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SHORT ABSTRACT:
This paper describes methods for the generation, drug treatment, and analysis of patient-derived explants for assessing tumor drug responses in a live, patient-relevant, preclinical model system.

LONG ABSTRACT:
An understanding of drug resistance and the development of novel strategies to sensitize highly resistant cancers rely on the availability of suitable preclinical models that can accurately predict patient responses. One of the disadvantages of existing preclinical models is the inability to contextually preserve the human tumor microenvironment (TME) and accurately represent intratumoral heterogeneity, thus limiting the clinical translation of data. By contrast, by representing the culture of live fragments of human tumors, the patient-derived explant (PDE) platform allows drug responses to be examined in a three-dimensional (3D) context that mirrors the pathological and architectural features of the original tumors as closely as possible. Previous reports with PDEs have documented the ability of the platform to distinguish chemosensitive from chemoresistant tumors, and it has been shown that this segregation is predictive of patient responses to the same chemotherapies. Simultaneously, PDEs allow the opportunity to interrogate molecular, genetic, and histological features of tumors that predict drug responses, thereby identifying biomarkers for patient stratification as well as novel interventional approaches to sensitize resistant tumors. This paper reports PDE methodology in detail, from collection of patient samples through to endpoint analysis. It provides a detailed description of explant derivation and culture methods, highlighting bespoke conditions for particular tumors, where appropriate. For endpoint analysis, there is a focus on multiplexed immunofluorescence and multispectral imaging for the spatial profiling of key biomarkers within both tumoral and stromal regions. By combining these methods, it is possible to generate quantitative and qualitative drug response data that can be related to various clinicopathological parameters and thus potentially be used for biomarker identification.

INTRODUCTION:
The development of effective and safe anticancer agents requires appropriate preclinical models that can also provide insight into mechanisms of action that can facilitate the identification of predictive and pharmacodynamic biomarkers. Inter- and intratumor heterogeneity1-5 and the TME6-12 are known to influence anticancer drug responses, and many existing preclinical cancer models such as cell lines, organoids, and mouse models are not able to fully accommodate these crucial features. An “ideal” model is one that can recapitulate the complex spatial interactions of malignant with non-malignant cells within tumors as well as reflect the regional differences within tumors. This article focuses on PDEs as an emerging platform that can fulfil many of these requirements13.

The first example of the use of human PDEs, also known as histocultures, dates back to the late 1980s when Hoffman et al. generated slices of freshly resected human tumors and cultured them in a collagen matrix14,15. This involved establishing a 3D culture system that preserved tissue architecture, ensuring the maintenance of stromal components and cell interactions within the TME. Without deconstructing the original tumor, Hoffman et al.16 heralded a new approach of translational research, and since this time, many groups have optimized different explant methods with the aim of preserving the tissue integrity and generating accurate drug response data17-24, although some differences between protocols are evident. Butler et al. cultured explants in gelatin sponges to help the diffusion of nutrients and drugs through the specimen20,21,25, whereas Majumder et al. created a tumor ecosystem by culturing explants on top of a matrix composed of tumor and stromal proteins in the presence of autologous serum derived from the same patient22,23. 

More recently, this group set up a protocol whereby explants are generated by fragmentation of tumors into 2–3 mm3-sized pieces that are then placed without additional components on permeable membranes at the air-liquid interface of a culture system24. Taken together, these numerous studies have demonstrated that PDEs allow the culture of intact, live fragments of human tumors that retain the spatial architecture and regional heterogeneity of the original tumors. In original experiments, explants or histocultures were usually subjected to homogenization following drug treatment, after which various viability assays were applied to the homogenized samples such as the histoculture drug response assay20,21, the MTT (3-(6)-2,5-diphenyltetrazolium bromide) assay, the lactate dehydrogenase assay, or the resazurin-based assay26-28. Recent progress in endpoint analysis techniques, particularly digital pathology, have now expanded the repertoire of endpoint tests and assays that can be performed on explants29,30. To apply these new technologies, instead of homogenization, explants are fixed in formalin, embedded in paraffin (FFPE) and then analyzed using immunostaining techniques, allowing spatial profiling. Examples of this approach have been documented for non-small cell lung cancer (NSCLC), breast cancer, colorectal cancer, and mesothelioma explants whereby immunohistochemical staining for the proliferation marker, Ki67, and the apoptotic marker, cleaved poly-ADP ribose polymerase (cPARP), was used to monitor changes in cell proliferation and cell death24,31-34.

Multiplexed immunofluorescence is particularly amenable for spatial profiling of drug responses in explants at endpoint35. For example, it is possible to measure the relocalization and spatial distribution of specific classes of immune cells, such as macrophages or T cells, within the TME upon drug treatment13,36-38, and investigate whether a therapeutic agent can favor the transition from “cold tumor” to “hot tumor”39. In recent years, this group has focused on the derivation of PDEs from different tumor types (NSCLC, renal cancer, breast cancer, colorectal cancer, melanoma) and the testing of a range of anticancer agents including chemotherapies, small-molecule inhibitors, and immune checkpoint inhibitors (ICIs). Endpoint analysis methods have been optimized to include multiplexed immunofluorescence to allow spatial profiling of biomarkers for viability as well as biomarkers for different constituents of the TME.

PROTOCOL:

REPRESENTATIVE RESULTS:
Multispectral imaging of mIF-stained histological sections permits identification and phenotyping of individual cell populations and identification of tumor and stromal components in the explant TME (Figure 2). Multispectral imaging is particularly useful for the analysis of tissues with high intrinsic autofluorescence, such as tissue with a high collagen content, as it allows the autofluorescence signal to be deconvoluted from other signals and excluded from subsequent analysis. Subsequent in silico tissue and cell segmentation allows the quantification of drug response with a multitude of outputs including, but not limited to, raw cell numbers (e.g., percent positivity), signal intensity, cell size, tissue area, and spatial location of individual cells. 

Tissue and cell segmentation are therefore extremely useful for the quantitative analysis of drug treatment outcomes and the identification of tumor- and stromal-specific responses. For example, staining for Ki67 and cPARP alongside a tumor marker allows for the quantitation of proliferation and cell death levels, respectively, in explants (Figure 3). In the example given, Ki67 and cPARP levels are quantitated for stromal and tumor regions in PDEs in response to the anti-programmed cell death protein 1 (PD-1) immune checkpoint inhibitor (ICI), nivolumab. In addition, the ability to extract spatial information from stained sections allows the calculation of intercell distances as well as distances to tumor borders and other structures. Therefore, changes in cellular distribution following drug treatment can be quantitatively analyzed (Figure 4). The example shown represents PDE treatment with nivolumab.

Figure 1: Workflow for the generation and analysis of PDEs. (A) Freshly resected human tumor specimens are processed and arranged on a permeable culture insert disc floating in culture medium. (B) Following drug treatment, the explants are harvested, subjected to FFPE, and then sectioned for histological analysis, e.g., for H&amp;E staining. (C) mIF staining and scanning of the tissue sections are performed to generate multispectral images from which individual signals can be deconvoluted and analyzed separately. (D) Analysis of composite images allows separation of tumor and stromal areas and assessment of the phenotype of different cell types. Abbreviations: PDE = patient-derived explant; FFPE = fixed in formalin, embedded in paraffin; H&amp;E = hematoxylin and eosin; mIF = multiplex immunofluorescence; HRP = horseradish peroxidase; H2O2 = hydrogen peroxide; Ab = antibody; TSA = tyramide signal amplification. 

Figure 2: Example of an mIF-stained tissue section. NSCLC explant tissue was stained for markers of cell viability, namely, cPARP (red) and Ki67 (green) as well as a pan-cytokeratin marker (yellow) and DAPI (blue) to mark nuclei. Multispectral imaging was performed to deconvolute the fluorescent signals and remove autofluorescence. Images show 20x magnification of the selected field. Scale bars = 50 &#181;m. Abbreviations: mIF = multiplex immunofluorescence; NSCLC = non-small cell lung cancer; cPARP = cleaved poly-ADP ribose polymerase; CK = cytokeratin; DAPI = 4’-6-diamidino-2-phenylindole; AF = autofluorescence. 

Figure 3: Quantification of cell death and proliferation in PDEs. Example of box and whisker plots showing apoptosis induction in NSCLC PDEs after 24 h of treatment with 5 &#181;g/mL nivolumab compared to medium control. The percentage of proliferation (Ki67) and percentage of apoptotic cell death (cPARP) events is displayed in the tumor area and stroma, respectively. Each point represents a single explant, the central line of the box represents the median of the distribution, and the sides of the box (bottom and top) represent the first and third quartiles, respectively. Error bars represent the interquartile range (further than 1.5 x IQR). Abbreviations: PDE = patient-derived explant; NSCLC = non-small cell lung cancer; cPARP = cleaved poly-ADP ribose polymerase; IQR = interquartile range. 

Figure 4: Spatial organization following drug treatment. (A) Representative images showing mIF staining of T cell markers—CD4, FOXP3, CD8 (left panel)—performed on a melanoma explant, and corresponding phenotype analysis (right) identifying intercell distances between CD8+ cells and Treg cells (CD4+/FOXP3+). Scale bars = 200 &#181;m. (B) Histogram plot showing increased distance between cytotoxic T cells (CD8+) and Treg cells (CD4+/FOXP3+) after treatment of melanoma PDEs with 5 &#181;g/mL of nivolumab, confirming on-target effects of the IO drug. Density unit is expressed as the number of cells divided by sum of all cells per bandwidth. Abbreviations: mIF = multiplex immunofluorescence; CD = cluster of differentiation; FOXP3 = Forkhead box P3; PDE = patient-derived explant; NSCLC = non-small cell lung cancer; IO = immunooncology.

DISCUSSION:
This paper describes the methods for generation, drug treatment, and analysis of PDEs and highlights the advantages of the platform as a preclinical model system. Ex vivo culturing of a freshly resected tumor, which does not involve its deconstruction, allows for the retention of the tumor architecture13,24 and thus, the spatial interactions of cellular components in the TME as well as intratumoral heterogeneity. This method demonstrates how, by using a tumor-specific marker, it is possible to identify areas of tumor tissue versus areas of stroma and therefore separate drug responses within these compartments (Figure 3). Additionally, multiple biomarkers can be profiled simultaneously to assess, for example, the on-target movement of immune cells within the TME (Figure 4).

A previous publication documented the application of this PDE platform to the stratification of NSCLC PDEs for the standard of care chemotherapy, cisplatin, showing that it is possible to segregate chemoresistant from chemosensitive populations24. These PDE-related findings mirror patient responses. By following the methods described here, it is possible to undertake similar approaches for other tumor types and with different types of drugs, chemotherapeutics or otherwise. The separation of PDEs into drug-sensitive and drug-resistant populations creates an invaluable resource for generating further mechanistic insight into drug resistance. For example, because PDEs can be processed for RNA, DNA, protein, or metabolite isolation, this can allow the implementation of “omic” technologies to identify key biomarkers that are predictive of response. Alternatively, FFPE sections generated from treated PDEs can be used for extensive spatial profiling to understand how different cell types in the PDE contribute to drug resistance. 

This may be facilitated by further developments in multispectral imaging and mass cytometry approaches35,40–43, which would allow hundreds of biomarkers to be profiled simultaneously. Preclinical models that evaluate immunotherapeutic efficacy are much sought after, and this paper demonstrates that PDEs can fill this critical niche (Figure 3 and Figure 4). Monoclonal antibodies targeting immune checkpoints, such as cytotoxic T-lymphocyte antigen 4 and PD-1/programmed death ligand-1 (PD-L1), have been developed44-47 with some remarkable improvements in overall patient survival in a large number of solid tumors compared to standard chemotherapy. However, ICIs are effective in a limited number of patients for reasons that are not clear, necessitating the identification of predictive biomarkers48. The outstanding feature of PDEs—preserving the 3D architecture of tumor tissue—facilitates the evaluation of ICI efficacy (Figure 3) and the monitoring of immune cells in response to ICI treatment (Figure 4). Thus, PDEs are an ideal platform for distinguishing ICI-sensitive versus ICI-resistant cases and for investigating the mechanisms underpinning this distinction. 

PDE technology does suffer from a few disadvantages. The generation of accurate, experimental results from PDEs relies on tumor integrity, and occasionally, tumor samples after surgery are too necrotic to process for PDEs. Furthermore, despite some specific examples of retention of tissue integrity after prolonged culture25, for most reported cases, integrity and viability has been lost after 72 h in culture, and tissue disintegration occurs. The window of time to perform drug experiments is therefore relatively limited, prohibiting the use of this model for the study of the mechanisms of acquired drug resistance or the study of invasion and metastasis13. Extending the viability of explants may become possible in the future through the development of new technologies, such as scaffolds and perfused channels, which may facilitate diffusion and uptake of nutrients, allowing more extended culture. 

However, until these improvements can be made, the PDE platform should be regarded as a short-term culture method that can provide immediate drug response data. It should be utilized alongside other model systems, such as organoids and PDX models, that can provide longer term drug response data. Overall, the PDE platform is a proof-of-concept preclinical model system that is of use in determining the sensitivity of a patient’s tumor to a given anticancer agent, for deriving insight into mechanisms of drug action in a real tumor, and for developing predictive and pharmacodynamic biomarkers.
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