] and subjective
analysis of expression. None of the aforementioned
reports, provided stringent assay validation data.
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Fig. 1 IDO1 protein measurement in hormone receptor-positive
breast cancer. Fluorescent microphotographs of representative
hormone receptor-positive breast cancer cases showing different
levels of IDO1 protein. Staining pattern was cytoplasmic. Blue: 4,6-
diamidino-2-phenylindole (DAPI). Green: Alexa-546 (Cytokeratin [CK]).
Red: Cyanine-5 (IDO1). Scale bars: 100 um
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Estrogen signaling has been shown to increase
interferon-gamma and IDO expression [45–48]. Although
high IDO levels have been found in estrogen receptor
positive breast cancer [42, 43], other features associated
with increased interferon-gamma signaling, such as PD-L1
expression [49] and increased tumor infiltrating

lymphocytes [50] have not been linked to this breast cancer
subtype. We found decreased B-cell (CD20+) infiltrates and
a trend for lower T-cell (CD3+) levels in cases with high
IDO1 in tumor, but not in stroma. These findings are in
accordance with previous studies in colorectal [33] and
endometrial carcinomas [34], where IDO expression in
tumor cells was negatively correlated with T-cell infiltration.
We also found no difference in IDO1 protein expression
between cases with low and high levels of T regulatory cell
infiltration, as measured by FOXP3, similar to Soliman et
al. [43]. Moreover, in a humanized murine model [35], in-
duction of IDO expression in mesenchymal stem cells was
associated with a 70% reduction in CD3+ cells in
melanoma, along with lower B-cell numbers in the tumor
microenvironment. In node negative breast cancer, higher
levels of expression of a B-cell metagene signature were
associated with improved prognosis in 3 datasets [51]. Re-
garding the functional state of B-cells and IDO expression,
data available come from autoimmune disease models. In
experimental recurrent arthritis [52], treatment with the
IDO inhibitor 1-methyltryptophan (1-MT) inhibited the
differentiation of autoreactive B-cells into antibody-
secreting cells, but not the initial steps of activation or
survival. In experimental autoimmune myasthenia gravis
(EAMG), Adikari et al. [53] showed that treatment with
interferon-γ-induced dendritic cells protected rats from
weight loss and muscle weakness, and was associated with
decreased number of plasma cells and cells expressing B-
cell activating factor (BAFF). Addition of 1-MT resulted in
exacerbation of EAMG symptoms. This suggests that IDO
exerts tight control on B lymphocytes, especially over the
population reactive to self-antigens, which might be the
case of intratumoral B cells. Nevertheless, a recent report

Fig. 2 IDO1 protein levels in hormone receptor-positive cancer using automated, quantitative immunofluorescence. Bar chart shows the distribution
of scores for IDO1. Red dotted line indicates the median cut-point. Green dotted line shows the visual threshold for specific IDO1 signal. Inset depicts a
linear regression plot comparing 2 tumor cores in hormone-receptor positive breast cancer cases. AU: arbitrary units of fluorescence. QIF: quantitative
immunofluorescence. R2: linear regression coefficient

Table 1 Major clinico-pathological variables according to IDO1
status in hormone-receptor positive breast cancer

IDO1 status

IDO1-low IDO1-high P value

Age (years)

< 50 45 47 0.81

≥ 50 136 134

Tumor size (cm)

≤ 2 89 93 0.36

> 2 83 71

Histologic grade

1-2 73 47 0.46

3 41 33

Nuclear grade

1-2 74 77 0.99

3 28 29

Lymph node status

Negative 105 117 0.17

Positive 76 63

TNM Stage

I-II 138 140 0.19

III 37 26
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from our group in non-small cell lung cancer [37] found a
significant, positive association of IDO1 protein expression
with CD3+, CD8+ and CD20+ infiltration. Taken together,
these data suggest a role of hormone receptor signaling in
the regulation of the inflammatory milieu in the tumor
microenvironment beyond interferon-gamma upregulation,
possibly through prostaglandin E2, TNF-alpha, TGF-beta,
IL-6 and CCL5 [37, 54]. Further studies would have to test
this hypothesis.
While the prognostic role of IDO1 might be of limited

clinical value, it has the potential to depict a subset of
breast carcinomas that are more likely to benefit from
anti-cancer immunostimulatory agents targeting IDO1.
Prediction of response to therapy using tissues could be
carried out at 2 levels. In the tumor microenvironment,
tumor cells can constitutively express IDO or upregulate
it in response to signals, such as interferon-gamma and
estrogen receptor signaling, resulting decreased local
anti-tumor response [21, 46, 47]. In hormone receptor-
positive breast cancer, which characteristically shows
lower levels of immune cell infiltration and expression

of interferon gamma-induced molecules, such as PD-L1,
the tumor compartment will probably have the highest
levels of IDO expression. Additionally, IDO1-expressing
dendritic cells might promote anergy and arrest of
effector T cells and activate T regulatory cells in tumor-
draining lymph nodes [24–26]. Moreover, the combined
measurement of IDO and PD-L1 as well as other im-
mune targets could support more directed immunother-
apy treatments to guide clinical trials. Future studies will
have to assess both tumor and tumor-draining lymph
nodes for usage in companion diagnostics.
While our dataset is larger than previous studies and

quantitative, it also has a number of limitations. One
major limitation is that it includes only retrospectively
collected tissues with different treatments and variable
follow up. However, IDO1 status proved to be independ-
ent predictor of outcome, suggesting a prominent
biological role. Significance is only seen in analysis of
overall survival, although this may be due to the lack of
data on recurrence free survival (and hence an under-
powered analysis). A second issue is that the use of
TMAs can underestimate or overestimate the levels of
IDO1 due to tumor heterogeneity. We attempted to
address this problem by testing 2 tumor cores from
different regions of the tumors. We found that IDO1 is
heterogeneous but shows a positive correlation between
the regions sampled. Ultimately, these observations will
need to be validated on conventional whole tissue sec-
tions. Lastly, our study did not include tissues from
patients treated with IDO inhibitors as single-therapy or

Fig. 3 Higher IDO1 protein levels in tumor are associated with decreased B-cell infiltration in hormone receptor-positive breast cancer. Plots show
levels of IDO1 protein according to CD3, CD8 and CD20 status in Yale hormone receptor-positive breast cancer cohort. TIL scores were stratified
using median cut-point. The charts show mean ± standard error of the mean. Numbers under each category indicate the amount of cases in
each group. AU: arbitrary unit of fluorescence. QIF: quantitative immunofluorescence

Fig. 4 Increased IDO1 levels are associated with worse overall
survival (OS) in hormone receptor positive breast cancer. Kaplan-
Meier plot for 20-year OS in hormone receptor-positive breast cancer
according to IDO1 status. Scores were stratified using
median cut-point

Table 2 Multivariate analysis of survival for IDO1 protein in the
Yale hormone-receptor positive breast cancer collection

20-year OS

HR (95% C.I.) P value

Age > 50 years 2.26 (1.59-3.39) < 0.0001

Tumor size >2 cm 2.11 (1.59-2.81) < 0.0001

Lymph node positive status 1.43 (1.00-2.01) 0.05

TNM Stage III 1.02 (0.67-1.56) 0.91

IDO1-high status 1.57 (1.19-2.09) 0.002
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combination. First generation IDO inhibitors did not
perform well as single therapy in advanced solid tumors
[55, 56]. However, combination of first-in-class IDO in-
hibitor epacadostat (INCB024360) with anti-PD-1 pem-
brolizumab in stage III/IV unresectable or metastatic
melanoma in Phase I trial NCT02752074 [57], demon-
strated objective responses in 11/19 patients (58%), in-
cluding 5 with complete response (26%) and 6 with partial
response (32%). In the same patient category, the addition
of indoximod to physician’s choice of checkpoint inhibitor
(ipilimumab, nivolumab or pembrolizumab) in Phase II
trial NLG2103 [58], showed objective responses in 31/60
patients (52%), with 6 complete responses (10%) and 25
partial responses (42%). Clinical benefit has also been
recently reported in advanced renal cell [59], urothelial
[60] and non-small cell lung carcinomas [61].
In summary, the measurement of IDO1 in hormone

receptor-positive breast cancer has the potential to iden-
tify a population that might derive benefit from IDO1
blockade. Our study describes a method for objective and
reproducible measurement IDO1 in formalin-fixed, paraf-
fin embedded tissues with validated antibodies. We hope
this work will support future efforts to test the association
of tumor IDO1 expression and response to IDO targeted
therapy in hormone receptor-positive breast cancer.

Additional file

Additional file 1: Table S1. Yale hormone receptor-positive breast
cancer cohort characteristics. Figure S1. Reproducibility of IDO1 protein
measurements in serial sections using a small breast cancer TMA as
control. R2: linear regression coefficient. Figure S2. Relationship between
IDO1 protein levels in stroma and tumor cells. R2: linear regression
coefficient. AU: arbitrary unit of fluorescence. Figure S3. Distribution of
tumor-infiltrating lymphocytes in hormone receptor-positive breast
cancer cases. Bar charts show the distribution of CD3 (red), CD8 (green)
and CD20 (purple) quantitative immunofluorescent (QIF) signal. AU:
arbitrary unit of fluorescence. QIF: quantitative immunofluorescence.
Figure S4. Multiplexed staining for tumor-infiltrating lymphocytes in
hormone receptor-positive breast cancer. Microphotographs show
representative cases with low (left panel) and high (right panel) levels of
stromal lymphocytic infiltration. Blue: 4,6-diamidino-2-phenylindole (DAPI).
Green: fluorescein isothiocyanate (Cytokeratin [CK]). Yellow: cyanine-3
(CD8). Red: cyanine-5 (CD20). Purple: Alexa-750 (CD3). Scale bars: 100 um.
Figure S5. IDO1 protein levels in stroma according to tumor-infiltrating
lymphocyte levels. Plots show levels of IDO1 protein in the stromal
compartment according to CD3, CD8 and CD20 status in Yale hormone
receptor-positive breast cancer cohort. TIL scores were stratified using
median cut-point. The charts show mean ± standard error of the mean.
Numbers under each category indicate the amount of cases in each group.
AU: arbitrary unit of fluorescence. QIF: quantitative immunofluorescence.
Figure S6. T regulatory cells in hormone receptor-positive breast cancer, as
measured by FOXP3. A. Representation microphotograph depicting FOXP3
staining in a breast cancer case. Blue: 4,6-diamidino-2-phenylindole (DAPI).
Green: fluorescein isothiocyanate (Cytokeratin [CK]). Red: Alexa-750 (FOXP3).
Scale bar: 100 um. B. Distribution of FOXP3 scores in 202 cases from HR+ BC
cohort. Red dotted line indicates the median cut-point. C-D. IDO1 protein
levels according to FOXP3 status in tumor (C) and stroma (D). The charts
show mean ± standard error of the mean. Numbers under each category
indicate the amount of cases in each group. AU: arbitrary unit of
fluorescence. QIF: quantitative immunofluorescence. (DOCX 6622 kb)
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