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Abstract

Background: Unlike estrogen receptor (ER)-negative breast cancer, ER-positive breast cancer outcome is less influenced by
lymphocyte content, indicating the presence of immune tolerance mechanisms that may be specific to this disease subset.
Methods: A supervised analysis of microarray data from the ACOSOG Z1031 (Alliance) neoadjuvant aromatase inhibitor (AI)
trial identified upregulated genes in Luminal (Lum) B breast cancers that correlated with AI-resistant tumor proliferation (per-
centage of Ki67-positive cancer nuclei, Pearson r > 0.4) (33 cases Ki67>10% on AI) vs LumB breast cancers that were more AI
sensitive (33 cases Ki67<10% on AI). Overrepresentation analysis was performed using WebGestalt. All statistical tests were
two-sided.
Results: Thirty candidate genes positively correlated (r�0.4) with AI-resistant proliferation in LumB and were upregulated
greater than twofold. Gene ontologies identified that the targetable immune checkpoint (IC) components IDO1, LAG3, and PD1
were overrepresented resistance candidates (P� .001). High IDO1 mRNA was associated with poor prognosis in LumB disease
(Molecular Taxonomy of Breast Cancer International Consortium, hazard ratio ¼ 1.43, 95% confidence interval ¼ 1.04 to 1.98,
P¼ .03). IDO1 also statistically significantly correlated with STAT1 at protein level in LumB disease (Pearson r¼0.74). As a
composite immune tolerance signature, expression of IFN-c/STAT1 pathway components was associated with higher base-
line Ki67, lower estrogen, and progesterone receptor mRNA levels and worse disease-specific survival (P¼ .002). In a tissue mi-
croarray analysis, IDO1 was observed in stromal cells and tumor-associated macrophages, with a higher incidence in LumB
cases. Furthermore, IDO1 expression was associated with a macrophage mRNA signature (M1 by CIBERSORT Pearson r¼0.62 )
and by tissue microarray analysis.
Conclusions: Targetable IC components are upregulated in the majority of endocrine therapy–resistant LumB cases. Our find-
ings provide rationale for IC inhibition in poor-outcome ER-positive breast cancer.

ER-positive (ERþ) breast cancer represents approximately 75%
of breast cancer cases. Prognosis can be classified using a vari-
ety of gene expression signatures, but a simple definition has
two intrinsic subtypes: Luminal (Lum) A and LumB. LumA
tumors have a lower proliferation rate and a more favorable
prognosis, whereas LumB tumors exhibit higher grade, lower
ER; greater proliferation rates; and worse survival. The LumB

subtype accounts for nearly 40% of node-negative early-stage
breast cancers (1) and requires focused investigation to identify
new therapeutic options.

Standard-of-care endocrine therapy (ET), mostly tamoxifen or
aromatase inhibition with or without ovarian suppression, dra-
matically improves the outcome for ERþ breast cancers (2–4).
However, neoadjuvant ET studies demonstrate that
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approximately one-third of cases fail to suppress the Ki67 index
(percentage of Ki67-positive cancer nuclei) less than 10% within 2
to 4 weeks of ET initiation, indicating tumor proliferation that is
decoupled from ER regulation (5). Patients with intrinsically ET-
resistant tumors experience early mortality that is not explained
by mutations in ER or mitogen-activated protein kinase path-
ways, which are more typical of tumors that relapse after years of
ET exposure (6,7). Our group recently identified defects in single-
stranded DNA damage repair as a driver of intrinsic ET resistance
(8,9). Because defects in DNA damage repair lead to higher so-
matic mutation burden and greater immunogenicity (10), we pos-
tulated that aggressive LumB ET-resistant tumors must evolve
immune tolerance mechanisms that allow disease progression.

To investigate ET resistance in LumB breast cancer,
transcriptome-wide unbiased profiling was employed to iden-
tify the genes that associate with poor neoadjuvant ET response
and demonstrate upregulation in LumB vs LumA disease. This
analysis identified immune checkpoint (IC) components that
were further explored in independent datasets as well as by tis-
sue microarray analysis.

Methods

Patient Datasets and Analysis

Microarray data, clinical annotations, and 50-gene predictor of
breast cancer subtype (PAM50 calls) from patients on
neoadjuvant aromatase inhibitor (AI) trials ACOSOG Z031
(Alliance) and Preoperative Letrozole (POL) were used with per-
mission from the Alliance for Clinical Trials in Oncology
(ACOSOG is now part of Alliance). Each participant signed an in-
stitutional review board–approved, protocol-specific, informed
consent document for use of their samples in accordance with fe-
deral and institutional guidelines. Expression data on POL and
Z1031 cases can be accessed via GSE29442, GSE35186, GSE87411,
and GSE136644. The sample acquisition, data, and conduct of the
study have been previously reported (8). For these analyses, sam-
ples from biopsies taken before treatment are referred to as base-
line and those taken at approximately 4 weeks of AI treatment
are referred to as on-treatment samples. The entire dataset
from the POL and Z1031 cohort is collectively referred to as
Z1031 henceforth and was used as the discovery cohort. The
microarray data comprise expression for 15 500 genes for 428
samples, of which 66 were annotated as LumB by PAM50 sub-
typing. A standard cutoff of median expression value of candi-
date genes in the study was used to identify “high” (greater
than median) and “low” (equal to or less than median) sets.
Tumors with on-treatment Ki67 (by Immunohistochemistry
(IHC)) greater than 10% were categorized to be ET-resistant
cases (n¼ 33), and cases with lower Ki67 were categorized as
ET-sensitive cases (n¼ 33; Supplementary Figure 1 available
online).

Statistical Analysis

In an unbiased analysis, mRNA expression data for approxi-
mately 15 500 genes across the 66 LumB subset were used to iden-
tify genes for which the expression correlated positively with
proliferation marker Ki67 (post-AI treatment) and were upregu-
lated (greater than twofold) in ET-resistant cases compared with
ET-sensitive cases (Figure 1). Pearson’s correlation was performed
individually on the log-transformed normalized data for approxi-
mately 15 500 genes using automated script in R. Multiple testing
adjustment was achieved via the Benjamini-Hochberg false

discovery rate (FDR). Correlations with a coefficient of at least 0.4
were considered to be positively correlated. Detailed statistics are
reported in Supplementary Table 1 (available online). Mean ex-
pression for each of the approximately 15 500 was calculated in
ET-resistant and sensitive tumor sets separately; if the fold differ-
ence was greater than two in resistant tumors, then the gene was
a candidate for upregulation in ET-resistant tumors.
Overrepresentation analysis using WebGestalt (11,12) on the
resulting set of 30 genes was performed to identify statistically
significantly represented gene ontologies (nonredundant biologi-
cal processes ranging in size range from five to 250) at FDR less
than or equal to 20%. Detailed statistics on overrepresented
ontologies are reported in Supplementary Table 2 (available
online).

To achieve orthogonal validation of genes associated with
ET-resistant LumB disease in Molecular Taxonomy of Breast
Cancer International Consortium (METABRIC) and The Cancer
Genome Atlas (TCGA), RNA expression datasets and survival
data were examined using Kaplan-Meier estimates (13) and a
log-rank test. Proportional hazards were determined using Cox
regression model (14). Proportion hazards were considered sta-
tistically significant with a P value less than .05. Amplification
and methylation data for TCGA samples were obtained from
Wanderer (15). Protein levels and correlations for TCGA samples
using Clinical Proteome Tumor Analysis Consortium (CPTAC)
data were obtained from LinkedOmics (16,17).

Comparisons between groups were performed using the
Wilcoxon rank-sum test for continuous variables, Wilcoxon
signed-ranked test for paired data, and Fisher exact test for cate-
gorical variables. Disease specific survival (DSS) was defined as
the time from date of diagnosis to date of death attributed to
breast cancer. All statistical tests were two-sided, and differences
were considered statistically significant when P was less than .05.

Tissue Microarray Analysis

Detailed methods are provided in the Supplementary Methods
(available online).

Results

High Immune Tolerance Signatures in LumB Tumors
Resistant to ET

An unbiased analysis was conducted using Z1031 baseline tumor
mRNA profiling data to identify genes that were upregulated in
ET-resistant LumB breast cancer and, as a marker for ET sensitiv-
ity, also correlated with Ki67 values determined approximately 4
weeks after ET was initiated (Figure 1A). This yielded a set of 30
candidate genes that were associated with ET resistance in LumB
disease with an FDR coefficient greater than or equal to 0.4
(Figure 1B). Consistent with our earlier reports (8,9,18), the mis-
match repair gene MLH1 was one of the highly downregulated
genes in the ET-resistant set of LumB cases (Figure 1B).
Application of WebGestalt indicated that candidate genes were
overrepresented in immune tolerance biological processes
(Figure 1C), namely, tolerance induction (P< .001) and negative
regulation of T-cell activation (P¼ .001). The four genes constitut-
ing these processes were IDO1, PD1, LAG3, and INPPD5 (SHIP1), of
which the first three are targetable IC components (19,20).
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IDO1 in Poor-Prognosis LumB Breast Cancer

Our discovery analyses suggested higher expression of selected
IC genes in LumB ET-resistant cases. For validation, we exam-
ined both the TCGA and METABRIC datasets. As anticipated
from the Z1031 analysis, IDO1 and LAG3 mRNA levels in TCGA
were associated with poor survival, specifically in LumB cases
(Figure 1D). High levels of IDO1 mRNA were particularly associ-
ated with poor DSS in LumB cases (hazard ratio¼ 7.35, 95% con-
fidence interval ¼ 0.87 to 61.88), and hence this gene was
prioritized for detailed further analyses. When LumA and LumB
cases were contrasted (Figure 2A), higher IDO1 mRNA were

observed in LumB cases (median [SD] LumA ¼ �0.88 [1.47] vs
LumB ¼ �0.51 [1.70], P¼ .01). This was confirmed by proteomics
data (21) from TGCA samples (Figure 2A; median [SD] LumA ¼
�0.34 [0.72] vs LumB ¼ 0.04 [0.93], P¼ .04). A higher incidence of
early death less than 5 years vs greater than 5 years in LumB
cases was a clinically important feature of high IDO1 mRNA lev-
els (P¼ .01; Supplementary Figure 2A, available online). An asso-
ciation between high IDO1 mRNA levels and poor DSS was also
observed in METABRIC, specifically in LumB cases (hazard
ratio¼ 1.43, 95% confidence interval ¼ 1.04 to 1.98, P¼ .03;
Figure 2D). A multivariable analysis was conducted in the
METABRIC dataset to determine if the prognostic influence of
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Figure 1. Candidate genes identification. A) Schema depicting the approach taken to identify genes that correlate with Ki67 and are overexpressed in endocrine therapy

(ET)-resistant breast cancer samples, where R stands for Pearson correlation coefficient and FC for fold change. B) Scatterplot showing high (red) and low (blue)

expressed genes, which positively or negatively correlate with tumor proliferation on aromatase inhibitor (AI) treatment, respectively. C) Table showing gene ontolo-

gies enriched in genes (candidate genes) that were highly expressed in treatment-resistant cases and also correlated with high proliferation on treatment. D) Table

showing hazard ratio and log-rank P value for immune tolerance genes from candidate list in ER-positive cases (TCGA). All the tests were two-sided.
A

R
T

IC
LE

M. Anurag et al. | 739

D
ow

nloaded from
 https://academ

ic.oup.com
/jnci/article-abstract/112/7/737/5610076 by U

C
LA Biom

edical Library Serials user on 05 August 2020

https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz213#supplementary-data


−2
−1

0
1

2
ID

O
1 

pr
ot

ei
n 

ex
pr

es
si

on

��

�

�

��

� �
� �

�

�

�

�
�

�

�

�

�

�

�

�

��

�

�

��

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

LumA
n=27

LumB
n=28

−2
−1

0
1

2

−4
−2

0
2

4
ID

O
1 

m
R

N
A

 e
xp

re
ss

io
n

�

�

�

�

�

�

�
�

�

�

�

�

�

� �

��

�

�

�

��

�
�

�

�

�

� ��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�
�

��

�

�

�
�

�

�
�
��

�

�

�

�

��

�

�

�

�

�

�

�
�

�

�
�

�
�

�

�
�

�

�

��

�

�
��

�

��

�

�

�
�

�

�

�
�

�

�

�

�

�

�

��

�

�

�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�
�

� �
�

�

�

�

�
�

�

�

�

�

�
�

�

�

�
�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�
�

�

�

�

�

�

�

�

�

�

�

��

�

�

�

�

�
�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

� �

�

� �

�

��

�

�

�

�

�

�

�

���

� �

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

��

�

��

�

�

�

�

�

�

�

�
��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

�

�

��

�

�

�

�

�

�

�

�
� �

�
�
�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�
�
�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

LumA
n=263

LumB
n=106

−4
−2

0
2

4 P = .01
P = .04

METABRIC ER+ (n=1507)TCGA 

Luminal A (n=720) Luminal B (n=492)

IDO1 high (>Median)
IDO1 low (<Median)

METABRICMETABRIC

0 5 10 15 20 25

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

HR= 1.40 , P = .002
CI(1.13−1.74)

Time in years

D
is

ea
se

 s
pe

ci
fic

 s
ur

vi
va

l

0 5 10 15 20 25

HR=1.22, P = .32,
CI(.82−1.81)

Time in years
0 5 10 15 20

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

HR= 1.43, P = .03
CI(1.04−1.98)

Time in years

D
is

ea
se

 s
pe

ci
fic

 s
ur

vi
va

l

IDO1 high (>Median)
IDO1 low (<Median)

IDO1 high (>Median)
IDO1 low (<Median)

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

D
is

ea
se

 s
pe

ci
fic

 s
ur

vi
va

l

M
Ki

67

Tu
m

or
 S

iz
e

ER+ 
(n=1507)

.00
2

<.0
01

<.0
01.02 P-value

M
Ki

67

Tu
m

or
 S

iz
e

Luminal A
 (n=720)

.32 .02 .00
2

.50

M
Ki

67

Tu
m

or
 S

iz
e

Luminal B
 (n=492)

.03 .01
<.0

01.03

4.0

2.0

1.0
0.5

Univariate

Multivariate
 (with Mki67 > median
&Tumor size >5cm)

H
az

ar
d 

R
at

io

METABRIC

IDO1highIDO1highIDO1high

849 630 334 89 15 1
644 435 204 48 7 2

482 372 210 70 11 1
226 171 88 18 1 0

262 184 92 11 1
226 137 61 10 2

BA

DC

E

Figure 2. IDO1 levels in Luminal (Lum) B cases. A) Boxplot showing IDO1 protein (left plot) and IDO1 protein levels (right plot) in TCGA LumA and LumB tumors. B)

Kaplan-Meier survival curves evaluating disease-specific survival separation based on IDO1 mRNA levels in METABRIC ER-positive breast tumors (n¼1507). C) Kaplan-

Meier survival curves evaluating disease-specific survival separation based on IDO1 mRNA levels in METABRIC LumA breast tumors (n¼720). D) Kaplan-Meier survival

curves evaluating disease-specific survival separation based on IDO1 mRNA levels in METABRIC LumB breast tumors (n¼492). CI ¼ confidence interval; HR ¼ hazard ra-

tio. Statistically significant P values (<.05) are shown in red. Red lines denote IDO1-high cases, and IDO1-low cases are shown in black. E) Multivariate forest plot of ef-

fect of upregulated IDO1 mRNA levels in METABRIC cohort candidate genes on breast cancer–specific survival when assessed together with other established factors

associated with poor prognosis, including high MKi67 levels and tumor size (>5 cm). Multivariate Cox proportional-hazard model was used in the multivariable analy-

sis. All the tests were two-sided.
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IDO1 mRNA levels was independent of Ki67 mRNA levels and
tumor size (Figure 2E). The results support the conclusion that
the prognostic properties of IDO1 mRNA levels were indepen-
dent of these proliferation-based biomarkers.

IDO1 Association With Proliferation and Treatment
Response

To determine whether IC targets are modulated by ET, we in-
vestigated a set of 177 paired samples from Z1031 where base-
line and on-treatment microarray expression data were
available (Supplementary Table 3, available online). IDO1 mRNA
levels were found to increase statistically significantly (baseline
median [SD] ¼ 0.19 [1.54] vs on-treatment median [SD] ¼ 0.21
[1.55], P¼ .009) in on-treatment samples (Figure 3A), suggesting
that the level of IDO1 mRNA in the tumor can remain high irre-
spective of the tumor’s responsiveness to neoadjuvant AI.
Further categorizing samples based on their PAM50 intrinsic
subtype as described by Sorlie et al. (22), IDO1 mRNA was high-
est in LumB cases, which failed to respond to ET (Figure 3B; me-
dian [SD] LumB sensitive ¼ �0.05 [1.38] vs resistant ¼ 1.42 [1.51],
P¼ .007). Further investigation of the association between IDO1
and on-treatment tumor proliferation (using Ki67 as a marker)
demonstrated that IDO1 mRNA and on-treatment Ki67 showed
almost no correlation in LumA tumors (Supplementary Figure
2B, available online), whereas a positive correlation was ob-
served in the LumB cohort (r¼ 0.44; Supplementary Figure 2C,
available online).

Correlation Between IDO1 and IFNc-STAT1 Signaling
Pathway in ET-Resistant LumB Breast Cancer

To identify the underlying factors leading to higher IDO1 levels
in ET-resistant LumB cases, we compiled TCGA multi-omics
data centered on IDO1. Initially, we investigated amplification
at the IDO1 loci in ERþ breast cancer. However, detailed analy-
ses showed that amplification of IDO1 did not associate with in-
creased IDO1 mRNA expression in TCGA ERþ samples
(Supplementary Figure 3A, available online). Recent reports sug-
gested methylation-dependent regulation of IDO1 in different
cancers. We therefore determined whether hypomethylation
was associated with higher IDO1 levels. Though

hypomethylation was indeed associated with overexpression of
IDO1 mRNA in ERþ breast cancer (Figure 3B) when cases were
categorized based on intrinsic subtypes, this association was
statistically significant in the LumA cohort (Supplementary
Figure 3C, available online) rather than LumB cohort, suggesting
hypomethylation is not the driver for elevated IDO1 expression
(Supplementary Figure 3D, available online). We subsequently
examined breast cancer data from the CPTAC to identify pro-
teins that correlated with IDO1 [LinkedOmics (16)]. Here STAT1
was found to be ranked second (next to Tryptophanyl-tRNA
synthetase) among approximately 700 proteins that positively
correlated (R> 0.4, P< .05) with IDO1 expression
(Supplementary Table 4, available online) and (Supplementary
Figure 4A, available online). This association was also observed
at the STAT1 phospho-protein level (Supplementary Figure 4B,
available online).

As expected from the positive correlation expression of STAT1
followed a similar trend to that of IDO1, with enrichment in
LumB early-relapse cases (Figure 4A). A similar higher STAT1 ex-
pression was found in resistant LumB cases in the Z1031 mRNA
dataset (Figure 4B). No such statistically significant variation in
early-relapse or resistant cases was observed in LumA cases in
these datasets (Figure 4, A and B), suggesting that LumB tumors
might have a specific mechanism for IDO1 overexpression medi-
ated by STAT1. Interestingly, genes associated with higher levels
of IDO1 were also associated with IFN-c hallmark genes
(Supplementary Figure 5A, available online). Reanalysis of earlier
reported data (23) showed that IDO1 was the highest upregulated
STAT1 target gene in IFN-c–stimulated HeLa cells
[Supplementary Figure 5B (available online), adapted (23)]. An
unsupervised clustering of Lum/HER2� cases from the METABRIC
patient set based on the mRNA expression of IC genes—IDO1, PD1
(PDCD1), and LAG3—along with IFNc, STAT1, IRF1, MKi67, and hor-
mone receptor levels, identified a cluster enriched in LumB cases
with high levels of IC components and accessory IFNG and
STAT1 pathway genes (highlighted in the green box; Figure 4C).
IDO1 clustered tightly with IFNc, along with PD1, and LAG3 clus-
tered with STAT1. High-IC samples also showed lower ER and PgR
levels, which is a characteristic of aggressive LumB tumors (24).
Based on these immune tolerance genes, a composite immune
tolerance score was devised and tested for association with poor
prognosis. A high composite immune tolerance score was
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Figure 3. Comparison of IDO1 expression in samples based on treatment timepoint and response to therapy. A) Comparison of IDO1 mRNA expression levels in base-

line vs on-treatment estrogen receptor–positive samples. Luminal (Lum) A cases are shown in teal and LumB in orange. B) Boxplot showing IDO1 expression in tumors
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associated with poor DSS in the ERþ/HER2� subset of the
METABRIC patient cohort (Figure 4D). Similar results were ob-
served in the LumB/HER2� subset of METABRIC (Supplementary
Figure 6A, available online) and TCGA (Supplementary Figure 6B,
available online).

Association of IDO1 With Clinicopathological Features
and Immune Cell Type Composition

The IDO1 association with clinicopathological parameters was
further investigated in a Tissue microarray (TMA) analysis of
the University of British Columbia (UBC) cohort (see
Supplementary Methods, available online, for details) to deter-
mine the cell types involved (see Supplementary Methods,
available online, on IDO1 staining and immune biomarker
scoring). As previously described (25,26), morphologically de-
fined myeloid cells in the stromal compartment not in direct
contact with carcinoma cells were distinguished from intra-
epithelial myeloid cells located within the epithelial carcinoma
nests. In these TMA data, IDO1 expression on both intra-
epithelial and stromal myeloid cells was statistically

significantly associated with clinicopathological markers for
poor prognosis: high grade, ER negativity, progesterone receptor
(PR) negativity, and high Ki67 proliferation index (Table 1).
Across all subtypes, cases with IDO1þ intraepithelial myeloid
cells were more likely to be LumB and basal-like (38.1% and
33.3%, respectively). As expected based on our mRNA analysis,
we report the proportion of breast cancer patients with IDO1þ
intraepithelial myeloid cells to be higher in LumB compared
with LumA (Table 1; Figure 5B). Subsequent analyses focused on
IDO1 associations with the presence of other immune cells, fol-
lowing our previous publications (25,26).

IDO1 expression in intraepithelial myeloid cells was strongly
associated with IC markers including PD-L1 expression on carci-
noma cells and PD-1 and LAG3 expression on intra-epithelial
Tumor infiltrating lymphocytes (TILs) (iTILs; Table 1). We found
25.0% of PD-L1þ tumors, 14.2% of PD-1þ iTILs, and 35.7% of
LAG3þ iTILs to be co-infiltrated with IDO1þ intraepithelial mye-
loid cells. Similarly, IDO1-expressing intraepithelial myeloid
cells were statistically significantly associated with the pres-
ence of other immune biomarkers, including Foxp3 and CD68
(Table 1). Coinfiltration of lymphocytes carrying Foxp3þ (a
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biomarker for Regulatory T cells [Tregs]) and IDO1þ myeloid
cells was observed in 13 cases, which was 100.0% of all IDO1-
expressing intraepithelial myeloid cases, or 9.8% of all Foxp3þ
iTIL cases (Table 1). In survival analyses of chemotherapy- and/
or endocrine-treated breast cancer patients, IDO1þ tumor-asso-
ciated macrophage cells had no statistically significant associa-
tions with DSS (Supplementary Figure 7A, available online).
Among the lumB subtype, patients with positive IDO1 expres-
sion had a higher percentage of death (50.0%) compared with
patients lacking IDO1 expression (20.0%; Supplementary Figure
7C, available online), a difference not observed with the LumA
subtype (Supplementary Figure 7B, available online). However,
neither difference was statistically significant, likely because of
a limited sample size.

Furthermore, 76.9% of IDO1-expressing intraepithelial my-
eloid cases were coinfiltrated with macrophages (identified as
CD68þ, P¼ .02; Table 1). No statistically significant co-
infiltration was observed with M2 macrophages (identified as
CD163þ). In TMA analysis, IDO1 showed statistically signifi-
cant association with all macrophages but not specifically
with M2, suggesting that the association is associated with ei-
ther macrophage M0 or M1. Because there is no specific IHC
biomarker for M1 macrophages, further granularity cannot be
obtained at the IHC level. To overcome this limitation, we in-
vestigated IDO1 association with different immune cell types
based on CIBERSORT and xCell categorization and scores.

IDO1 mRNA showed the strongest (by CIBERSORT) correlation
with macrophage M1 at the mRNA level (Figure 5A), which
agrees with earlier published reports on IFN-c–dependent
upregulation of IDO1 and differentiation of THP-1 monocyte
cells to M1 macrophages (27). Collective observations from
IHC and mRNA suggest that IDO1 expression associates with
Tregs and macrophages (particularly M1 based on CIBERSORT
analysis).

To identify and verify sites of IDO1 expression, IHC staining
of a TMA of 330 cases of a diverse spectrum of breast cancer
samples was employed. Here we observed higher IDO1þ stain-
ing in stroma (P< .001) and tumor-associated macrophages
(P¼ .02) in LumB cases (22.97% and 6.76%, respectively) com-
pared with LumA counterparts (6.67% and 2.67%, respectively)
(Figure 5B).

Discussion

High levels of IC components associate with poor prognosis in
many cancers (28–31). In breast cancer, expression of ICs includ-
ing PD1 and IDO1 has been associated primarily with metastatic
or triple-negative breast cancers (32), and the immune environ-
ment of the ERþ subset is understudied. This is primarily be-
cause ERþ tumors have been considered to be immunologically
“cold” because of low TIL counts (33). Although this is true for
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Figure 5. Immune landscape of IDO1-high and endocrine therapy (ET)-resistant disease. A) Histograms represent the correlation between IDO1 mRNA expression and

immune cell type scores in the TCGA luminal cohort. Immune cell type correlations obtained from CIBERSORT and xCell are shown in orange and purple, respectively.

B) Histogram showing the percentage of IDO1þ cases (by IHC) in carcinoma cells, stroma, and tumor-associated macrophages along with a representative image of IHC
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the majority of ERþ tumors (primarily LumA disease), almost no
study so far has focused on more aggressive LumB cases.
However, a recent report indicated that high TIL levels are asso-
ciated with higher recurrence scores in ERþ tumors (34). It is im-
portant to report that our present study was not initially
focused on IC components but rather with an unbiased
genome-wide profiling analysis to identify genes that are upre-
gulated in ET-resistant tumors. Our results highlight the role of
upregulated ICs leading to a higher degree of immune tolerance
in a subset of LumB tumors. High IDO1 levels showed a statisti-
cally significant association with poor prognosis in LumB breast
cancer. There have been contrary reports of better overall sur-
vival in ERþ patients with high IDO expression as measured by
IHC (35). However, in these studies, the majority of the reported

ERþ tumors were classified as LumA, whereas this study uncov-
ered a consistent phenomenon of IDO1 upregulation specifically
in LumB tumors. Though the patient size is modest in our dis-
covery dataset (n¼ 66 for LumB), further validation of the find-
ings in two independent patient cohorts, TCGA (n¼ 91) and
METABRIC (n¼ 492), addresses this shortcoming. We do ac-
knowledge the need for sequencing data from a larger cohort of
ERþ patients, and the ALTERNATE trial, which has now com-
pleted accrual of more than 1400 cases, presents an upcoming
opportunity to do this (36).

Interestingly, associations between IDO1 expression levels
and outcome have been reported in other cancer types with ap-
parently inconsistent results. For example, higher IDO1 levels
correlate with poor survival in glioblastoma patients (TCGA) in
contrast to the correlation observed between increased IDO1
levels and better overall survival in melanoma patients (20).
These tumors have very different etiologies and mutational
mechanisms, and so the influence of IDO1 may well be tumor
specific or in our case breast cancer subtype specific. There
have been recent indications of dual roles for IDO1 depending
on its localization in the tumors. This discordance could be
influenced by the type of cells expressing high levels of IDO1.
For instance, in this study, we observed higher IDO1þ staining
in stroma and particularly in tumor-associated macrophages
compared with carcinoma cells. Interestingly, we observed a
strong association between tumors infiltrated with CD8þ T-cells
and IDO1þ myeloid cells, suggesting potential exhaustion of
CD8þ T-cells by overexpression of IDO1 and suppression of
antitumor cytotoxic T-cell activity.

Our study also suggests an association between IDO1 and
both macrophages and T-regs. Classification of macrophages is
complicated, but according to CIBERSORT, they comprise three
types: macrophage 0 (uncommitted), 1 (classically activated),
and 2 (alternatively activated) (37). IDO1 mRNA expression asso-
ciated strongly with CIBERSORT-based M1 macrophages score.
We are aware that recent studies suggest the M1-M2 macro-
phage model may be oversimplified (38).

It is worth noting that selected ICs were found to be upregu-
lated in a small subset of ERþ cases; hence, drug targeting ICs in
nonstratified ERþ patient populations risks clinical trial failure.
For example, the inactivity of epacadostat (an IDO1 inhibitor) in
initial trials does not necessarily mean IDO1 is a poor therapeu-
tic target (39); rather, it may signify the importance of patient
stratification and tailoring of therapeutics based on molecular
insights. The results from this study provide a strong rationale
for clinical trials of IC inhibitors in aggressive ERþ breast can-
cers, particularly LumB cases that fail to respond to neoadju-
vant ET.

Our study has limitations. Though we attempted to capture evi-
dence for IC activity in ERþ breast cancer at the multi-omics and
TMA levels, we acknowledge that mRNA, methylation, and IHC
assessments can be affected by intratumoral heterogeneity, which
means tumors can be incorrectly assigned to the wrong biomarker
class. Our study does not directly address this concern; however,
we have focused on findings that can be replicated in multiple in-
dependent studies, thereby suggesting the rate of incorrect assign-
ment is low enough for the results to be consistent (40).

To summarize, this study is a step forward from our earlier
published work, which identified dysregulation of single-strand
break repair genes as being causal to ET resistance. We report
upregulation of IC components, including IDO1 and LAG3, in
ET-resistant LumB tumors. This presents new information on
the role of the immune microenvironment in poor-prognosis
ERþ breast cancer and suggests strategies to engage antitumor

Table 1. Association of IDO1þ intraepithelial cells with clinicopatho-
logical parameters and immune biomarkers in UBC cohort and ERþ
subset of the UBC cohort

Clinicopathological
parameters

IDO1þ
myeloid ¼ 0

(n¼ 277),
No. (%)

IDO1þ
myeloid positive

(�1) (n¼ 29),
No. (%) P*

All subtypes (UBC cohort)
Grade <.001

1 or 2 162 (59.6) 7 (24.1)
3 110 (40.4) 22 (75.9)

ER <.001
Negative 48 (17.6) 16 (55.2)
Positive 225 (82.4) 13 (44.8)

PR .002
Negative 80 (29.6) 17 (58.6)
Positive 190 (70.4) 12 (41.4)

Ki67 <.001
<13.25% 161 (59.9) 4 (13.8)
�13.25% 108 (40.1) 25 (86.2)

Subtype <.001
Luminal A 146 (60.1) 4 (19.0)
Luminal B 66 (27.2) 8 (38.1)
HER2þ 9 (3.7) 2 (9.5)
Core basal 22 (9.1) 7 (33.3)

ER-positive subset (UBC cohort)
PD1þ iTILs <.001

Negative 177 (85.5) 3 (23.1)
Positive 30 (14.5) 10 (76.9)

PDL1 .25
Negative 185 (96.9) 9 (90.0)
Positive 6 (3.1) 1 (10.0)

LAG3þ iTILs <.001
Negative 181 (95.3) 5 (50.0)
Positive 9 (4.7) 5 (50.0)

CD8þ iTILs .27
Negative 72 (40.7) 2 (22.2)
Positive 105 (59.3) 7 (77.8)

Foxp3þ iTILs .002
Negative 91 (43.3) 0 (0.0)
Positive 119 (56.7) 13 (100)

CD163 intraepithelial .22
Negative 202 (93.5) 11 (84.6)
Positive 14 (6.5) 2 (15.4)

CD68 intraepithelial .02
Negative 117 (56.0) 3 (23.1)
Positive 92 (44.0) 10 (76.9)

*P values were calculated using a two-sided v2 test. All the tests were two-sided.
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CD8þ T cells to improve patient outcomes. These data also
serve as a useful guide for mechanistic studies to improve our
understanding of IC components and immune tolerance in ET-
resistant LumB tumors.
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