
38 BIOI  2023, Vol 4, No. 1, 38–44
https://bio-integration.org  doi: 10.15212/bioi-2022-0023 

© 2023 The Authors. Creative Commons Attribution 4.0 International License

Zebrafish: An Emerging Model for Studying 
Macrophage Functions in Cancer
Xiuting Guo1 and Linjia Jiang1,*

Introduction

Macrophages are mononuclear phagocytes 
that reside in tissues and are critical for 
tissue development, homeostasis, innate 
immune responses against pathogens, tis-
sue regeneration and autoimmune diseases 
[1]. Increasing evidence indicates that mac-
rophages promote tumorigenesis, metasta-
sis and therapeutic resistance. Macrophages 
that infiltrate solid tumor tissues are termed 
tumor-associated macrophages (TAMs), 
and their density in tumors is usually neg-
atively associated with clinical outcomes 
[2]. The macrophage development and sig-
naling pathways driving tumorigenesis are 
conserved between humans and zebrafish, 
thus making the zebrafish cancer model an 
ideal system to study the functions of mac-
rophages in cancer.

The embryonic development of mac-
rophages between humans and zebraf-
ish is also highly conserved (Figure 1). 
Human monocyte-derived macrophages 
originate from the yolk sac and the aor-
ta-gonad-mesonephros, where primitive 
and definitive hematopoiesis occurs. 
These macrophages then enter the blood 
circulation and take up residence in var-
ious tissues, such as the brain, skin and 
hematopoietic tissue. Similarly, zebrafish 

macrophages originate from the primitive 
hematopoiesis in the rostral blood island 
and definitive hematopoiesis in the aor-
ta-gonad-mesonephros [3, 4].

Zebrafish cancer models have greatly 
aided in understanding of the etiology 
and treatment of human malignancies. 
Overexpression of human oncogenes or 
mutation of tumor suppressors elicits sim-
ilar tumor phenotypes in zebrafish [5, 6]. 
Zebrafish cancer models have provided new 
opportunities for studying the functions of 
macrophages in tumorigenesis, metasta-
sis and therapeutic resistance. Below, we 
summarize recent advances, highlighting 
the mechanisms of macrophage recruitment 
into tumor tissues, the heterogeneous acti-
vation responses, and the dynamic interac-
tions between tumors and macrophages.

The zebrafish tumor 
model

The signaling pathways that drive tumor 
progression and the pathological features 
of tumor tissue are substantially conserved 
between humans and zebrafish. Numerous 
unique advantages make zebrafish a pow-
erful model system for studying cancer 
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Abstract

Zebrafish provide a convenient and unique model for studying human cancers, owing to the high simi-
larity between zebrafish and human genomes, the availability of genetic manipulation technologies, and 
the availability of large numbers and transparency of zebrafish embryos. Many researchers have recently 
used zebrafish cancer models to examine the functions of macrophages in tumorigenesis, tumor growth and 
metastasis. Here, we present evidence that zebrafish cancer cells produce signals that are conserved with 
respect to those in humans and lead to the recruitment of heterogeneously activated macrophages in response 
to specific tumor types and tumorigenic stages, thereby promoting cancer initiation and progression. We also 
summarize how cancer cells interact with macrophages, emphasizing live imaging studies for visualization 
of dynamic material interchange.
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biology. Each pair of fertile zebrafish can regularly provide 
tens to hundreds of eggs every week, an amount sufficient for 
statistical analysis of regular experiments or even large-scale 
experiments. The classical transgenesis and xenograft tech-
nologies are easily accessible to create tumor models [7, 8]. 
The cluster regulatory interspaced short palindrome repeats 
(CRISPR)/Cas9 system, which cleaves double-stranded 
DNA at targeted gene loci, has recently been successfully 
used to generate knock-out and knock-in alleles in zebrafish 
[9]. Inhibition of pigment development in zebrafish embryos 
with 1-phenyl-2-thiourea [10] and the development of highly 
transparent Casper adult fish [11] have enabled live imaging 
of the dynamic interactions between tumor cells and mac-
rophages at the single-cell level in vivo.

The development of meganuclease- and transposon-me-
diated transgenesis has greatly increased the efficiency of 
incorporating external sequences into the zebrafish genome 
to create transgenic models [7]. Most zebrafish cancer mod-
els are transgenic fish in which a tissue-specific promoter 
drives oncogene overexpression. For example, the over-
expression of human oncogenic Hras driven by the Kita 
promoter in melanocytes shows a hyper-pigmentation phe-
notype at 3 days post-fertilization (dpf) and progresses to 
transformed melanocyte masses in the tail at 1–3 months of 
age [12]. Zebrafish melanomas recapitulate the histological 
and molecular characteristics of human melanoma and can 
be transplanted into other recipient fish. Activating muta-
tions in the Kras oncogene account for approximately 7% 
of all human liver cancer cases. Transgenic zebrafish over-
expressing oncogenic Kras (G12V) with the liver-specific 
fabp10 promoter show liver hyperplasia that progresses to 
hepatocellular carcinoma (HCC) [13, 14]. Zebrafish liver 

tumorigenesis is also dependent on the Ras pathway, because 
liver tumor size decreases when the downstream effectors of 
Ras are targeted in the Raf-MEK-ERK pathway. Therefore, 
the conservation between zebrafish and human tumorigen-
esis is evident in the histological and molecular hallmarks 
of zebrafish tumors, all of which recapitulate the human 
phenotype.

Inactivation of tumor suppressors in zebrafish has also 
been used to generate tumor models. Zebrafish with tp53 
deficiency develop malignant peripheral nerve sheath tum-
ors, sarcomas and other malignancies [15]. Tumor cells can 
be transplanted into syngeneic zebrafish to visualize inva-
sion, metastasis and angiogenesis. Deleting another tumor 
suppressor gene, atrx, with CRISPR/Cas9, in addition to p53 
deficiency, promotes the development of sarcomas and other 
malignancies [16].

The adaptive immune system is not fully developed and 
functional in zebrafish until 3 weeks post-fertilization. 
Therefore, immunodeficient zebrafish embryos are ideal 
for human cancer cell transplantation without requiring 
immunosuppression [17]. The xenograft cancer model is 
created by transplanting cultured cell lines or patient-de-
rived primary tumor cells into zebrafish embryos at 2 dpf. 
Cancer cells are usually labeled with fluorescent markers 
such as CM-DiI before being injected into various loca-
tions of the zebrafish embryos, such as the yolk sac, periv-
itelline space and posterior vein, for cancer cell growth. 
In addition, glioblastoma cells have been transplanted into 
the hindbrain to create an orthotopic tumor model [18]. 
The xenograft zebrafish tumor model is a valuable tool for 
studying tumor growth, metastasis and angiogenesis [8]. 
Some xenografted tumor cells proliferate in the seeded 
region, whereas other cells migrate into the vessel and dis-
seminate to distal areas. The Tg(flk:EGFP) zebrafish line 
with GFP-labeled vasculature has been used to monitor 
angiogenesis in tumor tissue. By using 3D imaging and 
time-lapse microscopy, researchers can visualize the intra-
vasation process (from tumor cells into blood vessels) and 
the extravasation process (from blood vessels into target 
tissues) in vivo [19].

The function of macrophages 
in cancer

Substantial research effort has been devoted to tumor immune 
surveillance to develop new therapeutic strategies for treat-
ing cancer. Compared with T or B lymphocytes, innate 
immune cells, particularly macrophages, are the major com-
ponent of the tumor immune microenvironment [20]. Tumor 
cells release signals that recruit tissue-resident macrophages 
and monocyte-derived macrophages. Macrophages exhibit 
either anti-tumor or pro-tumor characteristics depending on 
three factors: (i) tumor type, (ii) stage of tumor development 
and (iii) therapeutic regimen [5, 21]. However, the detailed 
mechanisms of macrophage involvement in tumorigene-
sis, metastasis and therapeutic resistance remain unclear. 
The innate immune systems in zebrafish and humans are 

Figure 1  Macrophage  development  in  humans  and  zebrafish. 
(A) Human macrophages  first originate  from  the yolk sac at Carn-
egie stage 11 (CS11) when primitive hematopoiesis occurs. Human 
macrophages are then derived from the aorta-gonad-mesonephros 
(AGM)  at  CS17  when  definitive  hematopoiesis  occurs.  Similarly, 
zebrafish macrophages originate from the primitive hematopoiesis in 
the rostral blood island (RBI) at 16 hours post-fertilization (hpf), then 
from definitive hematopoiesis in the AGM at 30 hpf.
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developmentally and functionally conserved, thus making 
zebrafish a powerful tool to study the interactions between 
cancer cells and macrophages [22, 23].

Macrophage recruitment

A high density of infiltrated macrophages is usually asso-
ciated with poor clinical outcomes for many solid tumors, 
although both positive and negative associations have been 
reported for tumors in the lungs, stomach, prostate and bone 
[24]. These conflicting data on the relationship between 
macrophage infiltration and tumor outcomes may be asso-
ciated with the type/stage of cancer evaluated. In agreement 
with human clinical research, zebrafish studies have indi-
cated that the recruitment of macrophages into tumor tissues 
is a crucial step in tumorigenesis.

Non-alcoholic fatty liver disease (NAFLD) is a clin-
ical problem associated with the progression of HCC. 
Macrophage-induced inflammation plays an essential role 
in the advancement of NAFLD to HCC. Several studies 
have suggested that NAFLD escalates abnormal lipid accu-
mulation and oxidative stress in hepatocytes, thus trigger-
ing liver inflammation and the progression to HCC [25]. 
Nevertheless, a proper in vivo model is required to uncover 
the specific mechanisms that regulate lipid metabolism 
and HCC pathogenesis. A zebrafish HCC model has been 
established from transgenic Tg(fabp10a:pt-β-cat) zebrafish 
expressing activated β-catenin driven by the hepatocyte-spe-
cific promoter fabp10a. Researchers have fed zebrafish lar-
vae a high-fat diet (HFD) from 2 to 12 dpf to investigate 
the relationship between lipid accumulation and HCC. The 
HFD induces macrophage infiltration and pro-inflamma-
tory polarization, thus enhancing HCC progression, and 
increasing the numbers of leukocytes and T cells in the liver. 
Metformin, a drug commonly used to treat diabetes, mark-
edly decreases HFD-enhanced macrophage recruitment and 
HCC progression [26].

Clinical data indicate that HCC occurs more frequently 
and aggressively in men than women [27], and macrophage 
infiltration has been suggested to explain this sex-specific 
difference in liver tumorigenesis. In the zebrafish HCC 
model with inducible expression of oncogenic Kras (G12V), 
hepatocytes secrete tumor growth factor β1 (TGfβ1), thereby 
recruiting macrophages [28]. Interestingly, cortisol, an adre-
nal hormone produced predominantly in males, increases 
TGfβ1 production. Subsequently, TGfβ1 recruits more mac-
rophages into the liver, thereby promoting hepatocyte car-
cinogenesis in male fish; this finding may explain the sex 
differences in HCC development in humans [29].

In very early stages of melanoma tumorigenesis, Hras-
transformed pre-neoplastic cells produce hydrogen peroxide, 
which recruits macrophages. Blocking hydrogen peroxide 
synthesis, either pharmacologically or through morpholi-
no-mediated knockdown of Duox, the enzyme responsible 
for hydrogen peroxide synthesis, has been found to decrease 
melanoma cell growth [30]. A glioblastoma zebrafish model 
has been created through neural cell overexpression of Akt, 
a commonly up-regulated gene in human glioblastoma. Live 
imaging has revealed that peripheral macrophages in the 

circulation are recruited into the brain parenchyma, where 
they become microglia [31]. Cxcl12 released from onco-
genic Akt-transformed neural cells interacts with Cxcr4 in 
macrophages. The mutation of Cxcr4 completely abrogates 
macrophage recruitment and pre-neoplastic cell prolifera-
tion. Chia et al. (2019) have used live imaging with a calcium 
transgenic reporter to discover that the glioblastoma cells 
activate calcium signaling and release ATP, which recruits 
macrophages by interacting with the P2y12  receptor [32]. 
Therefore, Cxcl12-Cxcr4 and ATP-P2y12 signaling direct 
macrophage infiltration into glioblastoma cells and promote 
oncogenic proliferation.

Macrophage infiltration also participates in breast can-
cer resistance against estrogen-receptor-targeting therapies. 
However, how estrogen-receptor-targeting reagents, such 
as the partial agonist tamoxifen and the pure antagonist ful-
vestrant, affect macrophage infiltration remains to be elu-
cidated. . Treatment with 17β-estradiol (E2 estrogen) in a 
breast cancer mouse model has increased extracellular Ccl2 
and Ccl5, which recruit macrophages to promote cancer 
growth [33]. In the zebrafish xenograft model, fulvestrant, 
but not tamoxifen, decreases macrophage infiltration in 
breast cancer and thus inhibits the dissemination of breast 
cancer into the peripheral tissues [34].

Macrophage activation

Generally, macrophages can be classified into two polar-
ization states according to their roles in inflammation: 
the classically activated M1 macrophages are pro-in-
flammatory, whereas the alternatively activated M2 mac-
rophages are anti-inflammatory [35]. During tumorigene-
sis, tumor-associated macrophages usually initially elicit 
a pro-inflammatory response, then progressively become 
more anti-inflammatory in later stages [36, 37]. This 
tumor initiation process partially mimics the wound-heal-
ing response, in which the dynamic behaviors of mac-
rophages have been revealed in zebrafish. Nguyen-Chi 
et al. (2015) have created Tg(mpeg1:mCherry;tnfa:GFP) 
zebrafish to label tumor necrosis factor-alpha (Tnfα)-
expressing macrophages as mCherry+GFP+ and Tnfα neg-
ative macrophages as mCherry+GFP- [38]. The purified 
Tnfα-positive macrophages up-regulate M1-like markers, 
such as Tnfα, Il1b and Il6, whereas Tnfα-negative mac-
rophages up-regulate M2-like markers, such as Tgfβ1, 
Ccr2 and Cxcr4b. This finding confirms that Tnfα-positive 
macrophages are inflammatory, whereas Tnfα-negative 
macrophages are anti-inflammatory. Fate tracing of mac-
rophages has demonstrated that wound and bacterial infec-
tion initially trigger the recruitment of inflammatory Tnfα+ 
macrophages. These M1-like macrophages later convert 
into M2-like phenotype, thus resolving inflammation and 
promoting tissue repair.

However, the balance between M1- and M2-like mac-
rophages is disrupted in tumors, thus resulting in continual 
inflammation and/or immune suppression. During tumor 
initiation, both M1- and M2-like macrophages are involved, 
on the basis of studies in orthotopic zebrafish tumor 
 models (Figure 2). In the zebrafish HCC model, recruited 
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macrophages up-regulate inflammatory genes, including 
Il1b, Il6 and Csf1. Macrophage depletion decreases pre-neo-
plastic cell proliferation and restores the liver size to normal 
[29]. In an Hras-induced zebrafish melanoma model, tumor 
cells recruit heterogeneous macrophages exhibiting M1 and 
M2 markers, thus promoting melanoma growth [39].

Metastasis often occurs early during tumorigenesis and 
is responsible for most mortality in cancer patients [40]. 
Macrophages at metastatic sites provide a supportive niche 
for metastatic tumor cells [41]. In line with human and mouse 
research findings, the zebrafish studies described above 
have revealed that M2 macrophages enhance tumor metas-
tasis. Human tumor cells grafted into zebrafish embryos 
partially mimic the metastatic tumor cells disseminated into 
distal organs, thus allowing the zebrafish xenograft model 
to be used in metastatic cancer studies. Povoa et al. (2021) 
have shown that the engraftment efficiency of patient tumor 
cells into zebrafish embryos negatively correlates with the 
abundance of M1-like macrophages infiltrated into tumors, 
and positively correlates with M2-like macrophages. When 
transplanting primary or metastatic colorectal cancer cells 
from the same patient into zebrafish embryos, metastatic can-
cer cells, compared with primary cancer cells, have higher 
engraftment efficiency and lower infiltration of M1-like 
macrophages. Macrophage depletion by L-clodronate, 
which explicitly targets macrophages and induces cell death, 
significantly increases the engraftment efficiency of primary 
cancer cells [42]. In tumor engraftment, clonal evolution has 
been revealed by single-cell transcriptome profiling: some 
clones shrink, some expand, and some maintain their orig-
inal size. Enrichment pathway analyses have indicated the 
induction of several inflammatory cytokines, such as Cx3cl1 
and Cxcl1, in the shrinking clones; these cytokines might 
function as chemoattractants for M1-like macrophages, thus 
leading to clonal clearance. In contrast, Il10 signaling, the 
classic immunosuppression pathway, is activated in expand-
ing clones and might be responsible for converting M1-like 

macrophages into M2-like macrophages that protect the 
tumor clones. On the basis of measurement of the number 
of tumor cells disseminated from the original seeding sites 
in the yolks of xenografted zebrafish, macrophages isolated 
from patients with metastatic but not non-metastatic tumors 
have been found to promote tumor cell dissemination [43]. 
In addition, metastasis is enhanced in differentiated M2 mac-
rophages obtained from bone marrow monocytes induced by 
IL4, IL10 and Tgfβ. However, the same effect has not been 
observed in M1-like macrophages induced by IFNγ and LPS.

The influence of macrophages on 
tumor cells
Zebrafish tumor-associated macrophages release pro-tumor 
growth factors and trophic signals that promote tumor cell 
growth and metastasis, similarly to those found in humans 
and mice. The macrophages secrete inflammatory fac-
tors, such as Tnfα, which promote tumor cell survival and 
tumorigenesis in zebrafish liver cancer models [29, 44]. 
Prostaglandin E2 (PGE2) is a potent trophic signal released 
by macrophages that promotes pro-neoplastic cell prolif-
eration by activating β-catenin [45, 46]. Feng et al. have 
identified that cyclooxygenase 2 (Cox2) is activated in 
macrophages, and promotes PGE2 secretion and melanoma 
growth. The non-steroidal anti-inflammatory drug aspirin 
blocks the Cox2-PGE2 pathway and inhibits melanoma 
growth [45].

Macrophages suppress T-cell-based immune responses 
against tumor growth. After the transplantation of an in vitro 
culture system comprising melanoma cells, macrophages 
and T cells into zebrafish embryos, Wu et al. have discov-
ered that IL33-treated macrophages protect melanoma cells 
against T-cell-mediated killing. IL33 increases the expres-
sion of metalloprotease 9 (MMP9) in macrophages. MMP9 
cleaves membrane-bound proteins in immune cells, such as 

Figure 2  Graphic model of how tumors and macrophages interact. To study macrophage function during tumorigenesis, tumor growth and 
metastasis, researchers have generated several zebrafish tumor models such as glioma, hepatocellular carcinoma (HCC), melanoma and 
tumor xenografts. Tumor cells secrete hydrogen peroxide, Cxcl12, ATP and Tgfβ, and subsequently recruit tissue-resident or peripheral mac-
rophages into tumor tissues. Furthermore, tumor cells secrete extracellular vesicles (EV), which educate, and lead to activation of, recruited 
macrophages. Depending on the tumor type and tumorigenic stage, macrophages differentiate into M1-like inflammatory or M2-like anti-in-
flammatory phenotypes. Macrophages transfer cytoplasm and secrete cytokines that support tumor cell growth and dissemination, promote 
angiogenesis and suppress immune responses.
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NKG2D in T cells and MHCI in melanoma cells, thereby 
blocking T-cell-mediated anti-tumor cytotoxicity [47].

Macrophages also produce proteases that impair the extra-
cellular matrix and stimulate angiogenesis, and consequently 
promote tumor progression. In addition to cleaving immune 
receptors, MMP-9 functions as a proteolytic enzyme that 
degrades the extracellular matrix [48]. By producing MMP-
9, macrophages facilitate the cleavage of extracellular matrix 
and facilitate tumor-cell dissemination from the primary 
tumor site [49]. Macrophages, but not neutrophils, enhance 
vascularization, which is dependent on the vascular endothe-
lial growth factor (VEGF) pathway, within xenografted tum-
ors. Time-lapse imaging has demonstrated that infiltrated 
macrophages are closely associated with the growing tips of 
blood vessels, thus driving vessel sprouting [50]. Xenografts 
of VEGFA-secreting tumors, but not VEGFA-low tumors, 
require macrophages for vascularization, thus indicating 
that macrophages enhance VEGF-driven angiogenesis. The 
M1-like macrophages, which promote blood vessel forma-
tion and angiogenesis during embryonic development and 
wound healing, may be involved in tumor angiogenesis [51, 
52]. Nevertheless, more evidence is necessary to support this 
hypothesis.

Dynamic interactions between 
 tumor cells and macrophages
The transparency and genetic tractability of zebrafish 
embryos enable the recording of dynamic interactions 
between fluorophore-labeled tumor cells and macrophages. 
Tumor cells activate macrophages through either direct cell-
cell contact or secreted extracellular vesicles (EVs). Through 
another route, macrophages directly transfer their cytoplasm 
into tumor cells and consequently promote metastasis.

Macrophages closely associate with melanoma cells for 
sustained periods [30]. Capturing of tumor EVs by mac-
rophages is crucial for macrophage activation. The dynamic 
routes of this process have been precisely documented 
after transplantation of fluorophore-labeled melanoma-de-
rived EVs into zebrafish. Scans with 3D transmission elec-
tron microscopy and time-lapse imaging have revealed 
the dynamic localization and internalization of EVs by 
patrolling macrophages at high spatiotemporal resolution. 
The macrophages in the blood vessel lumen extend broad 
protrusions that capture EVs, which are stored in the late 
endosome- lysosome. Tumor EVs activate macrophages, 
thereby inducing inflammatory cytokines and promoting 
melanoma metastasis [53].

After transplantation of melanoma cells into zebrafish 
embryos, the interaction between macrophages and tumor 

cells has been recorded through high-resolution live imag-
ing. Roh-Johnson et al. have used a Cre/LoxP-mediated 
GFP-expressing system wherein the transfer of macrophage 
cytoplasm, including Cre recombinase, results in a melanoma 
color switch from DsRed to GFP. With the Cre/LoxP sys-
tem as a readout, the observations have revealed that Tnfα-
negative M2-like macrophages are in contact with tumor 
cells for sustained time periods and transfer cytoplasm into 
tumor cells. The cytoplasmic transfer between macrophages 
and tumor cells is essential for tumor cell dissemination to 
distal regions [39].

Conclusion

The zebrafish genetic and tumor-cell-xenografted cancer 
models combined with macrophage-specific reporter mod-
els are valuable tools for studying the roles of macrophages 
in tumorigenesis, tumor growth and metastasis. Zebrafish 
models have revealed that tumor cells secrete signals that 
recruit tissue-resident or peripheral macrophages into tumor 
tissues. Depending on the tumor type and tumorigenic stage, 
macrophages are activated into M1-like inflammatory or 
M2-like anti-inflammatory phenotypes. Activated mac-
rophages in turn influence tumor cells by transferring cyto-
plasm and secreting cytokines, thereby supporting tumor 
growth and dissemination, promoting angiogenesis and sup-
pressing immune responses (Table 1).

Future perspectives

Although several zebrafish cancer models have been estab-
lished, zebrafish researchers must develop new models 
or optimize the existing models. For example, zebrafish 
leukemia models usually require a very long time (9–24 
months) to manifest a phenotype, thus posing challenges 
in the analysis of macrophage function [54]. Manipulating 
novel oncogenes in zebrafish or combining several models 
may aid in rapid development of severe phenotypes. M1 
macrophages are usually classified as anti-tumor, and M2 
macrophage are usually classified as pro-tumor. However, 
the classification of M1 or M2 macrophages is somewhat 
oversimplified, because studies have shown that TAMs are a 
heterogeneous population. Clarifying the TAM heterogene-
ity at the single-cell level and integrating such information 
into functional studies will be necessary in future research. 
Furthermore, single-cell studies would help identify novel 
macrophage biomarkers that could be used to generate 

Table 1  Interactions between tumors and macrophages

Tumor type  Tumor signal for 
recruiting macrophages

 Macrophage 
signal

 Effects on tumors  Zebrafish cancer 
model

 Refs.

Liver cancer   Tgfβ1   Tnfα   Tumorigenesis   Transgenic larvae   [28, 29, 44]

Melanoma   H2O2   Cox-PEG2, MMP9   Tumor growth, immune escape   Transgenic larvae   [30, 45–47]
Glioma   Cxcl12, ATP   N.A.   Tumor growth   Transgenic larvae   [31–32]
Breast cancer   Ccl2, Ccl5   VEGF   Enhanced vascularization   Xenografted embryo   [33, 50]
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reporters for labeling novel macrophage populations and dis-
covering their functions.
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