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Simple Summary: Mammary carcinomas have been diagnosed with increasing frequency in pet
rabbits. Prognostic biomarkers are limited, and the only available treatment is surgical excision.
Additional treatment options are needed, e.g., for animals in which metastases to internal organs
preclude complete tumor removal. Human breast cancer may express the immunosuppressive
enzyme indoleamine 2,3-dioxygenase 1 (IDO1), that represents a prognostic biomarker and a possible
therapeutic target. Since previous studies revealed similarities between human breast cancer and
pet rabbit mammary carcinomas, this study investigated IDO1 immunostaining in 96 mammary
carcinomas of 96 pet rabbits with an average age of 5.5 years. All rabbits with reported sex were
female. Variable percentages of IDO1-positive tumor cells were detected in 90 (94%) carcinomas.
Furthermore, IDO1 immunostaining was observed in the secretory epithelial cells of the adjacent
non-neoplastic mammary tissue. This study provides further information on the molecular features
of mammary carcinomas in rabbits. It also shows similarities in IDO1 expression between rabbit
mammary carcinomas and human breast cancer. These findings can have a mutual benefit. They
could lead the development of novel treatment options for rabbits with mammary carcinomas. In
addition, they further support the value of rabbits with mammary carcinomas for breast cancer
research.

Abstract: For mammary carcinomas in pet rabbits, prognostic biomarkers are poorly defined, and
treatment is limited to surgical excision. Additional treatment options are needed for rabbit patients
for which surgery is not a suitable option. In human breast cancer, the immunosuppressive enzyme
indoleamine 2,3-dioxygenase 1 (IDO1) represents a prognostic biomarker and possible therapeutic
target. This retrospective immunohistochemical study examined IDO1 in 96 pet rabbit mammary
carcinomas with known mitotic count, hormone receptor status, and percentage of stromal tumor
infiltrating lymphocytes (TILs). Tumors were obtained from 96 pet rabbits with an average of
5.5 years. All rabbits with reported sex (n = 88) were female or female-spayed. Of the carcinomas,
94% expressed IDO1, and 86% had sparse TILs consistent with cold tumors. Statistically significant
correlations existed between a higher percentage of IDO1-positive tumor cells, lower mitotic counts,
and increased estrogen receptor expression. The threshold for significance was IDO1 staining in >10%
of tumor cells. These results lead to the assumption that IDO1 expression contributes to tumorigenesis
and may represent a prognostic biomarker and possible therapeutic target also in pet rabbit mammary
carcinomas. They also support the value of rabbits for breast cancer research.
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1. Introduction

In pet rabbits, mammary carcinomas are relatively frequently occurring tumors [1].
Data on possible prognostic biomarkers are limited [2-5], and the only available treatment
is surgical excision [4]. Additional knowledge of the molecular features of pet rabbit mam-
mary carcinomas is required to provide a more concise prognostication of their biological
behavior and to reveal novel treatment options. The latter are particularly needed for
rabbit patients in which surgery is not a suitable option, e.g., those with a high narcotic
risk or with tumor metastases to internal organs that preclude complete surgical removal.
Previous studies revealed histologic and immunohistochemical similarities between pet
rabbit mammary carcinomas and human breast cancer [2—4,6]. The latter may express the
enzyme indoleamine 2,3-dioxygenase 1 (IDO1) [7-12].

IDO1 is an intracellular heme-containing enzyme of the kynurenine pathway with
antimicrobial, immunosuppressive, and tumor-promoting functions [13]. It is localized in
the cytoplasm of different cell populations and mediates the breakdown of the essential
amino acid L-tryptophan in N-formylkynurenine [13,14]. The latter converts spontaneously
to kynurenine, which is further transformed into additional active metabolites. Finally,
nicotinamid-adenin-dinucleotid and adenosine triphosphate are generated as the end
products of this pathway [14]. The antimicrobial function of IDO1 is caused by tryptophan
depletion, which inhibits the growth of viruses, bacteria, and fungal agents [15]. The
immunosuppressive action is based on the tissue depletion of tryptophan, which promotes
cell cycle arrest and apoptosis in T helper 1 cells as well as the accumulation of tryptophan
degradation products that are toxic to lymphocytes and mediate their differentiation
into regulatory T cells [13,14]. The latter effect is mediated by the activation of the aryl
hydrocarbon receptor (AHR) [13,14].

Previous studies on the tissues of humans and different animal species highlight
pathophysiological expression patterns of IDO1 [8,14,16-23].

In people, the IDOL1 protein is not only expressed in some normal tissues and organs [8,
16,17], but also in malignant tumors of different organ systems [8,14,17]. Within the tumor
microenvironment, immunopositive cell populations include tumor cells, macrophages,
dendritic cells, lymphocytes, endothelial cells, and stromal cells [8,10,11,14,17,24]. IDO1
expression in tumors, including breast cancer, is often associated with a worse prognosis,
since IDO1 and its metabolites inhibit anti-cancer immune defenses and facilitate the
survival, motility, and chemoresistance of tumor cells, as well as neo-angiogenesis and
metastasis [8,11,12,14,24]. These effects are mediated by the activation of different signaling
pathways and receptors including the AHR [12,24]. Therefore, IDO1 has been suggested
as a therapeutic target since its inhibition can have a favorable influence on the biological
behavior of a tumor as well as its response to established targeted treatment [10,12,24].

Immunostaining for IDO1 has also been observed in the tissue samples of other species,
including rabbits [18], mice [19], horses [20], and dogs [21-23]. Differences in the tissue
expression, however, existed between humans and the different animal species [8,18,21].
Watanabe et al. [18] examined a rabbit duodenum and thyroid gland to find out the cellular
location of IDO1. The study of Zhu and Dai [19] reports tissue distribution and cellu-
lar location of IDO1 in multiple normal mouse tissues. Schoniger et al. [20] compared
IDO1 expression in normal equine endometria and in those affected by inflammatory and
degenerative diseases. To the best of the authors” knowledge, so far, studies on IDO1
expression in animal tumors are only available of dogs. Several canine tumors were exam-
ined, including mammary tumors [21], different types of carcinomas [21], sarcomas [21],
and melanomas [22,23], as well as multiple normal canine tissues [21]. Similar to human
tumors, IDO1 immunopositive cell populations included tumor cells, mononuclear im-



Animals 2024, 14, 2060

30f20

mune cells, and stromal cells [21-23]. Of the 14 histologically not-further-classified canine
mammary tumors which were included in the study by Ikeda et al. [21], all showed a low
IDO1 expression score in tumor cells that was considered as negative and three contained
IDO1-positive immune cells [21]. Normal canine mammary tissue was not included in the
panel of examined normal tissues [21]. The studies on canine melanocytic tumors included
follow-up data and identified IDO1 as a likely prognostic factor in canine melanomas
also [22,23].

The aim of this retrospective immunohistochemical study was to examine the ex-
pression of IDOL1 in pet rabbit mammary carcinomas and adjacent normal tissue to gain
knowledge on the pathophysiological expression patterns of this enzyme in rabbits. Fur-
thermore, in the case of positive tumoral IDO1 expression, the subsequent goal was to
check for a possible association between IDO1 expression and known histologic, molecular,
and immunological tumor data.

Results of this study will provide novel information on the pathophysiological expres-
sion of IDO1 in rabbits and the molecular profile of pet rabbit mammary carcinomas. This
knowledge can be used in further investigations of the role of this enzyme in normal and
diseased mammary tissue of rabbits and is likely also of value for comparative studies of
breast cancer in humans and mammary tumors in different animal species.

2. Materials and Methods

This retrospective study was performed on tissue sections of 96 mammary carcinomas
of 96 pet rabbits, which were stained with hematoxylin—eosin (HE) and immunolabelled
for IDO1. The tumors in this study had been included in previous published investigations
on estrogen receptor-a (ER-«) and progesterone receptor (PR) expression [2], calponin
immunostaining [3], and determination of tumor infiltrating lymphocytes (TILs) [5]. Se-
lected data from these previous studies were included in the present study to examine their
possible association with IDO1 expression in pet rabbit mammary carcinomas.

2.1. Animals

To obtain information on the pet rabbits with mammary tumors, data on the signalment
of the rabbits (sex, age, breed) were extracted from the clinical history.

2.2. Tissue Samples

Immediately after their surgical excision in veterinary practices, tissue samples were
fixed in 10% neutral buffered formalin and were submitted to a diagnostic laboratory.
After 24-48 h of fixation in formalin, the tissue samples were embedded in paraffin wax.
All tissue sections used in the present study were prepared within the same laboratory.
For this, paraffin blocks were processed routinely, and cut with a microtome (Microm
HMA400, DiaTec Diagnostische System-Technik, Hallstadt, Germany) into 2 um sections.
The sections were routinely stained with HE. The diagnosis of mammary carcinoma was
obtained based on the microscopic examination of the HE-stained sections. Serial sections
from each block were prepared immediately prior to immunostaining for IDO1. As all
samples were submitted for routine diagnostic purposes and, moreover, were no longer
needed for diagnostics, it was not required to submit an animal testing request or to obtain
an ethics committee’s approval. This approach is supported by the decision of the local
government (RUF-55.2.2-2532-1-86-5).

2.2.1. Histologic Examination

A histologic examination of HE-stained tissue sections was performed to obtain a
standardized diagnosis of pet rabbit mammary carcinomas and to compare the histotypes
of tumors with and without IDO1 expression.

The classification of the pet rabbit mammary carcinomas, including the determination
of histotypes, was performed according to previous published classifications on rabbit
mammary tumors [1,2,6] and the 3rd edition of the international histologic classification of
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mammary tumors of domestic animals [25]. The histotype is defined by the predominant
growth pattern(s) [2,25]. In addition, these tumors were examined under consideration of
the WHO guidelines for human breast cancer [26].

Furthermore, tumors were examined for the presence of infiltrative or non-infiltrative
growth according to the definition of Zappulli et al. [25]. Non-infiltrative tumors are
well-demarcated from the adjacent non-neoplastic tissue, whereas infiltrative tumors are
characterized by an irregular outline at their periphery [25].

Histopathological examinations were conducted using a Zeiss Axio Scope.Al mi-
croscope (Carl Zeiss AG, Oberkochen, Germany) equipped with 5x, 10x, 20x, and
40x objectives.

2.2.2. Immunohistochemistry for Detection of IDO1

Immunostaining for IDO1 was performed to characterize IDO1 expression in pet
rabbit mammary carcinomas and adjacent normal mammary tissue and to correlate results
on tumoral IDO expression with available data on histologic and immunological tumor
features, hormone receptor status, and calponin expression.

Tissue sections from 96 paraffin wax blocks containing formalin-fixed rabbit mam-
mary carcinoma tissue were dewaxed and rehydrated. For blocking of the endogenous
peroxidase, tissue sections were placed in methanol containing 3% HO, for 30 min at room
temperature (RT). The mouse anti-human IDO1 primary antibody (clone 10.1, Chemicon,
Limburg an der Lahn, Germany) was diluted 1:50 in Tris-buffered saline (TBS) with 1%
bovine serum albumin. Sections were incubated with the primary antibody overnight
at 4 °C. Subsequently, they were thoroughly washed with TBS, followed by applying
anti-mouse Dako Envision+ system-HRP polymer (Dako, Hamburg, Germany) for 30 min
at RT. After a further washing step, the sections were treated with 3,3'-diaminobenzidine-
tetrahydrochloride (DAB) as the chromogen. They were rinsed again and counterstained
with Papanicolaou’s solution (Merck, Darmstadt, Germany). As a negative control, the sec-
tions were incubated with an isotype-matched nonbinding antibody. Equine endometrium
served as positive batch control [20] (Figure 1). The immunostained sections were examined
to determine immunopositive cell populations within the normal mammary tissue and
the carcinoma and to report cellular location and quality of immunostaining. For this, the
20x to 40x objectives of a Zeiss Axio Scope.Al microscope were used. Semiquantitative
evaluation recorded the percentage of immunopositive tumor cells for each carcinoma
using the 20x objective of a Zeiss Axio Scope.Al microscope.
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Figure 1. Immunostaining for indoleamine 2,3-dioxygenase 1 in the equine endometrium that
served as positive control (a,b). Immunopositive cell populations were glandular epithelial cells
(a,b: arrows) and scattered mononuclear immune cells morphologically consistent with macrophages
(b: arrowhead). These showed diffuse cytoplasmic immunolabelling. Bars = 50 um (a), 20 um (b).
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2.3. Data Extracted from Previous Studies

Data from previous studies [2,3,5] were included in this investigation to compare
histologic features, hormone receptor status, calponin expression and percentages of TILs
between IDO1-positive and IDO1-negative tumors. Furthermore, these data were used for
statistical examinations to further characterize pet rabbit mammary carcinomas with and
without IDO1 expression.

2.3.1. Histologic Features

The following histologic data were analyzed in detail in a previous study [2] and the
results were included in this investigation, i.e., the percent of tumor-associated necrosis,
the tumor area with a tubular growth pattern in percent of the entire tumor area [2,27],
the mitotic count per ten 40 x high power fields (HPFs) under consideration of the field
number of the microscope [2,27,28], and the degree of nuclear pleomorphism [2,27]. Tumor-
associated necrosis was subdivided into four categories, i.e., minimal, mild, moderate,
and marked if it was present in <10%, 10-39%, 40-69%, and >70% of the tumor area,
respectively [2]. According to the method of Elston and Ellis [27], each of the following
histological parameters, i.e., tubular growth, mitotic count, and nuclear pleomorphism, is
evaluated by a numerical scoring system ranging from 1 to 3 points. Obtained points (3-9)
are added to obtain the histologic score. The latter is used to calculate the tumor grade,
i.e., grade I (histologic scores 3-5), grade Il (histologic scores 6-7), and grade III (histologic
scores 8-9).

2.3.2. Hormone Receptor and Calponin Expression

Immunostaining for ER-« and PR was described in detail by Degner et al. [2]. The
data included in this study are the immunoreactive score (IRS) and the hormone receptor
histologic score (H-score) for ER-oc and PR. These were determined based on the percentages
of immunopositive cells as well as the intensity of immunostaining. The IRS was calculated
as [(weakly positive tumor cells) + (moderately positive tumor cells x 5) + (strongly positive
tumor cells x 10)/100] [29,30]. The H-score was calculated as (weakly positive cells) +
(moderately positive cells x 2) + (strongly positive cells x 3) [28].

Immunolabelling for calponin was described in detail by Degner et al. [3]. The results
included in this study are the percentages of calponin immunopositive tumor cells.

2.3.3. Percentages of Tumor-Infiltrating Lymphocytes

The methodical details are described in detail by Schoniger et al. [5]. Analyses of
stromal TILs within HE-stained tissue sections were performed according to the guidelines
of Salgado et al. [31] and Hendry et al. [32] separately for the central tumor (CT) and
the invasive margin (IM). For this the 20 x objective of a Zeiss microscope scope Al with
an ocular field number of 23 was used. The 20x field of view corresponds to an area of
1.04 mm?. Stromal TILs are defined as the stroma area occupied by lymphocytes and plasma
cells in percent over the entire stromal area [31,32]. Stromal TILs were evaluated separately
within the CT and the IM [31,32]. The CT represents the tumor area surrounded by the
IM. The IM is defined as a 1 mm wide zone at the tumor periphery that is centered at the
border of the tumor cell nests with the non-neoplastic host tissue [32]. It is composed of an
inner area of tumor tissue (500 pm) and an outer area of peritumoral stroma (500 pm) [32].
The CT and the IM were examined stepwise with the 20x objective [5].

The data included in this study are average and maximal percentages of stromal
TILs per 20x objective field of view within the CT and the IM. TILs within the CT were
analyzed in all 96 carcinomas. TILs at the IM were examined in 93 cases, since the sections
of 3 carcinoma cases did not contain the tumor periphery.
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2.4. Determination of Immunotypes

The purpose was to categorize pet rabbit mammary carcinomas into known immuno-
types and to check possible associations between IDO1 expression and the respective
immunotypes.

The classification of rabbit mammary carcinomas into 4 immunotypes, i.e., hot, cold,
altered immunosuppressed, and altered-excluded [33], was adjusted to the results of
the examinations for TILs in the pet rabbit mammary carcinoma according to Table 1.
Determination of immunotype was performed on the sections of the 93 carcinomas that
contained CT and IM. Cold tumors were defined by no or only sparse average stromal TILs
in the entire tumor area including the CT and the IM. Hot tumors were characterized by
abundant stromal TILs, i.e., more than 50% within the CT area and variable percentages
of stromal TILs at the IM. The hallmark of altered immunosuppressed tumors was an
intermediate percentage of stromal TILs within the CT area without accumulation of
stromal TILs at the IM. Altered excluded carcinomas showed an accumulation of average
stromal TILs at the IM.

Table 1. Classification of 93 pet rabbit mammary carcinomas into 4 immunotypes.

Tumor Classification Average Stromal TILs Average Stromal TILs
into Immunotypes in Central Tumor at Invasive Margin
Hot >50-100% 0-100%
Cold 0-10% 0-10%
Altered immunosuppressed >10-50% 0-50%
Altered excluded 0-10% >10-100%

TILs = Tumor-infiltrating lymphocytes defined as lymphocytes and plasma cells.

2.5. Statistical Analysis

A statistical analysis was conducted to obtain information about if IDO1 expression
was statistically associated with tumor features of possible clinical relevance.

For the statistical analysis, the IBM SPSS software version 28 (IBM SPSS Inc., Armonk,
NY, USA) was applied.

Using the Pearson correlation coefficient, the percentage of IDO1-positive tumor cells
was correlated with the histologic, immunohistochemical, and immunological data that
were extracted from previous studies, i.e., the percent of tumor-associated necrosis [2],
mitotic count per ten 40 x HPFs [2], the degree of nuclear pleomorphism [2], histologic
score and grade [2], IRS and H-score for ER-a and PR [2], the percent of calponin-positive
tumor cells [3], as well as the average and maximal percentages of stromal TILs per 20 x
objective field of view within the CT and the IM [5].

A t-test was used for groupwise comparisons of the IDO1-negative tumors (1 = 6) with
tumors containing 1-10% of IDO1-positive tumor cells (1 = 42) and IDO1-negative tumors
(n = 6) with tumors containing between 11 and 100 positive tumor cells (1 = 48), respectively.
The following parameters were included in the groupwise comparisons: mitotic count per
ten 40 x HPFs [2], histologic score and grade [2], as well as IRS and H-score for ER-« and
PR [2]. For all applied tests, the significance threshold was set at 0.05.

3. Results
3.1. Animals

Per clinical history, the pet rabbits in this study were reported as rabbits (1 = 40), dwarf
rabbits (n = 30), lion head rabbits (n = 3), lion head rabbit mix (n = 1), dwarf lop (n = 6),
lop rabbit (n = 3), lop mix (1 = 1), Angora rabbit (n = 1), Teutoburger (n = 1), rex (n = 1),
and as unknown breed (n = 9). The ages were not reported in 19 animals. The ages of the
remaining rabbits ranged between 1.5 and 10 years (median: 5 years). The sex was not
reported for eight rabbits (8%). All rabbits with reported sex were female (n = 71; 74%) or
female-spayed (n = 17; 18%).
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3.2. Histologic Tumor Classification and IDO1 Expression
3.2.1. Histologic Tumor Classification

All pet rabbit mammary carcinomas in this study represented simple carcinomas
(Figure 2).

Figure 2. (a,b) Rabbit mammary carcinoma with secretory activity characterized by proteinaceous
fluid in tubular structures (asterisks). Lipid droplets are present in tumor cells (black arrows)
and in lumina of tubular structures that also contain proteinaceous material (white arrows). “Cold”
immunotype. Overview magnification (a) and higher magnification (b) showing in detail the presence
of lipid droplets in tumor cells (black arrows) and in tubular lumens (white arrows) that also contain
proteinaceous material (asterisks). Hematoxylin—eosin stain. Bars = 100 um (a), 30 um (b).

In areas with a tubular growth pattern, well-defined tubular structures with distinct
lumina are lined by one to two cell layers of neoplastic cells [2,6,25]. The solid growth
pattern is characterized by the presence of solid nests and trabecules [2,6,25]. The presence
of variably sized cystic spaces covered by one to four layers of neoplastic epithelial cells is
consistent with a cystic growth pattern [2,6]. Areas with papillary growth are composed of
papillary stromal proliferations lined by two to six layers of tumor cells [2,6]. Areas with a
tubulopapillary growth contain tubular structures with intraluminal papillary projections
that lined by one to several layers of tumor cells [25].

The tubular histotype dominated, with a percentage of 65% (1 = 62). Solid (10%, n = 10),
cystic (10%, n = 10), and papillary (5%, n = 5) histotypes were also observed. Tumors with
the tubulopapillary histotype were uncommon (2%, n = 2). In addition, a small number of
tumors displayed the presence of two growth patterns at an equal amount of the tumor
area, these were diagnosed as combined histotypes, i.e., tubular and solid (5%, n = 5), and
tubular and cystic (2%, n = 2).

Notably, none of the pet rabbit mammary carcinomas would correspond to human
tubular carcinoma, since in none of the tumors, more than 90% of the tumor area showed
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a tubular growth pattern. Using the WHO classification for human breast tumours [26],
all pet rabbit mammary carcinomas were consistent with invasive breast carcinoma of no
special type (synonym: invasive ductal breast carcinoma).

Infiltrative carcinomas encompassed 71% (68/96) and non-infiltrative tumors encom-
passed 26% (25/96). In 3% (3/96) tumors, tissue infiltration at the periphery could not be
evaluated, since the tumor section contained only the CT area.

All pet rabbit mammary carcinomas showed secretory activity characterized by the
accumulation of a proteinaceous material in tubular and cystic structures and/or the
detection of lipid droplets in tumor cells and in secretory material (Figure 2). Secretory
activity varied from mild (1-10% of the tumor area) to marked (more than 70% of the tumor
area).

3.2.2. IDO1 Expression

IDOL1 staining in tumor cells was detected in 90 of 96 carcinomas (94%), whereas in six
carcinomas, tumor cells were immunonegative.

The six rabbits with IDO1-negative tumors were reported as rabbit (n = 1), dwarf
rabbit (1 = 2), and dwarf lop (n = 2); in one case, the breed was not included in the clinical
history; all rabbits were female. The reported age was 5 (n =1), 6 (n = 1) and 7 years (n = 2);
the ages of two rabbits were not provided in the anamnestic data.

IDO1 was observed in the cytoplasm of the tumor cells as a finely granular or ho-
mogeneous nongranular stain (Figures 3 and 4). The immunostaining was either located
diffusely within the entire cytoplasm, or it was restricted to the upper apical portion of the
cell (Figure 3). Tumor cells with diffuse labeling of the entire cytoplasm were exclusively
detected in 77 (80%) tumors, whereas 19 tumors (20%) showed the concurrent presence of
tumor cells with apical staining. Diffuse IDO1 expression within the entire cytoplasm of
tumor cells was observed in tumor areas with all growth patterns, i.e., solid, tubular, papil-
lary, and cystic, and was either granular or nongranular. In comparison, tumor cells with
apical IDO1 staining were restricted to tumor areas with tubular, papillary, or cystic growth;
the staining was always granular (Figure 3). Tumor cells with and without IDO1 expression
were detected within all tumor areas, including the tumor center and the invasive margin
(Figure 4).

Figure 3. Indoleamine 2,3-dioxygenase 1 immunostaining patterns of pet rabbit mammary carcino-
mas. (a) In this tumor, tumor cells showed a cytoplasmic immunoreaction that was either granular
(black and white arrowheads) or nongranular (asterisks). In tumor cells lining tubular structures,
the granular stain was restricted to the apical cytoplasm (black arrowheads), whereas tumor cells
arranged in small clusters showed a diffuse cytoplasmic granular stain (white arrowheads). The non-
granular stain always filled the entire cytoplasm of tumor cells (asterisks). Depicted is the central area
of this tumor with an altered-excluded immunotype. (b) Tumor with scattered tumor cells displaying
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granular cytoplasmic staining (white arrowheads). Immune cells (hashtags) and endothelial cells
(white arrows) stained negative. Shown is the invasive margin of this tumor with an altered-excluded

immunotype. As chromogen, 3,3'-diaminobenzidine-tetrahydrochloride was used. Bars = 100 pm.

Figure 4. (a) Rabbit mammary carcinoma with infiltration of cutaneous trunci muscle. “Cold” im-
munotype. In this tumor, neoplastic cells infiltrating the skeletal muscle (asterisks) were mainly
arranged in a tubular pattern (black arrows) and were predominantly indoleamine 2,3-dioxygenase
1 (IDO1) immunonegative. Only few IDO1-positive cells (white arrowheads) were present. (b) In-
vasive margin of rabbit mammary carcinoma with abundant IDO1 immunopositive tumor cells.
These formed solid (hashtags), tubular (black arrow), and cystic structures (gray arrow). “Altered
immunosuppressed” immunotype. Bars = 150 um.

In the positive carcinomas, the percentage of immunopositive tumor cells was highly
variable and ranged from 1 to 100% (median: 10%), whereas 44% of tumors had between 1
and 10% of positive tumor cells (Figures 5 and 6). Notably, none of the examined 96 pet
rabbit mammary carcinomas contained IDO1-positive mononuclear immune cells, stromal
cells, or endothelial cells (Figures 3 and 6).
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Figure 5. Of the pet rabbit mammary carcinomas, 90 of 96 (94%) contained indoleamine 2,3-
dioxygenase 1 (IDO1) immunopositive tumor cells, whereas 6 carcinomas (6%) were immunonegative.
In the former, the percentage of IDO1-positive tumor cells was highly variable, ranging from 1% to
100%. Notably, 43 tumors (44%) contained between 1 and 10% positive tumor cells.
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Figure 6. Pet rabbit mammary carcinomas with immunostaining for indoleamine 2,3-dioxygenase 1.
The percentages of positive tumor cells were highly variable ranging from very few (a, arrowhead) to
moderate numbers (b, arrowheads) or staining of nearly all neoplastic cells (¢, arrowheads). Tumors
were of “cold” (a,b) and “altered-excluded” (c) immunotypes. Bars = 30 pm.

Of the examined 96 excisional biopsies with a mammary carcinoma, 76 (79%) contained
adjacent normal/non-neoplastic mammary gland, in which alveoli and intralobular ducts
showed positive cytoplasmic immunostaining for IDO1 in 80-100% of lining luminal
epithelial cells, whereas the myoepithelial cell layer was negative. The immunosignal was
detected diffusely within the cytoplasm, often with apical enhancement, or it was restricted
to the apical cytoplasm, it was always granular (Figures 7 and 8).

Figure 7. Rabbit mammary carcinoma with negative staining for indoleamine 2,3-dioxygenase 1 in
tumor cells (asterisks) and “cold” immunotype, whereas in the adjacent non-neoplastic mammary
gland parenchyma, secretory epithelial cells were immunopositive (arrows). As chromogen, 3,3'-
diaminobenzidine-tetrahydrochloride was used. Bar = 150 pum.
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Figure 8. Immunostaining for indoleamine 2,3-dioxygenase 1 in non-neoplastic mammary gland
parenchyma without (a’) and with (b’) moderate periglandular lymphocytic and plasma cellular
infiltration. Negative controls in which the primary antibody was replaced by an isotype-matched
non-binding antibody (a”,b”’). Non-neoplastic secretory epithelial cells lining tubuloalveolar struc-
tures showed cytoplasmic immunostaining, which was observed diffusely within the cytoplasm
(black arrowheads), or it was present at the apical pole (gray arrowheads). The negative basal
myoepithelial cell layer is labeled by arrows. This is shown in greater detail in the insets (a’,b’).
Periglandular lymphocytes and plasma cells were immunonegative and are marked by asterisks
(b’). The respective negative controls did not show any labeling, which is shown in higher magni-
fication in the insets (a”,b”’). As chromogen, 3,3'-diaminobenzidine-tetrahydrochloride was used.
Bars = 100 um (a’,a’”’ ,b’,b""); Bars (insets) = 30 um (a’,a’”’,b’,b").

3.3. Characteristics of Carcinomas with and without IDO1 Expression
3.3.1. Histologic Features

There were no apparent differences in the histologic features of carcinomas with or
without IDO1 expression in tumor cells.

IDO1-negative carcinomas (1 = 6): The histotypes were tubular (n = 3), tubular and
solid (n = 2), and solid (n = 1). Tumor-associated necrosis encompassed <10% of the tumor
area (n = 3), 10-39% of the tumor area (n = 2), and 40-69% of the tumor area (n = 1). The
mitotic count was between 4 and 29 mitoses in ten 40 x HPFs (median: 7.5). All tumors had
moderate nuclear pleomorphism (score 2). One tumor showed a good (grade I) and the
remaining tumors a moderate (grade II) differentiation.

IDO1-positive carcinomas (1 = 90): The histotypes were tubular (1 = 59; 66%), cystic
(n = 10; 11%), solid (n = 9; 10%), papillary (n = 5; 6%), tubular and solid (n = 3; 3%),
tubulopapillary (n = 2; 2%), and tubular and cystic (n = 2; 2%). Tumor-associated necrosis
was absent (n = 22, 24%), encompassed <10% of tumor area (n = 40; 44%), 10-39% of
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tumor area (n = 17; 19%), 40-69% of tumor area (n = 9; 10%), and >70% of the tumor area
(n = 2; 2%). The mitotic count was between 0 and 30 mitoses in ten 40x HPFs (median:
5). Moderate nuclear pleomorphism was detected in 87 tumors (97%), whereas it was low
in 2 (2%) and high in 1 (1%) of the neoplasms. A good (grade I), moderate (grade II), and
poor (grade III) differentiation was present in 53 (59%), 35 (39%) and 2 (2%) of the tumors,
respectively.

3.3.2. Hormone Receptor and Calponin Expression

Of the examined carcinomas, 62 (65%) were negative for ER-« and PR, whereas 16
(17%) showed immunostaining for both receptors; 16 (17%) were only positive for PR, and
2 (2%) were only positive for ER-ox.

The majority of tumors (1 = 91; 95%) contained calponin-positive tumor cells ranging
from 2 to 22 percent (median: 8%), these tumors also included the six IDO1 immunonegative
tumors. Tumors with a lack of calponin expression (1 = 5; 5%) showed a wide range of
IDO1 immunostaining in tumor cells, i.e., these neoplasms contained 1, 5, 15, 80, and 100%
of IDO1-positive tumor cells, respectively.

IDO1-negative carcinomas (1 = 6): All IDO1-negative carcinomas were negative for
ER-o and PR (IRS = 0, H-score = 0) but contained calponin-positive tumor cells. Their
percentages varied between 2% and 19% (median: 8%).

IDO1-positive carcinomas (1 = 90): Negative immunostaining for ER-« was detected in
72 carcinomas (80%), whereas 18 (20%) stained positive for ER-o.. Regarding the latter, the
ER-« IRS varied from 0.26 to 2.28 (range: 0-2.28, median: 0), and the ER-& H-score between
14.87 and 124.59 (range: 0-124.59, median: 0). PR staining was absent in 58 neoplasms
(65%) and detected in 32 tumors (35%). The PR IRS ranged from 0.16 to 3.77 (range 0-3.77,
median: 0). The PR H-score varied from 9.3 to 149.07 (range 0-149.07; median: 0). Five
tumors (6%) did not show calponin expression in tumor cells, whereas 85 tumors (94%)
contained calponin-positive tumor cells ranging from 2 to 22% (median: 8%).

3.3.3. Percentages of Tumor-Infiltrating Lymphocytes

The maximal and average stromal TILs percentages were highly variable between
IDO1-positive and IDO1-negative tumors.

IDO1-negative carcinomas (n = 6): The maximal stromal TILs at the invasive margin
ranged from 2 to 15% and from 0 to 30% in the central tumor area. Average stromal TILs at
the invasive margin varied between 1 and 7% and between 0 and 30% in the central tumor
area.

IDO1-positive carcinomas (n = 90): Maximal stromal TILs at the invasive margin
ranged from 1 to 70% and from 1 to 80% in the central tumor area. Average stromal TILs at
the invasive margin varied between 1 and 35% and in the central tumor region, between 1
and 30%. In three tumors, immunotype classification could not be performed due to lack of
IM in the examined sections.

3.4. Immunotypes

The subclassification into immunotypes (Table 1) could be performed on 93 (87 IDO1-
positive and 6 IDO1-negative) tumors. Three tumors did not contain an IM in the examined
sections, which precluded the determination of the respective immunotype. The majority
of pet rabbit mammary carcinomas represented cold tumors (n = 80; 86%), whereas 10%
of the tumors (n = 9) were consistent with altered immunosuppressed neoplasms and 2%
each (n = 2) with altered-excluded and hot tumors, respectively. In cold tumors, IDO1
immunostaining of tumor cells varied between 0 and 90% (mean: 31%, SD: 34%), and
altered immunosuppressed neoplasms displayed IDO1 labeling in 1-80% of tumor cells
(mean: 26%, SD: 30%). The two altered-excluded tumors contained 2% and 60% of IDO1-
positive tumor cells, respectively. In hot tumors, 40% and 60% of tumor cells were IDO1
immunopositive. Of the six IDO1-negative tumors, five tumors represented cold tumors,
and one was classified as an altered-immunosuppressed tumor. Of the 87 IDO1-positive
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tumors, 75 (86%) were cold, 8 (9%) altered-immunosuppressed, 2 (2.5%) altered-excluded,
and 2 (2.5%) hot.

3.5. Results of Statistical Analysis

There was a statistically significant correlation between a higher percentage of IDO1-
positive tumor cells and the following parameters, i.e., a lower mitotic count and a rise
in IRS and H-scores for ER-« or PR, respectively. No statistically significant correlations
existed between the percentage of IDO1-positive tumor cells and the degree of tumor-
associated necrosis, nuclear pleomorphism of tumor cells, histologic score or grade, and
percentages of calponin-positive tumor cells, as well as maximal and average percentages
of stromal TILs in CT and IM (Table 2).

Table 2. Results of analyzed statistical correlations.

Parameter 1 Parameter 2 Correlation Cases
Mitotic count p=0.007; r = —0.272 n=96

IRS ER-x p =0.000; r = 0.397 n=96

H-score ER- p =0.000; r = 0.437 n=96

IRS PR p =0.000; r = 0.476 n=96

H-score PR p =0.000; r = 0.510 n =96

Tumor-associated necrosis p=0.082;r=-0.178 n=96

% IDO1 Nuclear pleomorphism p=0.519; r=0.067 n=96
positive TCs Histologic score p=0.093;r=-0.172 n=96
Histologic grade p=0.123;r=—-0.158 n=96

Calponin-positive TCs (%) p=0.668; r = 0.044 n=96

Max. stromal TILs CT p =0.538; r = 0.064 n=96

Average stromal TILs CT p=0.308; r=0.105 n=96

Max. stromal TILs IM p =0.333; r=0.102 n=93

Average stromal TILs IM p =0.624; r = 0.052 n=93

Correlations with statistically significant results are indicated in bold letters. IDO1 = indoleamine 2,3-dioxygenase
1; % = percent; TCs = tumor cells; ER- = estrogen receptor-«; PR = progesterone receptor; IRS = immunoreactive
score [29,30]; H-score = hormone receptor histologic score [28], Mitotic count = number of mitotic cells in 10 HPFs
under consideration of the field number of the microscope [2,27]; tumor-associated necrosis: necrosis in percent of
the tumor area; Nuclear pleomorphism [2,27]; Histologic score [2,27]; Histologic grade [2,27]; Max. or average
stromal TILs CT = maximal or average percentages of stromal tumor infiltrating lymphocytes within a 20 x field of
view in the central tumor [5,31,32]; Max. or average stromal TILs IM = maximal or average percentages of stromal
tumor infiltrating lymphocytes within a 20 x field of view in the central tumor [5,31,32]; p = p-value (statistical
significance set at 0.05); r = Pearson correlation coefficient.

As shown in Table 3 and Figure 9, IDO1 expression in more than 10% of tumor cells
was determined as the threshold for reaching significance levels for ER-« status and mitotic
count between IDO1-positive and IDO1-negative tumors. In detail, the IDO1-negative
tumors had significantly higher mitotic counts, higher histologic grades and scores, and
reduced ER-« or PR scores than the IDO1-positive tumors with 11-100% positive tumor
cells. The comparison of the IDO1-negative tumors with those tumors containing 1-10%
IDO1-positive tumor cells did not reach significance levels for the parameters described
above, except IRS and H-scores for PR.

Table 3. Groupwise comparison of IDO1-negative tumors with those tumors expressing IDO1 in
1-10% (a) and 11-100% of tumor cells (b), respectively.

(a)

Parameter IDO1 Neg. IDO1 1-10% TCs p-Value
(MW =+ SD) (MW = SD)

Mitotic count 10.83 +9.20 712 + 6.46 0.378
Histologic score 6.17 +0.75 557 +£1.17 0.130
Tumor grade 1.83 +0.41 1.48 + 0.59 0.096
ER-x IRS 0.00 + 0.00 0.03 £ 0.11 0.084
ER-o H-score 0.00 £+ 0.00 244 +9.42 0.100
PR IRS 0.00 + 0.00 0.24 £+ 0.65 0.022

PR H-score 0.00 + 0.00 11.02 +9.18 0.019
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Table 3. Cont.

(b)

IDO1 Neg.

IDO1 11-100% TCs

Parameter (MW =+ SD) (MW =+ SD) p-Value
Mitotic count 10.83 £9.20 475+ 419 0.006
Histologic score 6.17 = 0.75 5.35+0.98 0.006
Tumor grade 1.83 £041 1.40 £ 049 0.047
ER-ot IRS 0.00 £ 0.00 0.30 &+ 0.57 0.001
ER-oc H-score 0.00 £ 0.00 20.74 £ 35.58 0.000
PRIRS 0.00 & 0.00 0.90 +1.26 0.000
PR H-score 0.00 £ 0.00 41.04 £+ 53.45 0.000

IDO1 = indoleamine 2,3 dioxygenase 1, MW = mean value; SD = standard deviation; neg. = negative; % = percent;
TCs = tumor cells; MW = mean value; SD = standard deviation; ER-« = estrogen receptor-«; PR = progesterone
receptor; IRS = immunoreactive score; H-score = hormone receptor histologic score.
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Figure 9. As depicted in the boxplots, statistically significant differences in the mitotic count (a),
histologic score (b), H-score for estrogen receptor-a (ER-«) (c), and H-score for progesterone receptor
(PR) (d) existed between rabbit mammary carcinomas containing 11-100% of tumor cells with
immunostaining for indoleamine 2,3-dioxygenase (1 = 48) and those that were negative (1 = 6).

4. Discussion

This study confirmed that the expression of the IDO1 protein is also present in pet

rabbit mammary carcinomas.
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4.1. IDO1 Staining in Normal/Non-Neoplastic Mammary Gland

To our knowledge, no previously published data on IDO1 expression in rabbit mam-
mary gland tissue exists. The IDO1 protein, however, was detected in epithelial cells
of normal rat mammary gland tissue [34], whereas immunostaining for IDO1 in normal
human breast tissue was negative [8], and to the authors” knowledge, no information about
its staining in the mammary tissue of other species is available.

IDO1 immunolabelling, however, has also been observed within epithelial cells of
the human female genital tract, including surface and glandular epithelial cells in the non-
pregnant human endometrium, glandular epithelial cells in the cervix, and epithelial cells
in fallopian tubes [8,35]. This led to the hypothesis of intraluminal IDO secretion, which
was further supported by the detection of IDOL1 activity and kynurenine within cervical
mucous [35]. Constitutive IDO1 immunostaining was also observed in surface and/or
glandular epithelial cells of the endometrium of primates [36], mice [37], and mares [20].
Based on these findings, it was speculated that the constitutive expression of IDOL1 in the
female genital tract could modify immune cell activation and may protect against infectious
diseases [20,35-37].

Similarly, in the mammary gland, IDO1 may contribute—together with other antibac-
terial factors of the milk—to tissue protection against infection and inflammation [38,39].
This natural protection, however, may be overwhelmed by tissue injury, poor hygienical
conditions, and/or immunosuppression [40]. Mastitis frequently occurs in lactating, due to
the concurrent presence of several of these predisposing conditions [40].

Based on the detected enhanced apical location and the granularity of the immunostain-
ing, luminal IDO1 secretion may be considered. Notably, IDO1 activity has been detected
in cow milk [41]. It was sigificantly higher in the milk of cows with Prototheca-induced
mastitis than in cows without mastitis [41].

Some antimicrobial factors that are secreted in the rabbit milk are also functional in the
intestine of suckling kits [42]. Thus, a contribution of IDOL1 to the milk-associated intestinal
immune defense may be possible as well.

4.2. IDO1 Expression in Rabbit Mammary Carcinomas

A classification of pet rabbit mammary carcinomas into histotypes was performed
according to previously published classifications on rabbit mammary tumors [1,2,6] and the
3rd edition of the international histologic classification of mammary tumors of domestic an-
imals [25]. In comparison, the internationally accepted nomenclature for non-proliferative
and proliferative lesions in laboratory rabbits solely uses the terminology mammary ade-
nocarcinoma as an umbrella term without further subclassification of different histologic
cancer types [43].

In contrast to human breast cancer [8,10,11] and canine mammary tumors [21], exam-
ined rabbit mammary carcinomas displayed IDO1 staining only in tumor cells, whereas
other tumor-associated cell populations, e.g., mononuclear immune cells and endothelial
cells, were negative.

IDO1-positive pet rabbit mammary carcinomas showed two different staining patterns
of tumor cells. The non-granular cytoplasmic staining is likely explained by the function of
cytoplasmic IDO1, i.e., enzymatic degradation of tryptophane and regulation of cellular
signal transduction [44]. The granular cytoplasmic staining pattern suggests IDO1 accu-
mulation within intracellular organelles. In different cell populations, including tumor
cells and histiocytic cells, IDO1 is also contained in endosomes [44] and can be secreted in
extracellular vesicles [44-46]. Thus, in rabbits with mammary carcinomas, IDO1 may also
be secreted and could initiate systemic immunosuppressive effects.

Comparable to the findings in examined rabbit tumors, human breast cancer samples
displayed a marked variance in the percentage of immunopositive tumor cells, and most
IDO1-positive tumors (59%) harbored 1-10% positive tumor cells [10].

In rabbit mammary carcinomas, this study showed a statistically significant correlation
between a rise in IDO1 and an increase in ER-« expression. Comparable to this finding,
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Soliman et al. [7] observed higher IDO1 expression in human ER-a-positive breast cancer
compared to ER-a-negative breast cancer.

Increased IDO1 expression in rabbit mammary carcinomas was also significantly
associated with a lower mitotic count. This is likely explained by the finding that, in pet
rabbit mammary carcinomas, a statistically significant correlation exists between higher
ER-o expression and a lower mitotic count as well [2].

In human breast cancer, all molecular subtypes can be IDO1-positive [7,9-11], al-
though, the percentages of positive tumors may vary between breast cancer types [10,11].
IDOL1 is regarded as an independent unfavorable prognostic marker in multiple cancers [24].
In addition to IDO1, breast cancer may show the concurrent expression of other immuno-
suppressive and tumor-promoting factors, which can even involve the kynurenine-AHR-
axis [10,47].

In this study, results of the groupwise statistical comparisons suggest the existence of
at least two different IDO1-associated molecular profiles in rabbit mammary carcinoma,
i.e., (1) tumors with IDO1 expression in >10% of tumor cells, higher ER-« status, lower
mitotic counts, as well as decreased histological scores and grades and (2) tumors with
IDO1 expression in <10% of tumor cells, reduced ER-o levels, higher mitotic counts, as well
as increased histological scores and grades. The lower IDO1 expression in rabbit mammary
carcinomas with reduced ER-« levels may suggest that, in these tumors, alternative tumor-
promoting mechanisms are upregulated. This has to be investigated in future studies.

Previous studies suggested that, in pet rabbit mammary carcinomas, higher percent-
ages of calponin-positive tumor cells [3] and increased percentages of stromal TILs [5]
may act as favorable prognostic markers. In addition, statistically significant associations
were detected between a higher percentage of calponin-positive tumor cells and higher
percentages of stromal TILs [5]. Furthermore, each of these two parameters was associated
with a lower mitotic count and a lower histological score [3,5]. The absence of a statistically
significant association between these two parameters and IDO1 immunostaining may sug-
gest that IDO1 represents an independent prognostic marker also in pet rabbit mammary
carcinomas. This hypothesis would have to be further examined in studies that include
rabbit patients with postsurgical follow-up information.

The absence of a statistically significant association between IDO1 levels and percent-
ages of stromal TILs does not rule out an initial or, at least, partial influence of IDO1 on
stromal TILs. Since examined sections only represent a snapshot of the findings during
tissue selection, IDO1 expression during early tumorigenesis could have contributed to the
low number of TILs in most of the examined rabbit mammary carcinomas.

The terms cold and hot tumors are used to describe sparse and abundant infiltration of
tumors with lymphocytes and plasma cells, respectively [33]. The designation lymphocyte-
rich breast cancer is applied to tumors with more than 50% average stromal TILs [31].
Notably, most rabbit mammary carcinomas had 1-10% stromal TILs, which would warrant
their classification as cold tumors.

In neoplastic cells, the expression of IDO1 is induced by an inflamed tumor microenvi-
ronment or exists as a constitutive intrinsic feature [24].

In pet rabbit mammary carcinomas, the detected IDO1 expression is regarded as
a mainly constitutive event due to the presence of only sparse immune cell infiltrates
in most tumors. Since both hot tumors of this study showed IDO1 immunostaining in
higher numbers of tumor cells, i.e., 40% and 60% of tumor cells, an additional inflammation
mediated IDO1 upregulation should be considered. One of the two altered-excluded tumors
displayed IDO1 expression in 60% of tumor cells, which could have caused or at least
contributed to immune cell exclusion from the main tumor area. Since the other altered-
excluded carcinoma contained 2% IDO1-positive tumor cells, the existence of additional
immunosuppressive mechanisms within the tumor area appears likely. Similarly, also
in the altered-immunosuppressive carcinomas additional factors of immunosuppression
appear likely due to the wide range of IDO1-positive tumor cells.
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4.3. Mutual Benefit of the Results for Rabbit Patients and Breast Cancer Research

This study provided novel molecular data on pet rabbit carcinomas, which can serve
as the basis for future investigations into their clinical relevance. The observation that most
rabbit mammary carcinomas were IDO1-positive and showed a cold tumor status may
suggest that IDO1 could be involved in impacting anti-cancer immune defenses also in
pet rabbit mammary carcinomas. This assumption, however, shall be treated with caution,
since only 2% of the examined tumors were hot tumors.

Current treatment concepts for cold tumors aim to convert them into hot tumors by
increasing their antigenicity and immunogenicity [48]. Thus, further studies are necessary
to reveal if IDO1 inhibition in pet rabbit mammary carcinomas will stimulate immune cell
infiltration within the tumor area.

Tumoral IDO1 expression, however, not only inhibits anti-cancer immune defenses
but also facilitates the survival, motility, and chemoresistance of tumor cells, as well as
neo-angiogenesis and metastasis [11,12,14,24]. The unfavorable prognosis of IDO1-positive
cancers is likely often attributed to the combined influence of several of the IDO1-induced
processes [14,24].

Due to the selective expression of IDOL1 in tumor cells, IDO1 inhibition in rabbit
mammary carcinomas may have the benefit of directly targeting tumor cells without causing
possible interfering effects also in other cell populations. Since IDO1 is expressed in normal
pet rabbit mammary tissue, systemic administration of an inhibitor of the IDO1 pathway
could potentially lead to local site effects, which could be avoided by selecting therapeutic
modes that selectively target the tumor tissue, such as antibody drug conjugates [49].

Breast cancer is the most common cancer type in women. Rabbits have been suggested
as animal models for human breast cancer, since they fulfill numerous criteria for an
ideal animal model [4]. In human breast cancer, IDO1 expression has been reported in all
molecular subtypes [7,9,10]. Certain ER-a-negative breast cancer types, i.e., triple-negative
breast cancer, and cold tumors have only limited treatment options [50-52]. For this type
of hormone receptor negative breast cancer, animal models with spontaneous mammary
carcinomas would be most valuable, and the majority of pet rabbit mammary carcinomas
represent IDO1-positive, ER-ax-negative, and cold tumors.

In clinical trials, it has been shown that inhibition of IDO1 in different human tumors
does not always yield the expected clinical benefit [47,53]. A recent investigation identified
indole 3-pyruvate (I3P), a tryptophane metabolite created by the enzyme interleukin 4-
induced 1 (IL4I1), as an additional AHR ligand and driver of tumor growth in hepatocellular
carcinoma [53]. Furthermore, it has been shown that breast cancer may express not only
IDO1, but also IL4I1 [53]. This suggests that activation of the tryptophane-IL4I1-I3P
pathway could possibly contribute to breast cancer tumorigenesis as well.

Further studies are necessary to find out if the tryptophane-1L411-I3P pathway also
exists in mammary carcinomas of pet rabbits. Results of these investigations would further
assist in the development of effective, novel therapeutic options for pet rabbit mammary
carcinomas. They also would help to define the areas in which pet rabbit mammary
carcinomas could best support breast cancer research.

5. Conclusions

This study reveals novel molecular data on spontaneous pet rabbit mammary carcino-
mas. This will likely serve as baseline for future studies into novel treatment options of pet
rabbit mammary carcinomas. In addition, it likely improves the value of rabbit mammary
carcinomas for breast cancer research.
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