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Abstract

Breast cancer remains the most prevalent malignancy among
women, necessitating the development of novel therapeutic strate-
gies. Experimental animal models that closely mimic human
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breast cancer are crucial for advancing these therapies. This study
utilized the criteria of the tumour, node, metastasis (TNM) staging
system and variations in metabolic rates to develop models repre-
senting stages II and IV of human breast cancer, using the MBL-
6 mouse breast cancer cell line. We assessed tumor growth curves
in vivo and investigated distant metastasis to organs such as the
liver, lungs, lymph nodes, and spleen. Carcinoma-associated
fibroblasts (CAFs) were isolated, and their proliferation rates,
inflammatory enzyme expression, and matrix metalloproteinase
levels were compared between stages Il and IV. By analyzing
tumor kinetics and metabolic differences, we were able to predict
tumor size and progression at each stage. Our results revealed that
CAFs isolated from both stages exhibited similar phenotypic char-
acteristics. However, CAFs from stage II tumors showed higher
expression of indoleamine 2,3-dioxygenase 1 (IDO1), while those
from stage IV tumors had higher levels of inducible nitric oxide
synthase (iNOS). These distinct expression patterns suggest
unique microenvironmental features at different stages of tumor
progression. Further investigation of the cancer microenviron-
ment may provide valuable insights for selecting targeted thera-
pies and improving disease management.

Introduction

Breast cancer is the most prevalent malignancy among women
worldwide, contributing significantly to both morbidity and mor-
tality. In 2020, an estimated 2.3 million women were diagnosed
with breast cancer, and 685,000 died from the disease.! Given its
global impact, ongoing research into breast cancer biology, diag-
nosis, and treatment is crucial. Understanding the dynamic
changes in cancer cell biology, their functionality, and interactions
with stromal cells throughout disease progression is essential for
advancing therapeutic strategies. Additionally, the development of
research tools, such as cell lines and animal models, plays a vital
role in improving our understanding of the disease and fostering
innovation in treatment options.

To study various aspects of cancer biology and treatment
before advancing to human clinical trials, both in vitro and in vivo
models are essential. Cell lines and animal models are indispens-
able tools in this process. Among the available animal models for
breast cancer, rodents, particularly mice, are the most commonly
used in laboratory research.”? Mice share key anatomical, physio-
logical, and genetic similarities with humans,** making them ideal
for modeling human diseases. The availability of inbred strains and
advanced gene-editing technologies further enhances the utility of
mice in breast cancer research. However, it is important to account
for the differences in metabolic rates between humans and mice,
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which highlights the need for supplementary human studies to
draw accurate conclusions.>® Mice offer the advantage of naturally
occurring spontaneous tumors’ and exhibit a similar etiology to
human breast cancer.® This makes mice a valuable source for wide-
ly used breast cancer cell lines. Notable examples of mouse-
derived breast cancer cell lines include 4T1, EMT6, TM40, and
D2A1 (derived from BALB/c mice); EO771 (from C57BL/6 mice);
and MVTI1, 6DT1, and M6 (from FVB mice).’

One of the main challenges in using animal cancer models is
the variability in the stages at which studies are conducted, leading
to discrepancies between different studies. This inconsistency is
often influenced by the chosen methodology and cell line.! The
development of immunocompromised mice, such as nude mice,
which lack both an immune system and hair follicles, has greatly
advanced our understanding of cancer cell biology by enabling the
study of human-derived cell lines in vivo. While these models are
invaluable for pharmacological studies of new anticancer thera-
pies, their lack of an immune system limits their utility in immuno-
logical research and immunotherapy studies.!"-'> Additionally, can-
cer cell-stroma interactions vary across different stages of human
cancer, ' highlighting the importance of stage-specific modeling in
animal research. However, few studies have focused on modeling
the distinct stages of cancer in animal models to date.

The MBL-6 cell line, isolated by our group from a spontaneous
mammary tumor in BALB/c mice, offers a valuable model for
breast cancer research. This model has the advantage of a long in
vivo duration and is currently being tested for its response to anti-
cancer drugs. Furthermore, it is well-suited for studying cancer
cell-stroma interactions and cancer evolution, particularly in the
context of multi-organ distant metastasis.'* In this study, we
employed the tumor, node, metastasis (TNM) staging system and
metabolic rate variations to establish models for stages II and IV of
human breast cancer using the MBL-6 cell line. Additionally, car-
cinoma-associated fibroblasts (CAFs) were isolated from each
stage, and their proliferative capacities and inflammatory enzyme
profiles — including cyclooxygenase 2 (COX-2), indolamine
deoxygenase 1 (IDO1), inducible nitric oxide synthase (iNOS),
and matrix metalloproteinase 2 (MMP2) and 9 — were compared.

Materials and Methods
Establishing a model for stages II and IV

In studies involving mouse models, terms such as “early” and
“late” are used to denote various stages of cancer. However, this
terminology is not applicable when translating animal models into
human studies. Here, we utilized the model of human tumor
growth kinetics'> and considered metabolic rate differences’ to
establish a model for stages II and IV of in vivo tumor growth in
BALB/c mice.

According to the American Joint Commission on Cancer -
tumor, node, metastasis (AJCC-TNM) staging of breast cancer,'® a
combination of tumor size, lymph node involvement, and metasta-
sis is used to classify a breast cancer stage. Specifically, the AJCC-
TNM staging of human breast cancer defines stage II as a tumor
size of 2-5 cm without lymph node involvement and stage IV as a
tumor size greater than 5 cm with distant metastasis. In order to
translate these sizes with tumor growth kinetics, tumor size was
transformed to the number of cancer cells using the following
equation:!
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where V and V. are the tumor volume (as an oblate ellipsoid) and
cancer cell volume (ellipsoid shape), respectively,'”!® W is tumor
width, H is tumor height, and d is the cancer cell diameter, which
was assumed to be 10 pm. Therefore, a human stage II breast can-
cer with a diameter of 2 cm has a volume of 4186.67 mm? and
8710 cells and a weight of 1 g. Considering the metabolic rate dif-
ferences between humans and mice (estimated at a 7:1 ratio), the
equivalent stage I tumor in a mouse would contain approximately
1x10° cancer cells. In the case of human stage I'V cancer, where the
primary tumor is typically absent, we adopted the ethically
approved tumor burden limit of 10-15% of the animal’s body
weight. Based on this guideline, a stage IV tumor in a mouse
would correspond to approximately 2x10° cells, with a mass
exceeding 2 g and evidence of distant metastases.

The cell line of choice was MBL-6, which was isolated from
spontaneous breast cancer of a BALB/c mouse. MBL-6 tumors
possess a similar pathology to human invasive ductal carcinoma.'
Twenty female 4-6-week-old BALB/c mice (Pasture Institute,
Tehran, Iran) were subcutaneously inoculated with 5105 MBL-6
cells. As explained above, mice were euthanized using a CO,
chamber when the tumors reached an approximate cell number of
107 cells (stage IT) and 2107 cells (stage IV) (n=10 in each group),
estimated from tumor size using a digital caliper (Mitutoyo, Japan)
and the corresponding equation.! Number of mice in each group
was decided based on previous studies.'” Any animal showing
signs of distress, difficulty obtaining food, or harassment by other
animals was isolated or euthanized using standard protocols to
minimize animal pain. Different tissues, including tumor, liver,
spleen, lung, and lymph nodes, were aseptically resected and fixed
in 10% formalin, and the tissues were sectioned and stained with
H&E for metastasis analysis by a pathology specialist. A tumor
volume of 2,000 mm? (2 g or 10-15% body weight) was selected
as the ethical endpoint of the study. Additionally, tumors were cul-
tured for the isolation of CAFs.

Isolation of CAFs

Tumor tissues were aseptically removed, washed in phosphate-
buffered saline (PBS), and minced into 1-3 mm-sized fragments.
Fragments were washed in PBS and incubated in an enzyme cock-
tail consisting of 0.5% collagenase IV, 0.02% hyaluronidase,
0.25% trypsin, and 0.002% DNase I in DMEM/F12. After 4 hours
in a shaking 37°C incubator, cell suspensions were fractioned
using the Ficoll separation technique. The interface layer consisted
of fibroblasts, and the pellet consisted mainly of cancer cells.
Fibroblasts were separated, washed in PBS, and plated in
DMEM/F12 (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 30% fetal bovine serum (FBS; Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) and 1% peni-
cillin/streptomycin (Biosera, Heathfield, UK). Fibroblastic
colonies were passaged in 10% FBS DMEM/F12. Passages 2 and
3 cells were used for future evaluations.

CAFs’ characterization

Immunocytochemistry (ICC) for the marker fibroblast activa-
tion protein (FAP) was used to characterize the isolated CAFs.
Briefly, 10,000 CAFs were seeded in 4-well tissue culture plates.
After 24 hours, CAFs were fixed with 4% paraformaldehyde
(PFA) and washed with 0.1% PBS-Tween 20. Unspecific binding
was blocked with 5% goat serum, and cells were immunostained
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with rabbit anti-mouse FAP antibody (eBioscience, Vienna,
Austria) overnight at 4°C. Fluorescein isothiocyanate (FITC)-con-
jugated goat anti-rabbit IgG secondary antibody was used, and
cells were counterstained with nuclear stain 4’,6-diamidino-2-
phenylindole (DAPI). Additionally, tumor tissues were immunos-
tained for FAP expression. Paraffin-embedded tissues were sec-
tioned and immunostained with rabbit anti-mouse FAP antibody
(Abcam Ltd, Cambridge, UK). Sections were deparaffinized with
heat and subsequent solutions of xylene and were hydrated using
descending concentrations of alcohol (100%-50%). Antigen
retrieval was performed using a sodium citrate buffer-Heat-
Induced Epitope Retrieval (HIER) protocol. A 3% H,0, solution
and 5% goat serum were used to block endogenous peroxidase
activity and non-specific binding, respectively. Primary antibody,
including rabbit anti-FAP (Abcam), was added overnight at 4 °C.
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(Abcam) was used as a secondary antibody. Diaminobenzidine
(DAB) chromogen solution was added for 20 min, and slides were
counterstained with H&E. Slides were dehydrated, mounted, and
evaluated for FAP staining by a pathology specialist. The proper-
ties of antibodies used in ICC and immunohistochemistry (IHC)
are listed in Table 1.

Colony-forming unit and growth curve analysis

A colony-forming unit (CFU) assay was performed as follows.
CAFs were resuspended in three concentrations of 100, 500, and
1,000 viable cells and in 10 mL DMEM/F12 medium and cultured
in a 9 cm dish. Media was replaced biweekly. On day 14, cultures
were fixed with 4% PFA and stained with crystal violet.
Fibroblastic colonies with more than 50 cells and/or possessing a
diameter greater than 2 mm were counted under an inverted micro-
scope. Three isolated CAFs were evaluated in triplicate.

For growth curve analysis, CAFs were cultured at an initial
density of 5,000 cells/well in 24-well plates. At 24-hour intervals,
an MTT assay was performed, and the optical density was record-
ed. The growth curve of three isolates was evaluated for 14 consec-
utive days in triplicate. The optical density was quantified using a
cell-standard curve.

Gene expression analysis using real-time poly-
merase chain reaction

Gene expression was assessed using real-time polymerase
chain reaction (PCR). Total cellular RNA was extracted using
Trizol (Gibco, Thermo Fisher Scientific, Waltham, MA, USA).
Random hexamer-primed reverse transcription (Metabion,
Germany) was performed on aliquots containing 1 pug of total RNA
as a template. The resulting cDNA was used for real-time PCR
amplification. Primers for COX-2, iNOS, IDO1, MMP2, and
MMP9, and beta-actin were synthesized based on the reported
sequences and are as follows:

COX-2 (145 bp) forward: 5’~-AGACAGATCATAAGCGAGGAC-
3’, reverse: 5’-CCACCAATGACCTGATATTTC-3;

INOS (142 bp) forward: 5’-TGTGCGAAGTGTCAGTGG-3’,
reverse: 5’-TCCTTTGAGCCCTTTGTG-3’;

IDO1 (168 bp) forward: 5’-GGATGCGTGACTTTGTGG-3’,
reverse: 5’-TGGAAGATGCTGCTCTGG-3’;

MMP2 (150 bp) forward: 5’~-AGACAAGTTCTGGAGATA-
CAATG-3’, reverse: 5’-GCACCCTTGAAGAAGTAGC; -3’
MMP9 (136 bp) forward: 5’-GGCGTGTCTGGAGATTCG-3’,
reverse: 5’-TGGCAGAAATAGGCTTTGTC-3".

Real-time PCR reaction mixtures (final volume: 30 puL) con-
tained 1 pL of cDNA template, 3 puL of 200 pM dNTPs, 30 pmol
of each primer, and 1 unit of Taq-DNA polymerase (MBI
Fermentas Inc., Burlington, ON, Canada). PCR amplification was
performed under the following thermal cycling conditions: 40
cycles at 94°C for 30 s; at 55°C for 60 s; and at 72°C for 1 min,
followed by a final extension step at 72°C for 10 min.

Amplification and fluorescence data were acquired using the
Rotor-Gene 6000® system (Corbett Life Science, Australia), with
analysis performed using Rotor-Gene Series Software v1.7 (build
34). Relative gene expression was calculated using REST software
(version 2009).

Statistical analysis

The data is presented as mean + standard error of the mean
(SEM), otherwise stated. Statistical analysis was performed using
SPSS v.19 software and GraphPad Prism v. 8, employing analysis
of variance (ANOVA) or the Mann-Whitney test where applicable.
The relative expressions and heatmap demonstration were ana-
lyzed using REST software version 2009 and R Studio, respective-
ly. A p-value below 0.05 was regarded as statistically significant.

Results
Establishment of stage II and IV models

MBL-6 is a cell line isolated from a spontaneous invasive duc-
tal carcinoma of the mammary glands of a BALB/c mouse. This
cell line has the advantage of exhibiting long-term in situ growth
before metastasis, allowing for various evaluations. After tumors
became palpable, they were measured daily. Subcutaneous growth
was measured using a digital vernier caliper (Mitutoyo, Japan),
and tumor volume was converted to cell number according to the
equation. When the number of estimated cells reached 1x10° or
2x10? cells, tumors were grouped as stage II and IV, respectively.
The tumor growth was monitored for 45 days from inoculation
until the tumor volume reached 2,000 mm?, which was the recom-
mended ethical endpoint (Figure 1a). The TNM staging criteria are
one of the most frequently used in clinics for staging and treatment
of breast cancer. In this study, the tumor size, being the most

Table 1. Antibodies used in ICC and IHC staining of CAFs and tumor tissue.

Antibody Source Clone Antigen retrieval  Dilution
Primary Antibody FAP Mouse Abcam ab207178 Tween 20 1:100 None
Secondary antibody (ICC) Anti-rabbit Goat Razi Biotech AF8035 Polyclonal Tween 20 1:100 FITC
Secondary antibody (IHC) Anti-rabbit Goat Abcam ab6721 Polyclonal Acidic HIER 1:1000 HRP

FAP, fibroblast activation protein; ICC, immunocytochemistry; FITC, fluorescein isothiocyanate; IHC, immunohistochemistry; HIER, Heat-Induced Epitope Retrieval protocol; HRP, horse-

radish peroxidase.
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important criterion in TNM staging, was converted to cell number.
Since a tumor size of 2 mm in humans is considered stage II, and
this size is equivalent to the endpoint size in mice, the conversion
of tumor size to cell number serves as a standardization of tumor
size for use in the mouse model. Other criteria, such as lymph node
involvement, were also assessed using macroscopic evaluations
and validations by histology. Although the orthotopic model is
preferable, its limited space leads to rapid metastasis development.
In this regard, the subcutaneous model has a longer in situ growth,
allowing the expansion and development of the tumor microenvi-
ronment (TME). It is noteworthy that the cell line of choice has a
significant impact on the behavior of the tumor, with some exhibit-
ing a strong metastatic ability, while others are more dormant. On
the other hand, studies suggest that either orthotopic or subcuta-
neous models show similar CAF phenotypes.

As seen in Figure la, after 29-31 days, tumors reached 10°
cells and were grouped as stage II. After 40 days, they reached
2x10° cells and were grouped as stage I'V. At each stage, metastasis
was evaluated using H&E staining and revealed increased growth
of cancer cells in distant tissues in stage IV mice. As shown in
Figure 1b, in stage 11, metastasis to lymph nodes (4 of 10) and liver
(1 of 10) showed traces of tumor cell growth, whereas in stage IV
(Figure lc), all the tissues showed traces of cancer cell growth.

Isolation of CAFs and immunostaining

Staining of CAFs in culture showed FAP expression in both
stage Il and IV CAFs (Figure 2 a-c). These results confirm that the
isolation technique was able to efficiently isolate carcinoma-asso-
ciated fibroblasts from two different stages. The IHC staining of
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Figure 1. Stage establishment and evaluations. a) /n vivo tumor

growth curve of MBL-6 in BALB/c mice showed 100% engraftment.

Tumors were measured daily using a digital vernier caliper. After 30 days, tumors reached 1x10° cells. These mice were grouped as stage
1I based on the tumor size equivalent to the TNM staging. On day 40 post inoculation, they reached 2x10° cells, which were grouped as
stage I'V. b) Macroscopic evaluations of collected tissues revealed that 4 out of 10 and 1 out of 10 mice showed metastatic growth in lymph

nodes and liver, respectively. In contrast, the number of metastasi

s-positive tissues was higher in stage IV animals. ¢) Metastasis growth

(arrowhead) in the liver, spleen, lung, and lymph node of stages II and IV of tumor-bearing mice was compared to healthy tissues. The
H&E staining of tissue sections revealed that mice in stage II had minor metastasis to the lymph node and liver (4 of 10), while mice in

stage IV showed signs of metastasis in all the tissues evaluated (n

=10; scale bar = 100 um).
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tumor tissues also showed FAP-positive cells in the tumor tissue
(Figure 2 d-f), demonstrating the presence of CAFs in tissues.

Proliferative capacities of CAFs

Evaluation of CAF growth characteristics

The growth curve of isolated CAFs was assessed over a period
of 14 consecutive days. Each day, the proliferation of 5000 seeded
cells was determined using the MTT assay, with an MTT-cell stan-
dard curve. As depicted in Figure 3a, the growth curve of CAFs
remained similar until day 8, after which CAF-IV exhibited
decreased proliferation. Statistical analysis revealed that from day
11 onwards, the growth of CAF-II was significantly higher com-
pared to CAF-IV. Calculations based on curve equations deter-
mined the doubling time of CAF-II and CAF-IV as 2.891 and
1.607 days, respectively.

Assessment of colony-forming ability

The ability of CAFs to form fibroblastic colonies was evaluat-
ed using a CFU-fibroblastic (CFU-F) assay. Figure 3b illustrates
the number of CFU-F cells obtained at passage 3. The CFU-F
assay was conducted using three concentrations (1,000, 500, and
100 cells), with colony counts performed in triplicate of three sep-
arate isolated CAFs. Statistical analysis revealed a significantly
higher number of colonies in CAF-II cultures (p<0.001).

Inflammatory gene expression analysis
The expression of inflammatory enzymes in CAFs was com-
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U i A !f_‘
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A L 500 pim i P ’ o

pared between the two stages. Gene expression analysis indicated
that the level of IDO1 mRNA was significantly higher in stage II
CAFs, with a mean factor of 182.9 (p=0.002). Conversely, iNOS
expression was found to be significantly higher in stage IV CAFs,
with a mean factor of 0.490 (p<0.01). Analysis of MMP2 and
MMP9 expression revealed no significant differences between the
two CAFs (p<0.05). The relative mRNA expression levels, vol-
cano plots, and heatmap comparison are depicted in Figure 4.

Discussion

Activated stroma is observed in many cancers, and CAFs are
the main component.?’ The study of CAFs has increased due to
their vital role in tumor progression and immune evasion of cancer.
Many studies utilize patient-derived CAFs, which are cumbersome
and expensive, and drug-native samples are scarce. The current
animal models and cell lines also fail to provide the necessary stro-
ma for adequate extraction and evaluation. Using tumor kinetics
and metabolic rate differences, we were able to correctly predict
each stage in the MBL-6 tumor-bearing mice. This enables closer
observation of tumor progression and comparison of different
aspects of tumor biology and treatment across various stages in
animal models. In addition, the relatively moderate in vivo growth
rate of this line can provide increased accuracy in experimental set-
tings. Additionally, an attainable stroma is provided by this model,
which permits TME studies. Therefore, the MBL-6 model has
shown advantages for in vivo studies of the TME.

Merge
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Figure 2. CAF characterization. a-c) ICC of stage IV CAFs stained with rabbit anti-FAP and secondary FITC-conjugated goat anti-rabbit
IgG. Tumor tissues were sectioned and immunostained with the same primary antibody. The tissues stained positive for FAP-expressing
cells; d) stage II tumor tissue, 40x magnification; e) stage II tumor tissues, 20x magnification; f) stage IV tumor tissues, 40x magnification.
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CAFs were successfully isolated from both stages II and IV the oxidative degradation of L-tryptophan.? It is primarily induced
tumors, with characterization revealing similar phenotypes. We fur- by interferon (IFN)-y, interleukin (IL)-12, and IL-18.2*
ther investigated the expression of enzymes involved in inflamma- Additionally, prostaglandin E2 (PGE2) can upregulate IDO1
tion, known to contribute to immune suppression within the TME. expression, although this process requires co-stimulatory signals
We compared the expression of enzymes involved in inflammation from other cytokines, such as tumor necrosis factor (TNF)-0.%
between stages Il and IV CAFs.?! IDO1 is a wound-healing IDOI1 is expressed not only by cancer cells but also by activated
enzyme?? and plays a critical role in immune suppression through stromal cells, including CAFs. It contributes to T cell exhaustion, in
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Figure 3. Growth curve and CFU-F assay in isolated CAFs. a) Growth curves of isolated CAFs were assessed for their capacities to
expand in vitro, and demonstrated higher proliferation capacities of CAF-II cells. The difference was evident from day 8 and was statisti-
cally significant from day 11 to day 13 (p<0.05). Accordingly, the CFU-F assay of isolated CAFs revealed significantly higher clonogenic
potential in CAF-II cells compared to CAF-1V, indicating their greater potential for expansion (p<0.05). 100, 500, and 1,000 cells were
seeded in 90 mm dishes, and after 14 days, the media was removed and cells were fixed and stained with crystal violet. b,¢) The colonies
measuring >2 mm in diameter, photographed on dishes, or consisting of >50 cells, as seen in the microscopic view, were counted.
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A cross-regulatory pathway exists between the IDO and NO
pathways, with inhibition of one pathway stimulating the other.?®
In the mentioned study, it was shown that immune suppression was
only abrogated when both pathways were inhibited. The dual role
of iNOS in cancer, with both pro- and anti-tumor effects, under-
scores the complexity of immune modulation in cancer therapy.?

part by promoting PD-L1 expression in dendritic cells.2 Moreover,
IDOL1 activity is sensitive to nitric oxide (NO),?” which can inhibit
its function. Our findings, supported by previous studies, indicate
that in more advanced tumor stages, increased expression of iNOS
leads to reduced IDO1 expression, suggesting a regulatory interplay
between NO signaling and IDO1-mediated immunosuppression.
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Conclusions

The functions of CAFs in immune suppression have garnered

significant attention, but the identification of different CAF sub-
types with distinct functions complicates therapy development.
Further research is required to elucidate the distinct functions of
individual CAF subtypes and to understand their specific implica-
tions for cancer therapy. These studies may help to uncover the
diverse roles of each subtype, paving the way for more targeted
and effective therapeutic strategies.
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