In Vitro Human Cancer Models for Biomedical
Applications

Subjects: Cell Biology
Contributor: gil kozalak, Kar Wey Yong, Jane Ru Choi, IGHLI Di Bari, Quratulain Babar, Zahra Niknam, Yousef Rasmi

Cancer is one of the leading causes of death worldwide, and its incidence is steadily increasing. Although years of
research have been conducted on cancer treatment, clinical treatment options for cancers are still limited. Animal cancer
models have been widely used for studies of cancer therapeutics, but these models have been associated with many
concerns, including inaccuracy in the representation of human cancers, high cost and ethical issues. Therefore, in vitro
human cancer models are being developed quickly to fulfill the increasing demand for more relevant models in order to
get a better knowledge of human cancers and to find novel treatments.
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| 1. Introduction

Cancer is known as one of the most life-threatening diseases worldwide L. In-depth studies of cancer mechanisms are
essential, given that this disease is complex and progressive. Traditionally, animal models have been widely used for
studies of cancer therapeutics as they provide a relevant tumor microenvironment (TME) to evaluate drug safety and
efficacy [@. However, problems associated with the accurate representation of human cancers, as well as challenges
involving ethical controversies, high cost and difficult handling of animal models, have limited their usefulness &I,
Differences in tumor biology in animal models compared to human models explain why some drugs tested in animals are
ineffective in humans 4. To address these challenges, in vitro human cancer models, including two-dimensional (2D)
(e.g., transwell-based model) and three-dimensional (3D) models (e.g., spheroid, microfluidic tumor-microvascular and
scaffold-based) have been developed for cancer studies &I, These models offer simple model design, easy operation and
result interpretation, leading to a better understanding of different aspects of cancer, such as tumor growth and
proliferation, tumor invasion and drug delivery €. Indeed, in vitro cancer models are being developed quickly to fulfill the
increasing demand for more sophisticated models in order to get a better view of both cancer biology and cancer
therapies.

The existing 2D cancer models have revealed tumor progression, which includes genetic alterations of tumorigenic
phenotypes, tumor migration and angiogenesis. For example, 2D transwell-based cancer models have been used to study
the effects of angiogenesis on tumor cells (. However, studies have shown the absence of key receptors and signaling
molecules in these models. They were not able to represent the key characteristics of the TME, rendering them less
suitable for drug screening &, In contrast, 3D in vitro cancer models resemble tumor behavior and complex multicellular
TME, providing a more accurate and reliable platform for studies of disease processes and analysis of drug efficacy [&.
For instance, spheroids form clusters, which mimic the morphology and activities of human solid tumors to better
understand tumor activities in the human body 19, Various types of biomaterials (e.g., natural and synthetic hydrogels)
have also been investigated to create scaffold-based cancer models for cancer studies 1. In addition, previous studies
have also developed microfluidic tumor-microvascular models for anticancer drug screening 12, The 3D models
discussed above are able to elucidate the role of different types of cells, extracellular matrix (ECM) components and
different stimuli in TME. They are particularly suitable for in-depth studies of oncogenesis-related cellular pathways and
transcriptomic profiles to develop better anticancer therapeutic agents.

| 2. Biomedical Applications of In Vitro Human Cancer Model
2.1. Therapeutic Development for Cancer Therapy

2.1.1. Anticancer Drug



In vitro disease models are utilized for medication development. This approach usually begins with basic research, which
aids in the identification of pharmacological targets implicated in illness development. Following that, in vitro disease
models may be utilized to screen drug libraries for medicines that affect the pharmacological target of interest. In vitro
disease models will be utilized in parallel to analyze, investigate and optimize particular factors such as medication dose
in order to predict drug efficacy and toxicity in people. The principle is the same: scientists test a variety of medicines on
cells in vitro in order to swiftly exclude those that would not function in mice or people. These models were employed in
the development and testing of current anticancer medicines, as well as the creation of novel treatments to substitute
animal cancer models in chemotherapeutic testing 231, In fact, in vitro cancer models are critical in cancer research for
investigating genetic, epigenetic and cellular pathways, studying proliferative deregulation, apoptosis and cancer
development, defining possible molecular markers and cancer therapies 1415 One of the first phases in medication
development is generally the evaluation and testing of drugs in tumor cell lines. It permits a huge number of candidate
medicines to be tested prior to subscribing to large-scale, costly in vivo clinical studies. Characterizing tumor cell lines in
terms of their anchorage independence (soft agarose assay) is also imperative since it can be utilized to figure out which
genes and pathways are involved in metastasis as well as their metastatic migration potential and invasiveness capacity
(61171 Molecular profiling of cell lines that reveals changes in cell cycle regulators and other molecules is essential,
enabling anticancer medicines to target cell cycle abnormalities 7. For example, Hakozaki et al. reported upregulation of
the epidermal growth factor receptor and cyclooxygenase-2 genes in a tumor cell line (FPS-1) acquired from an
undifferentiated pleomorphic sarcoma (UPS), indicating that this cell line could be used to develop drugs that target these
genes or cellular pathways 8, When Fang et al. characterized cell lines acquired from patients with metastatic and
recurrent malignant peripheral nerve sheath tumors, they discovered genes linked to metastatic potential, indicating that
these genes could be targeted by therapeutic approaches 9. Finally, DNA, RNA, proteins, chromosomal and functional
profiling were performed on a panel of 60 distinct kinds of human tumor cell lines (NCI60) designed for the generation of
anticancer medicines, allowing for an improved clinical translation of the findings of anticancer drug testing 29, The
molecular profiling of tumor cell lines also allows for a more accurate evaluation of cancer types and subtypes, as well as
determining which cell lines are most suited for certain studies, improving the screening and research of anticancer
medicines 24,

Tumor spheroids are commonly employed to evaluate tumor sensitivity and response to chemotherapeutics, including
combination treatments (e.g., chemotherapeutics and small-molecule inhibitors), targeted chemotherapy and drug delivery
vehicles 122, Spheroids are frequently utilized as a high-throughput technique for both negative and positive drug
candidate screening in novel drug development 23], According to studies, gene expression patterns and responses to
treatments in tumor spheroid models are more comparable to those in the native tumors 24, For instance, liver tumor
spheroids exhibited drug resistance, which was equivalent to that in native tumors 22, In comparison to tumor cells grown
in a monolayer culture, BT-549, BT-474 and T-47D breast tumor cell lines cultivated as spheroids demonstrated higher
resistance to paclitaxel and doxorubicin 28, Resistance to 5-fluorouracil, regorafenib and erlotinib was found to increase
when HCT-116, SW-620 and DLD-1 colorectal carcinoma cell lines were cultured as spheroids with or without co-culturing
with fibroblasts and endothelial cells [Z. Altogether, tumor spheroid models are better than monolayer cultured cells as
tumor spheroids exhibit drug resistance seen in native tumors [28],

Three-dimensional bioprinting technology also allows for the construction of in vitro cancer models for anticancer drug
screening. For instance, a 3D bioprinted breast cancer model that demonstrated doxorubicin resistance was used to
evaluate the anticancer effect of lysyl oxidase inhibitor. Lysyl oxidate inhibitor was able to enhance doxorubicin sensitivity
of the breast cancer model 2. In another study, a 3D bioprinted vascularized human glioblastoma model was used to
assess the therapeutic effects of the anticancer drug temozolomide and angiogenic inhibitor sunitinib. It was found that
the combined treatment was better than temozolomide alone and sunitinib alone in reducing the tumor size BY. Further
research in the field of 3D bioprinting will allow the creation of high-efficiency 3D in vitro cancer models to gain an
innovative basic understanding about carcinogenesis mechanisms, as well as to more accurately screen potential
anticancer drugs and assist individual drug selection B, On the other hand, a microfluidic tumor-microvascular model of
human liver cancer was used to assess the anticancer effect of Metuzumab. Metuzumab was able to induce antibody-
dependent cell-mediated cytotoxic effects on the liver cancer model in the presence of peripheral blood mononuclear cells
(821 |n another study, a microfluidic tumor-microvascular model of human glioblastoma was used to evaluate the effect of
antioxidants on glioblastoma 221, It was found that antioxidant catechins were able to reduce reactive oxygen species in
the tumor cells, which could decrease vascular endothelial growth factor secretion from the tumor cells to TME for
inducing tumor angiogenesis.

2.1.2. Therapeutic Cells



In vitro tissue models are becoming increasingly important in regenerative medicine, and attempt to replace, restore or
regenerate tissue. In the realm of cancer, this has lately taken the form of altering immune cells in vitro so that when they
are re-implanted into the patient, they can better fight cancer. For example, chimeric antigen receptor (CAR) T cells were
tested on a 3D hydrogel-based in vitro model of human ovarian cancer to assess the anticancer effect of the immune cells
before introducing them into patients. CAR-T cells were better than unmodified T cells in mediating the cytotoxic effects on
ovarian cancer 8. Besides CAR-T cells, tumor-reactive T cells can be generated by the co-culture of peripheral blood
lymphocytes and tumor spheroids. Peripheral blood lymphocytes co-cultured with human colorectal tumor spheroid and
lung tumor spheroid were able to produce CD8+ T cells that kill the colorectal tumor cells and lung tumor cells,
respectively (Figure 1) 4. Immune cells co-cultured with tumor spheroids are a reliable model for assessing the effects
of CAR-T and tumor-reactive T cell infusion on cancers, training T cells to identify tumor antigens and predicting patient
response to immunotherapy. In general, 3D in vitro cancer models are an important preclinical tool for developing novel
immunotherapy tactics for cancer treatment 3.
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Figure 1. In vitro human cancer models for T cell therapy development. Adapted with permission from 24! © Elsevier
(2018).

2.1.3. Phototherapy

PDT (photodynamic therapy) is a new theranostic treatment option for a variety of malignancies and illnesses. In the 4T1
cell line (a breast tumor cell line) that is extensively metastatic, Xiaobing et al. investigated the implications of
Sinoporphyrin  sodium-mediated PDT (DVDMS-PDT) on tumor cell proliferation and metastasis. DVDMS-PDT was
cytotoxic to 4T1 cells and able to inhibit the migration of 4T1 cells 38, Drug resistance is a significant obstacle to cancer
therapy. The synergistic impact of drug and phototherapy on the bladder tumor cell line 5637 was examined, and the
results showed that blue light irradiation enhances the cytotoxic effect of cisplatin on bladder tumor cells BZ. Analyzing the
photosensitizer absorption and penetration through several cell layers has been aided by tumor spheroid culture. For
example, the Beckman Laser Institute has employed a human glioma spheroid model to investigate the uptake and
localization of 5-aminolevulinic acid/protoporphyrin 1X-based regimens for PDT 28], Xiao et al. investigated the uptake
patterns of various porphyrin photosensitizers in a human bladder tumor spheroid model B2, Hypocrellins and
benzoporphyrin derivative monoacid ring A (BPD-MA) were found to penetrate the spheroid deeper than other
photosensitizers, including aluminum phthalocyanine, photofrin and protoporphyrin IX. These results suggested that
hypocrellins and BPD-MA could be used for bladder cancer phototherapy. In another study, a 3D ovarian tumor spheroid
model was utilized to evaluate the phototoxicity of benzophenothiazinium dye EtNBS and its hydroxyl-terminated
derivative (EtNBS-OH) 28, EtNBS was effective in killing the tumor cells in the tumor core, while EtINBS-OH was able to
mediate widespread structural degradation of tumors upon irradiation. These two photosensitizers could be used
simultaneously for synergistic PDT. Moreover, photosensitizers can be conjugated with aptamers to achieve targeted PDT.
For instance, pyropheophorbide, a conjugate with aptamer sgc8 selectively bound to cervical tumor spheroids that



overexpressed protein tyrosine kinase 7 and generated singlet oxygen upon red laser irradiation to kill the tumor cells
(Figure 2) (411,
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Figure 2. In vitro human cancer models for photodynamic therapy development. Adapted with permission from 44 © ACS
Publications (2020).

2.2. Assessment of Tumor Cell Migration, Metastasis and Invasion

One of the most important factors for the progression of metastasis is the vascular system because metastasis of tumor
cells mostly occurs within the vascular system. The vasculature of tumors is characterized as unorganized and leaky due
to the new formation of vessels that supply nutrients to the tumor. Extravasation and metastasis of tumor cells can easily
occur due to the leaky architecture of tumor vessels and secretions of endothelial cells (ECs). Studies in which ECs and
tumor cells were co-cultured in both the microfluidic tumor-microvascular system and 3D bioprinted scaffold showed
increased tumor cell migration [421(43],

In addition, studies with perivascular cells have shown that they can positively or negatively affect tumor growth and
metastasis due to their capacity to stabilize blood vessel structure and permeability 2445l Cancer-associated fibroblasts
(CAFs) are the main perivascular cells in TME, and their roles in TME are stimulating tumor cell proliferation and
facilitating cancer progression by modifying ECM components and metastasis by modulating immune components 148, |n
addition, CAFs initiate angiogenesis by supporting ECs that provide nutritional support for tumor growth and development
(471 Furthermore, CAFs positively affect the proliferation and metabolism of tumor cells via autophagy “&. In a 3D
hydrogel-based scaffold, human squamous cell carcinoma cells were unable to migrate independently, but they were
shown to invade along CAFs within the matrix &l In another study, the requirement for direct cell contact from CAFs to
induce tumor invasion was demonstrated in a 3D colon tumor spheroid model ¥2. It has been revealed that different CAF
signatures are associated with different survival rates of patients with ovarian cancer B4, Overall, new insights into tumor
biology and drug discovery can be gained by examining CAFs and tumor cell interactions in 3D in vitro cancer models.

Macrophages are the most abundant immune cells in TME that are derived from monocytes. In general, M1 phenotypes
show anticancer properties, while the M2 secrete cytokines and growth factors for promoting inflammation 1. Results of
a study with macrophage/breast tumor spheroid models showed increased cytokines associated with the M2 phenotype,
faster oxygen consumption and resistance to cytotoxic drugs 2. Studying macrophages in 3D in vitro cancer models is
essential to better understand the clinical implications of immunotherapeutics. Cancer stem cells (CSC) are a special
subpopulation that maintains tumor growth with their self-renewal and differentiation capacity. It provides activation of
signaling pathways involved in the cell cycle, growth factor secretion and stemness properties. CAFs were shown to
enrich CSCs in lung tumor cells through the de-differentiation process, such as epithelial to mesenchymal transition (EMT)
53] The EMT process has an important place in the acquisition and maintenance of stem cell-like properties and the
invasive phenotype in tumor cells 4. A study with a colorectal tumor/macrophage transwell model revealed that
macrophages produce IL-6, inducing the EMT program to promote tumor invasion, migration and metastasis (Figure 3)
551, |n a 3D hioprinted cervical cancer model, TGF-B was found to induce EMT in HeLa cells 28],
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Figure 3. In vitro human cancer models for assessment of tumor biology. Adapted with permission from B3 © Creative
Commons Attribution License (2019).
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