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Abstract

In precision oncology, two major strategies are being pursued for predicting clinically relevant
tumour behaviours, such as treatment response and emergence of drug resistance: inference based
on genomic, transcriptomic, epigenomic and/or proteomic analysis of patient samples, and
phenotypic assays in personalized cancer avatars. The latter approach has historically relied on in
vivo mouse xenografts and in vitro organoids or 2D cell cultures. Recent progress in rapid
combinatorial genetic modelling, the development of a genetically immunocompromised strain for
xenotransplantation of human patient samples in adult zebrafish and the first clinical trial using
xenotransplantation in zebrafish larvae for phenotypic testing of drug response bring this tiny
vertebrate to the forefront of the precision medicine arena. In this Review , we discuss advances in
transgenic and transplantation-based zebrafish cancer avatars, and how these models compare with
and complement mouse xenografts and human organoids. We also outline the unique opportunities
that these different models present for prediction studies and current challenges they face for
future clinical deployment.

The biomedical community has been developing an ever-growing number of novel
anticancer agents. After an era where chemotherapy was the only systemic treatment
available, a broad range of new targeted therapies and, more recently immunotherapy agents,
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have entered clinical development or have received regulatory approvall2. This expanding
list of treatment options offers new hope for patients with cancer in need of systemic
therapy, but also poses new challenges for oncologists. The deceptively simple question of
which drug to prescribe to a specific patient is increasingly harder to address with certainty.
Development of new agents is outpacing the long and complex trials required to identify
which dosage, schedule and combinatorial strategy will confer the greatest clinical benefit to
which defined patient population.

The field of precision oncology was born from the need to address these issues by creating a
new prognostic and therapeutic paradigm focused on optimizing treatment for an individual
patient, rather than a group. Precision medicine at large philosophically moves away from
predictions based on comparison of group averages and focuses instead on a patient’s unique
disease features. Specifically, in precision oncology this new paradigm has resulted in two
major approaches. The first approach is the inference of disease behaviour based on either
single or multiple omic (genomic, transcriptomic, epigenomic and proteomic) analyses of
tumour biopsy samples34, which is relatively rapid and inexpensive as a result of improving
technologies. The second approach is the functional testing of tumour behaviours and
response to drugs using personalized cancer avatars obtained from in vitro cultures or in vivo
xenotransplantation of tumour biopsy samples®~’. As a clinical prediction tool, the former
approach is limited by our knowledge of the functional consequences of individual genetic
mutations in genes outside the common cancer drivers, by the effect of combinations of
events and by the complexity of clonal dynamics and tumour evolution that can contribute to
drug response®. The latter approach overcomes this complexity by simply focusing on the
tumour’s phenotypic behaviour and emulating the possible treatment settings; however, it is
constrained by the biological fidelity of specific models as a proxy for patient response and
by the logistical considerations of assay duration, cost and scalability and the challenge of
testing multiple conditions®. Phenotypic testing of drug response has historically relied on
growing patient-derived cancer cells in vitro as 2D cultures® or 3D organoids®, or in vivo as
mouse xenografts®10.11 Recent technological advances in the generation of both
transgenicl? and transplantation-based zebrafish cancer avatars'3-14, combined with the
intrinsic logistic advantages of scale, cost, time and multiplexing of conditions!®, and the
potential for automation6:17 bring zebrafish into the arena of phenotypic testing of drug
response for precision cancer therapy.

In this Review, we highlight the history and evolution of tools that have made possible the
rapid generation of combinatorial transgenic cancer models in zebrafish1218 and the
development of xenotransplantation of patient samples into larvae and adult
immunodeficient zebrafish raised at 37 °C (REFS13:14). We discuss how zebrafish cancer
avatars compare with human organoids and mouse xenografts for drug testing. Finally, we
highlight some of the limitations and challenges for future clinical implementation. For
detailed coverage of human cancer organoids and xenografts, we refer the reader to the work
of colleagues®6:10.11,19,
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Advances in zebrafish cancer avatars

Stable transgenic cancer models

Due to the extensive conservation with humans of organ-specific genetic programmes and
cancer-associated genes2%, a closer resemblance to humans than mice in telomere biology?!
and the relative ease of genetic manipulation of embryos by microinjection at the one-cell
stage, zebrafish quickly emerged as a promising organism to model cancer in vivo?2. In
2003, the first genetically engineered cancer model in zebrafish of T cell acute
lymphoblastic leukaemia (T-ALL) was reported?3 (FIG. 1). The mouse Myc open reading
frame was placed under control of the zebrafish rag2 promoter, which restricts expression to
lymphoid cells. When this was injected into wild-type zebrafish embryos, 5% of FO
zebrafish developed T-ALL between 1 month and 5 months of age. Germline transmission of
the transgene increased the penetrance to 100% and reduced the latency of tumours. This
model provided a remarkable proof of concept for cancer modelling in zebrafish and laid the
foundation for new discoveries of mechanisms that drive leukaemogenesis. This study also
paved the way for developing other tumour models in zebrafish, including pancreatic
neuroendocrine tumours?4 in 2004, rapidly followed by melanoma?® in 2005, and many
others have been established since then, including conditional models that use Cre-mediated
recombination, and chemically inducible models26-28, However, in most human cancers,
particularly solid tumours, oncogenesis is thought to require multiple genetic drivers,
including both the activation of an oncogene and the loss of a tumour suppressor22:30,
Accordingly, zebrafish models based solely on the expression of an oncogene, with
exception of RAS-driven models3?, have generally shown poor penetrance, which has
considerably restrained their use. Other limitations include the fact that many models were
obtained serendipitously by expression of an oncogene that did not always reflect the early
clonal genetic drivers of human tumours2432, The degree of tissue specificity of the
promoter driving oncogene expression is also critical for the faithful recapitulation of human
tumorigenesis.

One-cell stage

The zebrafish embryonic stage where the egg has been fertilized by sperm, but before the
first cell division.

The first zebrafish model of melanoma used the most common driver found in human
melanoma, BRAFY0OE placed under the control of the melanocyte-specific zebrafish mitfa
promoter?>. As in humans, BRAFVE00E expression in zebrafish melanocytes generated only
pigmented nevi. However, injection of the mitfa:BRAFYE0E construct in zebrafish carrying
an inactivating mutation in the 053 tumour suppressor gene33, the human orthologue of
which is mutated in approximately 15% of human melanomas, initiated the formation of
malignant melanomas in 6% of zebrafish within 4 months2®. These tumours were confirmed
as melanomas by histologic and phenotypic analyses. Importantly, the penetrance of the
disease reached nearly 100% in stable mitfa:BRAFVE00E p537- F1 transgenic zebrafish.
The mitfa:BRAFVE0E -1n5371- zebrafish melanoma model has subsequently served as a
reliable basis for multiple genetic screens aiming at functionally probing human melanoma
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genetics in vivo, and has identified several new modulators of melanoma34. Although
extremely valuable, this modelling approach posed some technical difficulties. First, like in
other well-established transgenic zebrafish cancer models23:25:35:36 maintaining stable lines
containing several transgenes is difficult. Second, the number of transgenes that can be
combined remains limited, which makes it challenging to test complex genetic interactions.
Third, unlike overexpression of human oncogenes, knockouts of endogenous zebrafish
tumour suppressor genes are systemic, not tissue specific. Finally, most models are still
based on transgenic expression of human oncogenes rather than knock-ins into endogenous
or orthologue zebrafish loci and thus might not have physiologic levels of expression.
Recent advances in genome editing technology have and will help overcome some of these
limitations.

Nevi

Benign skin lesions of melanocytes, also known as moles, which are thought to be
senescent.

Rapid combinatorial genetic modelling

The CRISPR-Cas9 system created new opportunities for in vivo cancer modelling3’. It
allowed the rapid mosaic inactivation of tumour suppressor genes, bypassing the need for
stable transgenic lines. It also greatly increased the potential for combinatorial modelling
through multiplexing of guide RNAs (JRNAS) targeting different genes, making possible
both the recapitulation of complex human cancer genotypes and the in vivo evaluation of
putative genetic interactions inferred from human cancer genomics. Finally, it facilitated
large-scale screens with the goal of identifying new cancer drivers.

As in mice, CRISPR made possible the rapid establishment of knockout zebrafish lines38.
Taking advantage of the 7o/2transposon technology3°, which facilitates the insertion of
DNA constructs into the zebrafish genome, CRISPR vectors have been developed for tissue-
specific gene inactivation by assembling a zebrafish U6 promoter-driven gRNA cassette with
a cas9sequence placed under the control of tissue-restricted zebrafish promoters18. Efficient
mosaic gene knockout was observed in embryonic tissues such as muscle and erythroid
cells. By designing vectors to target zebrafish tumour suppressor genes, and to express
human oncogenes in a melanocyte-specific manner, we were able to rapidly and robustly
model all the major genotypes found in human melanoma by combining oncogenic
mutations in BRAF, NRAS or KI/T with loss-of-function mutations in cdknZa, 153, ptena or
ptenb*? (F1G. 2a). Tumours were obtained as early as 3 weeks after injection (VRASQEIR
expression and 53 loss) for the most aggressive genotypes or within a few months
(BRAFVSOOE expression and caknZaloss), consistent with observations in the human
disease0:41,

Tol2 transposon

To/2is an active transposon derived from the medaka fish and is used as a gene delivery
method.
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U6 promoter

An rNA polymerase iii type 3 promoter commonly used to drive short hairpin rNAs or
guide rNAs.

This technique thus allows rapid cancer modelling. It is also versatile and could be easily
adapted for expression and inactivation of different oncogene and tumour suppressor
combinations, respectively, in other organs, provided a robust tissue-restricted zebrafish
promoter is available. For example, the Gutierrez group has shown that mutations in the
gene patched 1 (ptchl) in the Hedgehog pathway increase T-ALL onset using a similar
mosaic CRISPR approach*2. Some genotypes reached 100% penetrance, indicating that
mosaic expression of the vectors in the FO generation was sufficient to generate tumours,
which abolishes the need to establish stable transgenic lines for tissues where robust tissue-
specific promoters are available. The fact that genetic driver alterations are introduced from
birth constitutes a limitation of this approach, as developmental defects may be induced.
One way of circumventing this issue is to deliver the vector combinations directly into
somatic tissues of adult zebrafish, for example, using a recently reported electroporation
method“3. Finally, this modelling technique is scalable, as several vectors can be injected
together to model more complex genotypes. We used this option to study the role of
SPRED1 loss of function in mucosal melanoma, which was inferred from analysing human
genomic data, and demonstrated the genetic cooperation between spred? inactivation and
KIT oncogenic mutations in a z053-null or caknZa-null context!2, Overexpression and
CRISPR vectors can also be multiplexed further to test the relevance of putative cancer
drivers in a high-throughput manner. The tools presented above make the zebrafish a prime
model to recapitulate and functionally probe the genetics of human tumours in vivo at scale.

Zebrafish cancer xenografts

Zebrafish as transplant recipients.—The zebrafish has many inherent traits that make
it an ideal transplant recipient. First, the engrafted normal or malignant cells can be easily
tracked by fluorescent labelling of transplanted cells, and direct visualization of grafts is
possible using the optically clear casper zebrafish strain as recipients**. Second, zebrafish
are highly fecund, with matured females capable of producing hundreds of eggs per week,
yet are small, so thousands of zebrafish can be kept in a single facility, and thus husbandry
and maintenance costs are low relative to those for mice (while this might differ significantly
between countries and institutions, it has been reported that the cost ratio is on the order of
magnitude of approximately US$1.05 per mouse versus approximately US$0.01 per adult
zebrafish)*®. Most importantly, manual transplantation or microinjection can be performed
in several hundred adult zebrafish or up to a few thousand zebrafish larvae, respectively, in a
single day by a single operator (FIG. 2b), facilitating large-scale and high-throughput cell
transplantation studies that are difficult to execute with immunocompromised mouse
models#6-53. Allogeneic transplantation of nonimmune matched zebrafish cells into partially
immunocompromised adult zebrafish has now become routine. When paired with large-scale
genetic screening and drug discovery platforms available in zebrafish models, such studies
have provided valuable insights into intra-tumoural clonal evolution and heterogeneity,
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therapy resistance, invasion and metastasis, haematopoiesis and stem cell
engraftment13:47.51,53-57

Casper zebrafish strain

An optically clear strain of zebrafish obtained by crossing the roy (mpv17-I-) and nacre
(mitfa-1-) mutants, which results in the lack of iridophores and melanocytes,
respectively.

Xenografts in zebrafish larvae.—The xenotransplantation of a human cancer cell line
into zebrafish larvae was first described for melanoma in 2006-2007 (REFS%8-60) (FIG. 1).
Since then, a large number of studies have reported xenotransplantation of cancer cell lines
into zebrafish larvae. However, especially earlier studies did not always include a rigorous
assessment of xenograft survival and proliferation. Ten years later, three proof-of-concept
studies were published that developed patient-derived xenografts (PDXs) in zebrafish larvae
from both blood malignancies and solid tumours8-63, followed by others showing
cooperation among tumour-cell subpopulations that can synergize to promote tumour
progression54 and phenotypic testing of drug responsel3.

Adaptive and innate immune systems in zebrafish are highly conserved with mice and
humans®®. In zebrafish, innate immunity starts developing on the first day after fertilization,
while adaptive immunity is morphologically and functionally mature only about 2—3 weeks
after fertilization56-69, The short window of immune incompetency during early larval
development has allowed transplantation and short-term survival of xenotransplanted human
or mouse cells without the need to immunocompromise the zebrafish. With this approach,
numerous cell types have been transplanted into zebrafish, which resulted in many important
findings, including mechanisms governing cancer cell differentiation, proliferation and
migration, as well as therapeutic response3:59.70.71 A particular advantage is the natural
optical clarity of wild-type larval zebrafish before they develop pigmentation, which allows
facile single-cell resolution imaging, analysis and quantification of transplanted cells, a trait
superior to other transplant model organisms.

However, such assays have some inherent limitations. First, larval xenotransplantation
experiments have a short window of about 7 days before engrafted cells are rejected by the
acquired immune system?3. Second, the small body size of zebrafish larvae restricts the
number of transplanted cells to 100-200 per animal, a number that often fails to contain
cancer-driving stem cells or accurately recapitulate the genetic heterogeneity and drug
response behaviours driven by rare subclones found in human tumours!3.72. Third, most
xenotransplantation experiments using larval recipients are conducted below 37 °C (REF.13),
and at those temperatures, transplanted human cells do not proliferate at the same rates or
form tumour masses akin to those found in immunocompromised Nsg mice or in human
patients13.14,
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NSG mice

genetically engineered immunocompromised strain of mice widely used as recipients for
engraftment of human primary cells or tumours (for example, patient-derived xenografts).

Xenografts in adult zebrafish.—Immunodeficient zebrafish models were recently
developed that engraft xenotransplanted patient-derived cancer cells into adult zebrafish
recipients! (FIG. 1). Previous attempts at facilitating long-term engraftment and survival of
xenotransplanted cells in adult zebrafish involved transient ablation of the animal’s immune
system using radiation or chemical treatment’3:74, Gamma irradiation of wild-type or casper
recipient fish allows robust engraftment of zebrafish tumour and haematopoietic cells for up
to 20 days after transplantation’®, since the host immune system recovers by 30 days after
irradiation and rejects the graft, but has not been reported to make possible engraftment of
human cells. Long-term chemically induced immunosuppression by constant drug dosing of
the steroid drug dexamethasone permits engraftment of a subset of human tumours to time
points exceeding 30 days’3. As dexamethasone itself is a clinically used anticancer drug in
leukaemias and lymphomas’8, this approach would not be suitable for assessing blood and
leukaemia cell engraftment. Furthermore, chemical immunosuppression introduces an
additional layer of experimental variability and could result in drug interactions with agents
tested that might confound experimental result interpretations, thus hindering
standardization and scaling.

To overcome these limitations, the Langenau group generated an adult zebrafish
xenotransplantation model that allows robust, long-term engraftment and proliferation of
human and mouse cells by introducing homozygous inactivating mutations in prkdc (which
encodes DNA-activated protein kinase catalytic subunit) and //2rga (which encodes
interleukin-2 receptor-ya) into transparent casper zebrafish14, These immunodeficient
zebrafish are optically clear, lack T cells, B cells and natural killer cells and can survive at
37 °C. Remarkably, no drawbacks were found in rearing zebrafish at 37 °C, other than
additional work in husbandry. Viability is high and zebrafish well tolerate this temperature if
acclimated over time. Moreover, acclimated zebrafish robustly engraft a large variety of both
human cancer cell lines and PDXs in excess of 28 daysl4. Another major advantage of adult
over larval transplant assays is that a significantly larger number of transplanted cells can be
used per adult zebrafish (up to two million cells per zebrafish), in addition to the advantages
of a longer experimental window and human physiological temperature. Growth kinetics,
cell proliferation and apoptotic rates were identical when compared with those for the same
tumours grown in NSG mice!4. Building upon the experience in mouse models’”:78, we
expect that further engineering of the prkac™~il2rga™'~ strain could overcome current
limitations, due, for example, to limited conservation between fish and human cytokines, or
residual adaptive immunity, and further improve the robustness and increase the range of
human tumours engrafted.
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Drug testing in zebrafish avatars

Engrafting a patient’s tumour or transgenic modelling with large cohorts of zebrafish
permits testing of a wide array of clinically available drugs, and as such pairing responses in
zebrafish avatars with clinical decision-making could help stratify patients for the most
suitable treatment for their tumour (FIG. 3). The logistic advantages of zebrafish avatars
significantly increases the scale of drug testing possible compared with other in vivo patient-
specific avatars (TABLE 1).

Drug administration routes in zebrafish

Zebrafish are treated by adding drugs directly to their water and submersing larvae and
adults1213, Furthermore, in adults, drugs can be administered by intraperitoneal
injection’9:80 or oral gavagel# /9 (FIG. 3). Drug delivery in larvae via submersion therapy
makes it impossible to accurately assess drug dosing, pharmacokinetics and
pharmacodynamics (FIG. 3). In contrast, clinically relevant drug administration via oral
gavage or intraperitoneal injection in adults allows more tightly controlled dosing and also
assessment of pharmacokinetics by mass spectrometry using pooled blood plasma samples.
Furthermore, unlike submersion, oral gavage and intraperitoneal injection can effectively
deliver small molecules and antibodies that have low solubility in water. Pharmacokinetic
differences between humans, mice and zebrafish are an important concern that the field has
been confronted with, but from empirical testing have been used effectively to identify dose-
conversion factors for oral gavagel* 79 and for submersion therapy2 (also preliminarily
shown in REF.81). Furthermore, oral gavage of both a chemotherapy agent (that is,
temozolomide) and a targeted therapy (that is, olaparib) in adult zebrafish PDXs (zPDXs)
led to a blood pharmacokinetic profile very similar to that in humans and micel4. Thus,
while optimization will be required for drug dosing on a per case basis, there is robust proof
of concept that pharmacokinetics per se is not a cross-species barrier for zebrafish avatars.

Clinical response determination

Patient clinical response to cancer treatment is determined by measuring maximum tumour
diameter changes on imaging data from magnetic resonance imaging or computed
tomography scans. On the basis of the size change, the patient’s response is classified
according to the RECIST criteria®2. In mouse xenograft tumours, calipers, computed
tomography or positron emission tomography, or luciferase bioluminescence is commonly
used for tumour response measurement. In zebrafish avatars, drug response has been
measured in several ways: (1) direct imaging in transparent recipients of unlabelled tumour
cells (particularly for naturally pigmented tumours as melanoma)’®, (2) fluorescent imaging
of tumour size (by either transducing the patient-derived cells with a fluorescent protein
viral vector (for example, enhanced GFP), or with FUCCI4 to visualize cell cycle phases)!4,
(3) by exposing the cancer cells to viable fluorescent dyes'314 or (4) non-invasively using
ultra-sonography83. The number of cells (larval zPDX)3 and tumour surface area (both
larval and adult zPDXs)14 (also preliminarily shown in REF.81) have been used as a tumour
response measure using RECIST criteria. These methods, combined with the high
throughput of in vivo screening offered by the zebrafish platform, provide faster imaging
end points that capitalize on the ability to assess drug effects in real time down to single-cell
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resolution. The development of automated injector systems (reviewed previouslyl?) and the
emergence of automated imaging systems for zebrafish larvael® further illustrate the high
potential for automation and scaling of zPDXs, which would be important for
standardization and potential clinical deployment.

RECIST criteria

A set of published rules that define when patients with cancer improve (‘respond’), stay
the same (“stable’) or worsen (‘progression’) during treatments.

Types of agents that can be tested

The biological differences between the avatar models highlighted earlier and target
conservation in different organisms have immediate implications for what type of
therapeutic agents can be assessed effectively (TABLE 1). Many anticancer agents have been
successfully used in zebrafish, including various types of chemotherapy, small-molecule
inhibitors such as dasatinib and antibody-based therapies such as bevacizumab and
cetuximab13:62.79.84-94 For example, the adult zPDX model was used to identify the
combination of the poly(ADP-ribose) polymerase (PARP) inhibitor olaparib and the
chemotherapy agent temozolomide as an effective therapy for rhabdomyosarcoma. The
combination treatment efficacy was recapitulated in a mouse xenograft model, giving further
proof of the equivalency of the two recipient model organisms for drug testing14. This drug
combination is now entering clinical trials for paediatric rhabdomyosarcoma
(NCT01858168)% and represents the first clinical trial of a combination therapy initiated
from xenograft preclinical studies using zebrafish. Chemotherapy has a high degree of
conservation of targets across zebrafish and humans, while targeted therapies using small
molecules or antibodies are highly dependent on the target’s structural conservation for its
action. Thus, intrinsic targets in cancer cells can usually be assessed effectively only in
xenograft cell transplant models62:79.84-92 On the other hand, targeted therapy directed to
the tumour microenvironment (TME) will present a more variable degree of feasibility
depending on exact target conservation. Similar considerations apply to transgenic models
where we typically introduce human versions of driver oncogenes!23479, but the success of
therapies targeting other genes or synthetic lethal approaches will differ depending on target
conservation?0:96.97 Ag in engraftment studies using NSG mice, the lack of a patient-
specific immune tumour microenvironment and/or co-evolution in zPDX models, and lack
of cross-species target conservation (for example, limited sequence conservation of immune
checkpoints such as PD1, PDL1 and CTLAA4) poses challenges to providing an effective
proxy in zebrafish avatars to assess patient responses to agents that target the immune TME.
Another confounding factor specifically in larvae is the potential toxic effects of many
anticancer agents on the zebrafish recipient larva itself, as it goes through a rapid phase of
development. Indeed an observed tumour shrinkage might also be the result of an indirect
effect of the toxicity on the recipient itself that would compromise its ability to support
cancer cell growth98-103,
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Prediction of response and resistance

The value of zebrafish avatars for precision cancer therapy boils down to (1) the predictive
power, (2) the scale of experimentation and (3) the assay duration time to inform clinical
decision-making. Thus, it is worth considering the benefit and limitations pertaining to the
time and the effectiveness of zebrafish avatars in predicting not just drug sensitivity but also
drug resistance. Drug resistance is often classified as primary or intrinsic resistance (when
patients never respond to an agent) and secondary or acquired resistance (when a patient
initially sensitive to the drug develops resistance). The former is often determined by the
genetic make-up of the tumour’s dominant clones or the TME, while the latter has been
proposed to be acquired as a result of Darwinian selection of minor genetically resistant pre-
existing clones or transcriptional Lamarckian adaptation followed by genetic fixation of a
trait104,

As an example, primary genetic resistance was probed in zebrafish by rapid combinatorial
transgenic modelling of spred? inactivation in the context of BRAF- or KIT-driven
melanomal?. Treatment of adult transgenic zebrafish by submersion with targeted therapies
for patients with mucosal melanoma showed this prevalent loss-of-function genetic event
drives resistance to drugs inhibiting KIT tyrosine kinase activityl2 (FIG. 3). Mechanistic
studies further suggested the potential efficacy of combinations of MEK and KIT
inhibitors12. Given the short duration of drug exposure required to identify primary
resistance, both larval and adult zPDXs are well-suited models to address this questionl3.
Larval zPDXs developed from tumour biopsy samples, much like tumour organoids9®,
might be particularly useful in the neoadjuvant setting before surgery to help rapidly pick an
effective chemotherapy regimen.

On the other hand, such a short-term larval transplant assay with a limited number of cells
per recipient is unlikely to be a good predictor of secondary resistance. This was evident in
the work of Fior et al.13 mimicking a polyclonal tumour, where two isogenic cell lines
(HCT116 cells with mutant KRAS and Hke3 cells with wild-type KRAS) were mixed 1:1
before transplantation, each labelled with a different fluorescent colour. While exposure of
the polyclonal tumour to the folinic acid—5-fluorouracil-oxaliplatin (FOLFOX)
chemotherapy regimen caused the tumour to shrink overall, the Hke3 resistant clone did not
change in sizel3. Thus, without the differential colour labeling, an actual tumour would
score overall as sensitive even if a very sizeable subclone failed to respond18. It is
reasonable to speculate that the longer time window and the larger number of cells of adult
zPDXs would better position these models to predict secondary resistance mechanisms
based on expansion of a minor genetically resistant clone or allow the time required for
transcriptional adaptation. Overall, the ability of these avatars to accurately model and
predict resistance will be crucial for their translation to the clinic.

Comparison between cancer avatars

Zebrafish and mouse transgenic models

Different cancer avatars have different advantages and limitations, both biologically and
logistically, that render their use more suitable to either preclinical drug development or

Nat Rev Cancer. Author manuscript; available in PMC 2021 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fazio et al.

Page 11

personalized drug testing. In the case of transgenic cancer models in general, the key factors
limiting their application in precision oncology are the time required to generate the avatar
and the scale of combinatorial genetics to approximate genomic cancer complexity. For a
comparison of zebrafish, mouse and organoid cancer avatar models, see TABLE 1.

Owing to recent advances in cloning and DNA synthesis methods, zebrafish transgenesis
vectors can be generated in as little as 1-2 weeks. The time required to establish a transgenic
mosaic tumour model in zebrafish ranges from 10 days to 8 weeks in early-onset models
such as human KRASC12D_driven rhabdomyosarcoma38, mouse Myc-driven T-ALL107,
NRASBIK_driven melanomal231 or melanoma resulting from localized skin
electroporation of a CRISPR vector targeting rb1 (which encodes retinoblastoma 1) in adult
BRAFVS00E -1p5371= zebrafish#3. Other transgenic models may take many months to
develop, such as sarcoma models (for example, rhabdomyosarcoma driven by the PAX3-
FOXOI1 translocation under the control of the CMV promoter has 16% penetrance at 19
months)3® (FIG. 2). To model genomic complexity, combination of three to four genomic
events has been successfully achieved, with a possibility to further scale up to ~10-20
alterations depending on limitations of pooled vector transgenesis approaches'2:18,
Strategies for expressing arrays of gRNAs from a single vector might further expand this
limit for CRISPR knockout strategies198.109,

The speed and scalability of combinatorial genetics of zebrafish mosaic transgenic models
far surpass those of most genetically engineered mouse models by avoiding the need to
perform multigenerational crosses'19. The small number of mouse models that leverage in
vivo mosaic transgene delivery of plasmid DNA using hydrodynamic injection (liver
cancer)11 or viral vectors (lung cancer)!12 have similar capabilities to zebrafish models in
terms of the time to tumour onset and combinatorial genetics. However, the challenges and
cost of housing for mice, biosafety, vector production and handling pose a much greater
barrier to the generation of a large enough number of animals for testing multiple therapeutic
agents. In comparison, a single operator can perform a few thousand zebrafish embryo
microinjections in a day to generate genetic patient avatars using only picograms to
nanograms of plasmid DNA under biosafety level 1 conditions. Furthermore, the husbhandry
space requirements (12 adult zebrafish versus 1 adult mouse per ~1.2 1) and cost (of US
cents per 3.5-1 fish tank versus US dollars per mouse cage), while variable across countries
and institutions, are at least an order of magnitude lower for zebrafish than for micel13,

Hydrodynamic injection

rapid injection of a relatively large volume of DNA solution, which is used for gene
delivery in mouse livers.

Mosaic transgenic zebrafish cancer models remain most useful today as tools for preclinical
drug development of genotype-stratified targeted therapies, and for phenotypic dissection of
genetic events identified in sequencing studies (for example, identification of genetic drivers
of drug resistance, functional validation of a gene’s role or identification of novel
combination treatments to overcome resistance). It is also important to note that both
zebrafish and mouse transgenic models hae limited genetic heterogeneity, often do not
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recapitulate the sequential order of tumorigenic events seen in patients and have limited
capabilities of modelling subclonal architecturel2:34:43_ Thus, modelling intra-tumour
heterogeneity still presents major challenges and remains a barrier for these models to
predict drug responses in patients.

PDXs and human organoids

Approaches using patient-derived tumour material for empirical drug testing are limited by
several factors: (1) the ability to culture in vitro or successfully engraft in vivo patient-
derived cancer cells in a recipient animal model; (2) the finite number of cells obtained from
biopsy or surgical resection that can be used for in vitro culture or in vivo
xenotransplantation; (3) the time between the biopsy and the readout of the assay; and (4)
the degree of fidelity to which these models maintain representation of the tumour
heterogeneity and clonal evolution within the patient, and also its microenvironment and co-
evolution with the patient’s immune system.

With regard to the first point, xenotransplantation of patient-derived cancer cells into
zebrafish has been reported to have a high degree of success in proof-of-concept studies,
both in the successful establishment of zPDXs from a specific patient and in the proportion
of recipient zebrafish showing engraftment from a specific donor. Fior et al.13 reported
100% donor engraftment in a small clinical study of patients with colorectal cancer (n=5),
with 47-89% of zebrafish larval recipients (7= 47-251) showing engraftment. Preliminary
partial results of clinical study NCT03668418 (REF.114) conducted as a co-clinical trial
involving 24 adult patients with pancreatic cancer (n7=12), colon cancer (7= 8) or gastric
cancer (7= 4) similarly suggested engraftment of all donors, with comparable survival of
recipient zebrafish larvae8l. Other studies reported successful engraftment in larvae of PDXs
from gastric cancer8®, adenoid cystic carcinomad® and pancreatic cancer®’. Similarly,
xenotransplantation in prkac™'=,il2rga™' recipient adult zebrafish at 37 °C of six PDXs from
patients with melanoma (/7= 2), breast cancer (7= 1), glioma (7= 1) or embryonal
rhabdomyosarcoma (/7= 2) resulted in engraftment of all six donors, with 35-80% of
recipient animals showing engraftment (four to eight transplant recipients per donor
patient)14,

Second, the number of cells used per recipient is both a limitation and an advantage. Patient
material is a finite and often non-renewable resource, especially if it comes from a biopsy or
the excision of a small tumour. Thus, organoids or zebrafish transplantation in larvae is
advantageous since it requires only ~100 cells per well or recipient. Thus, even small
quantities of patient-derived cells can be used effectively to test many conditions, drugs,
dosing regimens or drug combinations. Xenotransplantation in adult zebrafish or mice, on
the other hand, requires 10° or 10°-106 cells, respectively®14,

Third, organoid-based drug assays require 1-2 weeks105115-117 '7pDXs in larvae require 4—
7 days!3 and adult zebrafish and mouse PDXs require many weeks or even months to read
out. On the other hand, the higher number of cells and the longer time window in adult
zebrafish and mouse xenografts allows us to observe and perhaps model the effects of clonal
evolution and adaptation, which has implications for drug resistance prediction discussed
further below.
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Some limitations inherent to transplantation-based avatars are common between mouse and
zebrafish PDXs. Mouse studies highlight how the engraftment bottlenecks and evolution in a
recipient animal might alter patient representation or result in evolution patterns that are
discordant between patient and mouse avatars'18, Krivtsov and colleagues!® reported a 50%
clonal discordance in mouse PDXs of leukaemia when analysing genetic driver allele
frequency, and Golub and colleagues20 showed mouse-specific tumour evolution of a large
number of PDXs across 24 cancer types. On the other hand, human organoids seem to
maintain genetic representation of the patient source material during short-term in vitro
culturel1®, Large-scale comparative studies will be needed to determine the degree to which
genetic and transcriptional heterogeneity is preserved in adult zPDX avatars over time.

While clinical prediction studies have been limited in frequency and scale due to the young
age of the field, the results of several proof-of-concept studies have been encouraging. Fior
et al.13 tested the response to FOLFOX chemotherapy and cetuximab using five colorectal
cancer PDXs in zebrafish larvae. Concordant results were obtained between zPDXs and
actual patient clinical responses for FOLFOX (four of five patients) and cetuximab (three of
three patients)!3. While these numbers are obviously small, for comparison, the largest
prospective clinical study to date on the predictive value of human organoids for treatment
response enrolled 61 patients with colorectal cancer and reported a 63% success rate in
establishing in vitro cultures from patient tissue, with only 29 of 61 patients (~47%) with an
evaluable response and an 80% prediction rate21, This study thus highlights both the
promise and also the challenges of phenotypic testing of drug response even in technologies
more mature than zebrafish avatars. In addition to the intrinsic heterogeneity of cancer cells,
an ever-growing body of evidence has shown the importance of other cell types present in
the local TME in modulating therapy responsel22:123_ Much like mouse PDXs, the
contribution of local TME components in zebrafish xenotransplantation is limited, and host-
systemic effects such as immune co-evolution and systemic endocrine conditioning are not
captured by transplantation-based zebrafish avatars (TABLE 1). This structural constraint of
all transplant-based but more broadly patient-derived tumour models limits the predictive
power of all of these assays in predicting drug sensitivity.

Concluding remarks

Recent advances showing organoid fidelity in mimicking clinical tumour
behaviours192:115-117 angd the first report of a prospective clinical trial for organoids as
predictors of patient outcome21 provided a proof of concept for the clinical value of
phenotypic testing of drug response at large. Yet, the very same prospective studyl21
highlighted how narrow the predictive power of these in vitro tools still is. Similarly, since
they were proposed in 2011, mouse co-clinical trials using PDXs have shown little progress
beyond proof of concept due to logistical challenges®124.125, Zebrafish cancer avatars offer
unique advantages over current in vivo models in scale, cost and speed of model
development and potential for automation.

In terms of personalized transgenic avatars, the time barriers (1-4 weeks for sequencing,
data analysis and vector generation, plus weeks to months of tumour latency time) limit their
benefit to inform clinical decision-making. Thus, they remain most useful as preclinical
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models to unravel cancer genetics and for drug discovery. Continued reductions in the cost
and increases in the speed and adoption of both DNA sequencing and synthesis, together
with improvements in genome engineering technologies, should allow the generation of
ever-faster and more complex transgenic zebrafish models for profiling likely therapeutic
responses of individual patients. These studies should benefit precision cancer medicine both
by directly affecting the specific patients modelled and also by increasing our understanding
of cancer genomics more generally. By functionally assessing the effect of specific
mutations on drug response modulation, they should also increase our ability to formulate
response predictions based on inferential models analysing the alterations observed in
tumour biopsy samples from various types of omics profiling.

On the other hand, now that the technology for zebrafish xenograft cell transplantation has
matured, and robust proof-of-concept studies have been provided for the generation of both
larval and adult zPDXs, it is paramount for the field to move towards clinical deployment
and to conduct clinical studies to assess their predictive power and value in informing
clinical decisions. A first ongoing trial (NCT03668418)114 aiming to enrol 120 patients with
cancer to assess the predictive power of larval zPDXs is a good example in this direction and
will provide useful insights into the value of larval zPDXs overall. It is still unclear whether
zPDXs in larvae can provide significant advantages compared with human organoids, and
head-to-head studies will be needed to address this question. These larval models could be
of value in clinical settings where speed and short-term responses are the goal, such as
presurgery neoadjuvant chemotherapy. Beyond drug response prediction, assessment of
metastatic behaviour has been proposed using zebrafish PDXs in larvael3, but further studies
are needed to assess whether migration in the developing embryo is informative of
metastatic risk or organ tropism of human cancer. Evidence of substantial biological and
predictive equivalency between mouse PDXs and adult zPDXs, combined with the lower
cost and husbandry logistic footprint, and higher throughput of drug screening of the
zebrafish model would render it an attractive alternative for precision cancer therapy
(TABLE 1). Ultimately cost-benefit analyses will guide which players in the phenotypic
drug-testing field will move forward in the clinic. A high predictive power will be needed as
motivation for the cost-intensive establishment and operation of dedicated facilities
necessary for any avatar model. The potential clinical benefit to patients in terms of survival
outcome and spared toxic effects, and the potential cost saving from avoiding wasteful and
dangerous administration of ineffective treatments, are an unmet need that the further
development of personalized cancer avatars strives to address.
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First oncogene-driven First reports of human Zebrafish is the first First reports Combinatorial rapid Immunocompromised
transgenic zebrafish cancer cell xenograft- vertebrate of PDXs in genetic modelling adult zebrafish
cancer model (T cell ing in zebrafish engineered by zebrafish using CRISPR-Cas9 developed that can
leukaemia)?® embryos?#-073 CRISPR-Cas9 (REF®) embryos®-62 (REE2) engraft human cells**

——

y [ 2007

2015

2016 2017 2018 2019

2005 2011 2013

2003

First reports of drug
testing in zebrafish
and patients with cancer'? embryo PDXs!3¢26

* First prospective clinical trial
on the predictive power of
human organoids in cancer
patients'?°

o First larval zZPDX co-clinical
trialinitiated'*®

Co-clinical trial with
mouse models of cancer

First tumour suppressor-driven
transgenic zebrafish cancer model
(peripheral nerve sheath tumours)?®?

’ |:] Zebrafish cancer modelling milestones \:| Clinical trial milestones

Fig. 1|. Timeline of key developmentsin zebrafish cancer avatars.
Timeline highlighting key milestones in the development of zebrafish cancer models towards

personalized patient avatars (beige boxes). Salient milestones in clinical translation of cancer
therapy response prediction using mouse, organoid and zebrafish patient avatars (purple
boxes). PDX, patient-derived xenograft; zPDX, zebrafish patient-derived xenograft.
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One-cell-stage embryo Tol2 transposase mRNA
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Fig. 2|. Generation of zebrafish avatars.
a| Mosaic transgenic zebrafish can be created using embryo microinjection or

electroporation in adults. In embryos (top panel), 70/2mRNA is co-injected with plasmid
DNA vector(s) containing 7o/2sites, which are recognized by Tol2 protein and inserted in
the host cell genome. For transgene electroporation in adult zebrafish (bottom panel), gene
delivery is accomplished by co-injection of a DNA plasmid expressing 70/2with
transgenesis vector(s) before electroporation. Between 70/2sites, transgenesis vectors
typically include a (1) tissue-specific promoter driving a coding sequence, often a human
oncogenel2:23:34.36 or Cas9 for CRISPR knockout of tumour suppressorst218 and (2) a
transgenesis marker. The marker is often composed of a tissue-specific promoter and a
fluorescent protein (for example, heart marker cm/c2:EGFP) or, in the case of melanoma, an
mitfa minigene (promoter plus coding sequence to rescue the loss of mitfa), which allows
melanocyte development itself to be used as a transgenesis marker in FO zebrafish834, b |

Nat Rev Cancer. Author manuscript; available in PMC 2021 March 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Fazio et al.

Page 23

Zebrafish patient-derived xenografts can be created by transplantation of cancer cells (which
are usually labelled) in 48-hour post-fertilization larvae raised at 34 °C or genetically
immunocompromised adult zebrafish (prkdc™~il2rga™'~) raised at 37 °C. Zebrafish embryos
and adults are kept at 26-28.5 °C, while human cells grow at 37 °C. To support human cell
engraftment, embryos are raised at 34 °C (ref.13), which, while below the normal
physiological temperature for human cells, is the upper limit tolerated by zebrafish embryos
and larvae. Adult fish can tolerate living at 37 °C for months if the temperature is slowly
raised from 28.5 to 37 °C by about 0.5-1 °C per day’4.
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a Submersion in drug dissolved in water

10-cm Petri dish (50 ml)

96-well
plate (100 pl)

Dabrafenib —

5-Fluoroucil

Larval zPDXs Adult mosaic transgenic zebrafish or zPDXs
b Oral gavage

3 ulof drug (administered after 3 ul of drug (administered after
anaesthesia and immobilization) anaesthesia and immobilization)

Adult mosaic transgenic zebrafish

c Intraperitoneal injection

3-5 ul of drug (administered after 3-5 ul of drug (administered after
anaesthesia and immobilization)

anaesthesia and immobilization)

Adult mosaic transgenic zebrafish

Fig. 3|. Drug administration in zebr afish.
a | Submersion in a water and drug solution is used to treat larval zebrafish patient-derived

xenografts (zPDXs) (10-20 24-hour post-fertilization embryos per well in a 24-well plate or
one embryo per 96-well plate) or adult avatars (two adults in a 10-cm Petri dish). Example
compounds shown were used by Fior et al.13 (5-fluorouracil treatment of larvae) and Ablain
et al.12 (treatment of adults with the BRAF inhibitor dabrafenib). b | Oral gavage can also be
used to treat adult avatars (mosaic transgenic zebrafish or zPDXs). Zebrafish are
anaesthetized and immobilized using MS-222 alone or in combination with isoflurane. Oral
gavage using a syringe with flexible tubing allows ~3 ul of drug solution to be dispensed
(described by Dang et al.”®). c| Intraperitoneal injection is another alternative to treat adult
avatars (mosaic transgenic zebrafish or zPDXs). Zebrafish are anaesthetized and
immobilized using MS-222 or MS-222 and isoflurane. Free-hand injections are performed
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with 10-pl capacity syringes to deliver up to 5 pl of drug solution. Approximately 3-5 pl is
the tolerable range reported!4.79.
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