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Abstract: Tumour-associated angiogenesis plays a key role at all stages of cancer development and 

progression by providing nutrient supply, promoting the creation of protective niches for therapy-

resistant cancer stem cells, and supporting the metastatic cascade. Therapeutic strategies aimed at 

vascular targeting, including vessel disruption and/or normalization, have yielded promising but 

inconsistent results, pointing to the need to set up reliable models dissecting the steps of the 

angiogenic process, as well as the ways to interfere with them, to improve patients’ outcomes while 

limiting side effects. Murine models have successfully contributed to both translational and pre-

clinical cancer research, but they are time-consuming, expensive, and cannot recapitulate the genetic 

heterogeneity of cancer inside its native microenvironment. Non-animal technologies (NATs) are 

rapidly emerging as invaluable human-centric tools to reproduce the complex and dynamic tumour 

ecosystem, particularly tumour-associated vasculature. In the present Review, we will resume 

currently available NATs able to mimic vascular structure and functions with progressively 

increasing complexity, starting from two-dimensional static cultures to the more sophisticated tri- 

dimensional dynamic ones, patient-derived cultures, perfused engineered microvasculature and in 

silico models. We highlight the added value of a “one health” approach to cancer research including 

studies on spontaneously occurring tumours in companion animals devoid of the ethical concerns 

associated with traditional animal studies. Limitations of the present tools to a broader use in pre-

clinical oncology, and their translational potential in terms of new target identification, drug 

development, and personalised therapy, are also discussed. 
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1. Introduction 

Cancer emerges when mutated cells grow uncontrollably within a permissive tissue 

environment [1]. Initially, natural safeguards inhibit neoplastic formation, however, prolonged 

exposure to carcinogenic factors favours the accumulation of further mutations in cancer cells until 

they become able to evade these defences. Concurrently, growing tumours alter local and systemic 

environments, enabling cancer progression and spread [2].  

Cancers are complex dynamic ecosystems composed of tumour cells and different non-

cancerous cells all embedded in an extracellular matrix (ECM) exhibiting distinctive and unique 

physical, biochemical, and mechanical properties [3] (Figure 1).  
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Figure 1. Schematic representation of cancer development: A) healthy stratified epithelial tissue encompassing 

sub epithelial connective tissue and epithelium separated by a continuous basal membrane. B) Carcinoma in situ 

eliciting tissue inflammation. C) Invasive carcinoma composed of distinct cancer clones (CEpC) with differential 

properties. Invasive CEpC subvert the microenvironment generating cancer associated fibroblasts (CAF) and 

altered ECM D) Close-up view of invasive TME and its relations with the TAMV. Inflammation can control 

cancer growth in some but not all CEpC clones. Hypoxia and CEpC mutations favour the “angiogenic switch”, 

and CEpC-EC interactions can generate further phenotypic heterogeneity. Cancer cells which can co-opt TME 

components like EC and Macrophages (MΦ) to intravasate and then disseminate to distant organs. In breast 

cancer a pro-metastatic Tie2-expressing-MΦ /EC/Cancer cell triad, the tumour microenvironment of metastasis 

doorway (TMEM doorway), has been identified. 

The tumour microenvironment (TME) includes immune cells, cancer-associated fibroblasts, 

endothelial cells, pericytes, and tissue-resident cell types, all playing critical roles in each stage of 

cancer progression [3,4] (Figure 1). Tumour-TME crosstalk, mediated by cellular interactions, soluble 

factors and metabolites availability [5] affects cancer cell survival, proliferation, response to anti-

cancer drugs and immune evasion, and is emerging as an attractive therapeutic target. 

Typically, all cancers elicit a certain degree of local tissue inflammation. Inflammation initially 

combats cancer development, but, at the same time, it exercises a selective pressure on cancer cells 

[6–8] (Figure 1 B, C). Those cells that survive, become tolerant to inflammation, and ultimately shape 

the immune landscape both in the TME [2] and systemically. In solid tumours, these initial malignant 

lesions are called carcinoma in-situ (Figure 1 B), whose prognosis is favourable if they are promptly 

detected [9,10].  

Tumour associated angiogenesis (TAA), and vascular alterations are hallmarks of the TME, and, 
following the intuition of J. Folkman [11,12], microvascular involvement is included among the 

criteria defining invasive versus non-invasive lesions (Figure 1 B vs C). A hypo vascular, hypoxic 

TME can limit the efficacy of chemo-/radiotherapy by hampering delivery of oxygen and drugs 

[13,14]. On the other hand, uneven intratumor angiogenesis and angiocrine signalling further 

promote cancer cells phenotypic heterogeneity [2] (Figure 1 D). 
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Overall, the TME behaves like a chronic, never-healing wound [15] because the sources of tissue 

damage and inflammation are not removed. The cellular and molecular dynamics in such systems is 

complex to predict as it depends on many contextual signals which vary widely over time, different 

genetic background, across different organs, and even within the same tissue. Moreover, by means 

of systemic signalling, mediated by soluble factors like cyto/chemokines and extracellular vesicles 

[16], cancer may induce changes in distant tissues including vascular leakiness, angiogenesis, and 

immunosuppression. All this forms the pre-metastatic niche [17]. Pre-metastatic niches promote the 

seeding of metastases and are tumour specific (both within the same cancer type and across different 

types) dictating preferences for specific target organs (seed and soil theory [18]).  

Notably, the Tumour associated micro vasculature (TAMV, Figure 1 C, D) plays a key role at all 

stages of cancer development and progression, including the “angiogenic switch”, the creation of 

protective niches for therapy-resistant cancer stem cells (CSC), the creation of pre-metastatic niches, 

and metastasis. 

1.1. Tumour Associated Micro Vasculature 

Malignant cancer cells have a high metabolic demand to sustain their abnormal growth, and 

rapid cell growth promotes intra-tumoral hypoxia and chronic inflammation [19]. All these features 

contribute to the “angiogenic switch”, i.e., the sustained and uncontrolled induction of pathological 

angiogenesis leading to the formation of aberrant TAMV (Figure 1 D). Hypoxia activates the cellular 

oxygen-sensing machinery (Hypoxia-Inducible Factor, HIF, pathway) [20] in endothelial, immune, 

stromal and cancer cells directly regulating the transcription of pro-angiogenic genes like Vascular 

Endothelial Growth Factor (VEGF-A), Stromal Derived Factor (SDF-1), and Angiopoietin-2 [19]. 

However, due to the unbalanced signalling in the TME, the TAMV does not fully mature, is 

morphologically and functionally abnormal, and provides suboptimal diffusion of oxygen and 

nutrients, contributing to a self-sustaining hypoxia-inflammatory loop. In such environments, cancer 

cells can acquire distinct phenotypes, including fast-growing clones, slow growing CSC with self-

renewal potential, or migratory clones with high metastatic potential (Figure 1 D). 

Endothelial Cells (EC) are the main cellular components of the microvasculature. EC are 

physiologically heterogeneous across different organs, and within the same organ reflecting a variety 

of different functions [21]. EC composing the TAMV are phenotypically distinct from their healthy 

counterparts [22], have distinct metabolism [23], and angiocrine signalling [24].  

Dysregulated angiocrine signalling to immune cells contributes to an immunosuppressive TME 

which hampers natural antitumour responses [25–27]. Concurrently the leaky TAMV favour 

intravasation and dissemination of metastases initiating cells which travel as circulating tumour cells 

to distant organs along blood or lymphatic streams [28].  

In breast cancer, EC, tumour associated perivascular macrophages (TEMs), and specific cancer 

cells form a functional triad, the tumour microenvironment of metastasis (TMEM) doorways. The 

number of TMEM doorways in the primary tumours has been found to correlate with the propensity 

to metastasis [29] (Figure 1 D). It is tempting to assume that similar doorways might exist within 

other cancer types, possibly with distinct molecular signatures, however, this has not been 

demonstrated so far.  

Upon seeding in multiple organs, metastases initiating cells may generate overt, clinically 

evident metastases via co-option of permissive microenvironments mimicking the native niches 

including a primed microvasculature [30–33]. 

1.2. Therapeutic Implications  

Given the central role of the TAMV in tumour development, vascular targeting has been 

explored as a therapeutic option in the past 20 years. 

Anti-angiogenic therapy (AAT), i.e., attempting to prune the abnormal TAMV via interference 

with pro-angiogenic signalling, especially the VEGF pathway, has been widely studied and tested 

experimentally and clinically [32]. Despite the initial promise and some clinical success, AAT has 
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yielded inconsistent clinical results. Not all cancer types are sensitive to AAT, and in those sensitive 

types, AATs like the monoclonal antibody against VEGF-A, Bevacizumab, causes a host of escape 

mechanisms like the “angiogenic rebound”, i.e., compensatory up-regulation of VEGF or other 

angiogenic molecules. Additionally, interference with the VEGF axis causes vessel disruption locally 

and systemically, producing severe side effects and increasing the propensity to metastasis [22,32]. 

More recently, vascular normalisation therapy (VNT), i.e., attempting to modulate rather than 

prune the TMV via fine-tuning of AATs, has been proposed as a promising new route. Animal studies 

have shown that VNT could alleviate intratumor hypoxia, facilitate delivery of drugs, increase the 

oxygen-dependent effects of radiotherapy, and favourably modulate the immune TME [13,34–36]. 

Clinical testing of VNT is currently ongoing [36], however previous studies have already 

highlighted that clinical success of VNT will depend on precisely identifying and measuring the time 

frame of their therapeutic activity (TAMV normalisation window).  

In summary, it is now clear that VNTs are potent tools to modulate the TAMV with huge 

therapeutic potential. However, their clinical efficacy is currently limited by our capacity to measure 

and understand the dynamics crosstalk between cancer, the TME, and therapeutic agents. 

For example, we do not know how to timely and precisely deliver therapeutic agents to 

maximise their beneficial effects while minimising their side-effects.  

Thanks to intensive research and powerful technologies like OMICS, we are rapidly learning 

which cell types and molecules are involved in these processes. However, we do not fully understand 

how these elements crosstalk before, during, and after therapy in different tissues and organs. 

Characterising the cellular and molecular dynamics driving TAMV functions is thus a central 

and unmet clinical need as TAMV associated features, like metastases, still represent the leading 

cause of cancer-associated death [30,33]. 

Deciphering the dynamic interplay between cancer cells and the TAMV may offer the 

opportunity to identify and target pathways common to most cancers. To this purpose, reliable 

models of TAMV are urgently needed. 

Murine models are a cornerstone of biological research and have been successfully used in both 

translational and pre-clinical research [37]. However, preclinical animal models are typically 

complex, time-consuming, expensive, and difficult to standardise [38]. More importantly, they do not 

fully capture the complexity and genetic heterogeneity of human cancers, and they cannot 

recapitulate the molecular signalling and cancer-TME cellular crosstalk, limiting their translation 

potential. Indeed, US Food and Drugs Administration agency (FDA) data show that over 90% of 

drugs successful in pre-clinical animal models, fails to demonstrate safety or effectiveness in humans 

[39].  

We need to develop affordable research tools able to increase our mechanistic understanding of 

the TME, to facilitate the development of new therapeutic strategies, and to customise treatment to 

individual patients. Non-Animal Technologies (NATs) able to reproduce selected aspects of human 

biology are rapidly emerging to fill these gaps. 

In the following sections of this review, will discuss advances in modelling the TME, the TAMV, 

and their dynamic crosstalk, in vitro, ex-vivo, and in silico, focusing on those promising to advance 

cancer research, therapy, and care. 

2. Non-Animal Technologies 

2.1. Static Cultures 

Cancer research and drug development have long relied upon experiments performed using in 

vitro culture of cell lines and primary tumour cells grown in two-dimensional (2D) static cultures [40–

42]. While these culture systems allowed to elucidate basic molecular signatures of cancer, and still 

are a gold standard in primary drug screenings [43], they fail to properly reproduce spatial and 

functional complexity of TME, and hence to predict the impact of drugs in individual patients. The 

pioneering work of Bissell and colleagues [44,45], has clearly demonstrated that normal and tumour 
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cells grown in 2D culture significantly differ from those kept in 3D in terms of morphology, biological 

behaviour, gene expression profile and response to drugs [46,47]. 

Experimental cancer models should incorporate elements of the surrounding milieu, to 

recapitulate tissue specific multi-cellularity and architecture, biochemical and mechanical signals, 

cell–cell and cell-ECM interactions [40–42]. Moreover, in the perspective of patient-specific cancer 

therapy, the need for personalized tumour models is rapidly emerging [48]. 

Personalized 3D cell cultures include tumour spheroids, organoids, and explants. Spheroids are 

clusters of cells, aggregated under static conditions via hanging drop techniques or culture on non-

adhesive substrates [49–51]. Spheroids derived from tumour cell lines or primary tumour cells 

recapitulate main features of human solid tumours like their multi-layered structure where 

peripheral proliferative cells surround a necrotic core, and hypoxia and nutrient gradients, making 

them suitable for drug screening [52,53]. More complex approaches that incorporate the ECM take 

advantage of natural or synthetic polymeric substrates with tuneable composition and stiffness. Such 

substrates can be formed as hydrogels or solid scaffolds, which provide mechanical support and 

biomimetic physical and chemical environment [54]. Scaffolds allow tumour and stromal cells to 

attach, and proliferate, mimicking cell-to-cell and cell-to-ECM signals [54]. 

A better approximation of tumour multi-cellular complexity is represented by patients-derived 

organoids, which are 3D cell aggregates generated by culturing pluripotent stem cells (PSC) or cells 

derived from patients’ tumour tissues (tumoroids) under appropriate conditions [48,55]. Compared 

to tumour spheroids, which are typically monocultures [50,51], organoids more closely mimic TME 

heterogeneity and composition, and the structure of the tumour they originate from. However, they 

still don’t incorporate key elements of the TME like the microvasculature. Moreover, current 

protocols to generate patient-derived tumour organoids have inconsistent yield, are complex and 

lengthy to implement, and are scarcely standardised across laboratories [52,55].  

Finally, 3D bioprinting technology is emerging as a promising strategy to manufacture tissue-

engineered constructs with well-defined 3D geometry [56]. 3D bioprinting can be used to build 

tumour constructs via sequential layering of living cells (both tumour and stroma) within 

functionalized biomaterials (bioinks) [56,57]. 

2.2. Ex Vivo Culture of Tumour Explants  

Patient-derived preclinical models that can preserve tumour features and predict outcomes in a 

personalized manner are greatly solicited in the field of cancer drug discovery and development. 

Compared to tumour-derived organoids, tumour explants obtained from resected tumour/metastasis 

or biopsy specimens fully incorporate the native genomic, histological and functional profile of 

cancer cells within their TME [58,59]. For example, tissue slices of human gliomas have been 

successfully cultured and used to detect metabolically active EC-associated “hot-spots” in otherwise 

low-grade lesions [59]. 

Tumour explants cultured under static conditions have a limited lifespan in culture (less than 3 

days) limiting their applicability. This limitation has been addressed through the application of 

dynamic culture technologies, including the Rotary Cell Culture System (RCCS) bioreactor. 

2.3. Dynamic Cultures  

The 3D models described above have a common limitation in that they do not allow appropriate 

transport of nutrients, solutes, and metabolic waste in and out of the cultured tissue, all pre-requisites 

to sustain long-term cell viability and prevent cell necrosis. Thus, complex cancer cultures typically 

have short life span in culture.  

Seminal discoveries and inventions in recent years have fostered the transition from static to 

dynamic cultures. Dynamic cultures can better reproduce the changes occurring in a growing tumour 

by providing efficient mass transfer, i.e., nutrients’ delivery and metabolic waste removal, and thus 

preserving cell viability within 3D cell/tissue masses [60]. These culture conditions can be obtained 
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using dynamic bioreactors [50,61], including roller bottles, spinner flasks, gyratory shakes, perfusion 

[62,63], and microgravity bioreactors [48,59–61]. 

Among these systems, the microgravity-based RCCS bioreactor stands out as suitable for 

culturing functional 3D tissue-like bio-constructs and explants of various origins. RCCS bioreactors 

were primarily used to facilitate the self-assembly and culture of scaffold-free spheroids [64], and 

then further tuned to tumour-TME co-cultures on scaffolds [65], and tissue explants to study 

molecular mechanisms involved in cancer development and biology, and for drug testing in a 

patient-specific context [66–68]. Culture in RCCS bioreactor allows to perform downstream analyses, 

including “Omics” approaches, to dissect metabolic and functional pathways operating within TMEs 

[69]. 

In recent years advances in microfluidics technology, i.e., the study of fluid flow within small 

(<100 micrometres in diameter) conduits and development of affordable devices operating in such 

conditions, has paved the way towards developing more biomimetic systems. 

3D cell culture based on microfluidic devices (often called lab-on-chip, or micro-physiologic-

systems, MPS) allows studying key processes like cancer migration, invasion, and angiogenesis, and 

drug responses in a miniaturized, yet precisely defined culture environment [70].  

3. Modelling Tumour Vasculature and Angiogenesis  

Micro-vessels, i.e., blood vessels, or capillaries with a calibre smaller than 100 microns, sit at the 

interface between blood and all tissues in the body. They mediate oxygen and nutrients diffusion, 

they regulate tissue development and homeostasis via angiocrine signalling, and they are the 

gatekeepers of immunity and iflammation [22,32].  

Comprehensively modelling such functions in vitro is challenging and many of the currently 

available models [71,72] typically focus on aspects of only one specific function. 

3.1. EC Cultures and PCS 

The first step towards modelling the microvasculature in vitro is the ability to culture EC and 

vascular cells like pericytes, under physiologic conditions to retain their original phenotype and 

functions. After over 20 years of research, it is now possible to robustly isolate and subculture 

vascular and microvascular EC and pericytes from human samples (primary cells). Primary EC 2D 

cultures have been extensively characterised, standardised, and validated to model several functions 

like the endothelial barrier and angiogenesis (sections below).  

A new perspective in culturing human EC comes from pluripotent stem cells (PSC) technology, 

whereby PSC can be differentiated into EC (PSC-EC) via directed differentiation [73,74] or by 

inducing transcriptional regulators of the EC fate via transgenic strategies [75]. PSC-EC can be 

generated in large quantities, they can be genetically edited via CRISPR-Cas9 (impossible with 

primary cells), and thus they are amenable to genetic/pharmacologic screening for drug 

development. 

PSC-EC are also ideal tools to study developmental vasculogenesis/angiogenesis in vitro, to 

study tissue-specific vascularisation, and to create vascularised organoids. However, the current 

protocols to generate PSC-EC are still imperfect and until yet, PSC-EC are more expensive, complicate 

to culture, and less robust in culture than primary EC. 

3.2. In Vitro Tools to Study Vascular Permeability and Trans-Endothelial Cells Migration 

As discussed, leaky TAMV mediates aberrant extravasation of solutes and immune cells in the 

TME while offering an entry/exit point for metastatic cancer cells (Figure 1 D).  

Transit of solutes and trans-endothelial migration of cells have been studied in vitro leveraging 

EC monolayer cultures (Figure 2 A, upper panels) upon semi-permeable membranes [76]. Using such 

assays, it is possible to observe and measure the effects of experimental perturbations (including 

patients derived samples [77]) on endothelial integrity, its permeability to macromolecules, and its 
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propensity to allow cells’ transmigration. Trans-endothelial migration assays are amenable to high 

throughput screenings which, in turn, can be efficiently analysed with dedicated image analysis tools 

[78,79] to achieve detailed molecular insights at cellular and sub-cellular levels. 

 

Figure 2. Overview of in vitro NATs to study the TME and TAMV: A) EC cultures in monolayer, Matrigel, 

fibrin gel, or in the OVAA system. The OVAA can be imaged at high magnification allowing to appreciate details 

like individual tip cells (red arrow) and their filopodia. B) Immuno-stained slides of RCCS cultured human 

hepatocarcinoma at diagnosis, or upon 3 days of RCCS culture in presence or absence of Sorafenib (SF). CD31 

marks microvessels. C) Photographs of the RCCS and VoC systems within standard tissue incubators. D) RFP 

labelled EC in the VoC-OVAA system upon 10 days of perfusion. 

Despite their utility, initial trans-endothelial migration assays cannot fully reproduce 

haemodynamic forces, which are key determinants of the above functions. To overcome this 

challenge more advanced experimental platforms like MPS are required. In recent years several 

seminal works have established the utility of MPS to model endothelial barriers in different organs 

like the lung [80], liver [81] and brain [82], under physiologic perfusion. Recent work has also 

demonstrated how multiple MPS could be joined together to study systemic crosstalk between 

different tissue via vascular transport [83,84].  

3.3. In Vitro Tools to Study Angiogenesis 

The microvasculature, especially the TAMV, constantly remodels in response to homeostatic or 

pathologic stimuli. As discussed above, the angiogenic switch is a hallmark of cancer with therapeutic 

potential, and assays to study angiogenesis in vitro have been developed since the early 2000s.  

Historically, beyond 2D EC monolayers, EC self-organization in tubule-like structures has been 

appraised by culturing on extracellular matrices containing appropriate growth factors (Matrigel, 

Figure 2 A middle panel). However, the Matrigel assay can only recapitulate early phases of vascular 

assembly, and it is inadequate to study sprouting angiogenesis.  

Hydrogel-based angiogenesis models like the fibrin gel assay [85] (Figure 2 A middle panel) 

offer a more developed alternative to study the initial phases of sprouting angiogenesis. The fibrin 

gel assay leverages the robust self-assembly of EC into patent microvascular networks within fibrin 

hydrogels and it has been used to study endothelial signalling during sprouting angiogenesis in 

different contexts [86,87]. However, microvascular networks grown in fibrin gels cannot mature into 
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well-formed microvasculature mainly because such hydrogels do not possess appropriate 

mechanical properties.  

Developmental and reparative angiogenesis mostly occurs within cell assemblies including 

matrix-producing stromal cells which offer appropriate biomechanical support and signalling to 

nascent micro vessels. This fact has inspired the development of a more biomimetic assay, the 

organotypic vasculo-/angio-genesis assays (OVAA) able to create patent capillaries within layers of 

matrix-producing fibroblasts or stromal cells [88]. The OVAA generates an interconnected network 

of patent and functional micro vessels resembling in vivo microvasculature. The OVAA is amenable 

to high throughput and timelapse imaging and can be used to observe and measure fine cellular and 

sub-cellular details during sprouting angiogenesis like tip cells, endothelial filopodia, and associated 

signalling (Figure 2 A bottom panels).  

3.4. Vascularised Organoids and 3D Dynamic Cultures 

Organoids are multicellular assemblies created by culturing adult or pluripotent stem cells 

(ASC, PSC respectively) under appropriate in vitro conditions which promote their self-organisation 

into organ like microtissues able to recapitulate selected tissue functions. Organoids are promising 

tools for applications like disease modelling and drug screenings. Organoids lifespan and viability in 

culture are limited due to inappropriate vascular supply, and novel strategies are being developed 

to overcome this limitation [89,90].  

Vascularised organoids can be created by forming organoids in presence of primary or PSC-

derived EC and perivascular cells like pericytes or smooth muscle cells [91,92]. Using these strategies 

several authors have reported successful creation of organoids embedding patent capillary-like 

structures [89,90]. Such systems can be used to study intratumor angiogenesis and angiocrine 

signalling, however, they cannot reproduce perfusion-dependent functions like mass transfer unless 

bioreactors like the RCCS described above (Figure 2 B, C) are used to facilitate it. Notably, the RCCS 

technology also allows the long-term evaluation of native tumour-associated angiogenic vessels 

inside cultured tumour explants, including their histochemical identification, quantification and 

functions [93], (Figure 2 B), and may in perspective be exploited to unveil and validate new molecular 

targets, thus improving efficacy of anti-angiogenic therapies. 

3.5. Microphysiologic Systems to Perfuse Engineered Microvasculature 

The research in the past years has yielded robust and flexible assays to create biomimetic 

capillaries which are amenable to high-throughput screenings and thus can be leveraged in drug 

discovery. However, until recently, perfusing remodelling capillaries like that in fibrin gels or the 

OVAA, aiming to enable physiologic mass transfer, has been very challenging. 

The work of R Kamm and other groups has pioneered the development of perfusable self-

assembling microvasculature in vitro leveraging microfluidics chips and the fibrin gel system 

described in previous sections. These works have provided many proof-of-principle applications to 

demonstrate their potential and utility in microvascular and cancer research [94–98]. For example, 

vascularised MPS can be used to reproduce aspects of the TAMV like its development, and its 

responses to anticancer drugs [98,99].  

As discussed above, fibrin gel systems cannot support microvascular remodelling and 

maturation, yielding EC-lined sinusoidal structures rather than well-formed capillaries (Figure 2 A 

middle panel). Large tubule-like structures have low hydraulic resistance, and they can be easily 

perfused using gravity driven flow without the need of creating secure microfluidics connections. All 

this greatly simplifies chip manufacture and creating perfusable vasculature, which allowed all the 

seminal advances outlined above.  

Building upon this research, we addressed two critical components that remained unresolved 

until recently: the need for continuous perfusion and appropriate mechanical stimulation of 

engineered capillaries, both chief modulators of microvascular architecture and functions. Via the 

OVAA co-culture model (Figure 2 A bottom panels) it is possible to provide appropriate 
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extravascular signalling and mechanical stimulation to nascent vessels. To perfuse OVAA capillaries 

and thus provide intravascular flow-dependent mechanical forces, we developed the Vasculature on 

Chip platform (VoC) [100]. The VoC is based on optimised cell culture substrates, a system to create 

secure microfluidic connections, a fluidic design allowing medium recirculation, and a compact flow 

driver fitting standard cell culture incubators (Figure 2 C right panel). 

Through the VoC-OVAA, we successfully demonstrated the creation of perfusable 

microvascular networks reminiscent of those observed in vivo and capable of remodelling over weeks 

under continuous flow, and a balance of intravascular and extravascular biomechanical forces (Figure 

2 D) [100]. The VoC-OVAA allows long-term culture of perfused micro vessels and can be combined 

with other tissue culture techniques including organoids representing a promising platform to study 

angiogenic/angiocrine signalling in tissue microenvironments under physiologic conditions 

including mass transfer.  

These technical advances have been made possible by the recent development of affordable 

microfluidic devices which enable creating appropriate interfaces between microfluidic channels and 

biologic systems of interest. Despite these advances, MPS technology is still in its infancy, and the 

future research will need to address key issues like improving biocompatibility, robustness, 

standardisation, and parallelisation of MPS platforms. 

3.6. Spontaneous Tumour Models in Companion Animals 

Spontaneous companion animal cancers (SCAC) [101–103] are emerging as an alternative to 

traditional laboratory animal models (LAMs) for cancer research [104]. Although SCAC involve 

animals, they don’t pose ethical concerns (as LAMs do instead) because they are spontaneously 

occurring due to similar risk factors than humans, they are treated with curative intent, and they do 

not involve any additional procedure on the “patient”. Inspired by the concepts of “one health” and 

“one medicine”, SCAC can be included in “clinical trials” and help us to shed new light on the 

fundamental mechanisms of oncogenesis which are common to all higher animals, including 

companion animals and humans.  
LAMs typically use an immunocompromised animal, altering the immune response to the 

tumour while chemically induced tumours do not fully recapitulate the complex multifactorial nature 

of carcinogenesis [105]. On the other hand, spontaneously occurring cancers in domestic animals, 

mimic carcinogenesis and the body’s immune response more naturally, and the close relationship 

between humans and companion animals, results in shared cancer risk factors. For example, second-

hand tobacco exposure has been identified as a risk factor for both human and feline oral squamous 

cell carcinomas [106,107]. The parallel advancements in human and veterinary medical research have 

dramatically increased companion animal’s life expectancy, without the possibility to evolve tumour 

suppressive mechanisms, leading to similarities in carcinogenesis in humans and companion animals 

[108].  
As human and veterinary oncology research continues to progress, we are uncovering several 

prognostic cancer biomarkers common to humans and animals. There is mutual benefit to a 

comparative oncological approach, as findings from human cancer research can guide investigations 

in veterinary research and vice versa.  

Diagnostic biopsies and tumour resections of spontaneously occurring cancers as part of the 

surgical management of the cancer contain a wealth of information including information on the 

tumour vasculature. For example, micro vessel density (MVD) has been investigated in both human 

and canine breast cancers and carry a similar prognostic significance [109,110]. In the case of prostate 

cancer, studies have identified numerous cancer-related genes that are altered in both humans and 

dogs [104,111]. In addition, VEGFR-2 and VEGF-A are evolutionarily conserved, and both carry 

similar prognostic trends in the two species [104,112].  
Furthermore, certain cancers are rare in humans but relatively common in companion animals. 

For example, oral melanomas are extremely rare in humans, (1-2% of all oral cancers [113]). However, 

in canines, oral melanomas are the most common oral malignancy [114]. Dogs have been identified 
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as a promising model to study human oral melanomas, and their high incidence provides ample data 

to study an otherwise very rare cancer in humans.  

Combined with advances in computational pathology highlighted in following sections, cancer 

tissues can be further interrogated to identify biologically relevant prognostic biomarkers from the 

tumour microenvironment and associated vasculature. 
There is a potential utility in performing veterinary clinical trials in spontaneously occurring 

tumours in companion animal models to form the evidence-base for subsequent human clinical trials. 

This allows drugs to be tested with curative and therapeutic intent in a system that more closely 

mimics the disease in humans. Such clinical trials would also provide researchers with the 

opportunity to observe longer term follow-ups and quality of life metrics from owner-reported 

questionnaires.  

3.7. Computational Pathology and Artificial Intelligence 
Human cancers are highly heterogeneous, morphologically, genotypically, and phenotypically, 

and this represents a main obstacle to understand their biology and deliver appropriate treatment. 

Bioptic and excisional samples are an invaluable resource to better understand tumour 

heterogeneity, because they encapsulate much of the key information regarding each patient’s 

specific cancer. In parallel with ex-vivo culture systems described above, histopathologic analysis of 

diagnostic or cultured samples allows detecting and measuring architectural and cytomorphological 

features of the TME at the single cell level. Analysis of resulting data via univariate or multivariate 

statistics offers valuable diagnostic/prognostic information [67,115,116]. 

Systematic quantification of features of interest in bioptic samples is a daunting task if 

performed manually weighting on dedicated professionals outside their diagnostic routine and 

strongly limited by human capabilities and biases. Recent computational pathology and image 

analysis techniques including AI are very promising to automate and standardise tissue 

histomorphometry. Automation can remove observer’s biases, thus helping compilation of high-

quality, large, potentially multicentric datasets [117]. 

For example, we have previously used image analysis to automatically measure MVD in 

cancerous, healthy, or irradiated tissue [115,118]. Translationally, this analysis allowed us to correlate 

MVD and irradiation dose in jaw bones, with direct clinical implications for oral rehabilitation of 

cancer patients receiving radiation therapy in the head and neck region [115]. 

However, standard image analysis requires homogeneous samples in terms of tissue 

preparation, staining quality and intensity, which is a limitation to reliably compare different 

experiments or samples from different sources.  

Previous work has reported a performance decrease of AI models in segmenting heterogeneous 

Hematoxylin and Eosin (H&E) images without stain normalisation prior to analyses [119]. We have 

encountered similar challenges in our own work [120] using archival H&E slides.  

For example, the images shown in Figure 3 A have different staining intensities as evident from 

the corresponding intensity distribution R, G, B histograms. Standard segmentation techniques and 

even a Convolutional Neural Network (CNN) based segmentator (Stardist [121]) might fail to 

appropriately segment heterogeneous data (Figure 3 B). To overcome this issue a variety of image 

restoration techniques can be applied. Figure 3 C show an example workflow where the images are 

enhanced with a Random Forest based probability mapper prior to segmentation, and these 

predictions are further refined with Stardist to accurately identify all nuclei including correctly 

segmenting overlapping objects. 
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Figure 3. Strategies to improve pixel level segmentation of H&E images. A) Two examples of images with 

different staining intensities (faded and dark) and relative RGB intensity histograms. Solid line for faded images 

and dashed line for dark ones B) Nuclei segmentations using either Stardist (CNN based), or CellProfiler 

(intensity based). Stardist (default weights) under-segments faded images and over-segments dark ones. A cell 

profiler pipeline tailored on darker images, fails to segment faded images. C) A sequential workflow to segment 

both dark stained and faded Hematoxylin and Eosin (H&E) images employing a random forest pixel classifier 

(as implemented in QuPAth), followed by refinement with Stardist, and the results plugged into CellProfiler for 

object analysis and classification. Scale bars = 100μm. 

Using this strategy, we have demonstrated how single cells analysis in HPV positive 

oropharyngeal squamous cells carcinoma patients, can help predicting therapy outcome solely via 

analysis of diagnostic histological slides [120]. Thus, proper image pre-processing and accurate 

segmentation of biologically relevant structures in H&E images are the first step in extracting the rich 

data encoded within the tumour islands, the TME, and the TAMV.  

AI, especially CNN [122], is rapidly reshaping cancer research and personalized clinical care 

through a wide range of applications, encompassing detection, staging and classification of cancer, 

and molecular characterization of tumours and their microenvironment [123]. Specifically, machine 

learning and AI have been successfully used to detect and measure micro vessels in cancer patients’ 

histopathological samples [124]. Advances in this field, together with the integration of additional 

data types, including genomics, epigenomics, and proteomics, are likely to yield even more accurate 

models to automatically detect and measure many features of interest to diagnose and prognosticate 

patient’s response to therapy or clinical outcomes. 

The rapid growth of AI technology has also inspired criticisms and concerns. For example, most 

CNNs developed for image segmentation and classification do not allow experimenters to backtrack 

the features or weights that led to specific decisions.This poses ethical and legal concerns to the use 

of such models in the clinical practice where decisions must be always justified. Current research is 

concentrating on optimising AI algorithms and on developing robust validation strategies for current 

NNs and explainable AI technologies to overcome these limitations [125].  
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One method to introduce a degree of interpretability in “black box” deep learning models is to 

use class activation mapping which highlights areas of the images that contributed strongly to the 

model’s predictions. While this provides some insights regarding the most important image features, 

it does not provide clear explanations regarding how the overall decisions are taken [126]. 

Furthermore, in some instances, categories mapping areas do not correspond to biologically relevant 

features the pathologist may expect. Another method to improve the explainability of AI models is 

by utilising biologically significant features established in the literature as model inputs. Indeed, in 

our previous work [120] we quantified several pathologically known prognostic biomarkers such as 

the number of tumour-infiltrating lymphocytes, and tumour morphology as inputs to train an AI 

model to predict patient outcomes. This can help clinicians to build confidence in AI models trained 

on evidence-based and explainable features.  

3.8. Mechanistic Modelling 

As discussed above, we need to understand the dynamic evolution of cancer within its TME to 

treat it with maximal efficacy and minimal side effects. Biologic experimentation, including the in 

vitro systems discussed in previous paragraphs are often designed and interpreted via statistical 

methods providing a qualitative understanding of the underlying phenomena. Achieving 

comprehensive mechanistic understanding is more challenging. 

Mathematical biology, i.e., the study of biological processes defined as mathematical rules, offers 

an exciting perspective to address this problem. By defining, calibrating, and using suitable set of 

rules (mathematic equations) we can model complex biologic systems and predict their evolution via 

computer simulations. For example, Physiologically Based Pharmacokinetics modelling, which 

allows predicting the adsorption, distribution, metabolism and excretion of drugs, are now widely 

used to investigate new cancer targeting drugs [127]. 

Physiologically Based Pharmacokinetics models are ideal to study molecules biodistribution and 

activity at the organs and systems scale, however they are not suitable to model cell-cell interactions 

at the tissue, cellular, and subcellular scales. Powerful tools developed in the past 20 years now allow 

modelling complex cell assemblies, and their signalling. 

For example, biochemical network modelling (e.g., Boolean networks, ODE systems) which 

captures the dynamics of molecular reactions (e.g., enzyme kinetics) can help investigating 

intracellular signalling qualitatively and quantitatively [128,129]. On the other hand, spatial 

modelling (e.g., agent-based, cellular automata) can help studying cell-cell and cell-environment 

interactions dependent on relative cell adhesiveness or intrinsic motility [130]. Finally, multiscale 

simulations combine the advantages of spatial and non-spatial models to recreate virtual tissues 

composed of different cell types where the behaviour of each cell can be regulated by cell-specific 

signalling, juxtacrine, paracrine signalling among cells in the simulation, or interactions with the 

environment. Typically, multiscale tools offer facilities to simulate molecular transport within tissues 

including cell secretion and uptake allowing to model paracrine and long-range signalling or delivery 

of therapeutics.  

Currently, there are several software to build and execute multiscale simulations with different 

focus. Notable examples like Morpheus [131] and Compucell 3D [132] offer a multiscale approach to 

virtual tissues development including the ability to create complex models of angiogenesis and 

cancer microenvironment [133–135]. 

For example, Figure 4 A and B shows results obtained by reimplementing the simulation 

developed by R Merks and colleagues [135] in Compucell 3D. The simulation allows exploring the 

role of contact inhibited EC chemotaxis and cell adhesion in self-organising networks like that 

observed in the in vitro Matrigel assay. The simulation reproduces experimental scenarios paralleling 

the results of perturbation experiments. However, due to its simplicity, and similarly to its in vitro 

counterpart, this simulation cannot reproduce more complex scenarios like sprouting angiogenesis.  
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Figure 4. Agent Based Cell Models of vascular assembly and tumour angiogenesis. A-B) Simulations 

calibrated to reproduce results of the in vitro tubulogenesis assay on Matrigel (Reimplementation of ref [135]) 

based on cell adhesion energies and contact-inhibited chemotaxis of EC. A) Time course evolution (600 MCS ~ 

12h, 1 MCS ~ 90s) of the “tubulogenesis” simulations with varying initial cell densities. Paralleling in vitro assays, 

the simulation demonstrates the importance of cell density to achieve structured networks. B) Replicate 

simulations (n = 5) with varying λ-chemotaxis parameter, i.e., the responsiveness of EC to VEGF chemo-

attraction. High values represent standard experimental conditions where networks of tubular structures are 

formed efficiently. Decreasing values mimic experimental conditions where VEGF signalling is inhibited, for 

example with anti KDR (human VEGF receptor 2) monoclonal antibodies. The simulation’s results parallel in 

vitro observation, where interference with VEGF signalling prevents tubules organisation forming blob-like 

structures. C) 2D reimplementation of a tumour angiogenesis simulation [133]. The simulation recapitulates the 

crosstalk between tumour cells (TC, brown) and EC (green) mediated by VEGF signalling and oxygen. Hypoxic 

TC produce long-range diffusing VEGF, promoting angiogenic sprouting which in turn is regulated by VEGF 

induction and lateral inhibition from neighbouring EC. As new vessels reach the TC, these proliferate and 

decrease VEGF production. The depicted time course (1 MCS ~2 h) displays the efficient formation of a vascular 

network, that, via steps of intermittent hypoxia, reach a stable state where most TC are oxygenated and cease to 

produce VEGF. 

More complex TME simulations can be created, for example, Figure 4 C shows qualitative results 

of a CC3D model reproducing cancer induced sprouting angiogenesis promoted by tumour-secreted 

VEGF which induces migratory tip cells and proliferating stalk cells selected by a lateral inhibition 

mechanism (adaptation after Shirinifard et al. [133]).  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 April 2025 doi:10.20944/preprints202504.1087.v1

https://doi.org/10.20944/preprints202504.1087.v1


 14 of 21 

 

This kind of simulations can be invaluable to better interpret experimental results or clinical 

data, to optimally design new experiments, and, in the future, even to predict disease evolution, 

anticipate response to therapy, and design personalised therapeutic programs for each patient [136]. 

The promise is huge, however, selecting and calibrating appropriate rules is a formidable 

challenge as shown by substantial literature in the field. For example, it is established that simple 

models of cancer growth limited by immune response can generate complex and difficult to predict 

dynamic behaviours [137,138]. Much has been done to address these and other problems like 

appropriately leverage Omics “big data” [139]. However, there is still an urgent need to standardise 

in silico experiments across different platforms, and to establish suitable metrics to enable meaningful 

comparisons with experimental data, and cross-validation. 

Purposedly designed dynamic cell culture systems described throughout the review can help 

experimentally measuring the dynamics of multicellular environments like the TME. Co-developing 

in vitro and in silico models, including suitable metrics common to both, will enable cross-validating 

simulations against experimental evidence increasing their predictive potential. Validated 

simulations will then allow inexpensively formulating and testing new hypotheses, and to plan 

optimally informative experiments. 

4. Conclusions/Perspectives 

The recent shift in the US FDA's stance towards non-animal pre-clinical testing highlights the 

growing need for new tools in biomedical research and drug development [39]. While achieving true 

biomimicry of human tissue in vitro is undoubtedly an ambitious goal, new NATs like patient-

derived organoids, tumoroids, ex vivo cultures, and MPS are emerging as promising starting points. 

Specifically, human-based models of tumour vasculature and angiogenesis are actively pursued and 

expected to result in a better definition of the molecular mechanisms operating in the TME, and thus 

in the development of novel therapeutic approaches to manipulate and target cancer progression in 

individual patients.  

Intra-tumour hypoxia and biochemical imbalance, along with resulting phenotypic 

heterogeneity and co-option of physiologic functions towards metastasis, are still key unresolved 

issue in cancer therapy. The TAMV is central to all these processes and despite inconsistent results of 

the first generation of VTTs observed in clinical trials, it is still one of the most promising targets for 

novel cancer therapies. 

Despite significant recent progress, numerous challenges still need to be addressed to bring 

vascularized tumour models closer to clinical use, including the implementation and standardization 

of suitable in vitro techniques, as well as the development of widely used analysis tools and metrics 

for quantification [140]. 

We envisage that novel microfluidics technologies, bioreactor systems, and biomaterials will 

help the development of increasingly biomimetic MPS, where engineered or patients-derived tissue, 

like tissue slices [59], can be robustly cultured for extended time. 

Mechanistically, new complex assays and MPS are very promising to replace animal 

experimentation in both basic and pre-clinical research. Such systems leverage the simplicity of in 

vitro experimental manipulation, including transgenic approaches, the possibility to appreciate 

variability in human cells phenotype, and the ability to model complex functions. Furthermore, like 

2D culture systems are a gold standard in primary drug/toxicology screenings [43], we envisage that 

more complex but robust in vitro screening will take the lead in modelling functions like angiogenesis 

and microvascular homeostasis, reducing the need for animal testing in such contexts. 

Tissue, systems, and organism level interactions have been very challenging to model in vitro 

until recently, leaving animal experimentation as the only viable option. New technologies like ex 

vivo cultures [68] offer an exciting translational perspective to model and study tissue-level functions, 

and new multiorgan MPS are being developed to achieve a system level perspective [83]. We envisage 

that by fostering tight collaboration between clinician, biologist and engineers, such technologies will 

mature until eventually surpassing in vivo experiments in delivering research or prognostic value. 
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Capturing, studying, and understanding the variability of cancer phenotypes and 

manifestations among different patients, with different genetic background, lifestyles, and exposure 

to risk factors, is a key unmet need that eludes the capabilities of typical animal experiments. 

Organoids technology can aid unravelling these aspects in vitro [141], and AI-powered digital 

pathology and OMICS are powerful tools to tackle this challenge, by providing tissue level insights. 

These technologies are revealing the complexity of hFuman cancer tissue composition [142], and via 

appropriate statistic modelling they are highlighting useful biomarkers for patient’s stratification and 

therapy optimisation [120,143]. In addition, taking inspiration form the “one health” concept 

(https://www.who.int/health-topics/one-health), there is a clear indication to investigate cancers and 

their development in domesticated animals [104]. This way we can bypass the ethical concerns 

weighting on traditional animal models, mine an existing and potentially huge source of new data, 

and promote an integrated health care for humans and companion animals.  

The need to mine large data generated via high throughput screenings, OMICS and 

computational pathology has sparked intense research in bioinformatic yielding numerous tools to 

infer mechanistic knowledge from large data. Further than this, mechanistic mathematical modelling 

is offering exciting perspectives to model and simulate multiscale functions, from genes, through 

cells and tissue, to organs and systems in silico. Despite the promises, creating, calibrating, validating, 

and standardising these models, is still a huge and only partially addressed challenge.  

As discussed above in vitro and in silico technologies can complement and empower each other 

to create NATs for research which can be further developed to pre-clinical or point-of-care precision 

medicine applications [144].We believe that all of this will ultimately yield a better understanding of 

cancer, the TME, and their dynamic responses to therapies to the benefit of patients.  

In conclusion, NATs can help us tackle unmet research and clinical needs emphasizing 

sustainability and translation: To understand the dynamic evolution of the TAMV and TME, to devise 

new therapeutic strategies, to aid drug discovery, to expedite the diagnostic process, and to 

personalise therapy. 
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