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Abstract 

Breast cancer is a biologically heterogeneous disease in which substantial variation in molecular characteristics, tumor evolution, 

and treatment response presents major challenges for personalized therapeutic decision-making. Although genomic and 

molecular profiling have improved patient stratification, these approaches do not always accurately predict the functional 

response of an individual tumor to specific therapies. Consequently, there is increasing interest in functional precision-oncology 

models that can complement molecular profiling by directly assessing tumor behavior and drug sensitivity. Zebrafish (Danio 

rerio) have emerged as a promising platform for this purpose because of their rapid development, optical transparency, genetic 

tractability, relatively low experimental requirements, and suitability for medium- to high-throughput in vivo drug screening. In 

particular, patient-derived xenografts established in zebrafish, commonly referred to as zebrafish avatars (zAvatars), enable 

tumor cells obtained from individual patients to be engrafted into zebrafish embryos or larvae and subsequently challenged with 

candidate anticancer therapies. This review examines the development and application of zebrafish models in personalized breast 

cancer medicine, with emphasis on the transition from established breast cancer cell-line xenografts to patient-derived zAvatars. 

zAvatars show promising feasibility and preliminary patient-response concordance, but their predictive performance requires 

independent validation. Their clinical utility remains unestablished, and they should currently be considered investigational tools 

rather than validated guides for routine treatment selection. Future integration of zebrafish avatars with complementary precision-

medicine technologies and larger prospective clinical studies may establish their role as rapid and scalable platforms for 

individualized breast cancer therapeutic selection. However, challenges including variable engraftment, incomplete 

representation of the human tumor microenvironment, drug pharmacokinetic differences, limited clinical validation, and the need 

for standardized response criteria currently constrain routine clinical implementation. 
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1. Introduction 

Breast cancer is a major global health challenge and re-

mains the most commonly diagnosed cancer among women 

worldwide. In 2024, approximately 2.4 million women were 

diagnosed with breast cancer, and 694,000 died from the dis-

ease globally, highlighting the continuing burden of breast 

http://www.sciencepg.com/journal/frontiers
http://www.sciencepg.com/journal/636/archive/6360604
http://www.sciencepg.com/
https://orcid.org/0009-0005-6831-8626
https://orcid.org/0000-0002-8075-7542
https://orcid.org/0009-0005-9699-2511
https://orcid.org/0009-0006-1560-0588


Frontiers http://www.sciencepg.com/journal/frontiers 

 

191 

cancer despite substantial advances in early detection, molec-

ular classification, and therapeutic management [1, 2]. Breast 

cancer is increasingly recognized as a biologically heteroge-

neous group of diseases rather than a single entity, with sub-

stantial variation in genetic alterations, molecular pathways, 

cellular composition, tumor microenvironment, metastatic po-

tential, and therapeutic response [3]. Clinically, classification 

according to hormone receptor and HER2 status, together with 

genomic and transcriptomic characteristics, has improved 

treatment selection and facilitated the development of endo-

crine therapies, HER2-targeted therapies, chemotherapy, and 

other molecularly targeted approaches [3-5]. Nevertheless, pa-

tients with apparently similar clinicopathological and molec-

ular characteristics may experience markedly different treat-

ment outcomes, while intratumor heterogeneity can permit re-

sistant subclones to survive treatment and contribute to dis-

ease recurrence and progression [6, 7]. 

These challenges have contributed to increasing interest in 

functional precision medicine as a complementary approach 

to molecularly guided treatment. Molecular precision medi-

cine primarily uses genomic, transcriptomic, proteomic, and 

other molecular characteristics to identify biomarkers or ther-

apeutic targets that may guide treatment selection [8]. Alt-

hough these approaches have substantially improved patient 

stratification, the presence of a molecular alteration does not 

always translate into a predictable functional response to a 

particular therapy because treatment response may also be in-

fluenced by tumor heterogeneity, pathway interactions, clonal 

evolution, and the tumor microenvironment [9]. Functional 

precision medicine therefore seeks to complement molecular 

profiling by experimentally assessing the response of patient-

derived tumor material to candidate therapies. 

Within this integrated precision-medicine framework, the 

zebrafish (Danio rerio) has emerged as an increasingly valu-

able model for cancer research and drug development because 

of its distinctive biological and experimental characteristics. 

An important development in this field has been the applica-

tion of zebrafish to patient-derived xenograft (PDX) models, 

in which tumor cells or tissue obtained directly from a patient 

are transplanted into zebrafish embryos or larvae [10]. These 

models can retain important biological characteristics of the 

patient's tumor and allow multiple therapeutic conditions to be 

assessed in vivo. Patient-derived zebrafish xenografts used to 

generate individualized functional information are commonly 

described as zebrafish avatars (zAvatars) and have the poten-

tial to bridge the gap between molecular characterization and 

functional assessment of treatment response. Rather than re-

lying solely on the presence or absence of a molecular bi-

omarker, zAvatars provide an opportunity to directly evaluate 

how an individual's tumor behaves when exposed to different 

therapeutic interventions [11-13]. 

Against this background, this review examines the develop-

ment and application of zebrafish models in personalized 

breast cancer medicine, with particular emphasis on the tran-

sition from established breast cancer cell-line xenografts to 

patient-derived zebrafish avatars and integration with omics. 

It critically considers the biological and methodological basis 

of these models, their potential for functional therapeutic-re-

sponse testing, and their integration with molecular profiling 

and emerging multi-omics and computational approaches. 

The review also evaluates key limitations affecting reproduc-

ibility and clinical translation, including tumor heterogeneity, 

engraftment variability, tumor–microenvironment differences, 

immune-system limitations, pharmacological differences, and 

the need for prospective clinical validation. By examining 

both the opportunities and limitations of zAvatars, this review 

aims to clarify their current and potential role as complemen-

tary tools within an integrated precision-oncology framework. 

2. Methodology 

2.1. Review Design and Scope 

This article was designed as a narrative review of the devel-

opment, applications, limitations, and translational potential 

of zebrafish models in personalized breast cancer medicine. 

Particular emphasis was placed on the progression from estab-

lished breast cancer cell-line xenografts to patient-derived 

zebrafish xenografts (zPDXs), and their potential integration 

with molecular profiling and other precision-oncology ap-

proaches. The review also examined the biological and meth-

odological limitations that influence reproducibility, treat-

ment-response assessment, and clinical translation. The re-

view employed a narrative and thematic approach rather than 

a formal systematic-review and meta-analysis framework. Ac-

cordingly, the objective was to critically synthesize the avail-

able experimental and translational evidence rather than to 

calculate a pooled estimate of treatment efficacy or diagnostic 

accuracy. 

2.2. Search Strategy and Eligibility Criteria 

Literature searches were conducted in PubMed, Scopus, 

Web of Science, and Google Scholar for publications dated 

January 2012 to August 2026. The final search was performed 

on the 11th of August 2026. The search strategy was developed 

around four complementary conceptual blocks: (i) zebrafish 

models; (ii) breast cancer; (iii) patient-derived tumour models; 

and (iv) precision oncology and therapeutic-response assess-

ment. Search terms included “zebrafish,” “Danio rerio,” 

“breast cancer,” “breast carcinoma,” “patient-derived xeno-

graft,” “patient-derived tumour,” “tumour avatar,” “zAvatar,” 

“personalized medicine,” “precision oncology,” “drug screen-

ing,” and “drug response.” Complementary combinations 

were used to identify both foundational studies of zebrafish 

breast cancer models and studies directly investigating pa-

tient-derived models or personalized therapeutic testing. This 

approach was intended to reduce the risk of excluding relevant 

publications that did not use all four concepts in their titles, 
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abstracts, or indexing terms. Reference lists of relevant pri-

mary studies and review articles were also examined to iden-

tify additional publications not retrieved through the database 

searches. The records identified through database searching 

and supplementary reference-list screening were considered 

for relevance to the objectives of the review. 

Publications were considered eligible when they addressed 

at least one of the following topics: (i) the use of zebrafish in 

breast cancer research; (ii) breast cancer cell-line xenograft 

models in zebrafish; (iii) patient-derived zebrafish xenografts 

or zebrafish avatars; (iv) functional assessment of anticancer 

drug responses using zebrafish models; or (v) the integration 

of zebrafish models with molecular profiling, multi-omics, 

computational approaches, or personalized therapeutic deci-

sion-making. Primary experimental studies were considered 

particularly relevant when they provided evidence concerning 

tumour engraftment, tumour growth, invasion or dissemina-

tion, therapeutic-response assessment, or comparison with pa-

tient outcomes or other experimental models. Review articles 

were considered for background, conceptual development, 

and identification of additional relevant primary studies. Pub-

lications were excluded when they did not address the review's 

objectives, did not provide relevant information on zebrafish 

or breast cancer models, or were otherwise outside the defined 

scope. 

3. Breast Cancer Heterogeneity and the 

Need for Personalized Therapeutic 

Models 

Breast cancer is a biologically heterogeneous disease char-

acterized by substantial variation in molecular alterations, his-

topathology, tumor behavior, and therapeutic response [3]. 

Clinically, breast cancers are broadly classified according to 

oestrogen receptor (ER), progesterone receptor (PR), and hu-

man epidermal growth factor receptor 2 (HER2) status [14]. 

These categories have important therapeutic implications but 

encompass biologically diverse tumors. Molecular profiling 

has further identified intrinsic expression-based subtypes, in-

cluding luminal A, luminal B, HER2-enriched, basal-like, and 

normal-like tumors, although these intrinsic classifications do 

not completely correspond to routine clinical receptor catego-

ries [15, 16]. 

Luminal A tumors are generally hormone receptor-positive, 

HER2-negative, characterized by relatively lower prolifera-

tive activity and they frequently respond to endocrine therapy, 

although endocrine resistance can develop [17]. Luminal B tu-

mors are also commonly hormone receptor-positive but tend 

to exhibit higher proliferation and more aggressive clinical be-

havior, with some tumors showing HER2 expression or am-

plification [18]. HER2-positive breast cancers are defined 

clinically by HER2 overexpression or amplification and can 

benefit substantially from HER2-directed therapies, although 

both primary and acquired resistance occur [19]. Triple-nega-

tive breast cancer (TNBC) lacks ER, PR, and HER2 expres-

sion and is particularly heterogeneous, with limited conven-

tional receptor-defined treatment targets and substantial vari-

ation in chemotherapy response. TNBC therefore illustrates 

the challenge of developing treatment strategies based solely 

on broad clinical classification [15, 20]. Importantly, intrinsic 

molecular subtypes are not synonymous with these clinical 

categories, and molecular classification provides additional 

biological resolution rather than a replacement for established 

pathological assessment. 

Breast cancer heterogeneity also exists within individual tu-

mors. Intratumor heterogeneity (ITH) describes the coexist-

ence of genetically, epigenetically, and phenotypically distinct 

cellular populations within the same tumor [7, 21]. These pop-

ulations may differ in receptor expression, proliferative capac-

ity, metabolic state, metastatic potential, and treatment sensi-

tivity. Therapeutic pressure can selectively eliminate sensitive 

populations while allowing resistant subclones to persist or 

expand, contributing to residual disease, recurrence, and treat-

ment failure [21-24]. Heterogeneity can also evolve spatially 

and temporally, such that primary tumors, metastatic lesions, 

and recurrent disease may exhibit different molecular and phe-

notypic characteristics, so that a single tumor biopsy may only 

provide a snapshot of a dynamic and spatially heterogeneous 

disease [21]. 

The tumor microenvironment (TME) adds another layer of 

heterogeneity. Breast tumors contain interacting populations 

of immune cells, cancer-associated fibroblasts, endothelial 

cells, stromal cells, and extracellular-matrix components [25, 

26]. These components can influence proliferation, invasion, 

angiogenesis, metastatic dissemination, immune surveillance, 

and therapeutic response. In particular, stromal and immune 

interactions may provide survival signals that enable tumor 

cells to persist during treatment and contribute to therapeutic 

resistance [26, 27]. Consequently, tumor-cell genomic altera-

tions alone may not fully explain the functional response of an 

individual tumor to therapy. 

Precision oncology seeks to address this complexity by in-

corporating molecular and clinical characteristics into treat-

ment selection [28]. Genomic profiling can identify actionable 

alterations, while transcriptomic and other molecular assays 

can provide information on tumor biology, pathway activity, 

prognosis, and potential therapeutic vulnerabilities [29, 30]. 

This approach has already influenced treatment selection in 

defined breast cancer populations. Endocrine therapy is cen-

tral to the management of hormone receptor-positive disease, 

HER2-directed therapies have substantially improved out-

comes in HER2-positive disease, and selected tumors with de-

fects in DNA-damage repair pathways may be eligible for tar-

geted approaches such as PARP inhibition [31, 32]. However, 

the identification of a molecular alteration does not neces-

sarily predict how an individual tumor will respond to a par-

ticular treatment. This is particularly evident in heterogeneous 
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diseases such as TNBC, in which multiple molecular and cel-

lular processes may contribute to treatment sensitivity or re-

sistance [20]. Similarly, tumors sharing the same receptor sta-

tus may exhibit different responses because of differences in 

co-occurring genomic alterations, tumor-cell states, clonal 

composition, and TME interactions. 

These limitations provide a rationale for complementing 

molecular characterization with functional therapeutic models. 

Patient-derived models can retain aspects of the biological 

characteristics of an individual tumor and allow candidate 

treatments to be evaluated experimentally. Patient-derived 

zebrafish avatars are particularly attractive in this context be-

cause they can provide relatively rapid in vivo assessment of 

tumor behavior and treatment-associated phenotypes. How-

ever, they should be considered complementary to pathologi-

cal, molecular, and clinical assessment rather than replace-

ments for these approaches. The potential value of zAvatars 

therefore lies in integrating patient-specific tumor biology 

with functional drug-response testing, while recognizing that 

their ability to reproduce the complete heterogeneity and mi-

croenvironment of human breast cancer remains an important 

limitation. 

4. Zebrafish as a Model System for 

Breast Cancer Research 

The zebrafish (Danio rerio) has emerged as an important 

vertebrate model for cancer research because it combines the 

biological advantages of a vertebrate organism with experi-

mental features that facilitate rapid and relatively high-

throughput investigation. Although early cancer studies pri-

marily relied on rodents and established mammalian cell cul-

ture systems, zebrafish have increasingly been adopted for in-

vestigating tumor initiation, progression, angiogenesis, metas-

tasis, tumor–microenvironment interactions, and therapeutic 

responses [33, 34]. The growing use of zebrafish in oncology 

is particularly relevant to precision medicine, where the ability 

to evaluate tumor behavior and treatment response rapidly is 

an important consideration. 

4.1. Advantages of Zebrafish 

One of the major advantages of zebrafish is their rapid em-

bryonic development. Major developmental processes occur 

within a short period, allowing experimental manipulation and 

phenotypic assessment over days rather than the considerably 

longer periods often required in mammalian models [35]. This 

characteristic is particularly useful for cancer xenograft stud-

ies, in which human tumor cells can be introduced into 

zebrafish embryos or larvae and subsequently monitored for 

proliferation, migration, invasion, angiogenesis, and dissemi-

nation. The relatively rapid experimental turnaround also cre-

ates opportunities for testing multiple therapeutic compounds 

or treatment combinations within a single experimental period 

[36-38]. 

The optical transparency of zebrafish embryos and larvae 

represents another important advantage for cancer research. 

Fluorescently labelled tumor cells can be visualized using flu-

orescence or confocal microscopy, allowing investigators to 

follow tumor-cell behavior in living animals. In breast cancer 

models, this enables direct observation of processes such as 

tumor-cell migration, intravasation, vascular dissemination, 

extravasation, and colonization of distant tissues [34-40]. 

Such real-time visualization provides for the investigation of 

dynamic processes such as tumor-cell proliferation, migration, 

invasion, and dissemination, and allows treatment-associated 

changes to be monitored dynamically rather than inferred 

solely from endpoint measurements. This capacity for longi-

tudinal imaging is particularly valuable for zebrafish avatars 

because therapeutic response can be converted into measura-

ble phenotypic outcomes, including changes in tumor burden, 

fluorescence, migration, or metastatic behavior. 

Zebrafish offer a practical platform for high-throughput 

drug screening because their small size, low maintenance re-

quirements, and scalability allow multiple drugs, concentra-

tions, and combinations to be evaluated simultaneously. Indi-

vidual fish can serve as experimental units for rapid assess-

ment of tumor growth and treatment response, making the 

model particularly useful for functional drug screening in pre-

cision oncology [41, 42]. This rapid functional assessment can 

complement genomic and molecular profiling by providing 

direct evidence of tumor sensitivity or resistance. However, 

interpretation of these responses must account for species-spe-

cific differences in physiology, metabolism, and drug pharma-

cology. 

Another important characteristic is the genetic tractability 

of zebrafish. The zebrafish genome contains orthologues of 

many genes and signaling pathways involved in human cancer, 

while established transgenic and genome-editing technologies 

permit targeted manipulation of cancer-associated genes [42-

45]. These approaches have enabled researchers to model on-

cogenic pathways and investigate their contribution to tumor 

initiation and progression. Genetic manipulation can also be 

combined with live imaging, allowing changes in tumor phe-

notype to be observed in vivo [34]. Thus, zebrafish provide an 

experimental platform in which genetic alterations can be 

linked directly to observable cancer phenotypes and therapeu-

tic vulnerabilities. These genetic tools also enable mechanistic 

investigation of breast-cancer-associated pathways and exper-

imental modelling of specific genetic alterations that may in-

fluence tumor development or therapeutic response. 

The suitability of zebrafish for cancer research is further en-

hanced by their ability to support human tumor xenografts. At 

commonly used embryonic and larval stages, adaptive im-

munity is not yet functionally mature, allowing transplanted 

human tumor cells to establish with limited adaptive immune-

mediated rejection [36, 46]. This developmental window, to-

gether with the optical transparency, small size, and rapid ex-

perimental timeframe of zebrafish larvae, enables human tu-

mor growth, migration, angiogenesis, and dissemination to be 
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monitored in vivo [46, 47]. Importantly, the use of patient-de-

rived tumor material has extended zebrafish xenografts from 

conventional cancer modelling toward personalized medicine, 

allowing patient-specific tumor responses to candidate thera-

pies to be evaluated in vivo [48]. In breast cancer, these pa-

tient-derived xenografts provide the basis for zebrafish avatars 

(zAvatars), in which tumor material from an individual patient 

is used to generate a functional model for rapid therapeutic 

testing. zAvatars can therefore complement histopathological 

and molecular characterization by providing a functional 

measure of tumor sensitivity or resistance to treatment, alt-

hough their interpretation remains constrained by incomplete 

representation of the human tumor microenvironment and 

species-specific differences in physiology, immunity, and 

drug pharmacology [46, 49]. 

4.2. Limitations and Translational Challenges 

Despite their potential for precision oncology, zebrafish 

models have important biological, pharmacological, and 

translational limitations that constrain the direct extrapolation 

of experimental findings to patients. A major limitation of 

zebrafish models is the physiological and pharmacological 

difference between zebrafish and humans. Zebrafish are main-

tained at a substantially lower body temperature than humans 

and differ in aspects of metabolism, physiology, developmen-

tal biology, and endocrine function. These differences can in-

fluence drug pharmacokinetics, pharmacodynamics, toxicity, 

and ultimately the interpretation of therapeutic responses ob-

served in zebrafish models [50]. These differences are partic-

ularly relevant when zebrafish are used for drug screening. 

Although zebrafish permit relatively rapid comparison of dif-

ferent drugs, concentrations, and treatment combinations, 

drug exposure in the fish does not necessarily reproduce the 

absorption, distribution, metabolism, and elimination profiles 

observed in patients. Consequently, apparent drug sensitivity 

or toxicity in zebrafish should be interpreted as a functional 

screening result rather than a direct equivalent of human clin-

ical response [51]. The interpretation of xenograft responses 

must also account for experimental conditions that may influ-

ence drug activity and tumor behavior in the zebrafish host 

[36]. The physiological and pharmacological differences be-

tween zebrafish and humans therefore do not negate the value 

of the model but define the context in which its findings 

should be interpreted. Zebrafish are particularly valuable for 

identifying candidate therapeutic responses and prioritizing 

compounds for further investigation, whereas confirmation of 

pharmacokinetic, pharmacodynamic, and toxicity profiles re-

quires complementary mammalian studies and, ultimately, 

clinical evaluation [50]. 

The tumor microenvironment (TME) is an important limi-

tation when interpreting results from zebrafish xenograft mod-

els. Breast cancer progression and therapeutic response are 

shaped by interactions among tumor cells, immune cells, can-

cer-associated fibroblasts, endothelial cells, extracellular ma-

trix, and soluble signaling molecules. Conventional larval 

zPDX models reproduce some of these interactions but do not 

fully recapitulate the human TME [34, 52]. Early zebrafish 

larvae possess functional innate immune components, includ-

ing macrophages and neutrophils, but adaptive immunity is 

incompletely developed at the stages commonly used for hu-

man tumor transplantation. This facilitates engraftment of hu-

man tumor cells but limits modelling of human T-cell, B-cell, 

antigen-specific, and immune-memory responses [52]. Thus, 

zPDX models can provide information on tumor–innate im-

mune interactions while providing a limited representation of 

the adaptive immune environment. 

The stromal and vascular compartments present additional 

limitations. Patient-derived tumor cells transplanted into 

zebrafish interact predominantly with host-derived stromal 

and endothelial cells rather than the patient's original micro-

environment. Although this enables investigation of angio-

genesis, invasion, and dissemination, cross-species differ-

ences in cellular signaling, cytokine networks, extracellular 

matrix, and endothelial interactions may affect tumor behavior 

and drug response [34]. Consequently, responses observed in 

zAvatars may not fully reproduce treatment effects that de-

pend on the human-specific immune or stromal environment. 

These limitations are particularly relevant to immunotherapy. 

Checkpoint inhibitors, cancer vaccines, and cellular therapies 

depend on coordinated interactions involving human antigen 

presentation, T cells, immune checkpoints, and tumor-associ-

ated immune populations that are not adequately represented 

in conventional larval xenografts. Accordingly, zAvatars 

should be interpreted cautiously when used to predict re-

sponses to therapies whose efficacy is strongly immune-de-

pendent [26]. 

Emerging approaches, including transplantation at later de-

velopmental stages, genetically modified immune-deficient or 

immune-modified zebrafish, and humanized immune systems, 

may improve modelling of tumor–immune interactions [27]. 

However, these approaches remain technically challenging 

and do not yet reproduce the complete human breast cancer 

TME. Therefore, zAvatars are best viewed as functional mod-

els that complement, rather than replace, human tumor profil-

ing and other preclinical systems. Integration with single-cell, 

spatial, and multi-omics approaches may provide a more com-

prehensive understanding of tumor–immune and tumor–stro-

mal interactions and improve interpretation of functional 

drug-response results. 

Patient-derived zebrafish xenografts offer greater potential 

for personalized medicine because tumor material obtained di-

rectly from patients can retain clinically relevant genetic and 

phenotypic characteristics. However, their clinical relevance 

is accompanied by practical and biological variability. The es-

tablishment of patient-derived models may be affected by tu-

mor-cell viability, engraftment efficiency, tumor composition, 

and sample-processing procedures [36]. These factors can in-

fluence whether the resulting xenograft adequately represents 
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the characteristics of the original tumor [53]. This creates an 

important trade-off between reproducibility and patient spec-

ificity. Established cell-line xenografts are generally more ho-

mogeneous and reproducible, but they may not capture the 

cellular diversity and heterogeneity of individual patient tu-

mors. In contrast, patient-derived xenografts can better pre-

serve clinically relevant characteristics of the source tumor but 

are more susceptible to variability during sample collection, 

processing, transplantation, and engraftment [54]. Thus, in-

creased patient specificity may be accompanied by greater ex-

perimental variability. 

Tumor heterogeneity presents an additional challenge for 

personalized medicine because an individual tumor may con-

tain multiple genetically and phenotypically distinct subpopu-

lations. Consequently, the tumor material successfully en-

grafted in zebrafish may not always represent the complete 

heterogeneity of the original tumor, potentially influencing the 

treatment response observed in the model [55]. Spatial and 

temporal differences between primary, recurrent, and meta-

static tumor samples may further contribute to this problem 

[6]. 

Therefore, while patient-derived zebrafish models may pro-

vide a more individualized platform than conventional cell-

line xenografts, their predictive value depends on successful 

engraftment and adequate preservation of clinically relevant 

tumor characteristics. Improving methods for tumor sampling, 

processing, engraftment, and characterization will be im-

portant for increasing the reproducibility and clinical inter-

pretability of these models. 

5. Cell Lines to Patient-Derived 

Zebrafish Avatars in Breast Cancer 

The application of zebrafish in breast cancer research has 

evolved from the use of established cancer cell lines toward 

increasingly patient-specific xenograft systems. This progres-

sion reflects a broader shift in cancer research from models 

designed primarily to investigate general mechanisms of tu-

mor biology toward models capable of capturing individual 

tumor characteristics and therapeutic responses. Zebrafish 

xenografts can broadly be divided into models based on estab-

lished breast cancer cell lines and those generated using pa-

tient-derived tumor material [40]. While cell-line xenografts 

provide reproducible and experimentally tractable systems, 

patient-derived xenografts have greater potential for model-

ling interpatient heterogeneity and supporting personalized 

therapeutic testing [53]. In this context, cell-line xenografts 

use established cancer cell lines, while zebrafish PDX mod-

els/zAvatars use patient-derived tumor cells for functional 

drug-response testing [56]. 

5.1. Cell-Line-Based Breast Cancer Xenografts 

Cell lines representing different molecular phenotypes, in-

cluding estrogen receptor-positive, HER2-positive, and triple-

negative breast cancer, can be labelled with fluorescent pro-

teins and introduced into zebrafish embryos or larvae. Subse-

quent imaging enables investigators to quantify tumor-cell 

proliferation, migration, invasion, and dissemination within 

the living host [36, 40]. 

Early studies established the utility of these models for as-

sessing tumor-cell behavior in vivo, particularly migration, in-

vasion, extravasation, angiogenesis, and metastatic dissemi-

nation. For example, MDA-MB-231 xenografts have been 

used to investigate the molecular mechanisms regulating 

breast cancer invasion and metastasis and to evaluate path-

way-directed interventions. Drabsch et al., [57] demonstrated 

that inhibition of transforming growth factor-β (TGF-β) sig-

naling reduced the invasive and metastatic behavior of breast 

cancer cells in zebrafish xenografts, illustrating the potential 

of the model for testing anti-metastatic strategies. Similarly, 

other studies using MDA-MB-231 and related invasive breast 

cancer cell lines have exploited the optical accessibility of 

zebrafish larvae to quantify tumor-cell dissemination and vas-

cular interactions following pharmacological intervention. 

Zebrafish xenografts have also been used to characterize 

therapeutic responses across breast cancer models with dis-

tinct molecular and phenotypic backgrounds. Rebelo de Al-

meida et al., [58] used triple-negative breast cancer (TNBC) 

cell-line xenografts, including Hs578T and MDA-MB-468, 

alongside patient-derived xenografts to evaluate responses to 

the anti-angiogenic agent bevacizumab. Treatment produced 

model-dependent effects on tumor size and apoptosis and re-

duced tumor-associated angiogenesis, while patient-derived 

xenografts exhibited distinct response profiles, illustrating the 

capacity of the model to capture intertumoral heterogeneity. 

Similarly, a study using Hs578T, MDA-MB-468, and 

HCC1937 TNBC xenografts demonstrated heterogeneous re-

sponses to the PARP inhibitor Olaparib [59]. Although 

Hs578T xenografts showed little response to olaparib mono-

therapy, MDA-MB-468 and HCC1937 xenografts exhibited 

treatment-associated effects on apoptosis and/or tumor size, 

despite differences in their BRCA and homologous recombi-

nation repair backgrounds. Cell-line-based approaches have 

also been complemented by broader compound-screening 

strategies. Y. Li et al., [60] screened 502 natural compounds 

using zebrafish embryos and compared their toxicity profiles 

with cytotoxicity measured in MCF-7 breast cancer cells. The 

study identified compounds with concordant activity across 

the zebrafish and MCF-7 assays, demonstrating the potential 

of zebrafish as an efficient in vivo platform for anticancer 

compound screening. Table 1 below outlines recent studies 

utilizing zebrafish cell lines as well as the important findings 

from the studies. 

Collectively, these studies demonstrate several important 

applications of cell-line-based zebrafish xenografts: mecha-

nistic investigation of tumor progression, assessment of inva-

sion and metastatic dissemination, evaluation of angiogenesis, 

and rapid screening of candidate therapeutic agents. Their 

principal advantage is experimental reproducibility because 
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established cell lines provide relatively homogeneous and 

readily expandable tumor material, allowing treatment effects 

to be compared under standardized conditions. However, this 

same characteristic represents an important limitation for per-

sonalized medicine. Cell lines may undergo genetic and phe-

notypic changes during prolonged culture and generally do not 

reproduce the full intertumoral and intratumoral heterogeneity 

of individual patient tumors. Consequently, responses ob-

served in a standardized cell-line xenograft demonstrate the 

feasibility of a therapeutic or biological mechanism but cannot 

necessarily be interpreted as patient-specific treatment predic-

tions. 

This distinction provides an important rationale for the de-

velopment of patient-derived zebrafish xenografts and zAva-

tars. Whereas cell-line models provide a controlled and repro-

ducible platform for establishing drug-response phenotypes, 

patient-derived models introduce tumor material directly ob-

tained from individuals and therefore have greater potential to 

capture clinically relevant heterogeneity. However, this in-

creased patient specificity also introduces variability in tumor-

cell viability, sample composition, engraftment, and preserva-

tion of the original tumor phenotype. Thus, the progression 

from cell-line xenografts to zAvatars represents a shift from 

reproducible model-based drug testing toward patient-specific 

functional phenotyping. The key translational question is 

whether the additional biological information retained by 

zAvatars can produce therapeutic-response measurements that 

are reproducible and predictive of actual patient outcomes. 

Table 1. Studies utilizing zebrafish cell line in breast cancer. 

Breast cancer 

cell line 
Xenograft model/site Intervention 

Main outcome as-

sessed 
Key finding/application Study 

MDA-MB-

231; 

MCF10A-

derived 

invasive lines 

Zebrafish embryos; 

cells introduced into 

circulation/duct of 

Cuvier 

TGF-β 

receptor kinase 

inhibitors, 

MMP 

inhibition, 

Smad4 

knockdown 

Migration, invasion 

and metastatic 

dissemination 

TGF-β pathway inhibition 

reduced invasion and 

metastasis, demonstrating the 

utility of the model for 

mechanistic studies and 

screening anti-metastatic 

therapies. 

Drabsch et al., 

2013 [57] 

Hs578T, 

MDA-MB-

468 

Perivitelline-space 

xenografts 
Bevacizumab 

Tumor size, apoptosis, 

angiogenesis and vas-

cular infiltration 

Hs578T xenografts showed in-

creased apoptosis and approxi-

mately 40% reduction in tu-

mor size, together with re-

duced vascular density/infil-

tration. 

Rebelo de Al-

meida et al., 

2020 [58] 

Hs578T, 

MDA-MB-

468, 

HCC1937 

Perivitelline-space 

xenografts 

Olaparib ± 

ionizing radia-

tion 

Tumor response, cell 

death and DNA-dam-

age-associated pheno-

types 

Different TNBC cell lines 

showed different responses to 

olaparib and radiation, illus-

trating the capacity of 

zebrafish xenografts to detect 

heterogeneous therapeutic re-

sponses. 

Varanda et al., 

2020 [59] 

MCF-7 

Zebrafish xeno-

graft/drug-screening 

model 

Library of 502 

natural com-

pounds 

Toxicity, apoptosis and 

p53 activation 

Zebrafish screening identified 

59 toxic compounds; 21 over-

lapped with compounds identi-

fied by the MCF-7 MTT as-

say, demonstrating comple-

mentary in vivo drug-screen-

ing capacity. 

Y. Li et al., 

2012 [60] 

MDA-MB-

231 

Embryonic zebrafish 

xenografts 

Multiple path-

way-targeted 

compounds 

Migration, invasion, 

extravasation and me-

tastasis 

MDA-MB-231 xenografts 

have been repeatedly used to 

evaluate anti-invasive and 

anti-metastatic compounds, in-

cluding TGF-β-, CXCR4-, 

MMP- and other pathway-di-

rected interventions. 

Rong et al., 

2025 [40] 
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Breast cancer 

cell line 
Xenograft model/site Intervention 

Main outcome as-

sessed 
Key finding/application Study 

MDA-MB-

231 

Perivitelline-space 

xenografts 

METTL3 in-

hibitor ± cis-

platin/olaparib 

Extravasation and met-

astatic behavior 

Treatment altered the ability 

of MDA-MB-231 cells to ex-

travasate, supporting the use 

of the model for testing mech-

anisms of therapeutic sensiti-

zation. 

Cesaro et al., 

2023 [61] 

MDA-MB-

231, Hs578T, 

MDA-MB-

468 and others 

Various zebrafish 

xenograft configura-

tions 

Olaparib, 

bevacizumab 

and other can-

didate agents 

Tumor proliferation, 

apoptosis, angiogene-

sis, migration and tu-

mor burden 

Collectively demonstrate the 

use of cell-line xenografts for 

screening targeted and cyto-

toxic interventions in breast 

cancer. 

Wawruszak et 

al., 2023 [62] 

 

5.2. Zebrafish Patient-derived Xenografts 

Patient-derived xenografts (PDXs) are patient-derived tu-

mor material transplanted into an animal model, and they rep-

resent an important approach for preserving clinically relevant 

features of human tumors in experimental models [56]. In 

zebrafish, patient-derived tumor cells can be introduced into 

embryos or larvae, enabling rapid assessment of tumor growth, 

dissemination, angiogenesis, and treatment response, and are 

termed zPDX or zAvatars. 

An important early demonstration of the personalized po-

tential of zPDXs was provided by Rebelo de Almeida et al 

[58]. The investigators first established zebrafish xenografts 

using breast cancer cell lines, including the triple-negative 

breast cancer (TNBC) lines Hs578T and MDA-MB-468, and 

showed that bevacizumab produced heterogeneous effects on 

tumor growth, apoptosis, angiogenesis, and micrometastatic 

dissemination. They subsequently extended the approach to 

patient-derived breast cancer samples obtained from surgical 

specimens, generating zAvatars. These patient-derived mod-

els also exhibited heterogeneous responses to bevacizumab, 

with treatment-associated changes in tumor size and apoptosis 

and effects on tumor-associated vasculature and micrometas-

tasis. Importantly, the investigators performed proof-of-con-

cept comparisons between clinical responses in patients and 

responses of their matched zAvatars, demonstrating the poten-

tial of the model to reproduce patient-specific therapeutic re-

sponses within a short experimental timeframe. However, the 

study was exploratory and involved a limited number of pa-

tient-derived samples; consequently, it did not provide robust 

estimates of clinical sensitivity, specificity, or predictive value. 

The findings therefore established an important proof of con-

cept for personalized zebrafish drug-response testing rather 

than definitive clinical validation. 

A step forward in the application was further provided by 

Rodriguez et al [63], who generated zebrafish tumor-derived 

xenografts (ZTX) from a panel of 20 breast cancer PDX mod-

els. Nineteen of the 20 PDX models successfully implanted in 

zebrafish larvae, corresponding to a 95% implantation rate. 

The extent of tumor-cell dissemination in zebrafish also in-

creased with the clinical stage associated with the originating 

PDX models. When responses to docetaxel and trastuzumab 

were compared with those observed in the corresponding 

mouse PDX models, 14 of 18 evaluable treatment compari-

sons were concordant. These findings demonstrated that 

breast cancer PDX-derived zebrafish xenografts could repro-

duce clinically relevant dissemination phenotypes and treat-

ment-response patterns observed in another preclinical model. 

However, because the comparator was the mouse PDX rather 

than the individual donor patient's clinical response, the study 

did not establish patient-level predictive accuracy. Further-

more, the findings were reported as an AACR conference ab-

stract, limiting the amount of methodological and diagnostic-

accuracy information available. 

Patient-derived zebrafish models have also been extended 

to metastatic breast cancer by using circulating tumor cells 

(CTCs). Reinhard et al., [64] developed the DanioCTC work-

flow to enrich rare CTCs from metastatic breast cancer pa-

tients using diagnostic leukapheresis, microfluidic enrichment, 

flow cytometry, and cell isolation before xenotransplantation 

into zebrafish embryos. In a pilot patient-derived experiment, 

CTCs were successfully engrafted and their dissemination 

could be monitored in vivo, with cells primarily detected in 

the head and trunk regions of the embryos. Although this ap-

proach does not constitute a treatment-response zAvatar, it 

demonstrates that zebrafish can support functional analysis of 

rare patient-derived metastatic cells and provides an alterna-

tive route for generating patient-specific xenograft models 

when solid tumor tissue is difficult to obtain. 

The most direct recent evidence for the predictive applica-

tion of breast cancer zAvatars was reported by Mendes et al 

[13]. The investigators developed zAvatars from 52 patient 

breast cancer samples obtained from core-needle biopsies, 

surgical specimens, ascites, and malignant pleural effusions. 

The cohort included early- and advanced-stage tumors repre-

senting Luminal, HER2-enriched, and triple-negative breast 
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cancer. Tumor cells were injected into two-day-post-fertiliza-

tion zebrafish embryos without prior in-vitro expansion. Alt-

hough 51 of 52 samples successfully implanted, the overall 

take rate was 47.2%, indicating substantial variation in en-

graftment efficiency among patient samples. Importantly, the 

xenografts retained several clinically relevant breast cancer 

biomarkers and permitted assessment of tumor dissemination 

and other phenotypic characteristics. The authors subse-

quently evaluated the predictive potential of the model in 18 

patients for whom matched clinical treatment-response data 

were available. zAvatars were exposed to the same chemo-

therapy regimen administered to the corresponding donor pa-

tient, and zebrafish responses were compared with clinical 

outcomes. The study reported concordance in all 18 evaluable 

cases when patients were classified broadly as treatment-sen-

sitive or treatment-resistant. The investigators also used apop-

tosis-based measurements and clinical response categories to 

evaluate the relationship between zAvatar and patient re-

sponses. This represents an important progression from 

demonstrating successful engraftment to directly testing 

whether a patient-derived zebrafish model can reproduce an 

individual patient's treatment response. 

Nevertheless, the reported 18/18 concordance should be in-

terpreted as an encouraging proof-of-concept rather than de-

finitive evidence of clinical diagnostic accuracy. The matched 

cohort was small, and the analysis primarily discriminated 

sensitive from resistant disease rather than providing robust 

estimates of performance across the full spectrum of clinical 

response. In addition, the investigators reported limitations in 

distinguishing pathological complete response from partial re-

sponse. Consequently, larger prospective cohorts and inde-

pendent validation are required before zAvatar testing can be 

considered a clinically validated predictive assay. The find-

ings from the application are summarized in Table 2 below. 

Taken together, the available evidence supports several 

conclusions. First, zAvatars can reproduce clinically relevant 

features of breast cancer, including tumor growth, invasion, 

angiogenesis, and treatment sensitivity. Second, the most clin-

ically relevant evidence currently comes from studies in which 

patient-derived material is tested against the treatment re-

ceived by the donor patient. Third, the evidence remains in-

sufficient to establish universal predictive accuracy across 

breast cancer subtypes and treatment classes. Studies differ 

substantially in sample size, tissue source, transplantation site, 

model generation, treatment exposure, response definition, 

and comparator. In addition, many studies report implantation 

or biological activity rather than clinical treatment prediction. 

A standardized framework for reporting these variables would 

therefore improve comparability between studies. 

Accordingly, the translational value of zAvatars should be 

considered as an emerging evidence base rather than a clini-

cally validated diagnostic technology. Future investigations 

should use larger prospective cohorts, predefined response 

thresholds, blinded comparison with patient outcomes, inde-

pendent validation cohorts, and standardized measures of sen-

sitivity, specificity, positive predictive value, and negative 

predictive value. Such studies would help determine whether 

the rapid functional information generated by zAvatars pro-

vides predictive value beyond conventional clinicopathologi-

cal and molecular biomarkers. 

Table 2. Recent studies in the application of zAvatars and the main findings. 

Can-

cer/mod

el 

Pa-

tient/sam

ple num-

ber 

Tumor 

source 

Xenograft 

ap-

proach/site 

Treat-

ment 

tested 

Main 

endpoint 
Key finding 

Sensitiv-

ity/speci-

ficity 

Important limitation Study 

Breast 

cancer 

PDX-

derived 

ZTX 

20 PDX 

models; 

19 

implanted 

Established 

mouse BC 

PDX 

material 

Zebrafish 

larvae; 

xenotranspl

ant model 

Docet

axel; 

trastuz

umab 

Implantati

on, 

dissemina

tion, 

treatment 

response 

19/20 models 

implanted; 14/18 

treatment 

comparisons 

concordant with 

mouse PDX 

outcomes 

NR 

Conference abstract; 

comparator was mouse 

PDX rather than 

matched patient 

outcome; detailed 

diagnostic-accuracy 

measures unavailable 

Rodrigue

z et al., 

2021 

[63] 

Cancer 

xeno-

graft/zP

DX; in-

cludes 

BC ap-

plica-

tions 

Individual 

patient 

samples 

plus ex-

peri-

mental 

models 

Patient-de-

rived and 

xenograft 

material 

Zebrafish 

xenografts 

Bevaci

zumab 

Tumor re-

sponse, 

angiogen-

esis, mi-

crometas-

tasis 

Demonstrated het-

erogeneous re-

sponses and poten-

tial for patient-

matched response 

assessment 

NR 
Proof-of-concept; lim-

ited clinical validation 

Rebelo 

de Al-

meida et 

al., 2020 

[58] 

Breast 

cancer 

18 pa-

tients for 

matched 

Core biop-

sies, surgical 

specimen, 

2-dpf em-

bryos; fluo-

Pa-

tient-

match

zAvatar 

sensitiv-

18/18 concordant 

for sensitive/re-

Formal 

sensitiv-

Small cohort; could not 

discriminate pCR from 

Mendes 

et al., 

2025 
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Can-

cer/mod

el 

Pa-

tient/sam

ple num-

ber 

Tumor 

source 

Xenograft 

ap-

proach/site 

Treat-

ment 

tested 

Main 

endpoint 
Key finding 

Sensitiv-

ity/speci-

ficity 

Important limitation Study 

zAvatar clinical-

response 

analysis 

pleural effu-

sion, ascites 

rescent tu-

mor-cell 

xenografts 

ed 

chem-

other-

apy 

regi-

mens 

ity/re-

sistance 

versus pa-

tient re-

sponse 

sistant classifica-

tion 

ity/speci-

ficity 

should not 

be inferred 

from 

18/18 con-

cordance 

PR; requires independ-

ent validation 

[13] 

Breast 

cancer 

zAvatar 

establish-

ment co-

hort 

52 patient 

samples 

Surgical 

samples, 

core biop-

sies, ascites, 

pleural effu-

sions 

2-dpf em-

bryos 
— 

Engraft-

ment/bi-

omarker 

preserva-

tion 

51/52 successfully 

implanted; overall 

implantation rate 

47.2% 

Not appli-

cable 

Implantation efficiency 

was heterogeneous; not 

all successfully en-

grafted samples were 

suitable for matched 

treatment prediction 

Mendes 

et al., 

2025 

[13] 

Meta-

static 

breast-

cancer 

patient-

derived 

circulat-

ing tu-

mor cells 

(CTCs) 

Pilot; 

CTCs 

from one 

metastatic 

breast-

cancer pa-

tient suc-

cessfully 

xeno-

grafted 

Peripheral 

blood/CTCs 

enriched us-

ing diagnos-

tic leu-

kapheresis 

and micro-

fluidic/flow-

based isola-

tion 

CTCs in-

jected into 

zebrafish 

embryos; 

dissemina-

tion moni-

tored in 

vivo 

None

—me-

tasta-

sis/dis

semi-

nation 

study 

CTC en-

graftment 

and dis-

semina-

tion 

Patient-derived 

CTCs were suc-

cessfully xeno-

grafted and local-

ized mainly to 

head/trunk re-

gions; established 

a workflow for 

studying rare 

CTCs in vivo 

Not appli-

cable 

Pilot study; focused on 

dissemination rather 

than treatment predic-

tion; very limited pa-

tient number 

Rein-

hardt et 

al., 2023 

[64] 

 

6. Generating zAvatars 

zAvatars are established by xenografting viable tumor cells 

obtained directly from an individual patient into zebrafish em-

bryos or larvae, thereby creating an in vivo platform for func-

tional assessment of tumor behavior and therapeutic response. 

The process begins with acquisition of a fresh tumor specimen, 

obtained, where clinically appropriate, from surgical resection 

or biopsy. To preserve the biological characteristics and via-

bility of the tumor, samples should be processed promptly un-

der sterile conditions. Tumor tissue is mechanically minced 

and may undergo enzymatic dissociation to generate a single-

cell suspension, followed by removal of debris and assessment 

of cell viability [65, 66]. Depending on the experimental ob-

jective, tumor cells can be labelled with fluorescent dyes or 

derived from fluorescently tagged tumor material, allowing 

subsequent visualization and quantification by fluorescence 

microscopy [67]. In some protocols, the tumor-cell population 

is further characterized using histological, immunophenotypic, 

or molecular markers to confirm its tumor origin and maintain 

correspondence with the patient's tumor profile [68]. However, 

successful avatar generation may be limited by insufficient tis-

sue, low cell viability, necrosis, or low tumor-cell yield, par-

ticularly when samples are small or obtained from limited bi-

opsy material. 

The resulting viable tumor-cell suspension is microinjected 

into appropriately staged zebrafish embryos or larvae [69, 70]. 

Xenotransplantation is commonly performed during early lar-

val development because the animals are small, optically ac-

cessible, and amenable to relatively high-throughput manipu-

lation. Depending on the biological question, tumor cells may 

be introduced into anatomical sites such as the yolk sac, pe-

rivitelline space, or other locations that support tumor-cell sur-

vival and dissemination. Following injection, embryos are 

maintained under controlled conditions to permit engraftment. 

Successful engraftment is typically confirmed by fluorescence 

or microscopic imaging, with exclusion or removal of em-

bryos showing unsuccessful injection, excessive tissue dam-

age, or inadequate tumor-cell establishment. Importantly, the 

number of injected cells, injection site, developmental stage, 

incubation period, drug exposure, and criteria for successful 

engraftment and response measurement should be standard-

ized within a study because these variables can substantially 

influence xenograft growth and treatment-response measure-

ments. 

Once engraftment has been established, individual tumor 

xenografts can be exposed to candidate anticancer agents or 

clinically relevant drug combinations. Treatments may be ad-
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ministered through the water or other experimental routes ap-

propriate to the compound and zebrafish developmental stage. 

Untreated or vehicle-treated xenografts are generally included 

as controls. Following treatment, serial live imaging is used to 

quantify changes in tumor burden, commonly through meas-

urement of fluorescence intensity, fluorescent tumor area, or 

three-dimensional tumor volume where imaging resolution 

permits. Additional phenotypic endpoints may include tumor-

cell proliferation, apoptosis, migration, invasion, vascular in-

teractions, and dissemination to distant anatomical sites. Im-

age-analysis software can be used to obtain quantitative meas-

urements from individual larvae, enabling comparison of 

treatment effects across multiple patient-derived xenografts 

[12, 66, 71-73]. 

The resulting phenotypes can be used to classify individual 

tumors as relatively sensitive or resistant to particular thera-

peutic agents or combinations. Importantly, the value of the 

zAvatar lies not simply in demonstrating that a drug inhibits 

tumor growth, but in comparing the functional response of a 

patient's tumor-derived xenograft with the patient's molecular 

characteristics and, where available, subsequent clinical re-

sponse. Such integration can combine functional drug-re-

sponse information with conventional biomarkers, including 

hormone-receptor and HER2 status, genomic alterations, tran-

scriptomic profiles, and other molecular features. For clinical 

application, the workflow must also generate treatment-re-

sponse information within a timeframe compatible with the 

patient's treatment-decision window. 

The development of a patient-specific zebrafish model can 

be conceptualized as a multistep process outlined in the figure 

below. 

 
Figure 1. Schematic illustration of the zebrafish avatar model from patient tumor acquisition, Tumor processing and preparation of viable 

cells, fluorescent labelling or identification of tumor cells, Microinjection into zebrafish embryos/larvae, Assessment of tumor-cell engraftment, 

Exposure to candidate therapeutic agents, Live imaging and quantitative tumor assessment, Drug-response classification and Integration with 

patient clinical and molecular data. 
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7. Frontier in the Utilization of zAvatars 

in Breast Cancer 

The field of zAvatars is transitioning from proof-of-concept 

xenografting toward their potential use as functional models 

for individualized therapeutic decision-making. Current stud-

ies demonstrate that patient-derived breast tumor cells can be 

established in zebrafish and evaluated for treatment-associ-

ated changes in tumor burden, proliferation, apoptosis, migra-

tion, invasion, angiogenesis, and metastatic dissemination. 

However, the major frontier is no longer simply whether a pa-

tient tumor can engraft and respond to a drug in zebrafish, but 

whether these functional responses can be measured reproduc-

ibly and translated into clinically meaningful predictions of 

therapeutic benefit. This distinction is critical because a meas-

urable phenotype in a zebrafish model does not necessarily 

represent clinical sensitivity or resistance in the corresponding 

patient. 

A major gap concerns the standardization and validation of 

therapeutic-response monitoring. Differences in tumor-cell 

viability, sample composition, engraftment efficiency, im-

plantation site, tumor burden, imaging procedures, treatment 

exposure, and criteria used to define response can introduce 

substantial variability between studies. In addition, patient tu-

mors are heterogeneous, and small biopsy-derived samples 

may not fully represent the clonal and spatial diversity of the 

primary tumor or metastatic disease [51]. Future zAvatar plat-

forms should therefore establish standardized criteria for tu-

mor viability, engraftment, baseline tumor burden, treatment 

conditions, imaging, quantitative endpoint measurement, and 

response classification. Response thresholds should be de-

fined prospectively and, where possible, evaluated against 

clinical outcomes such as objective response, recurrence, pro-

gression, or pathological response. Such validation would al-

low zAvatars to progress from descriptive drug-screening 

models toward quantitatively interpretable systems for thera-

peutic monitoring. 

The next developmental frontier for zAvatars centers on 

overcoming the microenvironmental limitations of conven-

tional larval models. Despite providing a rapid, high-through-

put platform for live imaging and drug screening, larval sys-

tems fail to fully replicate the human tumor microenvironment 

(TME). Engrafted patient-derived tumor cells interact primar-

ily with host zebrafish stroma, endothelium, and immune cells. 

This introduces critical cross-species variations—particularly 

in cytokine signaling, extracellular matrix dynamics, vascu-

larization, and pharmacokinetics—that ultimately compro-

mise the fidelity of translational drug responses [74]. Early 

larval zebrafish possess functional innate immune compo-

nents, whereas adaptive immunity is incompletely developed 

at commonly used xenografting stages. Consequently, con-

ventional zAvatars have limited capacity to reproduce human 

T-cell- and B-cell-mediated responses and may be particularly 

constrained for evaluating immunotherapies that depend on 

human antigen presentation, immune checkpoints, or tumor-

specific immune recognition [34]. Emerging approaches in-

volving later developmental stages, immune-modified or im-

mune-deficient fish, and humanized immune systems may 

help address these limitations, but their ability to reproduce 

the human tumor microenvironment remains to be established. 

Thus, future development should focus not on creating a sin-

gle model that reproduces every component of human breast 

cancer, but on defining which biological questions zAvatars 

can answer reliably and integrating them with complementary 

organoid, mammalian, and molecular approaches. 

A closely related frontier is the integration of zAvatar func-

tional phenotypes with multi-omics data. Genomic, tran-

scriptomic, proteomic, metabolomic, single-cell, and spatial 

approaches can provide increasingly detailed descriptions of 

tumor heterogeneity and the molecular states associated with 

treatment response [8]. However, molecular characterization 

alone does not establish whether a tumor will functionally re-

spond to a particular therapy [75]. Conversely, zAvatars can 

provide a rapid functional phenotype but do not, by them-

selves, explain the molecular mechanisms underlying sensi-

tivity or resistance. Integrating these two dimensions could 

therefore establish a complementary framework in which mo-

lecular profiling identifies candidate determinants of thera-

peutic response, while zAvatars provide an experimentally 

testable functional readout of those predictions. The emerging 

framework can be conceptualized as patient tumor profiling 

→ multi-omics characterization → zAvatar-based functional 

drug testing → integration with clinical response. Genomic 

and transcriptomic data may identify mutations, copy-number 

alterations, gene-expression programs, or molecular pathways 

associated with treatment response, while single-cell and spa-

tial approaches could resolve resistant cellular populations 

and spatially restricted tumor or microenvironmental states. 

The corresponding zAvatar could then be used to test whether 

these molecular features translate into an observable pheno-

type following exposure to individual drugs or drug combina-

tions. This functional-molecular integration may be particu-

larly valuable for heterogeneous breast cancers, in which bulk 

molecular measurements can obscure clinically important 

subpopulations. Nevertheless, systematic integration of multi-

omics profiles with zAvatar therapeutic phenotypes remains 

an emerging area rather than an established clinical approach. 

Integration of artificial intelligence (AI) with zAvatar plat-

forms represents an emerging frontier for improving the quan-

titative analysis of zebrafish xenograft responses. AI-based 

image-analysis approaches have already been applied to 

zebrafish tumor xenografts to quantify dynamic phenotypes 

such as tumor growth, invasion, migration, and survival from 

high-content fluorescence imaging. Such approaches could 

potentially be extended to patient-derived breast cancer zAva-

tars, where large numbers of individual xenografts generate 

multidimensional imaging data following treatment [76, 77]. 

However, such applications remain constrained by the limited 
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size and heterogeneity of available zAvatar datasets, differ-

ences in experimental protocols, and the lack of independently 

validated predictive models. Future studies should therefore 

prioritize standardized, clinically annotated datasets and ex-

ternal validation rather than developing models solely from 

individual experimental cohorts. 

Ultimately, the frontier of zAvatar research lies in moving 

from the question “Can a patient tumor grow and respond to 

treatment in a zebrafish?” to the more clinically relevant ques-

tion “Does sthe functional response observed in a standardized 

zAvatar provide predictive information beyond established 

pathological and molecular biomarkers?” Addressing this 

question will require larger and molecularly diverse patient 

cohorts, harmonized methods for tumor establishment and re-

sponse quantification, improved representation of the tumor 

microenvironment, integration of longitudinal clinical and 

molecular data, and prospective validation against patient out-

comes. If these challenges are addressed, zAvatars could 

evolve from rapid experimental drug-screening platforms into 

complementary precision-oncology tools that connect tumor 

molecular characteristics with functional therapeutic response. 

At present, however, their clinical predictive value remains 

promising but insufficiently validated, and their future utility 

will depend on demonstrating reproducibility, biological rele-

vance, and incremental value over existing approaches to 

treatment selection. 

8. Conclusion 

The evidence reviewed supports the emerging feasibility of 

zebrafish patient-derived xenografts as functional models for 

investigating breast cancer biology and treatment-associated 

responses. Some studies have progressed beyond model estab-

lishment to compare zAvatar responses with outcomes in 

matched patients, providing preliminary evidence of patient-

level response concordance. However, successful engraftment, 

interpretable assay results, and agreement with another pre-

clinical model should not be equated with validated clinical 

predictive performance. The available patient-matched evi-

dence remains limited, and further studies using predefined 

response criteria, larger prospective cohorts, blinded outcome 

assessment, and independent validation are needed to estab-

lish the reliability and generalizability of zAvatar-based pre-

dictions. Clinical utility represents a further, distinct stage of 

translation. It requires prospective evidence that using zAvatar 

results to guide treatment improves clinical decision-making 

or patient outcomes compared with standard approaches. Such 

benefit has not yet been established by the evidence reviewed. 

Therefore, zAvatars should presently be considered promising 

investigational platforms that may complement molecular 

profiling and conventional clinicopathological assessment, ra-

ther than validated tools for routine treatment selection. Future 

research should evaluate feasibility, predictive performance, 

and clinical utility as separate outcomes, with explicit criteria 

and appropriate study designs for each. 
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