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Abstract

:

Simple Summary


Most breast cancer patients receive chemotherapy as part of their treatment. Unfortunately, treatment outcomes cannot be predicted with the current methods. Therefore, in the preset study, we explore the feasibility of a functional sensitivity test for the chemotherapeutic agents cisplatin and docetaxel on breast cancer tissue slices in culture. We show that these two agents need to be analyzed differently; cisplatin treatment resulted in cell death and a reduction in proliferation, whereas docetaxel could be assessed by determining the relative numbers of cells in mitosis. We also took the next step towards clinic application by adapting this test for biopsies from metastatic breast tumors. This test is now ready for a direct evaluation of its predictive value in clinical trials.




Abstract


Background chemotherapy is part of most breast cancer (BC) treatment schedules. However, a substantial fraction of BC tumors does not respond to the treatment. Unfortunately, no standard biomarkers exist for response prediction. Therefore, we aim to develop ex vivo sensitivity assays for two types of commonly used cytostatics (i.e., platinum derivates and taxanes) on organotypic BC tissue slices. Methods: Ex vivo cisplatin sensitivity assays were established using organotypic tissue slices derived from the surgical resection material of 13 primary BCs and 20 fresh histological biopsies obtained from various metastatic sites. Furthermore, tissue slices of 10 primary BCs were used to establish a docetaxel ex vivo sensitivity assay. Results: Cisplatin sensitivity was assessed by tissue morphology, proliferation and apoptosis, while the relative increase in the mitotic index was discriminative for docetaxel sensitivity. Based on these read-outs, a scoring system was proposed to discriminate sensitive from resistant tumors for each cytostatic. We successful completed the cisplatin sensitivity assay on 12/16 (75%) biopsies as well. Conclusions: We developed an ex vivo cisplatin and docetaxel assay on BC slices. We also adapted the assay for biopsy-sized specimens as the next step towards the correlation of ex vivo test results and in vivo responses.







Keywords:


breast cancer; chemotherapy sensitivity testing; docetaxel; cisplatin; ex vivo; functional assay












1. Introduction


Chemotherapy remains the cornerstone of breast cancer (BC) treatment, despite increasing possibilities for targeted therapies. However, in the (neo)adjuvant setting, overtreatment is a serious concern. The demand for predictive biomarkers is therefore high. Unfortunately, such biomarkers for classic chemotherapies do not yet exist despite extensive research [1], probably because of the multifactorial nature of their mechanisms of action.



As DNA sequence or gene expression analysis has not yet yielded validated biomarkers, the direct determination of tumor sensitivity using functional assays appears to be an attractive alternative. For this purpose, viable tumor material is cultured and treated ex vivo. For meaningful chemotherapy sensitivity measurements, the growth characteristics of the tumor should be preserved ex vivo. Furthermore, to be useful for the clinical practice, the turnaround time from obtaining a tumor sample to the final test result should be relatively short, i.e., preferably no more than two weeks. Therefore, we and others developed methods to culture organotypic tissue slices derived from BC specimens ex vivo for up to one week [2,3,4,5]. Our method maintained the breast tumor cells in their natural micro-environment and enabled ex vivo screening for chemotherapeutic drug sensitivities. As a first example, we developed a functional sensitivity assay for anthracycline-based chemotherapy on primary BC slices, which is currently being tested in a clinical proof-of-concept study (Trialnumber NL 5588) [2].



Taxanes and platinum salts are two other chemotherapeutic agents that are frequently used for BC treatment. Platinum salts, such as carboplatin and cisplatin, cause double-strand DNA damage (DNA interstrand crosslinks and breaks). Tumor cells with homologous recombination deficiency (HRD) are highly sensitive for this treatment as a result of their strongly reduced repair capacity. Deleterious mutations in the BRCA1/2 and PALB2 genes cause HRD, and could therefore be used for patient selection [6,7]. However, other reasons for an HRD phenotype exist, and it is not clear whether only HRD tumors are cisplatin sensitive [8,9]. Therefore, improved detection of platinum salt sensitivity using functional assays is dearly needed.



Taxanes have a different mode of action; they inhibit microtubule dynamics and mainly influence cell cycle progression. Static microtubules cannot mediate the segregation of chromosomes, causing a cell cycle block in mitosis [10]. Although some genes have been suggested to be involved in chemosensitivity, no molecular nor functional predictive tests have been developed yet [11].



Our aim is to develop ex vivo functional cisplatin and docetaxel sensitivity assays on BC tissue by determining the optimal read-outs for ex vivo response assessments and adapting the assays for use on biopsies of BC metastases. These advances set the stage for the clinical validation phase.




2. Materials and Methods


2.1. Patient Derived Xenografts


Cisplatin-resistant and -sensitive patient-derived xenograft (PDX) models (T250) were established at the Netherlands Cancer Institute, as previously described [12].




2.2. Primary Breast Cancer (BC) Specimens


Residual primary BC tissue was prospectively collected from wide local excision or ablation of the breast in the Erasmus MC Cancer Institute and Maasstad Hospital in Rotterdam, The Netherlands. After the macroscopic evaluation of the surgical specimen by pathologists, fresh residual tumor tissue was collected for research purposes, according to the “Code of proper secondary use of human tissue in the Netherlands” established by the Dutch Federation of Medical Scientific Societies. This was approved by the local Medical Ethical commission of the Erasmus MC (MEC-11-098). Patients who had objected to the secondary use of residual tumor material for research purposes were not included in this study.




2.3. Metastatic Breast Cancer Biopsies


Patients with recurrent or metastatic BC who were planned to start systemic treatment and who had metastatic lesions amenable for biopsies were eligible for the HRD study (Dutch Trial Register number: NTR5574 [13]) or the RECAP study (Dutch Trial Register number: NTR6560). Both studies (NL49306.078.14/MEC14-295 and NL60293.078.17/MEC17-213) were approved by the local Medical Ethical Commission. After written informed consent and registration, each patient was scheduled for a biopsy of a metastatic lesion. If a second biopsy could be obtained, this was used for this study for drug sensitivity screening on organotypic tissue slices. The biopsy was performed by a (intervention) radiologist according to local protocols. For distant metastases, a core needle biopsy with a minimum of 18 gauge and a maximum of 14 gauge was performed under imaging guidance. Biopsies from superficial (skin and subcutaneous) BC recurrences were also allowed and performed using a standard 4 mm biopsy puncher.




2.4. Tissue Slicing and Drug Treatment Ex Vivo


Tumor samples were collected in customized breast medium, after which slices were generated using a Leica VT 1200S Vibratome as described previously [2]. Metastatic BC biopsies were embedded in 4% low melting agarose in PBS at 37 °C under a shallow angle before slicing. Slicing resulted in 3–5 slices from a biopsy (300 µM thick and several mm in length). Culturing was performed at 37 °C in a 5% CO2 atmosphere under constant rotation at 60 rpm using a Stuart SSM1 mini orbital shaker.



For the development of the drug sensitivity assay, tissue slices were cultured for three days with a constant concentration of cisplatin (Accord Healthcare, Utrecht, The Netherlands) or docetaxel (Biovision, ITK Diagnostics, Uithoorn, The Netherlands). Proliferating cells for all conditions were labeled by adding 30 μM 5-Ethynyl deoxyuridine (EdU) (Invitrogen, Carlsbad, CA, USA) to the culture media during the last 2 h, before fixation for cisplatin treatment and during the last hour before fixation for docetaxel treatment. Tumor slices were fixed in 10% neutral buffered formalin for at least 24 h at room temperature. Subsequently, tumor slices were embedded in paraffin and 4 μm sections were generated.




2.5. Staining Protocols


Histological tumor architecture was examined by hematoxylin and eosin (HE) staining. Proliferating tumor cells were visualized by immunofluorescent staining with anti-PanCytokeratin (AE1/AE3) (Santa Cruz Biotechnology, Dallas, TX, USA, sc-81714, diluted 1/500) and Goat anti-Mouse Alexa Fluor 488 (Thermo scientific, 1/1000 dilution) as a secondary antibody, and a chemical staining protocol (Click-it staining) to visualize EdU incorporation, as described previously [2]. Apoptosis was visualized using a terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay, as described previously [2]. Phospho-H3 (p-H3) immunostaining was performed using an anti-phospho serine10 histone H3 antibody (Millipore, 1/500 dilution) and Goat anti-Rabbit Alexa Fluor 488 (Thermo scienctific, 1/1000 dilution) as a secondary antibody. This staining was combined with the click-it reaction with Atto 594 (Invitrogen, manufacturers protocol) to detect EdU-positive cells.




2.6. Image Acquisition and Analysis


HE stainings were imaged by light microscopy. For the analysis of HE staining, the whole tissue slice was evaluated as described previously [2].



For EdU and TUNEL staining quantifications, 3–12 random images (200× magnification for larger tumor specimens and 400× magnification for biopsies) from each tumor slice were generated for quantification purposes using an Imager D2 wide field near-infrared microscope (Zeiss, Oberkochen, Germany). Levels of apoptosis, expressed as TUNEL positive DAPI pixels, were quantified by analysis of TUNEL microscopy images as previously described [14]. The ratio of keratin positive cells that were also EdU positive were quantified manually using the counting tool in Adobe Photoshop CC v19.0 (Adobe Inc., San Jose, CA, USA).



For p-H3/EdU staining, random fields of view were photographed and the relative numbers of EdU- positive and p-H3-positive nuclei were quantified manually using the counting tool in Adobe Photoshop CC v19.0 (Adobe Inc., San Jose, CA, USA).




2.7. Defining Ex-Vivo Sensitivity Test Results


Ex vivo sensitivity scores were determined for HE, EdU and TUNEL staining. Various cut-off values were explored and the overall cisplatin sensitivity score was calculated as the mean of the three parameters for a chosen cut-off. The outcome measures received a number: sensitive = 1, intermediate = 2 and resistant = 3. The mean was then calculated for each sample and rounded to the nearest number. For example, if a sample was HE sensitive (1), EdU sensitive (1), but TUNEL resistant (3), the mean was 1.67, and therefore the sample was scored as intermediate.




2.8. Statistics


Statistical analyses were all 2-sided and performed using SPSS statistics v21.0 (IBM, Armonk, NY, USA) or Graphpad Prism v6.0 (Graphpad Software Inc., San Diego, CA, USA) for analyzing the differences in the graphs. Significance was calculated by Fisher’s exact test for categorical data and by the Mann–Whitney test for continuous data. The p-values of <0.05 were considered significant.





3. Results


3.1. Ex Vivo Cisplatin Drug Screening on Tissue Slices Reflects an In Vivo Cisplatin Response in PDXs


We previously measured the anthracycline sensitivity of primary BC samples based on tissue morphology, proliferation and apoptosis after the treatment of freshly cut slices ex vivo [2]. We first adapted this assay for cisplatin, the most potent platinum salt used for anti-tumor treatment.



We first established the optimal conditions for the ex vivo sensitivity assay in organotypic tissue slices from PDX tumors with known in vivo cisplatin sensitivity. Organotypic tissue slices from a cisplatin-sensitive and a resistant PDX tumor were exposed to various concentrations of cisplatin for three days. The tissue response to cisplatin treatment was determined by the analysis of EdU incorporation (proliferation), TUNEL (apoptosis) and HE staining (morphology). The morphology of the tumor tissue was assessed by scoring aberrant nuclear morphology after HE staining and the tissues were categorized as ‘intact’ or ‘deteriorated’ for each treatment condition. Proliferation was measured by EdU pulse labeling at the end of the incubation period, which is a measure for cells in the S phase of the cell cycle after three days of treatment (Figure S1). We examined which concentrations of cisplatin discriminate best between sensitive and resistant tumors after three days. Figure 1A,B shows that the responses of the in vivo resistant and sensitive PDX tumor to ex vivo cisplatin treatment significantly differ, indicating that ex vivo cisplatin drug screening on PDX tumor slices accurately reflects their in vivo drug response. The 10 μg/mL cisplatin concentration resulted in tissue deterioration (HE staining) in both tumors and very low proliferation in both sensitive and resistant tumor (Figure S1). Therefore, this concentration was not considered useful for discriminating sensitive and resistant tumors. As the effect of cisplatin on proliferation already occurs at a lowest concentration and the effect on apoptosis becomes more apparent at higher concentrations of cisplatin, the 1 μg/mL and 5 μg/mL concentrations were selected for the ex vivo assay on human tumor samples. Only if sufficient amounts of material were available, other concentrations were tested as well.




3.2. Cisplatin Sensitivity on Surgical Resection Material


Tissue reactions were assessed for surgical samples of 13 primary BC tumors after 3 days of treatment, with cisplatin concentrations ranging from 1 to 10 µg/mL.



The concentration at which the change between ‘intact’ and ‘deteriorated’ occurred on HE staining was generally clear and relatively uniform throughout the tumor tissue, and in most cases either occurred at 5 µg/mL or it was not even visible at 10 µg/mL cisplatin (Figure 2A).



As tumors are highly heterogeneous in proliferation rate, the proliferation rates between tumors could not be compared directly. Therefore, we used the percentage EdU-positive cells in the untreated slice as the reference value and explored how tumors would be classified when different percentages of reduction in the proliferation rate compared to the untreated sample were classified as ‘significant reduction’ (Figures S2 and S3). A 70% reduction resulted mainly in samples that reached this point only at the highest concentration. There was not much difference between cut-off values of 50 and 60%, while a 40% reduction resulted in a relatively large number of samples that would already reach a significant reduction at the lowest cisplatin concentration and only a few samples classified as resistant. Therefore, we decided to use a 50% decrease in the EdU signal for this first analysis (Figure 2B).



Although apoptosis is an important parameter for response assessment, it is inherent to the set-up of the ex vivo tissue sensitivity assay that all tissue slices, including the untreated slices, show heterogeneous levels of apoptosis, even without chemotherapy treatment. In a previous cohort of tumor samples as well as in this cohort, untreated samples showed up to 40% TUNEL-positive cells (Figure S4) [2]. We tried to take this into account using two different scoring methods. First, we analyzed the data by using fixed thresholds between 20 and 60% TUNEL-positive nuclei before scoring the sample as apoptotic (Figure 2C and Figure S5A–E). As a second method, we scored an increase in at least 10–50% relative to the untreated sample as apoptotic (Figure 2D and Figure S5F–J). With only the data of the primary BC slices, it is difficult to choose between both methods. For this article, we decided to use the ≥20% increase parameter for the subsequent analyses.



The next question was how to define the cut-off values for the above-mentioned parameters to discriminate sensitive, resistant and intermediate tumors. Determining the cut-off value for the cisplatin chemotherapy sensitivity assay was relatively difficult, as the differences between tumors were not very pronounced. A distinction could be made between samples that were clearly deteriorated at 5 µg/mL and samples that still did not show a significant effect at this concentration (and mostly also at 10 µg/mL). Therefore, we decided to classify tumors that did not yet reach a significant effect for the parameter at 5 µg/mL as ‘resistant’. Some tumors already showed significant effects at 1 µg/mL, which were therefore classified as ‘sensitive’. Other samples were tentatively classified as ‘intermediate’ (Figure 3A). Taking the three parameters (morphology, proliferation and apoptosis) together, resulted in an average ex vivo score. When one of the three parameters could not be scored, the test outcome was still considered valid if only one was missing and the remaining two parameters were concordant (Figure 3B and Table S1).




3.3. Docetaxel Sensitivity Assay


Tumor slices of primary BC samples from 10 different patients were obtained and incubated with increasing concentrations of docetaxel (1–1000 nM) to determine differences in docetaxel sensitivity. Unexpectedly, we did not observe an induction of apoptosis or decrease in proliferation at 3 or even 8 days of treatment (Figure S6). Subsequently, we reasoned that the inhibition of microtubule dynamics by taxane treatment should cause an inability to complete mitosis. Mitotic cells were visualized by immunofluorescent staining for phosphorylated histone H3 (p-H3), a mitosis specific histone modification. Although differences in relative numbers of p-H3-positive cells were observed, this analysis was hampered by vastly divergent proliferation rates between the tumor samples. Therefore, we combined the p-H3 staining with EdU staining and corrected for the initial proliferation rate by taking the ratio of the EdU-positive and p-H3-positive cells (Figure 4). Some tumors showed a decrease in the EdU/p-H3 ratio at very low concentrations of docetaxel (Figure 4B left panel), while other tumors showed this effect only at the higher concentrations (Figure 4B right panel). This change was caused by the increase in mitotic cells, while the percentage of EdU-positive cells did not decrease significantly over the course of the treatment. The best discrimination between samples was observed at 10 nM docetaxel (Figure 4C), where we observed the clearest differences in the response between the various tumor samples. At 1 nM docetaxel, the response was more heterogeneous, while 100 nM docetaxel caused a dramatic decrease in this ratio for all the samples.



Clinical decision making would require the determination of a cut-off value for resistant versus sensitive tumors. The differences in docetaxel sensitivity were rather high. A cluster of samples showed a drop to less than 30% of the untreated ratio at 10 nM docetaxel. This number is close to what one would expect for the fraction of highly sensitive tumors (Figure 4C) [15]. Two tumors remained above 80% of the initial ratio, suggesting that they are the intrinsically resistant tumors. The group of four tumors between these groups was tentatively categorized as intermediate (Figure 4D, Table S2). A definitive choice for the cut-off values requires a correlation with the clinical response.




3.4. Sensitivity Assays on Biopsies


As a first step towards clinical studies, the adaption of the sensitivity assays for use on very limited tissue acquired by core needle biopsies from metastatic BC lesions was needed. We first developed a method to obtain 3–5 slices from a single 14–18 gauge (G) needle biopsy in order to incubate the tissue with different concentrations of chemotherapeutics (Figure 5A). To achieve this technically demanding task, the biopsies were embedded in agarose under a shallow angle, and subsequently 300 μm tissue slices were generated. At the moment the biopsy assay was developed, we did not yet have a sufficiently developed taxane sensitivity assay. Therefore, slices were incubated for three days without cisplatin or with 1 or 5 µg/mL cisplatin. After treatment, tissue morphology, proliferation and apoptosis were analyzed, as described for the primary BC specimens.



Tissue slices were generated from 20 metastatic core needle biopsies. Four biopsies contained insufficient or no tumor cells (n = 4) to perform the test. In the 16 biopsies containing sufficient numbers of tumor cells, 12 ex vivo tests were successful (75%; Figure 5B), 2 tests were partly successful (not all the conditions contained tumor cells, generating test results for the untreated and 1 μg/mL cisplatin condition only) and 2 biopsies were not successful because the degree of necrosis was too high in the untreated sample. Tumor biopsies were derived from different metastatic sites, including the liver, lymph node and chest wall (Table S3). Successful tests were obtained from any of these locations. All unsuccessful tests were obtained from 18G needle biopsies; all biopsies obtained with 14G needles were successful compared to only 50% of the biopsies obtained with 18G needles (Table S4).



Next, we used the same criteria as mentioned in Figure 3A for the cisplatin ex vivo sensitivity test that were established in primary tumors. The morphology, proliferation and apoptosis showed a similar range of sensitivities in tumor biopsies, although they were in general slightly more sensitive.



Of the 12 successful ex vivo cisplatin sensitivity tests, four biopsies were scored as ex vivo cisplatin resistant, six intermediate and two sensitive (Figure 5C and Figures S7 and S8, Table S5). In addition, there were two biopsies in which not all the tissue slices contained tumor cells. From the two partly successful test results, we determined that these tumors were not sensitive. The definitive cut-off values for the cisplatin sensitivity assay should be re-evaluated in clinical validation studies.





4. Discussion


We developed a functional ex vivo sensitivity test for cisplatin and docetaxel using tumor slices derived from primary surgical resection material and metastatic biopsies. We observed large differences in the ex vivo sensitivity, leading us to propose a read-out system that combines morphology, proliferation and apoptosis induction for cisplatin, while docetaxel effects can be measured by determining the relative numbers of cells in mitosis and the S phase of the cell cycle. This highlights the need to take into account the mechanism of action of a particular chemotherapeutic drug to set up functional ex vivo sensitivity tests.



We observed differences in cisplatin sensitivity between the BC slices, mainly in the 1 and 5 µg/mL concentration range. Therefore, we decided to develop a preliminary scoring system in which these two concentrations were used to classify tumors as ex vivo sensitive, intermediate or sensitive. The precise cut-off values for proliferation and apoptosis are still somewhat arbitrary. Based on the first study, we decided to use a reduction in EdU-positive nuclei by at least 50% and an increase in TUNEL-positive nuclei of at least 20% of the total tumor cell population as a starting point for further studies. However, we still consider the option to use a fixed cut-off of 40% TUNEL-positive nuclei. With the current knowledge, it is difficult to choose between these criteria, due to the small number of samples studied and the lack of clinical data. In the current cohort, both scoring methods would not change much in the classification of tumor sensitivity. Ultimately, clinical validation is required to pinpoint the exact effective cut-off values.



To date, ex vivo chemotherapy sensitivity assays were performed on larger pieces of tissue from surgical resection material. It is of utmost importance that an assay can be performed on minimal amounts of material, such as core needle biopsies, to be of any clinical interest. Furthermore, ex vivo sensitivity results should be obtained in less than two weeks to allow the implementation in the clinical decision making process. The current study shows that chemotherapy sensitivity assays are possible on biopsies from metastatic BC lesions within this time frame. The success rate of the assay can most probably be improved considerably by using a larger needle size (14G) and/or taking multiple biopsies. These technical improvements are a major step towards clinical proof of concept studies in the neoadjuvant or metastatic setting.



Tumor heterogeneity or differences between individual metastatic lesions in one patient may hamper the correlation between ex vivo sensitivity and in vivo response of the tumor. Some of this heterogeneity could be observed in slices of the primary tumor. This was taken into account by selecting random areas throughout the tumor slice for image analysis. Needle biopsies contain far less tissue and therefore they show less heterogeneity. Thus heterogeneity cannot be assessed by this sensitivity assay (or any other assay that depends on analysis of biopsies). Future clinical studies have to clarify whether this is a major factor influencing the development of a predictive chemotherapy sensitivity assay. On the other hand, our ex vivo characterization of tumor samples might help to correlate tumor sensitivity to gene expression or other genomic data. It would separate tumor-intrinsic data from systemic factors (such as the metabolic processing of drugs in the liver) that might otherwise hamper the interpretation of genomic data derived from tumor samples.



Ex vivo sensitivity assays are widely applicable in both translational research and personalized medicine. We included cisplatin and docetaxel treatments in the current study and anthracyclines in an earlier study [2], and there is no reason to suspect that other (chemotherapy) treatments would pose major problems. A previous study stated that taxanes might be hard to study ex vivo because they inhibit cell growth through a different mechanism of action than DNA damaging chemotherapy [16], which limits the value of measuring proliferation and apoptosis. In the present paper, we show that this problem can be solved by measuring cell cycle block in mitosis instead of cell death or proliferation parameters. Ex vivo sensitivity assays can be used for various tumor types, such as prostate tumors [14], lung tumors [17,18] and head-and-neck tumors [19,20,21]. Culture media and precise incubation conditions should be optimized for each tumor type and treatment. However, we did not yet encounter tumors that cannot be cultured for several days to weeks ex vivo. They retain in vivo tumor complexity, including tumor heterogeneity and the original microenvironment [22], also making this culture system attractive for fundamental cancer research.



There are several limitations in the approach presented in this study. First, the already-mentioned needle size, which must be at least 14G to obtain sufficient material for the ex vivo test. Furthermore, the quality of the tumor material itself is important (e.g., too much tumor necrosis in the untreated tumor slices). Other limitations of the organotypic tissue slice system are the fact that pharmacokinetic conditions in vivo are difficult to mimic ex vivo and that it is a low-throughput technique; a limited number of slices can be obtained from one core needle biopsy. In the future, the latter issue can be overcome by advances in live-imaging microscopy, a technique that allows a single tissue slice to be analyzed at multiple time points. Moreover, an adaptation to the cancer-on-chip approach could eventually reduce the amount of tumor material required for the analysis of tumor sensitivity, as well as create a more controllable environment to mimic in vivo pharmacokinetic conditions [22,23].




5. Conclusions


In conclusion, we developed a functional ex vivo sensitivity test for cisplatin and docetaxel using tumor tissue slices of BC patients. The current study also shows that chemotherapy sensitivity assays are technically possible on limited amounts of tissue in biopsies from metastatic BC lesions. Rather than predicting a response based on certain biomarkers, the ex vivo sensitivity assays directly measure the response of individual tumors to a certain therapy. To develop this method further, clinical trials should include a biopsy for organotypic tissue slices to further optimize tissue cultivation methods and scoring systems. In line with this, we recently conducted a clinical proof-of-concept trial (Available online: Trialregister.nl/trial/5588 (accessed on 19 January 2022)), specifically powered to determine the predictive value of the ex vivo anthracycline sensitivity assay that uses organotypic slices from biopsies. In the future, these tissue-based ex vivo sensitivity assays have the potential to individualize therapy response prediction for patients in clinical practice and can be extended to other cancer types and treatments.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers14051252/s1, Figure S1: in vivo sensitive and resistant PDX tumors show differential responses to ex vivo cisplatin treatment. Figure S2: Quantifications of proliferation (EdU incorporation) in primary breast cancer tissue slices. Figure S3: Proliferation based on EdU incorporation relative to untreated primary breast cancer slices (n = 13). Figure S4: Quantification of apoptosis in primary breast cancer slices. Figure S5: Apoptosis measurement using different cut-off values for TUNEL positivity (n = 13). Figure S6: Proliferation and apoptosis after docetaxel treatment. Figure S7: Quantification of proliferation (EdU incorporation) in metastatic breast cancer biopsy slices. Figure S8: Quantifications of apoptosis (TUNEL staining) in metastatic breast cancer biopsy slices. Table S1. Characteristics of 13 primary breast cancer samples for cisplatin treatment. Table S2: Characteristics of 10 primary breast cancer tumors for docetaxel treatment. Table S3. Characteristics of 20 metastatic biopsies for cisplatin treatment. Table S4. Comparison of histopathological characteristics of successful tests and non-successful drug sensitivity tests on biopsies. Table S5. Comparison of histopathological characteristics of ex vivo sensitive, intermediate and resistant metastatic biopsies.





Author Contributions


Conceptualization, T.G.M., M.M.L., N.S.V., D.C.v.G. and A.J.; investigation, T.G.M., M.M.L., N.S.V., D.C.v.G. and A.J.; writing—original draft preparation, T.G.M. and M.M.L.; writing—review and editing, T.G.M., M.M.L., N.S.V., Z.M.K., C.H.M.v.D., M.A.d.B., R.K., D.C.v.G. and A.J.; supervision, D.C.v.G. and A.J.; funding acquisition, D.C.v.G. and A.J. All authors have read and agreed to the published version of the manuscript.




Funding


This project was funded by the Dutch Cancer Society (Alpe d’Huzes grant number EMCR 2014-7048 and grant number EMCR 2008-4045). This work is part of the Oncode Institute, which is partly financed by the Dutch Cancer Society and funded by the gravitation program CancerGenomiCs.nl from the Netherlands Organisation for Scientific Research (NWO).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of the Erasmus MC (protocol codes MEC-11-098 (1998), MEC14-295 (2014) and MEC17-213 (2017)).




Informed Consent Statement


Informed consent was obtained from all the subjects involved in the biopsy study. Patient consent was waived for surgical material due to laws in the Netherlands for opting out. All use of human material was approved by the Erasmus MC Medical Ethics commission.




Data Availability Statement


All data can be found in the manuscript.




Acknowledgments


Special thanks to Marieke van der Ven and Jos Jonkers at the NKI for providing us with the PDX material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nicolini, A.; Ferrari, P.; Duffy, M.J. Prognostic and predictive biomarkers in breast cancer: Past, present and future. Semin. Cancer Biol. 2018, 52, 56–73. [Google Scholar] [CrossRef] [PubMed]

	



Naipal, K.A.; Verkaik, N.S.; Sanchez, H.; van Deurzen, C.H.; den Bakker, M.A.; Hoeijmakers, J.H.; Kanaar, R.; Vreeswijk, M.P.; Jager, A.; van Gent, D.C. Tumor slice culture system to assess drug response of primary breast cancer. BMC Cancer 2016, 16, 78. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



van der Kuip, H.; Murdter, T.E.; Sonnenberg, M.; McClellan, M.; Gutzeit, S.; Gerteis, A.; Simon, W.; Fritz, P.; Aulitzky, W.E. Short term culture of breast cancer tissues to study the activity of the anticancer drug taxol in an intact tumor environment. BMC Cancer 2006, 6, 86. [Google Scholar] [CrossRef]

	



Carranza-Torres, I.E.; Guzman-Delgado, N.E.; Coronado-Martinez, C.; Banuelos-Garcia, J.I.; Viveros-Valdez, E.; Moran-Martinez, 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. [Google Scholar] [CrossRef]

	



Isakoff, S.J.; Mayer, E.L.; He, L.; Traina, T.A.; Carey, L.A.; Krag, K.J.; Rugo, H.S.; Liu, M.C.; Stearns, V.; Come, S.E.; et al. Tbcrc009: A multicenter phase ii clinical trial of platinum monotherapy with biomarker assessment in metastatic triple-negative breast cancer. J. Clin. Oncol. 2015, 33, 1902–1909. [Google Scholar] [CrossRef]

	



Zhang, J.; Lin, Y.; Sun, X.J.; Wang, B.Y.; Wang, Z.H.; Luo, J.F.; Wang, L.P.; Zhang, S.; Cao, J.; Tao, Z.H.; et al. Biomarker assessment of the cbcsg006 trial: A randomized phase III trial of cisplatin plus gemcitabine compared with paclitaxel plus gemcitabine as first-line therapy for patients with metastatic triple-negative breast cancer. Ann. Oncol. 2018, 29, 1741–1747. [Google Scholar] [CrossRef]

	



Meijer, T.G.; Verkaik, N.S.; Sieuwerts, A.M.; van Riet, J.; Naipal, K.A.T.; van Deurzen, C.H.M.; den Bakker, M.A.; Sleddens, H.; Dubbink, H.J.; den Toom, T.D.; et al. Functional ex vivo assay reveals homologous recombination deficiency in breast cancer beyond brca gene defects. Clin. Cancer Res. 2018, 24, 6277–6287. [Google Scholar] [CrossRef]

	



Ladan, M.M.; van Gent, D.C.; Jager, A. Homologous recombination deficiency testing for brca-like tumors: The road to clinical validation. Cancers 2021, 13, 1004. [Google Scholar] [CrossRef]

	



Schiff, P.B.; Horwitz, S.B. Taxol stabilizes microtubules in mouse fibroblast cells. Proc. Natl. Acad. Sci. USA 1980, 77, 1561–1565. [Google Scholar] [CrossRef]

	



Fekete, J.T.; Osz, A.; Pete, I.; Nagy, G.R.; Vereczkey, I.; Gyorffy, B. Predictive biomarkers of platinum and taxane resistance using the transcriptomic data of 1816 ovarian cancer patients. Gynecol. Oncol. 2020, 156, 654–661. [Google Scholar] [CrossRef] [PubMed]

	



Ter Brugge, P.; Kristel, P.; van der Burg, E.; Boon, U.; de Maaker, M.; Lips, E.; Mulder, L.; de Ruiter, J.; Moutinho, C.; Gevensleben, H.; et al. Mechanisms of therapy resistance in patient-derived xenograft models of brca1-deficient breast cancer. J. Natl. Cancer Inst. 2016, 108, djw148. [Google Scholar] [CrossRef] [PubMed]

	



Meijer, T.G.; Verkaik, N.S.; van Deurzen, C.H.M.; Dubbink, H.J.; den Toom, T.D.; Sleddens, H.F.B.M.; Oomen-de Hoop, E.; Dinjens, W.N.M.; Kanaar, R.; van Gent, D.C.; et al. Direct ex vivo observation of homologous recombination defect reversal after DNA-damaging chemotherapy in patients with metastatic breast cancer. JCO Precis. Oncol. 2019, 3, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; van Weerden, W.M.; de Ridder, C.M.A.; Erkens-Schulze, S.; Schonfeld, E.; Meijer, T.G.; Kanaar, R.; van Gent, D.C.; Nonnekens, J. Ex vivo treatment of prostate tumor tissue recapitulates in vivo therapy response. Prostate 2018, 79, 390–402. [Google Scholar] [CrossRef]

	



Moreno-Aspitia, A.; Perez, E.A. Treatment options for breast cancer resistant to anthracycline and taxane. Mayo. Clin. Proc. 2009, 84, 533–545. [Google Scholar] [CrossRef]

	



Urbaniak, A.; Pina-Oviedo, S.; Yuan, Y.; Huczynski, A.; Chambers, T.C. Limitations of an ex vivo breast cancer model for studying the mechanism of action of the anticancer drug paclitaxel. Eur. J. Pharmacol. 2021, 891, 173780. [Google Scholar] [CrossRef] [PubMed]

	



Junk, D.; Kramer, S.; Broschewitz, J.; Laura, H.; Massa, C.; Moulla, Y.; Hoang, N.A.; Monecke, A.; Eichfeld, U.; Bechmann, I.; et al. Human tissue cultures of lung cancer predict patient susceptibility to immune-checkpoint inhibition. Cell Death Discov. 2021, 7, 264. [Google Scholar] [CrossRef]

	



Alsafadi, H.N.; Uhl, F.E.; Pineda, R.H.; Bailey, K.E.; Rojas, M.; Wagner, D.E.; Konigshoff, M. Applications and approaches for three-dimensional precision-cut lung slices. Disease modeling and drug discovery. Am. J. Respir. Cell Mol. Biol. 2020, 62, 681–691. [Google Scholar] [CrossRef]

	



Berger, J.; Zech, H.B.; Hoffer, K.; von Bargen, C.M.; Nordquist, L.; Bussmann, L.; Gatzemeier, F.; Busch, C.J.; Mockelmann, N.; Munscher, A.; et al. Kinomic comparison of snap frozen and ex vivo-cultured head and neck tumors. Oral Oncol. 2021, 123, 105603. [Google Scholar] [CrossRef]

	



Peria, M.; Donnadieu, J.; Racz, C.; Ikoli, J.F.; Galmiche, A.; Chauffert, B.; Page, C. Evaluation of individual sensitivity of head and neck squamous cell carcinoma to cetuximab by short-term culture of tumor slices. Head Neck 2016, 38 (Suppl. 1), E911–E915. [Google Scholar] [CrossRef]

	



Donnadieu, J.; Lachaier, E.; Peria, M.; Saidak, Z.; Dakpe, S.; Ikoli, J.F.; Chauffert, B.; Page, C.; Galmiche, A. Short-term culture of tumour slices reveals the heterogeneous sensitivity of human head and neck squamous cell carcinoma to targeted therapies. BMC Cancer 2016, 16, 273. [Google Scholar] [CrossRef] [PubMed]

	



Meijer, T.G.; Naipal, K.A.; Jager, A.; van Gent, D.C. Ex vivo tumor culture systems for functional drug testing and therapy response prediction. Future Sci. OA 2017, 3, FSO190. [Google Scholar] [CrossRef] [PubMed]

	



Dorrigiv, D.; Simeone, K.; Communal, L.; Kendall-Dupont, J.; St-Georges-Robillard, A.; Peant, B.; Carmona, E.; Mes-Masson, A.M.; Gervais, T. Microdissected tissue vs tissue slices-a comparative study of tumor explant models cultured on-chip and off-chip. Cancers 2021, 13, 4208. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 14 01252 g001 550] 





Figure 1. In vivo sensitive and resistant PDX tumors show differential responses to ex vivo cisplatin treatment. (A) EdU-positive cells in the tissue slices. (B) Quantification of the fraction of respective TUNEL-positive DAPI pixels. Six image fields were analyzed per tumor slice. The graphs show each point (representing one image field) with the mean and SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, ns = non-significant. 
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Figure 2. Cisplatin-sensitivity scoring of primary breast cancer samples (n = 13). (A) Morphology based on hematoxylin and eosin (HE) staining, scored as mostly deteriorated. (B) Proliferation based on EdU incorporation, determining the lowest cisplatin concentration, which reached a decline of ≥50% EdU-positive cells compared to the untreated sample. (C,D) Apoptosis based on TUNEL staining, determining the lowest cisplatin concentration, where TUNEL positivity reached ≥40% TUNEL-positive DAPI pixels (C), or the lowest cisplatin concentration where TUNEL positivity reached ≥20% increase relative to the untreated sample (D). Tumor samples (%) scores the cumulative number of tumor samples that reached the threshold at that concentration. 
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Figure 3. Overall cisplatin sensitivity scores of the primary breast cancer samples. (A) Criteria for ex vivo cisplatin sensitivity scoring. (B) The HE, EdU, TUNEL and average ex vivo sensitivity scores using the criteria defined in (A). M-numbers represent individual primary mammary tumors. 
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Figure 4. Ex vivo docetaxel treatment of primary breast cancer. (A) Typical microscopic image of DAPI, EdU and p-H3 staining of primary BC slices without and with 3 days of 100 nM docetaxel treatment. (B) EdU/p-H3 ratios of two primary BC samples incubated for three days with various docetaxel concentrations. Each data point (circle, triangle or square) is the score for one microscopic field of view, with the mean and SEM indicated for each docetaxel concentration. (C) The EdU/p-H3 ratio in response to 3 days of incubation with the indicated docetaxel concentrations relative to the untreated control for 10 primary BC samples. Dotted red lines indicate the proposed thresholds for optimal discrimination between sensitive, intermediate and resistant tumors. (D) Overall results of ex vivo docetaxel sensitivity in the primary tumors using 30% and 80% of the relative EdU/p-H3 ratio at 10 nM docetaxel as thresholds for discriminating sensitive, intermediate and resistant tumors. M-numbers represent the individual primary mammary tumors. 
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Figure 5. Feasibility of the ex vivo sensitivity test on organotypic tissue slices from biopsies. (A) Workflow of the ex vivo drug sensitivity screening. Biopsies were embedded in agarose, positioned horizontally, and 300 µM tissue slices were generated. Tissue slices were treated with cisplatin for 3 days and EdU was added 2 hours before fixation. Subsequently, the tissue was formalin fixed and paraffin embedded (FFPE). Drug sensitivity read-out consisted of HE, EdU and TUNEL stainings. (B) Success of the test in relation to the needle size used for the biopsy and the tumor site where the biopsy was taken. A successful test was achieved when sufficient numbers of tumor cells were present in the untreated, 1 μg/mL and 5 μg/mL cisplatin-treated tissue slices. When not all the conditions contained tumor cells, but only the untreated and 1 μg/mL cisplatin condition, the test was considered to be partly successful. When a biopsy contained very little or no tumor cells (n = 4) or was necrotic (n = 2), the test was not successful. (C) Outcome per separate test (HE, EdU and TUNEL) and overall test results, based on the criteria defined in Figure 2A, for all samples with a successful test. M-numbers represent individual mammary tumor biopsies. 






Figure 5. Feasibility of the ex vivo sensitivity test on organotypic tissue slices from biopsies. (A) Workflow of the ex vivo drug sensitivity screening. Biopsies were embedded in agarose, positioned horizontally, and 300 µM tissue slices were generated. Tissue slices were treated with cisplatin for 3 days and EdU was added 2 hours before fixation. Subsequently, the tissue was formalin fixed and paraffin embedded (FFPE). Drug sensitivity read-out consisted of HE, EdU and TUNEL stainings. (B) Success of the test in relation to the needle size used for the biopsy and the tumor site where the biopsy was taken. A successful test was achieved when sufficient numbers of tumor cells were present in the untreated, 1 μg/mL and 5 μg/mL cisplatin-treated tissue slices. When not all the conditions contained tumor cells, but only the untreated and 1 μg/mL cisplatin condition, the test was considered to be partly successful. When a biopsy contained very little or no tumor cells (n = 4) or was necrotic (n = 2), the test was not successful. (C) Outcome per separate test (HE, EdU and TUNEL) and overall test results, based on the criteria defined in Figure 2A, for all samples with a successful test. M-numbers represent individual mammary tumor biopsies.



[image: Cancers 14 01252 g005]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
>

Tumor samples (%)

(@]

Tumor samples (%)

100
80
60
40

100
80
60
40
20

HE

5 10

Concentration cisplatin (pg/mL)

1 2.5

TUNEL above 40%

- n B
1 2.5 5 10
Concentration cisplatin (pg/mL)

o

Tumor samples (%)

Tumor samples (%)

100
80
60
40
20

100
80
60
40
20

EdU decrease 250%

1 2.5 5 10

Concentration cisplatin (pug/mL)
TUNEL increase 220%

2.5 5 10

1
Concentration cisplatin (ng/mL)





nav.xhtml


  cancers-14-01252


  
    		
      cancers-14-01252
    


  




  





media/file2.png
. =Hamm |
© —” o 00 T_-G o © o
g s & -
sjexid | dva @aanisod NA3%

g 8 € & ©

0
N

10

2.5

sjexid |dva @Anisod 13aNNL %

<

Concentration cisplatin

Concentration cisplatin

| PDX sensitive
B POX resistant





media/file5.jpg
A

Exuivo test et e e ToNeL
Restant Mostyinactcolsinl  s50%decreasein1  s20% ncreaseln 1
ug/mLand 5 pg/mL ug/mLand 5 ug/mL. ug/mLand 5 ug/mL.
Intermediate  Mostyintactcelisinl  250% decreaseins 2206 ncreasen
ug/mL and deteriorated ug/ml, but <40% ug/ml and <20%
cellsin 5 pg/mL decrease in 1 ug/mL increase in 1 ug/mL.
senstive Mosty deterorated  250% decreasein1 220K ncreasen 1
cellsin 1 pg/mLand 5 wa/ml ug/mLand 5 pug/mL
sa/mt
B 358558 B8RS
LEEEFRE R EE]
HE
EDU
Resistant
TUNEL
Intermediote
Sensiive

Average ex vivo sensitivity





media/file3.jpg
>

Tumor samples (%)

a

Tumor samples (%)
o888

g

EEEE]

HE

A 2 s 0
Concentration cisplatin (g/mL)
TUNEL above 40%
s 10

1 25
Concentration cisplatin (ug/mL)

®

Tumor samples (%)

°

Tumor samples (%)
ozs82E

g

oz888

EdU decrease 250%

1 25 s 10

Concentration cisplatin (ig/mL)
TUNEL increase 220%

25 s 0

1
Concentration cisplatin (g/mL)





media/file1.jpg
£
sioxid 1dva oanisod 1INNL %

<

E)

Concentration cisplatin

Concentration cisplatin

I POX sensitive:
W POX resistant





media/file7.jpg





media/file10.png
Biopsy, embedded
in agarose

300 um | Treatment of slices
slices (3-5) [ with cisplatin (3 days)
Drug sensitivity read-out:
B EdU  TUNEL
me 28 AR BB 2 33 8 N ™ s 3 X & 8 3
™~ ™~ mM m ™~ ™~ m m m m m ™~ ™~ ™~ N ™M m ™~ ™~ ™M
= = 33 =3 =3 3 = = = = = =S == = = =

Successful test

Needle size
Site Biopsy
Succesfull test Needle size Site biopsy
Yes 14G l Breast
Partly 18G LN | Lymph node
No 4mm CW| Chest wall
Not available | l-_' Liver
C O | Other
TR ILRE TR 888 8 .
= = =2 2 2 = = === = =
HE Resistant
EDU Intermediate
TUNEL Sensitive

HE | N otavalanie

Average ex vivo sensitivity





media/file9.jpg
Bopsy embedded
inagarose

Trestmentofsces
withcplatin (3 days)

+

Orug sensitityred-out

B HE U TUNEL

Succestlest
Nedie e
e Bopsy JEmN [0 [o0] (010 [Ewowy
Succestlin Needse stebiopy
™ e [£] st
Pty 6 (] ymonnode
o - Gt

c v

e et
o emadite

e Sonte
Not e

Average exvivo sensivy





media/file0.png





media/file8.png
untreatod

. o

5
E

=

|

= 10-

2

25 e"

100 N docetzmel

Bl v e

M44a M424

¢

2

Ratio EAU/p-H3
i
<

&

: AY -
o '_I'_t.?—--— . _ !?—ﬁ—
Tl s 8 @ S S
Concentration docetaxe] [niM) Concentration docetaxel (ni)

™

s 5 B

&

&

Relative EdU/p-H3 ratio (%)
& 3

e M 377
e 1412 4

D

Ex vivo sensitivity

Tumor samples treated with docetaxel

1 10 10 1000
Concentration docetaxel (nM)

i MM3IE2 M395 e (403 anpes 412
e ] 25, i P A4 R il 14 50 i {4 50
Wy w6 W S e E P Resistant
o O S I T Wy e o i
M = = o = M M T ~t i
= = = === == Intermediate

Sensitive






media/file6.png
A

Ex vivo test result

HE

EdU

TUNEL

Resistant

Intermediate

Mostly intact cellsin 1
ug/mLand 5 pug/mL

Mostly intact cellsin 1
ug/mL and deteriorated
cellsin 5 pg/mL

<50% decrease in 1
pug/mLand 5 pg/mL

>50% decrease in 5
ug/mL, but <40%
decrease in 1 pg/mL

<20% increase in 1
ug/mLand 5 pug/mL

>220% increase in 5
ug/mL and <20%
increase in 1 ug/mL

Resistant

Sensitive Mostly deteriorated >50% decrease in 1 >20% increase in 1
cellsin1 pg/mLand 5 ug/mL ug/mLand 5 pg/mL
ug/mL
B O I~ o 0] m ~ n (2.0 T po 0 o — 0
Mo m 2 mmm =2 2533
= = = = =2 =2 = = = =2 = = =
HE
EDU
TUNEL

Average ex vivo sensitivity

Intermediate
Sensitive






