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Abstract: Breast cancer is one of the main causes of death worldwide. Lately, there is great interest in
developing methods that assess individual sensitivity and/or resistance of tumors to antineoplastics
to provide personalized therapy for patients. In this study we used organotypic culture of human
breast tumor slices to predict the experimental effect of antineoplastics on the viability of tumoral
tissue. Samples of breast tumor were taken from 27 patients with clinically advanced breast can-
cer; slices were obtained and incubated separately for 48 h with paclitaxel, docetaxel, epirubicin,
5-fluorouracil, cyclophosphamide, and cell culture media (control). We determined an experimental
tumor sensitivity/resistance (S/R) profile by evaluating tissue viability using the Alamar Blue®

metabolic test, and by structural viability (histopathological analyses, necrosis, and inflammation).
These parameters were related to immunohistochemical expression of the estrogen receptor, proges-
terone receptor, and human epidermal growth factor receptor 2. The predominant histological type
found was infiltrating ductal carcinoma (85.2%), followed by lobular carcinoma (7.4%) and mixed
carcinoma (7.4%). Experimental drug resistance was related to positive hormone receptor status in
83% of samples treated with cyclophosphamide (p = 0.027). Results suggest that the tumor S/R profile
can help to predict personalized therapy or optimize chemotherapeutic treatments in breast cancer.

Keywords: breast cancer; tissue slices; explants; ex vivo; chemotherapy; treatment response

1. Introduction

Breast cancer is the most common cancer in women, with the highest morbidity
and mortality rates worldwide [1]. In Mexico, breast cancer has been ranked first place
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in mortality for all types of cancer in women since 2006 [2,3]. Although there are new
therapeutic strategies, the progression of the disease and deaths are still among the main
problems resulting from each patient’s acquired and intrinsic resistance, and it has not
yet been possible to determine which chemotherapy drugs could be the most effective
individualized for each case. Due to its socioeconomic impact, cancer treatment has begun
to evolve toward a personalized approach based on the complexity of the patient and
tumor molecular profile [4–7]. Several molecular biomarkers have been used to develop
targeted therapeutic strategies; however, in most cases, these biomarkers cannot predict the
individual response to chemotherapy [8]. Personalized medicine analyzes clinical, genetic,
and genomic information, as well as the environment surroundings, in order to apply the
most individualized treatment possible [9].

Most of the research and clinical trials for breast cancer treatment are based on the use
of tumoral cell lines and animal models for in vitro and in vivo assays, respectively [10,11].
However, primary cultures or established cell lines do not fully reflect the complex tissue
architecture of the tumor, limiting their predictive value [12,13]. For in vivo experiments,
cell-derived xenografts and patient-derived xenografts (PDX) are the most widely used
preclinical models. These systems use immunodeficient and/or genetically modified mice
that have been altered with primary cultures of human cancer cells or fragments of human
tumors that are grafted to preserve the basic characteristics of the primary tumors [14–17].
One major issue is the murine and non-human stroma origin. Furthermore, the host–
xenograft interactions that take place under the skin may be different from those that
occur in the tissue where the tumor originates [18,19], and the genetic background of each
animal strain has been extremely altered [20]. To reduce these disadvantages, some recent
PDX models have been designed using humanized mice (carried out by transplantation
of peripheral blood mononuclear cells or hematopoietic stem cells into immunodeficient
mice); they allow the interaction between the human immune system and human tumor
growth, improving the physiologically human-relevant scenery [21,22].

Preclinical three-dimensional (3D) models, such as spheroids, organoids, organ-on-
a-chip, perfusion bioreactors, and patient-derived organoids, are extensively used in the
investigation of biomarkers or techniques that allow the response to chemotherapy to be
predicted in patients with cancer, or in the search for new anticancer drugs. However,
despite their efficacy, currently very few 3D models have been incorporated to routinely
investigate new drugs and anticancer activity and to be more representative of the in vivo
condition. This is possibly because these models are still unable to recapitulate the true
cellular richness, tumor microenvironment (TME), the spatial complexity of the original
tissue, or accurately predict the drug effects. In addition, reproducibility, economical cost,
and limited performance are some of the obstacles that prevent their routine use [23].

Because of the important role of the TME in the response of tumoral cells to cytotoxic
therapy, it is necessary that preclinical models consider not only the complexity of the tumor
but also intratumoral heterogeneity [24]. In fact, the same tumor can contain more than
10 different intratumoral regions, each expressing different gene profiles [25]. Preclinical
models that make it possible to identify individual differences in the tumor response to
different therapeutic drugs could help design specific regimens for each patient, which
increases the probability of achieving the most favorable response [26]. According to
Conde et al. [5], to study tumor behavior, it is necessary to maintain or reconstitute a
microenvironment like that of the tumor in situ. Although their clinical utility is still being
studied, ex vivo human organotypic culture techniques fill the gap for this requirement
and could represent a rapid animal-free preclinical screening platform to evaluate different
therapeutic regimens, stratify patients who may potentially respond to chemotherapy
agents, and prevent other patients from experiencing their adverse toxic effects [7,11].

One of the models used for this purpose is the culture of precision-cut tumor tissue
slices, an ex vivo 3D system that closely resembles the in vivo TME [27]. Precision-cut
tissue slices represent the complexity of the intact organ; facilitate histological evaluation
as an alternative or biochemical tests; permit cocultured slices derived from different or-
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gans from the same donor; and facilitate the investigation of regional toxicity, studies on
metabolism, and efficient use of human tissue [28]. For these reasons, tissue slices are
considered “miniorgans” because they contain practically all cellular types from the tissue
under study and preserve the histological and 3D structure of the organ from which they are
obtained, while maintaining their intercellular and extracellular interactions and elements
of the cellular matrix, and interestingly, they preserve their metabolic capacity [29–32]. In
addition, the in vitro concentrations that reproduce the injury seen in vivo often correlate
with the in vivo drug plasma exposure levels associated with toxicity [33]. Recently, many
investigators have used this ex vivo 3D system since it preserves the tissue architecture
including its tumor cells, microenvironment, and infiltrating immune cells. To this day,
this is the closest human cancer model system to strengthen preclinical drug discovery and
treatment decision in oncology [34–38]. In the past, tumor tissue slices have been used to
study culture conditions and drug response assays with antineoplastic agents [8,35,39,40],
analyze metastatic processes [41], and investigate new therapeutic or diagnostic strate-
gies [42–44]. Other applications include studies on the regulation of tumor markers [45],
the immune microenvironment [46], gene therapy [47,48], the antineoplastic potential of
various agents [24,49,50], and drug sensitivity using electrochemical sensors [51], among
others. Different research groups have highlighted the advantages of organotypic cultures
of breast tumor tissue slices over two-dimensional cell cultures, which offers an alternative
for studies that seek to individualize treatment for patients [5,40,52].

With regard to the latter, there are experimental tests, commercially available, that
predict the individual response of a tumor to the administration of chemotherapy in colon
and breast cancer. They used primary cultures obtained by enzymatic dissociation from the
tumors and incubated these cells alone, or in combination with the most widely used drugs
against these diseases [53–55]. However, we consider that the enzymatic disaggregation
impedes the treatment response derived from the TME. By contrast, no proteolytic enzymes
are used during the tissue slice preparation process; thus, the parenchyma remains locally
intact. In addition, the 3D histological structure, cell–cell interactions, and interactions
with the extracellular matrix are preserved. Therefore, it is considered that the TME
also remains intact. In this work, we used organotypic cultures of breast cancer tumors
cultivated in the presence of antineoplastics from the armamentarium of the Mexican
Institute of Social Security to implement an experimental, low-cost methodology (the tumor
sensitivity/resistance [S/R] profile) that allows optimization of current chemotherapeutic
schemes, or to obtain an experimental individualized chemotherapy regimen for each
patient. Our findings suggest that the tumor S/R profile can help to predict personalized
therapy or optimize chemotherapeutic treatments in breast cancer.

2. Materials and Methods
2.1. Chemicals

Paclitaxel (P), epirubicin (E), 5-FU (F), cyclophosphamide (C), docetaxel (D), dox-
orubicin (DX), and cisplatin (CIS) were obtained from Hospital of Medical Specialties
(UMAE) #25, Mexican Social Security Institute (IMSS), Monterrey, Nuevo Leon, Mexico.
Insulin–transferrin–selenium (ITS) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium, fetal bovine serum,
penicillin–streptomycin, and Alamar Blue® (AB) were obtained from Invitrogen (Grand
Island, NY, USA). Antibodies against the estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor 2 (HER2) were obtained from Dako Agilent Technolo-
gies (Santa Clara, CA, USA). Ki 67 antibody was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Reagents for general use were purchased from Sigma-Aldrich.

2.2. Breast Cancer Samples

After obtaining informed consent, infiltrating ductal/lobular adenocarcinoma speci-
mens were obtained from 27 patients during therapeutic surgery at the Hospital of Gynecol-
ogy and Obstetrics (UMAE #23; Monterrey, Nuevo Leon, Mexico) from IMSS. Patients who
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received neoadjuvant chemotherapy and/or radiotherapy were excluded from the study.
Representative tumor samples were selected in situ in the surgery room by a pathologist.
Fresh tissues were collected in cold sterile serum-free DMEM/F12 medium and transported
at 4 ◦C to the laboratory for immediate processing. The interval between tumor resection,
sample processing, and the start of incubation was no more than 2 h. The entire process
was performed under aseptic conditions. Using the AB assay, viability was determined at
0 h for control (basal viability). The study was approved by the IMSS National Committee
for Scientific Research and Ethics (Registry R-2014-785-022) and followed the international
ethical standards of the Helsinki convention for research studies with human subjects. The
clinical and histopathological characteristics of these patients are described in Table 1.

Table 1. Patient clinical and histopathological characteristics.

Patient Age
(yr.)

Histologic
Type

Tumor
Size (cm) Birads Stage Tumor

Grade

Estrogen
Receptor

(ER)

Progesterone
Receptor (PR)

Her2
Status

Molecular
Subtype

1 49 mixed ductal
and lobular 3.5 5 IIIA G2 + + − Luminal A

2 70 invasive ductal 14 4 IIIB G2 + + − Luminal A
3 35 invasive ductal 3 4 IIB G3 − − − Triple Negative
4 81 invasive lobular 7 5 IIB G2 + + − Luminal A
5 52 invasive ductal 6 4 IIIA G3 − − + HER2
6 60 invasive ductal 5.5 4 IIIB G2 − − − Triple Negative
7 36 invasive ductal 4.5 4 IIIB G3 + + + Luminal B
8 29 invasive ductal 4 3 IIB G2 + − + Luminal B
9 46 invasive ductal 6 5 IIIA G3 + − + Luminal B

10 69 invasive ductal 5 5 IIIA G3 + + − Luminal A
11 63 invasive ductal 2.5 5 IIB G2 − − + HER2
12 74 invasive ductal 4 4 IIB G2 + + − Luminal A
13 46 invasive ductal 3 5 IIIA G2 − − − Triple Negative
14 49 invasive ductal 4 5 IIIA G2 + + − Luminal A
15 41 invasive ductal 3.5 4 IIIC G3 + + − Luminal A
16 59 invasive ductal 7.5 4 IIIB G2 + + − Luminal A
17 72 invasive lobular 4 5 IIIA G3 + + − Luminal A
18 65 invasive ductal 5.5 4 IIA G2 − − − Triple Negative

19 50 mixed ductal
and lobular 4.5 4 IIIA G3 − − − Triple Negative

20 69 invasive ductal 6.5 4 IIIC G2 + + − Luminal A
21 45 invasive ductal 6 5 IIIA G2 + + − Luminal A
22 87 invasive ductal 9 5 IIA G2 + − − Luminal A
23 41 invasive ductal 7.5 5 IIIA G3 + − − Luminal A
24 82 invasive ductal 6 4 IIIA G2 + + − Luminal A
25 56 invasive ductal 6 5 IIIB G2 + + − Luminal A
26 54 invasive ductal 5 4 IIIB G2 + + − Luminal A
27 46 invasive ductal 4 4 IIIA G2 − − + HER2

2.3. Preparation of Tumor Explants from Breast Tumors

From representative tumor samples, precision-cut tissue slices of 8–10 mm diame-
ter and 250–300 µm thickness were prepared using a Krumdieck tissue slicer (Alabama
Research & Development, Munford, AL, USA), under constant flow of Krebs-Henseleit
bicarbonate buffer (KB) at 4 ◦C gassed with carbogen. After preparation of slices with
precise thickness and diameter, 4 mm breast cancer explants were manually prepared from
these slices to optimize the available tissue (scalpel and/or biopsy punch were used for
this purpose). The explants were collected in KB buffer at 4 ◦C and subsequently placed in
6-well microplates containing DMEM/F12 medium supplemented with 10% (v/v) FBS, 1%
ITS, 1 mM sodium pyruvate, 100 U/mL penicillin, 100 µg/mL streptomycin, and 25 mM
glucose (supplemented DMEM/F12 medium). Plates were preincubated for 1 h at 37 ◦C,
5% carbon dioxide (CO2), with agitation at 30 rpm. Breast explants were weighted and
those with similar size, form, and weight were selected. Subsequently, the explants were
transferred to 24-well microplates and processed as described below.



J. Pers. Med. 2023, 13, 1521 5 of 18

2.4. Treatment of Tumor Explants with Antineoplastics

After preincubation, 5–6 explants per each antineoplastic were exposed to 20 µg/mL
paclitaxel (P), 3 µg/mL epirubicin (E), 50 µg/mL 5-FU (F), 1 mg/mL cyclophosphamide
(C), 20 µg/mL docetaxel (D), and 50 µg/mL cisplatin (CIS) in culture media. The P and
CIS concentrations were selected according to Garcia-Chagollan, M. et al. [56] and Garcia-
Davis et al. [50]. E, F, and C concentrations were selected by testing a range of doses
in MCF-7 cells, and D doses were selected according to Giraud et al. [53]. The control
group (100% viability) consisted of untreated explants, which were incubated only with
culture media in the same conditions. The microplates were incubated for 48 h at 37 ◦C, 5%
CO2, with agitation at 30 rpm. Time and culture conditions were selected as reported in
previous works [49,50].

2.5. AB Assay for Tumor Explant Viability

The effect of the antineoplastics on the viability of the explants was determined using
the metabolic AB assay (DAL1100, Invitrogen). AB is a monitor of the reducing state
of living cells. The active compound is resazurin, a nonfluorescent blue dye that, when
reduced by mitochondrial reductases of viable cells and tissues, is converted to resorufin,
a highly fluorescent pink compound. Other cytoplasmic enzymes such as diaphorases,
dihydrolipoamide dehydrogenase, nicotinamide adenine dinucleotide phosphate: quinone
oxidoreductase, and flavin reductase can reduce AB [57]. After 48 h of incubation with
the antineoplastics and control without treatment, the explants were washed twice with
phosphate-buffered saline and incubated with 10% AB in 500 µL DMEM/F12 medium in
24-well microplates at 37 ◦C, 5% CO2, for 4 h with agitation at 40 rpm. Subsequently, 300 µL
were collected from each sample and transferred to a 96-well microplate (100 µL per well).
Fluorescence values were read using a multimode microplate reader (Synergy HT; BioTek
Instruments, Winooski, VT, USA) at 530 nm excitation/590 nm emission wavelengths.
Tissue viability is expressed as the percentage viability relative to the control, determined
by calculating the percentage of AB reduction per explant as described previously by
Carranza-Torres et al. [49]. Explants that showed viability values above or below 30% from
the viability media value in each treatment were discarded from the analysis.

2.6. Histopathological Analyses

Detailed histopathologic analyses were conducted to observe changes in the histo-
logical structure and other morphologic alterations induced by the antineoplastics. The
response to treatment was also evaluated considering the grade of tumor differentiation and
molecular classification. After incubation with the treatments, breast cancer explants were
fixed in 10% neutral formalin for 12–24 h and then embedded in paraffin using conventional
histological techniques. Tissue sections (4 µm) were prepared on a microtome and mounted
on glass slides. Then, the slides were deparaffinized and stained with hematoxylin and
eosin. Morphological parameters analyzed included necrosis percentage, viable/damaged
tumor cells, and inflammation; these were determined by two pathologists following the
cancer pathological guides. In addition, the presence of tumor necrosis and the degree
of histological differentiation were assessed at 0 h in tumor explants (uncultivated). The
histological grade was classified into low, moderate, and poor grade according to criteria
modified by Elston and Ellis [58]. Tissue viability is expressed as the percentage of viability
relative to untreated controls. Tumor-infiltrating lymphocytes (TILs) were evaluated in
the stroma of the explants at 0 and 48 h of incubation with the different antineoplastics
following international recommendations for its quantification. The percentage of lympho-
cytes and plasma cell infiltration was quantified as a continuous variable, excluding areas
of necrosis, artifacts, or hyaline areas [59,60]. Additionally, to estimate histological viability,
a semi-quantitative assessment of necrosis was performed based on the experience and
judgment of two independent pathologists. The percentage of necrosis was determined by
evaluating the proportion of necrotic areas in relation to the total sample area. The observed
histopathological changes included the presence of coagulative necrosis, characterized by
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the loss of cellular cytoplasmic integrity, contributing to the pale and uniform appearance
of the tissue, with nuclei that could exhibit condensation (pyknosis) or be completely
degraded. The clear transition with viable tumor tissue allowed for a precise delineation of
these areas.

2.7. Immunohistochemical Analyses

ER, PR, HER2, and Ki 67 expression was analyzed by immunohistochemistry on
paraffin sections to assess the molecular profile of the original tumor samples. The ER,
PR and Ki 67 status was evaluated using the Dako Labelled Streptavidin-Biotin2 System,
Horseradish Peroxidase (LSAB2 System, HRP) methodology (Cat. #K0672), whereas HER2
expression was evaluated using the HercepTest by Dako (Cat. #K5207) and the HER2 FISH
pharmDx® Kit by Dako (Cat. #K5331). The procedure was performed according to the
manufacturer’s recommendations. Negative and positive controls were included. The
positive expression of ER and PR was assessed by the Allred method [61]. HER2 expression
was evaluated following the American Society of Clinical Oncology/College of American
Pathologists Clinical Practice Guidelines [62,63]. The Ki 67 expression is nuclear, and its
quantification was carried out following international guidelines [64] as follows: Ki67
expression was evaluated by counting the nuclei of tumor cells stained in a specific region
(200 nuclei), excluding nuclei of inflammatory cells and stroma. The proliferation index
was determined as the average of the values obtained in three fields at a 40× magnification.
Ki67 was analyzed as a continuous variable, and a cutoff point of interpretation greater or
less than 20% was considered. After immunohistochemical analyses, samples molecular
classification was determined in accordance with Alcaide-Lucena, et al. [65].

The stained preparations were evaluated independently by two pathologists (G-D.N.E.
and E-H.O.) using a Zeiss Axiostar Plus bright-field microscope (Carl Zeiss, Dublin, CA,
USA). Representative images of all treatments were obtained with the 5.0 MP Moticam
camera (Motic, Kowloon City, Hong Kong, China).

2.8. Statistical Analyses

The present study was experimental. Statistical analyses were performed with SPSS
Statistics software (version 22.0; IBM SPSS, Armonk, NY, USA). Quantitative data are
expressed as the mean and standard deviation. Differences in continuous variables were
analyzed by Student’s t-test (when there was a normal distribution), or the Mann–Whitney
U test (when there was nonnormal distribution). The chi-square test was used to compare
the molecular classification and the tumor S/R profile. Pearson’s correlation analysis
was used to determine the association strength between the AB method and histological
viability (HV). p < 0.05 was considered statistically significant.

3. Results
3.1. Patients

In this preliminary study, we included 27 patients; 40.7% were under 50 years old and
59.3% were older than 50 years. Obesity was the most frequent comorbidity (77.4%). Most
of the patients (96.3%) did not have a family history of breast cancer; however, 63% had
a family history of other types of cancer. As for their occupation, 51.8% of the patients
were homemakers, 29.6% worked in an office and/or an indoor setting, and 18.6% worked
in educational or health services. The main clinical and histopathological data of these
patients are described in Table 1.

3.2. Ex Vivo Organotypic 3D Culture

We previously reported the conditions to maintain organotypic 3D cultures of precision-
cut breast cancer explants, and their application to evaluate the antineoplastic effects of
natural products, and gene expression profiles of human natural killer cells [49,50,56]. In
the present work, we prepared breast cancer tissue slices of 250–300 µm thickness from
the 27 patients included in this study. From these precision-cut tissue slices, we obtained
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30–50 explants to optimize the tumoral tissue for treatments. To obtain reproducible results
and due to the limited amount of tissue, we used 5–6 explants per treatment at a single
dose of each antineoplastic. Based on the availability of both explants and antineoplastic
drugs, we tested 5-FU, epirubicin and paclitaxel in 26 of the 27 samples, cyclophosphamide
in 24 of the 27 samples, docetaxel in 12 of the 27 samples, and doxorubicin and cisplatin in
three of the 27 samples. Figure 1 shows the general sequence for the preparation, culture,
treatment, and viability evaluation of breast cancer tissue explants. All 27 samples were
successfully cultured; in the untreated controls, the metabolic viability (MV) analyzed by
the AB assay was maintained during the 48 h incubation period (Figure 2A). Also, the histo-
logical characteristics, differentiation degree and a high proliferation index (>20% positive
cells) were maintained throughout the culture (Figure 2B).
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Figure 1. Representative photographs showing the preparation of breast tumor explants with pre-
cise thickness. (a) Tumor biopsy obtained during surgery. (b) Breast tumor after removing 
Figure 1. Representative photographs showing the preparation of breast tumor explants with precise
thickness. (a) Tumor biopsy obtained during surgery. (b) Breast tumor after removing surrounding
fat. (c) Tumor tissue cores (8–10 mm diameter). (d) Precision-cut breast tumor slices (250–300 µm
thickness) prepared with a Krumdieck® tissue slicer. (e) Breast tumor explants (4 mm diameter and
250–300 µm thickness) were manually prepared from precision cut breast tumor slices and collected in
KB buffer (f) Breast tumor tissues after treatment culture and Alamar Blue assay. (A) untreated viable
tissues (pink), (B) resistant tissues (pink) and (C) sensitive tissues (blue) (48 h, 37 ◦C, 5%CO2/95%O2,
30 rpm). (g) Tumor viability analysis by the Alamar Blue assay after antineoplastic treatment (C)
cyclophosphamide 1 mg/mL, (E) epirubicin 3 µg/mL, (F) 5-fluororacil 50 µg/mL, and (P) paclitaxel
20 µg/mL. * p < 0.05 compared to the control (CTRL). (h) Histopathological analysis. Scale bar:
(a–f), 5 mm; (h), 100 µm.
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(A) untreated viable tissues (pink), (B) resistant tissues (pink) and (C) sensitive tissues (blue) (48 h, 
37 °C, 5%CO2/95%O2, 30 rpm). (g) Tumor viability analysis by the Alamar Blue assay after antineo-
plastic treatment (C) cyclophosphamide 1 mg/mL, (E) epirubicin 3 µg/mL, (F) 5-fluororacil 50 
µg/mL, and (P) paclitaxel 20 µg/mL. * p < 0.05 compared to the control (CTRL). (h) Histopathological 
analysis. Scale bar: (a–f), 5 mm; (h), 100 µm. 
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Figure 2. Ex vivo tissue culture viability. (A) Metabolic viability of untreated tissue explants after
48 h of incubation. Viability percentages remained without significant changes through the culture
time. N = 27 samples by triplicate. T student test, p < 0.05 compared to viability of uncultured tissues.
(B) Representative photographs of untreated viable invasive ductal carcinoma tissue samples from pa-
tient 5 and 22 after 48 h incubation. H&E staining (a,b,e,f) and high (>20%) Ki67 expression (c,d,g,h).
Scale bar: 100 µm.

3.3. Necrosis and TILs in the Cultivated Explants

To analyze the response to chemotherapy in the tumor explants, the percentage of
necrosis was determined after incubation with the antineoplastics (Table 2). The basal
necrosis of the samples was 0–5%, and no significative necrosis was induced in culture
conditions. Considering the molecular subtype, tissues with subtypes with high response
to chemotherapy (triple-negative) and with low response to chemotherapy (luminal A)
were analyzed. In triple-negative samples, 49.85% necrosis was found. This value almost
doubled the 26.22% observed in luminal A samples, which was statistically significant
(p = 0.014). The median basal value of TILs considering all samples was 40%, with a range
of 5–85%. Regarding the molecular classification, TIL average was higher in HER2-positive
and triple-negative samples, 68% and 52% respectively. In luminal A and B, however, it
was 28% and 31%, respectively. No significant difference in TIL percentage was found
between control and treated explants. However, a positive correlation (r = 0.038) was found
between the percentage of TILs against the percentage of necrosis in the HER2-positive and
triple-negative samples.
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Table 2. Necrosis in triple-negative and luminal A cultivated explants.

TRIPLE- NEGATIVE

Antineoplastic

Px C E F P D DX Average

3 20% 10% 60% 30% - - 30%
6 60% 60% 20% 50% 40% 30% 43.33%

13 70% 40% 70% 70% - - 62.5%
18 30% 20% 30% 20% - - 25%
19 95% 90% 85% 85% - - 88.75% (90% basal)

General Average 49.85%

LUMINAL A

Antineoplastic

Px C E F P D DX CIS Average

1 - 20% 40% 60% 15% - - 33.75%
2 - 0% 0% 20% 0% - - 5%
4 60% 50% 35% 40% 40% - - 45%

10 5% 20% 10% 10% 10% - - 11%
12 15% 10% 15% 15% - - - 13.75%
14 25% 30% 30% 40% - - - 31.25%
15 40% 15% 20% 20% 10% - - 21%
16 10% 40% 20% 20% 20% - - 22%
17 20% 30% 15% 40% - - - 26.25%
20 20% 35% - 75% - - - 43.33%
21 40% 35% 10% 55% - - - 35%
22 10% 5% 5% 5% - - - 6.25%
23 30% 10% 10% 15% - - - 16.25%
24 20% 20% 20% 40% - - - 25%
25 15% 30% 25% 40% - - 70% 36%
26 0% 90% 10% - - - 95% 48.75%

General Average 26.22%
Necrosis percentages after treatment with (C) cyclophosphamide 1 mg/mL, (D) docetaxel 20 µg/mL, (E) epirubicin
3 µg/mL, (F) 5-fluororacil 50 µg/mL, (P) paclitaxel 20 µg/mL, (DX) doxorubicin 3 µg/mL, and (CIS) cisplatin
50 µg/mL.

3.4. Sensitivity/Resistence Assay (S/R Assay)

The S/R of breast cancer explants to each antineoplastic was evaluated after 48 h of
incubation through metabolic viability (MV) by the AB assay, and histological viability
(HV) by histopathological analyses. In both analyses, tumor samples were considered
sensitive if the tissue showed viability values ≤ 50%, and resistant when viability was
>51%. The tumor S/R profile for each patient was obtained by comparing data obtained
by MV and HV. As expected, 27 different tumor S/R profiles were obtained, one for each
patient. In 26 of the profiles, we were able to test four or more antineoplastics (Table 3). As
representative examples, the viability results of patients 17, 25, and 27 analyzed from the
metabolic and histological perspectives are shown in Figure 3A,B, respectively. In these
cases, tumor explants were independently incubated with cyclophosphamide, epirubicin,
5-FU, and paclitaxel. On the one hand, Figure 3A shows that the tumor explants of patients
17 and 25 were sensitive to paclitaxel (22.2% viability) and epirubicin (35.2% viability),
respectively, but showed resistance to the other antineoplastics (viability > 70.4%). On
the other hand, patient 27 was resistant to all treatments (viability of 52–100%). For HV,
the structural conservation, necrosis and inflammation percentages, tumor differentiation
degree, and presence of connective tissue were considered. The percentages of HV for
each antineoplastic were assigned considering the S/R criteria mentioned above. Figure 3B
shows representative images of the histopathological analyses from the same patients as
Figure 3A. Similar to MV findings, explants from patients 17 and 25 showed sensitivity to
paclitaxel (50% viability) and epirubicin (45% viability), respectively, and resistance (>60%
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viability) to the other treatments. Also, explants from patient 27 showed resistance to the
four antineoplastic (75–85% viability). In all cases, we observed preserved cell structures,
the presence of fibrous tissue, erythrocytes, and inflammatory infiltrate, and cell death
areas. When treatments showed differences between results obtained by HV and MV, we
considered these cases to have intermediate sensitivity. We found the greatest number of
these differences for treatment with taxanes. For all patients’ samples, we analyzed the
viability values of MV and HV by Pearson’s correlation analysis. A direct correlation for
cyclophosphamide (r = 0.007) and epirubicin treatments (r = 0.029) was found. Table 3
shows a summary of all tumor S/R profiles.

Table 3. Patient Tumor S/R Profile (T S/R P).

ANTINEOPLASTIC ANTINEOPLASTIC

Taxanes Anthra-
cyclines

Fluoropy-
rimidine

Alkylating
Agents Taxanes Anthra-

cyclines
Fluoropy-
rimidine

Alkylating
Agents

Px D P E DX F C Px D P E F C CIS
1 MV R S R - R - 15 MV R S R R R -

HV R S R - R - HV R S R R R -
T S/R P R S R - R - T S/R P R S R R R -

2 MV R S R - R - 16 MV R R R R R -
HV R S R - R - HV R S R R R -

T S/R P R S R - R - T S/R P R I R R R -
3 MV R S R - R - 17 MV - S R R R -

HV R R R - R - HV - S R R R -
T S/R P R I R - R - T S/R P - S R R R -

4 MV R R R - R R 18 MV - S S R S -
HV R R R - R S HV - S R R S -

T S/R P R R R - R I T S/R P - S I R S -
5 MV R S R R R R 19 MV - S S R S -

HV R R R R R R HV - S S S S -
T S/R P R I R R R R T S/R P - S S I S -

6 MV S R S R R S 20 MV - S R R R -
HV R - S R R S HV - S R - R -

T S/R P I ND # S R R S T S/R P - S R ND # R -
7 MV S S R R R R 21 MV - S R R R -

HV R S S R S S HV - S R R R -
T S/R P I S I R I I T S/R P - S R R R -

8 MV R S - - R R 22 MV - R R R R -
HV R R - - R R HV - R R R R -

T S/R P R I - - R R T S/R P - R R R R -
9 MV S S R - R S 23 MV - S R R R -

HV R R R - R S HV - R R R R -
T S/R P I I R - R S T S/R P - I R R R -

10 MV S S R - R R 24 MV - S R R R -
HV R R R - R R HV - S R R R -

T S/R P I I R - R R T S/R P - S R R R -
11 MV - S R - R S 25 MV - R S R R S

HV - S S - S S HV - R S R R S
T S/R P - S I - I S T S/R P - R S R R S

12 MV - S R - R R 26 MV - R S R R S
HV - R R - R R HV - R S R R S

T S/R P - I R - R R T S/R P - R S R R S
13 MV - S R - R S 27 MV - R R R R R

HV - S R - R S HV - R R R R R
T S/R P - S R - R S T S/R P - R R R R R

14 MV - S R - R R
HV - R R - R R

T S/R P - I R - R R

Determination of individual tumor S/R profile (T S/R P) after treatment with 1 mg/mL cyclophosphamide (C),
20 µg/mL docetaxel (D), 3 µg/mL epirubicin (E), 50 µg/mL 5-fluororacil (F), 20 µg/mL paclitaxel (P), 3µg/mL
doxorubicin (DX), and 50 µg/mL cisplatin (CIS). MV: Metabolic viability, HV: Histological viability, R: Resistant
(red), I: Intermediate (yellow), S: Sensitive (green). # Not enough discrimination elements.
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Figure 3. Metabolic and histological viability of explants cultivated with antineoplastics. (A) Re-
sistance/sensitivity of breast tumor explants based on the Alamar Blue assay (values are expressed 

Figure 3. Metabolic and histological viability of explants cultivated with antineoplastics. (A) Resis-
tance/sensitivity of breast tumor explants based on the Alamar Blue assay (values are expressed
as mean ± standard deviation, n = 3–5 explants per treatment, * p < 0.05 compared to the control).
(B) Structural viability by histopathological analysis. Necrotic areas are delimited by dotted lines.
Values are presented as the average of 5–6 explants per treatment. Tumor viability was evaluated
48 h after treatment with 1 mg/mL cyclophosphamide (C), 3 µg/mL epirubicin (E), 50 µg/mL
5-fluororacil (F), and 20 µg/mL paclitaxel (P). Scale bar: 100 µm.

Overall, 88.5% of samples were resistant to 5-FU, 78.4% to anthracyclines, 66.7% to
cyclophosphamide, 66.7% to docetaxel, and 16% to paclitaxel. When the relationship
between resistance to cyclophosphamide and hormonal status was analyzed, we found a
significant difference in 83.3% of the hormone receptor-positive tumor samples luminal A
and B (p = 0.027). However, there were no significant differences between resistance to the
other antineoplastics regarding molecular classification and histological grade.

4. Discussion

Despite the recent and remarkable advances in the treatment of breast cancer, as well
the evolution toward personalized therapy [7], it has not been possible to effectively foretell
the response of patients to therapeutic treatments [40]. In this study, we used precision-cut
slices/explants of breast tumor tissue to obtain tumor S/R profiles as an experimental tool
to predict and individualize chemotherapy treatment for patients with breast cancer.

It is important to take into consideration the organotypic culture technique, proper
tissue handling; the time elapsed from in situ collection, transport, processing; and the start
of incubation in order to reduce necrosis induced by mechanical damage during the tissue



J. Pers. Med. 2023, 13, 1521 12 of 18

slicing process and manipulation, to ensure that the tissue remains viable [31] and to abate
variations in the results [24]. Taking this in consideration, in this study, the processing time
from when the tissue sample was acquired to its final incubation period was less than 2 h.
Usually, it is possible to obtain slices with adequate thickness and size; however, the size
of the tumor fragment provided by the pathologists, as well as its consistency (e.g., soft,
firm, fibrotic, or with necrotic zones), are also very important because the quality of the
tumor slices depends directly on these factors. To optimize the human samples, tissue
tumor explants with uniform thickness were prepared from precision-cut tumor slices.
Based on our experience, we made the necessary adjustments for each sample, as reported
previously [24,32,52,66].

The histological, cytological characteristics, as well as the degree of differentiation of
the tumor were perpetuated during the ex vivo culture, similar to that observed by different
researchers using other tumor tissue slice models [31,35,67]. This study also observes the
high proliferation rate during the culture period (Figure 2B), which is consistent with
previous reports [68,69], suggesting that both the selected time and the culture conditions
are suitable for conducting assays to assess the effects of antineoplastic agents on the tissues.
To obtain sufficient and reliable results that allow the tumor S/R profile to be considered as
a preclinical model, it is necessary to select and carry out drug response tests with their
respective controls [70] and to acknowledge the mode of action of each drug or compound
that is evaluated [40]. We contemplated these factors evaluating the metabolic viability
(MV) using the AB assay, which is a well-known and widely accepted method for this
purpose [70–72]. We compared the results obtained by this assay (MV) with the histologic
viability (HV), which allows the microscopic observation of viable cells and patterns of
cell death in tissues. We take into account the HV criteria due to the difficulties that can
arise in interpreting assays based on mitochondrial activity and adenosine triphosphate
(ATP) levels, among other factors [31]. Although there are other methods that could be
more accurate [24,35,73], they tend to increase economical costs due to the need for more
complex analyses, infrastructure, and supplies, which are often unaffordable for public
health systems, especially in developing countries.

We observed discrepancies between the results obtained by MV and HV in 35.1% of
the explants treated with taxanes (i.e., docetaxel and paclitaxel). This finding may have
been caused due to its primary mechanism of action which lies in stabilizing microtubules
to inhibit the cell cycle in the M phase, and, consequently, causes cell death by mitotic
arrest [74], which would be its secondary mechanism of action as a result to exposure for
more than 48 h [75]. While we were able to observe the effects on HV and MV in explants
sensitive to paclitaxel, in explants classified as resistant and/or with intermediate sensitivity,
there was no effect based on HV, where the integrity of the membranes was maintained,
and the percentage of cell death was not altered significantly during the 48 h treatment
period. Ladan et al. [40] addressed this technical difficulty by measuring cell blockage
of mitosis rather than cell death or proliferation to assess the effects of docetaxel on cells,
because taxanes inhibit cell growth by a different mechanism than that of chemotherapy
agents, which act by damaging DNA. For this reason, we evaluated the mitotic index
as an additional test to establish whether there was S/R to paclitaxel and/or docetaxel.
The relative value of the mitotic index was not influenced by the 48 h treatment in any
of the explants with resistance or intermediate sensitivity to those compared to control
untreated explants.

Nonetheless, it is important to mention that the decrease in MV may be due to the
direct effects of taxanes because they reduce cellular respiration through conformational
changes in mitochondrial protein complexes such as ATP synthase (complex V), prohibitins,
and voltage-gated anion channel proteins [74]. An advantage of this organotypic culture
system is that it allows sectioning tumor fragments of at least 1 cm2 to produce precision-cut
tumor slices (10 mm diameter and 250–300 µm thickness), each of these slices produces
3–4 explants from different areas of the tumor. This approach optimizes the use of available
tissue and ensures that all different tumor regions are included, which could feasibly
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represent the complex heterogeneity of each tumor [31]. This could also lead to variable
results due to the presence of different cellular components of the TME within each unique
explant sample. The relevance of the tumor stroma in preclinical models is undeniably
vital [31]. As previously proven by Gerlinger et al. [25] and Kenerson et al. [76], which
demonstrated different intratumoral zones that were separated only by a few millimeters
and had different metabolic activities and gene expression profiles, which reflect real tumor
behavior due in part to this heterogeneity. Ex vivo 3D models like the one we describe in
this work allows the inclusion of different inter- and intratumor regions that constitute the
microenvironment of each tumor, which in turn emphasizes the influences in the selection
of optimal treatment for each patient [39,66,76,77] and provides a closer view of what
happens in the niche of cancer cells in vivo.

Furthermore, the most frequently reported molecular subtype of breast cancer is
luminal A [7], which concurs with our results (frequency of 59.3%). The fact that we
found no significant differences between the response to the tested antineoplastic regarding
the molecular classification and histological grade may be due to the small number of
samples of each molecular subtype. However, most luminal A tissues were resistant to the
treatments, except paclitaxel. These results are similar to the low response reported for this
drug because the treatment for luminal A breast cancer tumors is hormonal therapy [7],
which was not evaluated in the present study.

To establish a relationship between the viability of the tumor explants cultivated ex
vivo and the in vivo response, the percentage of necrosis as a proxy to the pathological
response was determined, considering that triple-negative tumors have a higher rate of
response, while luminal A tumors have a lower response rate [78–80]. The percentage of
necrosis in response to the treatments in triple-negative samples was 49.85%, and 26.22% in
luminal A; the difference was statistically significant (p < 0.05). These values are very similar
to those reported for pathologic complete response rates in these molecular subtypes [81].
As for inflammation, in control and cultivated explants, no significant difference in TIL
percentage was found, which was reasonably due to the sample size.

Although further validation is required, the results suggest that the model we used
here agrees with the expected clinical response [79,80]. This is in accordance with the
findings reported by Ruvalcaba-Limón et al. [79], who found a weak negative correlation
between the percentage of ERs and the clinical response in primary tumors. Similarly,
Giménez-Martínez et al. [82] reported high chemosensitivity in terms of complete patho-
logical response in tumors with negative hormone receptors and low response rate in
luminal tumors. This is important if we consider that our proposal seeks to have an impact
in countries with limited funding resources, where molecular tests are not economically
viable in public hospitals. In addition, the results could also be useful to identify luminal
A patients, with poor or no responses, to find alternatives to chemotherapy, or reduce the
burden of costs in public health systems.

This ex vivo assay could be applied in any third level hospital, with minimum funding
in the clinical laboratory, oncology, and pathology departments, because it allows testing
on tumoral tissues using the same drugs from the hospital’s already in stock treatments
that are used for breast cancer. This would allow the selection of the best optimal treatment,
prevent undesirable side effects, and lower expenditure to the health care system, reducing
the cost of expensive genomic profiles that assess the utility of chemotherapy. In addition,
the genomic profiling is validated in patients with early-stage breast cancer up to N1
(1–3 lymph nodes), and the tumor S/R profile can also be used in advanced cancers, such
as the ones present in this work. Properly distributing medical spending and the use of
available assets is a preeminent health issue in developing countries, where resources are
limited. Therefore, analyses of the tumor S/R profile represent a useful tool that is easy
to apply in a public health system. The results can be obtained in a minimum of one
to two weeks and can be used to provide target therapies and improve the success rate
of chemotherapy.
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5. Conclusions

Compared to other models, the tumor S/R profile obtained while culturing repre-
sentative samples of tumors from each patient provides results in less than 2 weeks, is
reproducible, low cost, and could help predict personalized chemotherapy or optimize the
treatment for hormone-sensitive patients with breast cancer, avoiding the use of ineffective
antineoplastic agents and their toxic effects and, in turn, reducing the system costs of health.
Its clinical utility will depend on the results of future clinical studies in which the patient
receives its therapeutic treatment based on their tumor S/R profile while being closely
monitored by clinical oncologists to assess their evolution and response to treatment.

Author Contributions: Conceptualization, tissue slices preparation, visualization, writing—review
and editing, P.C.-R.; patients selection, surgery performance and sample provision, J.I.B.-G., D.V.-M.
and M.I.G.-G.; in situ sample selection and histopathological analysis, O.E.-H.; in situ sample selection,
histopathological analysis, visualization and writing—review and editing, N.E.G.-D.; AB method
analysis and resources, E.V.-V.; statistical analysis and resources, J.M.-M.; patient data collection and
resources, I.B.-R.; patients clinical evolution and data analysis, A.L.C.-Á.; patients clinical evolution,
data analysis and writing—review and editing, M.A.S.-P.; ex vivo 3D culture, explants treatment,
visualization, writing—original draft preparation and editing, I.E.C.-T. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by institutional funding from Fondo de Investigación en
Salud, Coordinación de Investigación en Salud of the Instituto Mexicano del Seguro Social, through
the funding number: FIS/IMSS/PROT/G14/1298 (P.C.-R.).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the IMSS National Committee for Scientific Research and Ethics (protocol
number R-2014-785-022, date of approval: 28 April 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: The authors thank L.E. Sofia Magdalena Rodríguez (Área de Terapia Intravenosa
y Central de Mezclas, UMAE #25, IMSS) for her kindness assistance with the antineoplastics used in
this protocol, and QBP Consuelo Coronado Martínez and Doctor Joyce Eng Obando for the excellent
technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization. Cancer, Nota Descriptive. 2021. Available online: https://www.who.int/es/news-room/fact-

sheets/detail/cancer (accessed on 5 July 2022).
2. INEGI (Instituto Nacional de Estadística y Geografía). Estadísticas a Propósito del día Mundial Contra el Cáncer (Datos

Nacionales). 2021. Available online: https://www.inegi.org.mx/contenidos/saladeprensa/aproposito/2021/EAP_
LUCHACANCER2021.pdf (accessed on 25 June 2022).

3. Instituto Nacional de Salud Pública. Aportaciones a la Salud de los Mexicanos; INSP: Cuernavaca, Mexico, 2017; pp. 59–75.
4. Zhang, Y.; Lu, A.; Zhuang, Z.; Zhang, S.; Liu, S.; Chen, H.; Yang, X.; Wang, Z. Can Organoid Model Reveal a Key Role of

Extracellular Vesicles in Tumors? A Comprehensive Review of the Literature. Int. J. Nanomed. 2023, 18, 5511–5527. [CrossRef]
5. Conde, S.J.; Luvizotto, R.D.A.; de Síbio, M.T.; Nogueira, C.R. Human breast tumor slices as an alternative approach to cell lines to

individualize research for each patient. Eur. J. Cancer Prev. 2012, 21, 333–335. [CrossRef]
6. Ntafoulis, I.; Kleijn, A.; Ju, J.; Jimenez-Cowell, K.; Fabro, F.; Klein, M.; Yen, R.T.C.; Balvers, R.K.; Li, Y.; Stubbs, A.P.; et al. Ex vivo

drug sensitivity screening predicts response to temozolomide in glioblastoma patients and identifies candidate biomarkers. Br. J.
Cancer 2023, 129, 1327–1338. [CrossRef]

7. Greenwalt, I.; Zaza, N.; Das, S.; Li, B.D. Precision Medicine and Targeted Therapies in Breast Cancer. Surg. Oncol. Clin. N. Am.
2020, 29, 51–62. [CrossRef]

8. Chakrabarty, S.; Quiros-Solano, W.F.; Kuijten, M.M.; Haspels, B.; Mallya, S.; Lo, C.S.Y.; Othman, A.; Silvestri, C.; van de Stolpe, A.;
Gaio, N.; et al. A Microfluidic Cancer-on-Chip Platform Predicts Drug Response Using Organotypic Tumor Slice Culture. Cancer
Res. 2022, 82, 510–520. [CrossRef]

9. Naess, S.C.K.; Håland, E. Between diagnostic precision and rapid decision-making: Using institutional ethnography to explore
diagnostic work in the context of Cancer Patient Pathways in Norway. Sociol. Health Illn. 2021, 43, 476–492. [CrossRef]

https://www.who.int/es/news-room/fact-sheets/detail/cancer
https://www.who.int/es/news-room/fact-sheets/detail/cancer
https://www.inegi.org.mx/contenidos/saladeprensa/aproposito/2021/EAP_LUCHACANCER2021.pdf
https://www.inegi.org.mx/contenidos/saladeprensa/aproposito/2021/EAP_LUCHACANCER2021.pdf
https://doi.org/10.2147/IJN.S424737
https://doi.org/10.1097/CEJ.0b013e32834dbc42
https://doi.org/10.1038/s41416-023-02402-y
https://doi.org/10.1016/j.soc.2019.08.004
https://doi.org/10.1158/0008-5472.CAN-21-0799
https://doi.org/10.1111/1467-9566.13235


J. Pers. Med. 2023, 13, 1521 15 of 18

10. Contartese, D.; Salamanna, F.; Veronesi, F.; Fini, M. Relevance of humanized three-dimensional tumor tissue models: A descriptive
systematic literature review. Cell. Mol. Life Sci. 2020, 77, 3913–3944. [CrossRef]

11. Muraro, M.G.; Muenst, S.; Mele, V.; Quagliata, L.; Iezzi, G.; Tzankov, A.; Weber, W.P.; Spagnoli, G.C.; Soysal, S.D. Ex-vivo assess-
ment of drug response on breast cancer primary tissue with preserved microenvironments. Oncoimmunology 2017, 6, e1331798.
[CrossRef]

12. Ma, X.; Wang, Q.; Li, G.; Li, H.; Xu, S.; Pang, D. Cancer organoids: A platform in basic and translational research. Genes Dis. 2023,
11, 614–632. [CrossRef]

13. Lin, Y.; Yang, Y.; Yuan, K.; Yang, S.; Zhang, S.; Li, H.; Tang, T. Multi-omics analysis based on 3D-bioprinted models innovates
therapeutic target discovery of osteosarcoma. Bioact. Mater. 2022, 18, 459–470. [CrossRef]

14. Murayama, T.; Gotoh, N. Patient-Derived Xenograft Models of Breast Cancer and Their Application. Cells 2019, 8, 621. [CrossRef]
15. Boyd, D.C.; Zboril, E.K.; Olex, A.L.; Leftwich, T.J.; Hairr, N.S.; Byers, H.A.; Valentine, A.D.; Altman, J.E.; Alzubi, M.A.;

Grible, J.M.; et al. Discovering Synergistic Compounds with BYL-719 in PI3K Overactivated Basal-like PDXs. Cancers 2023, 15,
1582. [CrossRef]

16. Boix-Montesinos, P.; Soriano-Teruel, P.M.; Armiñán, A.; Orzáez, M.; Vicent, M.J. The past, present, and future of breast cancer
models for nanomedicine development. Adv. Drug Deliv. Rev. 2021, 173, 306–330. [CrossRef] [PubMed]

17. Pan, B.; Wei, X.; Xu, X. Patient-derived xenograft models in hepatopancreatobiliary cancer. Cancer Cell. Int. 2022, 22, 41. [CrossRef]
[PubMed]

18. Zhang, Y.; Zhang, G.-L.; Sun, X.; Cao, K.-X.; Ma, C.; Nan, N.; Yang, G.-W.; Yu, M.-W.; Wang, X.-M. Establishment of a murine
breast tumor model by subcutaneous or orthotopic implantation. Oncol. Lett. 2018, 15, 6233–6240. [CrossRef] [PubMed]

19. Ben-David, U.; Ha, G.; Tseng, Y.-Y.; Greenwald, N.F.; Oh, C.; Shih, J.; McFarland, J.M.; Wong, B.; Boehm, J.S.; Beroukhim, R.; et al.
Patient-derived xenografts undergo mouse-specific tumor evolution. Nat. Genet. 2017, 49, 1567–1575. [CrossRef]

20. Gengenbacher, N.; Singhal, M.; Augustin, H.G. Preclinical mouse solid tumour models: Status quo, challenges and perspectives.
Nat. Rev. Cancer 2017, 17, 751–765. [CrossRef]

21. Bruss, C.; Kellner, K.; Ortmann, O.; Seitz, S.; Brockhoff, G.; Hutchinson, J.A.; Wege, A.K. Advanced Immune Cell Profiling by
Multiparameter Flow Cytometry in Humanized Patient-Derived Tumor Mice. Cancers 2022, 14, 2214. [CrossRef]

22. Wang, J.; Zuo, S.; Zhang, Y.; Li, S.; Shi, Y.; Du, T.; Han, J.; Jin, N.; Li, Y.; Li, X. Recombinant Oncolytic Adenovirus Combined
with Cyclophosphamide Induces Synergy in the Treatment of Breast Cancer in vitro and in vivo. Cancer Manag. Res. 2022, 14,
2749–2761. [CrossRef]

23. de Hoogt, R.; Estrada, M.F.; Vidic, S.; Davies, E.J.; Osswald, A.; Barbier, M.; Santo, V.E.; Gjerde, K.; van Zoggel, H.J.A.A.;
Blom, S.; et al. Protocols and characterization data for 2D, 3D, and slice-based tumor models from the PREDECT project. Sci.
Data 2017, 4, 170170. [CrossRef]

24. Nishida-Aoki, N.; Bondesson, A.J.; Gujral, T.S. Measuring Real-time Drug Response in Organotypic Tumor Tissue Slices. J. Vis.
Exp. 2020, 159, e61036. [CrossRef]

25. Gerlinger, M.; Rowan, A.J.; Horswell, S.; Math, M.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.; Matthews, N.;
Stewart, A.; et al. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. N. Engl. J. Med. 2012,
366, 883–892. [CrossRef]

26. Suphavilai, C.; Chia, S.; Sharma, A.; Tu, L.; Da Silva, R.P.; Mongia, A.; DasGupta, R.; Nagarajan, N. Predicting heterogeneity
in clone-specific therapeutic vulnerabilities using single-cell transcriptomic signatures. Genome Med. 2021, 13, 189. [CrossRef]
[PubMed]

27. Carranza-Rosales, P.; Guzmán-Delgado, N.E.; Carranza-Torres, I.E.; Viveros-Valdez, E.; Morán-Martínez, J. Breast Organotypic
Cancer Models. Curr. Top. Microbiol. Immunol. 2018, 430, 199–223. [CrossRef]

28. Fridrichs, J.; Hamel, B.; Kelder, W.; van den Hoed, E.; van den Heuvel, M.C.; Hulscher, J.B.F.; Olinga, P. Human precision-cut
cystic duct and gallbladder slices: A novel method for studying cholangiopathies. Front. Pediatr. 2023, 11, 1058319. [CrossRef]

29. Idrisova, K.F.; Simon, H.U.; Gomzikova, M.O. Role of Patient-Derived Models of Cancer in Translational Oncology. Cancers 2022,
15, 139. [CrossRef] [PubMed]

30. De Graaf, I.A.; Olinga, P.; de Jager, M.H.; Merema, M.T.; de Kanter, R.; van de Kerkhof, E.G.; Groothuis, G.M.M. Preparation and
incubation of precision-cut liver and intestinal slices for application in drug metabolism and toxicity studies. Nat. Protoc. 2010, 5,
1540–1551. [CrossRef]

31. Misra, S.; Moro, C.F.; Del Chiaro, M.; Pouso, S.; Sebestyén, A.; Löhr, M.; Björnstedt, M.; Verbeke, C.S. Ex vivo organotypic culture
system of precision-cut slices of human pancreatic ductal adenocarcinoma. Sci. Rep. 2019, 9, 2133. [CrossRef]

32. Majorova, D.; Atkins, E.; Martineau, H.; Vokral, I.; Oosterhuis, D.; Olinga, P.; Wren, B.; Cuccui, J.; Werling, D. Use of Precision-Cut
Tissue Slices as a Translational Model to Study Host-Pathogen Interaction. Front. Vet. Sci. 2021, 8, 686088. [CrossRef]

33. Vickers, A.E.; Fisher, R.L. Evaluation of drug-induced injury and human response in precision-cut tissue slices. Xenobiotica 2013,
43, 29–40. [CrossRef]

34. He, L.; Deng, C. Recent advances in organotypic tissue slice cultures for anticancer drug development. Int. J. Biol. Sci. 2022, 18,
5885–5896. [CrossRef] [PubMed]

https://doi.org/10.1007/s00018-020-03513-y
https://doi.org/10.1080/2162402X.2017.1331798
https://doi.org/10.1016/j.gendis.2023.02.052
https://doi.org/10.1016/j.bioactmat.2022.03.029
https://doi.org/10.3390/cells8060621
https://doi.org/10.3390/cancers15051582
https://doi.org/10.1016/j.addr.2021.03.018
https://www.ncbi.nlm.nih.gov/pubmed/33798642
https://doi.org/10.1186/s12935-022-02454-9
https://www.ncbi.nlm.nih.gov/pubmed/35090441
https://doi.org/10.3892/ol.2018.8113
https://www.ncbi.nlm.nih.gov/pubmed/29616105
https://doi.org/10.1038/ng.3967
https://doi.org/10.1038/nrc.2017.92
https://doi.org/10.3390/cancers14092214
https://doi.org/10.2147/CMAR.S373271
https://doi.org/10.1038/sdata.2017.170
https://doi.org/10.3791/61036
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1186/s13073-021-01000-y
https://www.ncbi.nlm.nih.gov/pubmed/34915921
https://doi.org/10.1007/82_2018_86
https://doi.org/10.3389/fped.2023.1058319
https://doi.org/10.3390/cancers15010139
https://www.ncbi.nlm.nih.gov/pubmed/36612135
https://doi.org/10.1038/nprot.2010.111
https://doi.org/10.1038/s41598-019-38603-w
https://doi.org/10.3389/fvets.2021.686088
https://doi.org/10.3109/00498254.2012.732714
https://doi.org/10.7150/ijbs.78997
https://www.ncbi.nlm.nih.gov/pubmed/36263166


J. Pers. Med. 2023, 13, 1521 16 of 18

35. Zhang, Y.; Wang, Z.-Y.; Jing, H.-S.; Zhang, H.-D.; Yan, H.-X.; Fan, J.-X.; Zhai, B. A pre-clinical model combining cryopreservation
technique with precision-cut slice culture method to assess the in vitro drug response of hepatocellular carcinoma. Int. J. Mol.
Med. 2022, 49, 51. [CrossRef] [PubMed]

36. Perez, L.M.; Nonn, L. Harnessing the Utility of Ex Vivo Patient Prostate Tissue Slice Cultures. Front. Oncol. 2022, 12, 864723.
[CrossRef] [PubMed]

37. Dimou, P.; Trivedi, S.; Liousia, M.; D’Souza, R.R.; Klampatsa, A. Precision-Cut Tumor Slices (PCTS) as an Ex Vivo Model in
Immunotherapy Research. Antibodies 2022, 11, 26. [CrossRef]

38. Zhang, W.; Auguste, A.; Liao, X.; Walterskirchen, C.; Bauer, K.; Lin, Y.-H.; Yang, L.; Sayedian, F.; Fabits, M.; Bergmann, M.; et al. A
Novel B7-H6-Targeted IgG-Like T Cell-Engaging Antibody for the Treatment of Gastrointestinal Tumors. Clin. Cancer Res. 2022,
28, 5190–5201. [CrossRef]

39. Roelants, C.; Pillet, C.; Franquet, Q.; Sarrazin, C.; Peilleron, N.; Giacosa, S.; Guyon, L.; Fontanell, A.; Fiard, G.; Long, J.-A.; et al.
Ex-Vivo Treatment of Tumor Tissue Slices as a Predictive Preclinical Method to Evaluate Targeted Therapies for Patients with
Renal Carcinoma. Cancers 2020, 12, 232. [CrossRef]

40. Ladan, M.M.; Meijer, T.G.; Verkaik, N.S.; Komar, Z.M.; van Deurzen, C.H.M.; Bakker, M.A.D.; Kanaar, R.; van Gent, D.C.; Jager, A.
Functional Ex Vivo Tissue-Based Chemotherapy Sensitivity Testing for Breast Cancer. Cancers 2022, 14, 1252. [CrossRef]

41. Spennati, G.; Horowitz, L.F.; McGarry, D.J.; Rudzka, D.A.; Armstrong, G.; Olson, M.F.; Folch, A.; Yin, H. Organotypic platform for
studying cancer cell metastasis. Exp. Cell Res. 2021, 401, 112527. [CrossRef]

42. Majumder, B.; Baraneedharan, U.; Thiyagarajan, S.; Radhakrishnan, P.; Narasimhan, H.; Dhandapani, M.; Brijwani, N.; Pinto,
D.D.; Prasath, A.; Shanthappa, B.U.; et al. Predicting clinical response to anticancer drugs using an ex vivo platform that captures
tumour heterogeneity. Nat. Commun. 2015, 6, 6169. [CrossRef]

43. Szekerczés, T.; Selvam, A.K.; Moro, C.F.; Elduayen, S.P.; Dillner, J.; Björnstedt, M.; Ghaderi, M. Exploration of Patient-Derived
Pancreatic Ductal Adenocarcinoma Ex Vivo Tissue for Treatment Response. Antioxidants 2023, 12, 167. [CrossRef]

44. Bertoli, G.; Cava, C.; Corsi, F.; Piccotti, F.; Martelli, C.; Ottobrini, L.; Vaira, V.; Castiglioni, I. Triple negative aggressive phenotype
controlled by miR-135b and miR-365: New theranostics candidates. Sci. Rep. 2021, 11, 6553. [CrossRef] [PubMed]

45. Dong, M.; Böpple, K.; Thiel, J.; Winkler, B.; Liang, C.; Schueler, J.; Davies, E.J.; Barry, S.T.; Metsalu, T.; Mürdter, T.E.; et al. Perfusion
Air Culture of Precision-Cut Tumor Slices: An Ex Vivo System to Evaluate Individual Drug Response under Controlled Culture
Conditions. Cells 2023, 12, 807. [CrossRef] [PubMed]

46. Jiang, X.; Seo, Y.D.; Chang, J.H.; Coveler, A.; Nigjeh, E.N.; Pan, S.; Jalikis, F.; Yeung, R.S.; Crispe, I.N.; Pillarisetty, V.G. Long-lived
pancreatic ductal adenocarcinoma slice cultures enable precise study of the immune microenvironment. Oncoimmunology 2017,
6, e1333210. [CrossRef]

47. Gerpe, M.C.R.; van Vloten, J.P.; Santry, L.A.; de Jong, J.; Mould, R.C.; Pelin, A.; Bell, J.C.; Bridle, B.W.; Wootton, S.K. Use of
Precision-Cut Lung Slices as an Ex Vivo Tool for Evaluating Viruses and Viral Vectors for Gene and Oncolytic Therapy. Mol. Ther.
Methods Clin. Dev. 2018, 10, 245–256. [CrossRef] [PubMed]

48. Baldassi, D.; Ambike, S.; Feuerherd, M.; Cheng, C.-C.; Peeler, D.J.; Feldmann, D.P.; Porras-Gonzalez, D.L.; Wei, X.; Keller, L.-A.;
Kneidinger, N.; et al. Inhibition of SARS-CoV-2 replication in the lung with siRNA/VIPER polyplexes. J. Control. Release 2022,
345, 661–674. [CrossRef]

49. Carranza-Torres, I.E.; Guzmán-Delgado, N.E.; Coronado-Martínez, C.; Bañuelos-García, J.I.; Viveros-Valdez, E.; Morán-Martínez, J.;
Carranza-Rosales, P. Organotypic culture of breast tumor explants as a multicellular system for the screening of natural compounds
with antineoplastic potential. Biomed Res. Int. 2015, 2015, 618021. [CrossRef]

50. García-Davis, S.; Viveros-Valdez, E.; Díaz-Marrero, A.R.; Fernández, J.J.; Valencia-Mercado, D.; Esquivel-Hernández, O.; Carranza-
Rosales, P.; Carranza-Torres, I.E.; Guzmán-Delgado, N.E. Antitumoral Effect of Laurinterol on 3D Culture of Breast Cancer
Explants. Mar. Drugs 2019, 17, 201. [CrossRef]

51. Horowitz, L.F.; Rodriguez, A.D.; Ray, T.; Folch, A. Microfluidics for interrogating live intact tissues. Microsyst. Nanoeng. 2020,
6, 69. [CrossRef]

52. Holliday, D.L.; Moss, M.A.; Pollock, S.; Lane, S.; Shaaban, A.M.; Millican-Slater, R.; Nash, C.; Hanby, A.M.; Speirs, V. The
practicalities of using tissue slices as preclinical organotypic breast cancer models. J. Clin. Pathol. 2013, 66, 253–255. [CrossRef]

53. Giraud, S.; Loum, E.; Bessette, B.; Fermeaux, V.; Lautrette, C. Oncogramme, a new promising method for individualized breast
tumour response testing for cancer treatment. Anticancer Res. 2011, 31, 139–145.

54. Oncomedics. Available online: http://www.oncomedics.com/index.php?page=home&hl=en_US (accessed on 6 September 2022).
55. Nagourney Cancer Institute. Available online: http://www.rationaltherapeutics.com (accessed on 6 September 2022).
56. Garcia-Chagollan, M.; Carranza-Torres, I.E.; Carranza-Rosales, P.; Guzmán-Delgado, N.E.; Ramírez-Montoya, H.; Martínez-Silva, M.G.;

Mariscal-Ramirez, I.; Barrón-Gallardo, C.A.; Pereira-Suárez, A.L.; Aguilar-Lemarroy, A.; et al. Expression of NK Cell Surface
Receptors in Breast Cancer Tissue as Predictors of Resistance to Antineoplastic Treatment. Technol. Cancer Res. Treat. 2018, 17,
1533033818764499. [CrossRef]

57. Rampersad, S.N. Multiple applications of Alamar Blue as an indicator of metabolic function and cellular health in cell viability
bioassays. Sensors 2012, 12, 12347–12360. [CrossRef]

58. Li, J.; Chen, Z.; Su, K.; Zeng, J. Clinicopathological classification and traditional prognostic indicators of breast cancer. Int. J. Clin.
Exp. Pathol. 2015, 8, 8500–8505. [PubMed]

https://doi.org/10.3892/ijmm.2022.5107
https://www.ncbi.nlm.nih.gov/pubmed/35179217
https://doi.org/10.3389/fonc.2022.864723
https://www.ncbi.nlm.nih.gov/pubmed/35433436
https://doi.org/10.3390/antib11020026
https://doi.org/10.1158/1078-0432.CCR-22-2108
https://doi.org/10.3390/cancers12010232
https://doi.org/10.3390/cancers14051252
https://doi.org/10.1016/j.yexcr.2021.112527
https://doi.org/10.1038/ncomms7169
https://doi.org/10.3390/antiox12010167
https://doi.org/10.1038/s41598-021-85746-w
https://www.ncbi.nlm.nih.gov/pubmed/33753785
https://doi.org/10.3390/cells12050807
https://www.ncbi.nlm.nih.gov/pubmed/36899943
https://doi.org/10.1080/2162402X.2017.1333210
https://doi.org/10.1016/j.omtm.2018.07.010
https://www.ncbi.nlm.nih.gov/pubmed/30112421
https://doi.org/10.1016/j.jconrel.2022.03.051
https://doi.org/10.1155/2015/618021
https://doi.org/10.3390/md17040201
https://doi.org/10.1038/s41378-020-0164-0
https://doi.org/10.1136/jclinpath-2012-201147
http://www.oncomedics.com/index.php?page=home&hl=en_US
http://www.rationaltherapeutics.com
https://doi.org/10.1177/1533033818764499
https://doi.org/10.3390/s120912347
https://www.ncbi.nlm.nih.gov/pubmed/26339424


J. Pers. Med. 2023, 13, 1521 17 of 18

59. Salgado, R.; Denkert, C.; Demaria, S.; Sirtaine, N.; Klauschen, F.; Pruneri, G.; Wienert, S.; Van den Eynden, G.; Baehner, F.L.;
Penault-Llorca, F.; et al. The evaluation of tumor-infiltrating lymphocytes (TILs) in breast cancer: Recommendations by an
International TILs Working Group 2014. Ann. Oncol. 2015, 26, 259–271. [CrossRef] [PubMed]

60. Dieci, M.V.; Radosevic-Robin, N.; Fineberg, S.; Eynden, G.v.D.; Ternes, N.; Penault-Llorca, F.; Pruneri, G.; D’alfonso, T.M.;
Demaria, S.; Castaneda, C.; et al. Update on tumor-infiltrating lymphocytes (TILs) in breast cancer, including recommendations to
assess TILs in residual disease after neoadjuvant therapy and in carcinoma in situ: A report of the International Immuno-Oncology
Biomarker Working Group on Breast Cancer. Semin. Cancer Biol. 2018, 52 Pt 2, 16–25. [CrossRef] [PubMed]

61. Allison, K.H.; Hammond, M.E.H.; Dowsett, M.; McKernin, S.E.; Carey, L.A.; Fitzgibbons, P.L.; Hayes, D.F.; Lakhani, S.R.;
Chavez-MacGregor, M.; Perlmutter, J.; et al. Estrogen and Progesterone Receptor Testing in Breast Cancer: American Society of
Clinical Oncology/College of American Pathologists Guideline Update. Arch. Pathol. Lab. Med. 2020, 144, 545–563. [CrossRef]

62. Wolff, A.C.; Hammond, M.E.H.; Allison, K.H.; Harvey, B.E.; Mangu, P.B.; Bartlett, J.M.S.; Bilous, M.; Ellis, I.O.; Fitzgibbons, P.;
Hanna, W.; et al. Human Epidermal Growth Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical Oncol-
ogy/College of American Pathologists Clinical Practice Guideline Focused Update. J. Clin. Oncol. 2018, 36, 2105–2122. [CrossRef]
[PubMed]

63. Wolff, A.C.; Somerfield, M.R.; Dowsett, M.; Hammond, M.E.H.; Hayes, D.F.; McShane, L.M.; Saphner, T.J.; Spears, P.A.;
Allison, K.H. Human Epidermal Growth Factor Receptor 2 Testing in Breast Cancer: American Society of Clinical Oncology–
College of American Pathologists Guideline Update. Arch. Pathol. Lab. Med. 2023, 147, 993–1000. [CrossRef]

64. Dowsett, M.; Nielsen, T.O.; A’hern, R.; Bartlett, J.; Coombes, R.C.; Cuzick, J.; Ellis, M.; Henry, N.L.; Hugh, J.C.; Lively, T.; et al.
Assessment of Ki67 in breast cancer: Recommendations from the International Ki67 in Breast Cancer working group. J. Natl.
Cancer Inst. 2011, 103, 1656–1664. [CrossRef]

65. Lucena, M.A.; González, C.J.R.; de Reyes Lartategui, S.; Aragón, T.G.; Barrón, M.T.S.; Rubio, J.G.; Poyatos, P.T. Clasificación actual
del cáncer de mama. Implicación en el tratamiento y pronóstico de la enfermedad. Cir. Andal. 2021, 32, 155–159. [CrossRef]

66. Nagaraj, A.S.; Bao, J.; Hemmes, A.; Machado, M.; Närhi, K.; Verschuren, E.W. Establishment and Analysis of Tumor Slice Explants
as a Prerequisite for Diagnostic Testing. J. Vis. Exp. 2018, 141, e58569. [CrossRef]

67. Doornebal, E.J.; Harris, N.; Riva, A.; Jagatia, R.; Pizanias, M.; Prachalias, A.; Menon, K.; Preziosi, M.; Zamalloa, A.; Miquel, R.; et al.
Human Immunocompetent Model of Neuroendocrine Liver Metastases Recapitulates Patient-Specific Tumour Microenvironment.
Front. Endocrinol. 2022, 13, 909180. [CrossRef] [PubMed]

68. Nandi, S.K.; Pradhan, A.; Das, B.; Das, B.; Basu, S.; Mallick, B.; Dutta, A.; Sarkar, D.K.; Mukhopadhyay, A.; Mukhopadhyay, S.; et al.
Kaempferol attenuates viability of ex-vivo cultured post-NACT breast tumor explants through downregulation of p53 induced
stemness, inflammation and apoptosis evasion pathways. Pathol. Res. Pract. 2022, 237, 154029. [CrossRef] [PubMed]

69. Antoszczak, M.; Urbaniak, A.; Delgado, M.; Maj, E.; Borgström, B.; Wietrzyk, J.; Huczyński, A.; Yuan, Y.; Chambers, T.C.;
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