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Abstract
The immune inhibitory enzyme indoleamine 2,3-dioxygenase (IDO) has been associated with immune evasion in numerous
malignancies and may mark these cancers as susceptible to anti-IDO therapies. We herein address IDO expression in breast
cancers, examine the relationship between IDO and PD-L1, and investigate IDO fidelity across breast cancer primaries and
metastases. IDO and PD-L1 expression was assessed in tissue microarrays containing 242 invasive primary breast cancers,
20 nodal metastases, and 19 distant metastases. IDO and PD-L1 were scored by extent in the tumor cells and immune
infiltrate. Tumor IDO staining was seen in 14% of primaries including 38% of triple-negative cancers. IDO immune cell
staining was seen in 14% of primaries and 29% of triple-negative cancers. Tumoral IDO and PD-L1 co-expression was seen
in 8% of primaries, including 70% of tumoral PD-L1-positive cases. Immune IDO and PD-L1 co-expression was identified
in 14% of primaries, including 48% of immune PD-L1-positive cases. Tumoral and immune cell IDO was conserved in 94%
of matched primary/metastasis. In summary, IDO expression is common among high-grade, triple-negative breast cancers
and is frequently associated with PD-L1 co-expression, suggesting that IDO might be a mechanism of anti-PD-1/PD-L1
immunotherapy resistance and that dual therapy may be of utility. Tumoral and immune cell IDO expression shows fidelity
between primary and metastatic sites in treatment-naïve cancers, arguing against IDO as an independent driver for metastatic
spread. Clinical trials are needed to assess the efficacy of IDO inhibition relative to IDO expression, as well as its possible
role in combination with anti-PD-1/PD-L1 immunotherapy.

Introduction

The immune system is increasingly understood to play a
critical role in the clearance, tolerance, and progression of
a host of malignancies, including breast cancer. Studies
have demonstrated that a robust cytotoxic T-cell response
generally correlates with a favorable prognosis in breast
carcinoma, whereas tumoral activation of the PD-1/PD-L1
checkpoint axis can allow tumors to evade that immune
response [1–13]. Therapeutic inhibition of PD-1/PD-L1
has shown some promise for a subset of breast cancers,
but has not proven uniformly effective [14–20]. The

relatively limited success of anti-PD-1/PD-L1 therapies in
breast cancer may stem in part from the fact that inter-
ference with this axis is only one of many ways a tumor
responds to the host immune response. Indoleamine 2,3-
dioxygenase (IDO) is another immune modulatory mole-
cule which may play a role in breast cancer prognosis and
progression, and is of particular interest because it is
clinically targetable [21–25].

IDO is an immunoregulatory enzyme that interferes
with T-cell survival through depletion of tryptophan and
generation of the toxic metabolite kynurenine. It normally
plays an immunosuppressive role following inflammatory
stimuli, preventing perpetual immune activation and
associated pathology. However, as with checkpoint
molecules such as PD-L1, malignancies may exploit the
IDO pathway as a means of immune escape [23]. IDO
expression has been identified in breast carcinomas and is
particularly common among triple-negative, basal-like
breast cancers [26]. This suggests that at least a subset of
breast carcinomas may be vulnerable to drugs targeting
IDO such as 1-methyl-DL-tryptophan, small molecule
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inhibitors such as Epacadostat, navoximod (GDC-0919),
and BMS-986205, and IDO peptide vaccines [23, 27–29].
Immuno-oncology researchers are actively studying
whether some IDO targeting approach may have utility as
monotherapy or as adjuvants to other immunotherapies,
including PD-1/PD-L1 checkpoint inhibitors [25].
However, the role of IDO inhibitors either alone or in
combination with other therapies has yet to be fully elu-
cidated in breast cancer, and IDO expression has not been
well-studied across the full range of breast carcinoma
subtypes.

We herein characterize IDO immunohistochemical
expression across 242 cases of primary breast carcinoma
and 39 cases of metastatic breast carcinoma representing a
variety of subtypes, grades, and stages. Additionally,
we evaluate the relationship between IDO and PD-L1 using
data from a prior investigation of this case series [20].

Materials and methods

This study was approved by the institutional review board
of The University of Virginia.

Case selection and tissue microarray construction

Cases were evaluated on four tissue microarrays containing
archival formalin-fixed, paraffin-embedded tissues from 242
invasive primary breast carcinomas, 20 nodal metastases,
and 19 distant metastases. Control tissues from kidney,
liver, and placenta were also present. The arrays contained
four replicate 0.6 mm cores from each case with samplings
from different areas within the original tumor section
including the tumor periphery and center.

The arrays were enriched to include a range of tumor
stages and histologic subtypes. All primary tumors and all
nodal metastases represented on the tissue microarrays were
treatment-naïve. Sixteen of 19 distant metastases occurred
after primary resection and therapy (mean time since pri-
mary diagnosis: 4.5 years), while 3 were identified at the
time of primary diagnosis and were treatment-naïve. Sixteen
of the nodal metastases and one lung metastasis were
matched to concurrent primary tumors also present on the
arrays; all matched cases were treatment naïve in both
locales.

Pathologic variables including tumor histologic type,
grade, stage, hormone receptor status, and mismatch repair
status were obtained on all cases. ER+/PR+ cases were
classified as Luminal A-like, ER+/PR+/HER2+ cases
were classified as Luminal B-like, hormone receptor-
negative cases with HER2 amplification were classified as
HER2+, and hormone receptor/HER2 negative cases were
classified as triple-negative. Formal expression profiling

was not performed. BRCA mutation status was obtained
when available.

Immunohistochemistry

Immunohistochemical staining for IDO (Sigma Prestige,
HPA 023072, 1:2,000 dilution) and PD-L1/CD274 (Spring
Biosciences, SP142, 1:200 dilution) was performed on all
array slides using a Ventana Discovery Ultra and Leica
Bond III, respectively. Importantly, the PD-L1 SP142
antibody clone has been validated on the Leica platform in
our laboratory with 97% concordance to the FDA-approved
Dako 22C3 antibody using the Dako platform. PD-L1
immunohistochemistry results were previously reported in
detail in a prior study [20]. Both immunohistochemical
stains were scored in both the tumor and the peritumoral
immune compartment.

Tumor staining was classified as positive when clear
staining was present in ≥1% of tumor cells. Cytoplasmic
staining was considered positive for IDO, whereas only
membranous staining was considered positive for PD-L1.
Staining extent was further characterized in the following
subcategories: 1–10, 11–25, 26–50, and >50%. The 1%
threshold for positivity was selected based on data
demonstrating clinical response to PD-L1 inhibition at this
expression level in some cancers, and percentage categories
were further selected to include the cut-offs for all available
PD-L1 inhibitors [7, 30]. Because there are no clinically-
accepted thresholds for IDO expression, the same cut-points
were used for this study.

Immune microenvironment staining was scored as posi-
tive when >5% of peritumoral and intratumoral immune
cells (including lymphocytes and macrophages) showed
reactivity and was further subdivided by extent as 5–10,
11–25, 26–50, and >50%. The 5% lower limit was selected
because single, scattered PD-L1 and IDO-positive inflam-
matory cells were observed in benign control tissues.

MMR protein immunohistochemistry was performed on
all cases as part of a prior study [31]. MMR deficiency was
diagnosed when there was complete loss of tumoral nuclear
immunostaining for MLH1 (clone ES05, predilute; Leica
Biosystems), PMS2 (clone MRG-28Mab, predilute; Cell
Marque), MSH2 (clone 25D12, predilute; Leica), and/or
MSH6 (clone 44 Mab, predilute; Cell Marque) in the setting
of intact control stromal/lymphocyte staining. MMR protein
loss identified on tissue microarray was confirmed on whole
section slides.

Statistical analysis

The Fischer’s exact test (two-tailed) was performed to
assess the relationship between BRCA status and IDO and
PD-L1 expression (vassarstats.net).
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Results

IDO expression in primary tumors

Tumor cell expression of IDO was observed in 14% of
primary breast cancers. (Fig. 1) Most cases showed 1–10%
expression, while 4% had >25% and 2% had >50% tumoral
positivity. (Table 1) Expression was frequently concentrated
at the infiltrating edge of tumor nests, often in areas of high
peritumoral lymphocyte density. The IDO-positive cases
consisted predominantly of ductal cancers, including

conventional ductal cases and those with medullary, apoc-
rine, neuroendocrine, and metaplastic features. Expression
in lobular cancers was rare. (Table 2A) Expression was
most common in high-grade tumors with 37% of grade 3,
3% of grade 2, and 2% of grade 1 cancers showing tumoral
staining. (Table 2B) IDO positivity was also most fre-
quently observed in triple-negative cancers and HER2+

cancers, with only 5% of Luminal A-like and Luminal B-
like cases demonstrating expression. (Table 2C) Tumoral
IDO expression was observed in 14% of T1, 15% of T2, 7%
of T3, and 20% of T4 tumors. (Table 2D)

Fig. 1 Patterns of tumoral IDO
expression. IDO expression was
seen in 14% of primary breast
cancers, including 38% of triple-
negative carcinomas. Tumoral
expression ranged from
scattered single cell staining in
<10% of tumor cells (Case A/B;
A: H&E, B: IDO) to patchy
staining involving 25–50% of
cells (case C/D; C: H&E, D:
IDO) to diffuse staining
involving >50% of cells (case E/
F; E: H&E; F: IDO)

Table 1 Extent of IDO and PD-L1 staining in primary breast carcinomas

Staining extent Tumor IDO Immune cell IDO Tumor PD-L1 Immune cell PD-L1

Negative (Tumor: <1% Immune cell: <5%) 86% (208/242) 86% (209/242) 88% (215/245) 71% (174/245)

1–10% (Tumor) 5-10% (Immune cell) 8% (20/242) 11% (27/242) 4% (11/245) 12% (29/245)

11–25% (Tumor & Immune cell) 2% (4/242) 2% (4/242) 2% (6/245) 9% (22/245)

26–50% (Tumor & Immune cell) 2% (6/242) <1% (2/242) 3% (7/245) 6% (14/245)

>50% (Tumor & Immune cell) 2% (4/242) 0% (0/242) 2% (6/245) 2% (6/245)

IDO expression in breast cancer: an assessment of 281 primary and metastatic cases with comparison... 1515



IDO expression in tumor-associated immune cells

Tumor-associated inflammatory cell expression of IDO was
observed in 14% of primary breast cancers. (Fig. 2) Most
cases showed 5–10% expression, while <1% had >25% and
0% had >50% tumoral positivity. (Table 1) The IDO positive

cases spanned a range of histologies paralleling those
observed in the tumoral staining group. (Table 2.A) IDO
immune cell positivity was most common in high-grade
tumors, 33% of which showed staining. (Table 2.B) IDO
positivity was also most frequently observed in triple-negative
cancers and HER2+ cancers, with only occasional

Table 2 IDO and PD-L1 expression in breast carcinomas*

A. IDO and PD-L1 expression in primary tumors by morphologic subtype

Morphologic subtype Tumor IDO
+

Immune cell
IDO+

Tumor PD-L1
+

Immune cell PD-
L1+

Tumor IDO+
PD-L1+

Immune Cell IDO+
PD-L1+

Ductal, conventional 10% (16/
156)

12% (19/156) 8% (13/157) 28% (44/157) 4% (7/156) 12% (19/156)

Ductal with medullary features 91% (10/11) 82% (9/11) 55% (6/11) 100% (11/11) 55% (6/11) 82% (9/11)

Ductal with apocrine features 30% (3/10) 10% (1/10) 27% (3/11) 36% (4/11) 20% (2/10) 10% (1/10)

Lobular 0% (0/23) 4% (1/23) 9% (2/23) 13% (3/23) 0% (0/23) 4% (1/23)

Pleomorphic lobular 8% (1/13) 0% (0/13) 14% (2/14) 14% (2/14) 8% (1/13) 0% (0/13)

Carcinoma with
Neuroendocrine features

50% (1/2) 100% (2/2) 100% (2/2) 100% (2/2) 50% (1/2) 100% (2/2)

Micropapillary 0% (0/2) 0% (0/2) 0% (0/2) 0% (0/2) 0% (0/2) 0% (0/2)

Metaplastic carcinoma 60% (3/5) 20% (1/5) 40% (2/5) 80% (4/5) 40% (2/5) 20% (1/5)

Mucinous carcinoma 0% (0/20) 0% (0/20) 0% (0/20) 5% (1/20) 0% (0/20) 0% (0/20)

B. IDO and PD-L1 expression in primary tumors by tumor grade

Grade Tumor IDO
+

Immune cell
IDO+

Tumor PD-L1
+

Immune cell PD-
L1+

Tumor IDO+
PD-L1+

Immune cell IDO+
PD-L1+

1 2% (1/50) 0% (0/50) 4% (2/51) 8% (4/51) 0% (0/50) 0% (0/50)

2 3% (3/111) 5% (6/111) 3% (3/112) 14% (16/112) <1% (1/111) 5% (6/111)

3 37% (30/81) 33% (27/81) 30% (25/82) 62% (51/82) 22% (18/81) 33% (27/81)

C. IDO and PD-L1 expression by ER/PR/HER2 status**

ER/PR/HER2 status Tumor IDO
+

Immune cell
IDO+

Tumor PD-L1
+

Immune cell PD-
L1+

Tumor IDO+
PD-L1+

Immune cell IDO+
PD-L1+

Luminal A-like (ER+/PR+) 5% (8/160) 7% (11/160) 5% (8/161) 16% (26/161) 3% (5/160) 7% (11/160)

Luminal B-like (ER+PR+HER2
+)

5% (1/20) 5% (1/20) 15% (3/20) 35% (7/20) 0% (0/20) 10% (2/20)

HER2+ (ER-PR-HER2+) 33% (1/3) 33% (1/3) 50% (2/4) 50% (2/4) 33% (1/3) 33% (1/3)

Triple-negative (ER-PR-HER2-) 38% (21/56) 29% (16/56) 32% (18/57) 61% (35/57) 21% (12/56) 29% (16/56)

D. IDO and PD-L1 expression by stage***

Stage Tumor IDO
+

Immune cell
IDO+

Tumor PD-L1
+

Immune cell PD-
L1+

Tumor IDO+
PD-L1+

Immune cell IDO+
PD-L1+

T1 14% (20/
140)

11% (16/140) 13% (18/143) 25% (36/143) 9% (12/140) 11% (16/140)

T2 15% (12/78) 21% (16/78) 14% (11/78) 37% (29/78) 8% (6/78) 21% (16/78)

T3 7% (1/15) 7% (1/15) 0% (0/15) 13% (2/15) 0% (0/15) 7% (1/15)

T4 20% (1/5) 0% (0/5) 20% (1/5) 20% (1/5) 20% (1/5) 0% (0/5)

N+ 5% (1/20) 5% (1/20) 10% (2/20) 50% (10/20) 0% (0/20) 5% (1/20)

M+ 0% (0/19) 11% (2/19) 10% (2/20) 50% (10/20) 0% (0/19) 11% (2/19)

*Analysis reflects 4 cases which were cut through between PD-L1 and IDO TMAs (3 primaries and 1 met)
**Analysis excludes 3 primaries for which hormone receptor/HER2 status was unknown
***Analysis excludes 4 primaries for which stage was unknown
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Luminal A-like and Luminal B-like cases demonstrating
expression within the tumor-associated inflammation.
(Table 2.C) Immune cell expression was observed in
11% of T1, 21% of T2, and 7% of T3; while no T4 cases
demonstrated positivity. (Table 2.D)

IDO expression in metastases

Tumor cell expression of IDO was observed in 5% of
nodal and 0% of distant metastases. (Table 2D) Of the
matched treatment-naïve primary and metastatic tumors,
94% showed concordant staining between the primary
and metastatic tumor, with one case demonstrating loss
of IDO positivity from the primary to the metastatic
tumor.

Immune cell expression of IDO was observed in 5% of
nodal and 11% of distant metastases (Table 2D). Ninety-
four percent showed concordant staining between the pri-
mary and metastatic tumor-associated inflammatory cells,
with one case demonstrating loss of IDO positivity from the
primary to the metastatic tumor.

IDO and PD-L1 co-expression

PD-L1 immunohistochemical results were provided in
detail in a prior publication [20] and are summarized in

Table 2. Tumoral IDO and PD-L1 co-expression was seen
in 8% of all primaries, which constituted 70% of all tumoral
PD-L1-positive cases. (Table 3, Figs. 3 and 4) Of these 19
cases showing co-expression, 95% were grade 3 and 67%
were triple-negative. By histomorphology 37% were con-
ventional ductal while 32% exhibited medullary features.
Among cases lacking tumoral expression of PD-L1, 93%
were also negative for IDO. Immune cell IDO and PD-L1
co-expression was identified in 14% of primaries, com-
prising 48% of all immune PD-L1-positive cases. Of these
33 cases showing co-expression, the majority (82%) were
grade 3. By hormone receptor status, 53% were triple-
negative while 37% were Luminal-A. By histomorphology,
58% were conventional ductal and 27% exhibited medul-
lary features. All cases lacking immune cell expression of
PD-L1 were also negative for IDO.

IDO and PD-L1 expression, mismatch repair status,
and germline BRCA status

A single case showed mismatch repair (MLH1/PMS2) loss
confirmed on whole tissue sections. This tumor expressed
IDO and PD-L1 in a subset (<10%) of tumor cells and
showed diffuse PD-L1 immune cell staining with only focal
IDO staining. Cases from BRCA-mutated patients showed a
trend towards increased tumoral IDO expression when

Fig. 2 Patterns of immune IDO
expression. Tumor-associated
inflammatory cells expressed
IDO in 14% of primary breast
cancers, including 29% of triple-
negative carcinomas. Immune
cell staining was predominantly
identified in lymphocytes
intimately admixed with the
tumor cells. While occasional
cases showed IDO staining in
over half of tumor-associated
immune cells (case A/B; A:
H&E, B: IDO), patchy staining
involving <10% of the
inflammatory component was
more common (case C/D; C:
H&E; D: IDO)

Table 3 Co-expression of IDO
and PD-L1 in primary breast
carcinomas

IDO+ PD-L1+ IDO+ PD-L1- IDO- PD-L1+ IDO- PD-L1-

Tumor cells (≥1%) 8% (19/242) 6% (15/242) 4% (9/242) 82% (199/242)

Immune cells (≥5%) 14% (33/242) 0% (0/242) 15% (36/242) 71% (173/242)

IDO expression in breast cancer: an assessment of 281 primary and metastatic cases with comparison... 1517



compared to BRCA-wildtype patients; however, this trend
was not statistically significant [67% (4/6) vs. 25% (4/16),
p= 0.137] and numbers were limited. No significant dif-
ferences were observed for immune IDO or immune/
tumoral PD-L1 expression between BRCA-mutated and
wildtype patients.

Discussion

Immune evasion plays a critical role in the progression of
malignancy, and studies in a variety of cancers suggest that
dysregulated IDO expression may be instrumental in facil-
itating some tumors’ growth [32–35]. IDO was first dis-
covered on placental vasculature and trophoblasts where it
promotes maternal-fetal tolerance through local suppression
of maternal T lymphocytes [36]. Murine models have
shown that IDO can block clonal T-cell expansions and that
loss of IDO contributes to a variety of autoimmune
pathologies [37–41]. While these functions are ordinarily
important for maintaining a healthy immune balance, IDO
also promotes pathology when co-opted by cancer as an
adaptive method of immune evasion [21, 23, 33, 42, 43].

IDO has been identified in a variety of malignancies [32,
34, 42, 44–46]. Early evidence from non-small cell lung
carcinomas has shown only rare co-expression of IDO and
PD-L1 [34]. In the lower gastrointestinal tract and endo-
metrium, IDO expression is most common among mismatch
repair-deficient cancers, many of which co-express PD-L1
[32]. Mismatch repair deficiency is exceedingly uncommon
among breast carcinomas, however, and has not been
reproducibly linked to PD-L1 expression in this locale
where other mechanisms, such as BRCA mutations, are
thought to be more important drivers of neoantigen pro-
duction and immunogenicity [31]. Evidence from high-
grade serous ovarian cancers suggests that BRCA mutations
are affiliated with higher mutation burdens, elevated T-cell
infiltrates, and increased PD-L1 expression [47]. Recent
work in breast carcinomas has shown that basal-like cancers
are particularly likely to express IDO [25, 26]. Finally,
while other studies have demonstrated PD-L1 expression in
up to half of triple-negative breast carcinomas [14, 16, 20,
48, 49], the relationship between IDO and PD-L1 in these
cancers has not been well-investigated.

Our series adds to the literature on IDO in breast cancers
and provides insight into the relationship between IDO and

Fig. 3 IDO and PD-L1 co-expression. While the majority of cancers
were negative for both IDO and PD-L1 (Case A-C; A: H&E, B: IDO;
C: PD-L1), 11% of tumors co-expressed these immune modulatory
molecules. Co-expression was most common among triple-negative

cancers; co-expression patterns ranged from patchy tumoral positivity
for both markers (case D-F; D: H&E, E: IDO, F: PD-L1) to diffusely
positive for both markers (case G-I; G: H&E, H: IDO, I: PD-L1)

1518 E. A. Dill et al.



PD-L1 expression. The results corroborate prior work
demonstrating that IDO expression is highest among triple-
negative breast cancers. Additionally, we demonstrate that
expression is not unique to basal-like cancers and can also
be seen among triple-negative tumors with metaplastic and
apocrine morphologies as well as a subset of HER2-positive
and occasional hormone receptor-positive cancers. We also
show a trend towards increased tumoral expression among
BRCA-mutated patients; however, significance is limited by
low numbers of patients with known BRCA status.

Although a prior study suggested a role for IDO in
metastasis [50], our series demonstrates consistent IDO
expression when comparing primary tumor and metastatic
site biopsies among treatment-naïve patients, thus pro-
viding no evidence that metastatic spread is achieved
through acquisition of IDO expression. However, the
sample size of paired primaries and metastases is limited,
therefore additional study may be warranted, as are
investigations of the role of neoadjuvant therapy on
expression status.

Fig. 4 IDO and PD-L1 marginal
expression pattern. Positivity for
both IDO and PD-L1 was often
concentrated at the infiltrating
edge of the tumor in regions of
lymphocyte concentration, as
illustrated in this high-grade
triple-negative carcinoma (A:
H&E, B-C: IDO, D-E: PD-L1).
This pattern is suggestive of an
adaptive immune response

IDO expression in breast cancer: an assessment of 281 primary and metastatic cases with comparison... 1519



Finally, we demonstrate that the majority (70%) of PD-
L1-positive breast cancers co-express IDO. This finding
may help account for variable responses to PD-1/PD-L1
inhibition even in the setting of strong PD-L1 expression,
as efficacy of PD-1/PD-L1 antagonism could be limited in
a microenvironment with IDO-associated T-cell impair-
ment. This suggests a role for combination immunother-
apy in select patients. Additionally, we show that the
majority of cases lacking PD-L1 are also IDO-negative.
Given the very low frequency of IDO-positive, PD-L1-
negative cases, PD-L1 status could potentially drive an
algorithmic approach to IDO testing: if PD-L1 is
expressed, the patient may benefit combination therapy
and thus merit IDO staining; if PD-L1 is not expressed,
however, IDO is also likely to be negative and there is
little rationale for targeting either molecule.

However, it is not yet clear that IDO expression cor-
responds with response to anti-IDO therapy. Clinical trials
correlating therapeutic response with immunohistochem-
ical expression of IDO in the tumoral and immune com-
partments are therefore needed, as this biomarker may
prove important for rational patient selection. There are a
number of ongoing clinical trials investigating IDO inhi-
bitors in breast cancer, but none have evaluated biomarker
expression as an inclusion criterion. Recent phase I trials
have focused on indoximod (1-methyl tryptophan) which
has shown hints of single agent activity in breast cancer
[51] and some efficacy in combination with docetaxel in
breast cancers (NCT01792050) [52]. Other IDO inhibitors
under phase I investigation include BMS-986205, GDC-
0919 [29], and epacadostat [53]. Vaccine trials of indox-
imod given in combination with p53 antigen are also
underway (NCT01042535) [54]. Several studies have also
focused on IDO inhibitors in combination with PD-1/PD-
L1 therapy: the ECHO202 study of epacadostat plus
pembrolizumab in triple-negative breast cancer showed a
response rate of 10% along with a 36% disease control
rate [55], while trials of BMS-986205 plus nivolumab
(NCT02658890), and GDC-0919 plus atezolizumab
(NCT02471846) are ongoing.

As data emerge from these trials, it will be worthwhile
to retrospectively assess IDO expression among respon-
ders. Our findings suggest that therapies targeting IDO are
unlikely to show great utility in unselected populations of
breast cancer patients since the majority of tumors do not
appear to enlist this mechanism of immune evasion.
Conversely, these drugs may benefit a specific subset of
patients, most notably the roughly one-third of triple-
negative cancers expressing IDO. Given that the majority
of PD-L1-positive tumors co-express IDO, correlation
with IDO and PD-L1 levels for the combination therapy
trials will be of particular interest. Establishing tumoral
and/or immune cell staining thresholds indicative of

probable response will maximize the potential benefit of
these drugs and spare patients unlikely to respond from
unnecessary side effects.

A significant limitation of this approach—which is
central to both our current study and to similar investi-
gations in the immunotherapy literature—is that IDO is
only one of many immune modulatory molecules that can
be manipulated by malignancy. Though we herein
describe IDO in relation to PD-L1 expression, there are
many other immune modulatory molecules which may
play a role in breast cancer progression and could further
confound discordance between the expression status and
therapeutic response. These two molecules are of interest
because clinically available inhibitors exist, but as more
targets emerge a more complete understanding of the
immune milieu will help inform a rational approach to
therapy. While immunohistochemical staining benefits
from easy applicability to the clinical setting, more
detailed multiplex investigations could present a more
thorough picture of the challenges that targeted immu-
notherapies are up against and better highlight potential
tumoral vulnerabilities.

Another significant limitation derives from the tissue
microarray-based nature of this study. Immune modulatory
molecules often show considerable geographic hetero-
geneity and although sampling errors were mitigated by the
use of four replicate cores per case and attempted sampling
at both the ‘leading edge’ and in the center of each, the
potential under or overrepresentation of tumor character-
istics remains a limitation. Whole section studies on breast
cancers are therefore warranted, with particular attention to
the complete tumor margin where the adaptive immune
response is often heightened.

In summary, we herein demonstrate that IDO expres-
sion is frequent among high-grade, triple-negative breast
carcinomas with less common expression among low-
grade, hormone receptor-positive cancers. The majority of
cases with tumoral PD-L1 positivity co-express IDO,
suggesting that IDO may play a role in anti-PD-1/PD-L1
immunotherapy resistance and that dual therapy may be
of utility in this setting. Tumoral and stromal immune cell
IDO expression shows fidelity between primary and
metastatic sites in treatment-naïve cancers, arguing
against IDO as an independent driver for metastatic
spread. Clinical trials are needed to assess the efficacy of
IDO inhibition relative to IDO expression, as well as its
possible role in combination with anti-PD-1/PD-L1
immunotherapy.
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