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Real-time imaging reveals a role for macrophage
protrusive motility in melanoma invasion
Gayathri Ramakrishnan1, Veronika Miskolci1, Miranda Hunter2, Morgan A. Giese1, Daniela Münch3, Yiran Hou1, Kevin W. Eliceiri4,5,
Michael R. Lasarev6, Richard M. White2,7, and Anna Huttenlocher1,8

Macrophages are primary cells of the innate immune system that mediate tumor progression. However, the motile behavior of
macrophages and interactions with tumor cells are not well understood. Here, we exploit the optical transparency of larval
zebrafish and perform real-time imaging of macrophage–melanoma interactions. We found that macrophages are highly
motile in the tumor microenvironment. Macrophages extend dynamic projections between tumor cells that precede invasive
melanoma migration. Modulating macrophage motility with a dominant inhibitory mutation in Rac2 inhibits recruitment to the
tumor and impairs tumor invasion. However, a hyperactivating mutation in Rac2 does not affect macrophage recruitment but
limits macrophage projections into the melanoma mass and reduces invasive melanoma cell migration. Taken together, these
findings reveal a role for Rac2-mediated macrophage protrusive motility in melanoma invasion.

Introduction
Tumor metastasis is a major cause of cancer-related deaths, and
yet the mechanisms that drive metastasis are incompletely un-
derstood (Dillekås et al., 2019). The role of innate immune cells
in promoting metastasis is becoming increasingly evident
(Kitamura et al., 2015; Gonzalez et al., 2018). Macrophages,
primary cells of the innate immune system, regulate different
steps of the metastatic cascade (Wyckoff et al., 2007; Goswami
et al., 2005; Linde et al., 2018). For example, previous studies
have shown that macrophages can guide tumor cells to the
vasculature and mediate tumor cell movement across the en-
dothelium (Arwert et al., 2018).

Macrophages are motile cells within interstitial tissues and
display a mesenchymal surveillance mode of migration in hu-
man, mouse, and larval zebrafish (Paterson and Lämmermann,
2022; Barros-Becker et al., 2017; Gui et al., 2018). Rho GTPase
signaling plays a critical role in regulating the dynamic actin
cytoskeleton of motile macrophages. Depletion of Rac2, a he-
matopoietic specific Rac GTPase, in larval zebrafish impairs
macrophage motility and recruitment to tissue damage
(Rosowski et al., 2016). Rac2 depletion also results in decreased

tumor burden and metastasis in mouse models (Joshi et al.,
2014).

However, the relationship between macrophage migration in
the tumor microenvironment (TME) and tumor invasion re-
mains unclear. This gap is, in part, because of the difficulty in
performing high-resolution imaging of the TME in situ. Larval
zebrafish are optically transparent and provide a powerful
model to image dynamic interactions between tumor cells and
macrophages in real-time in vivo. Melanoma is a highly ag-
gressive type of skin cancer, and zebrafish melanoma re-
capitulates many of the properties of human melanoma tumors,
including the ability to proliferate and invade (Heilmann et al.,
2015). Indeed, a recent report used zebrafish to show that the
anatomic position influences the transcriptional state of mela-
noma (Weiss et al., 2022). This progress highlights the ability of
zebrafish melanoma models to uncover new mechanisms of
disease progression. Macrophages have also been associated
with melanoma dissemination in larval zebrafish and have been
shown to transfer cytoplasm from macrophages to melanoma
cells (Roh-Johnson et al., 2017).
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Here, we sought to determine how macrophages influence
melanoma progression using live imaging. We used a previously
established hindbrain injection model (Roh-Johnson et al., 2017)
to evaluate the influence of macrophages on early melanoma
invasion. Using real-time imaging, we showed the dynamic
protrusive behavior and motility of macrophages within mela-
noma tumor cell masses. Depletion of macrophages abrogates
tumor invasion. Expression of a dominant inhibitory mutation
Rac2D57N in macrophages led to inhibition of macrophage re-
cruitment to the tumor and tumor invasion. Interestingly, hy-
peractivatingmutations of Rac2 inmacrophages impaired tumor
invasion and affected macrophage protrusive motility in the
tumor without altering recruitment. Together, these findings
suggest that macrophage protrusive motility in the TME impacts
melanoma early invasion in zebrafish.

Results and discussion
Macrophages preferentially accumulate near melanoma cells
To image interactions between innate immune cells and inva-
sivemelanoma cells, we used a previously establishedmelanoma
transplantationmodel in the larval zebrafish (Roh-Johnson et al.,
2017). In this model, zebrafish melanoma cells injected into the
hindbrain disseminate to distant sites by 3–4 days post injection
(dpi) (Xue et al., 2023). We transplanted 15–20 zebrafish mela-
noma (ZMel1) cells derived from mitfa−/−, mitfa:BRAFV600E,
p53−/− tumors (Heilmann et al., 2015) into the hindbrain ven-
tricle of 2 days post fertilization (dpf) larvae (Fig. 1 A). To
characterize the early events involved in tumor invasion, we
imaged and tracked the dynamics of the transplanted tumor
mass from 1 to 72 hours post injection (hpi). At 1 and 24 hpi, the
tumor cells formed a clustered mass. However, by 48 hpi, tumor
cells detached from the tumor mass and invaded into the sur-
rounding TME (Fig. 1 B). The number of invaded tumor cells
further increased by 72 hpi (Fig. 1 C). Quantification of the
morphology of the tumor mass showed a significant reduction in
the roundness of the mass by 48 hpi, suggesting remodeling of
the tumor mass. (Fig. 1 D). This decrease in tumor roundness
correlated with the onset of tumor cell invasion.

Both neutrophils and macrophages can promote tumor in-
vasion (Giese et al., 2019; Chen et al., 2019). We used zebrafish
with labeled neutrophils (LysC:BFP) and macrophages (mpeg1:
GFP) to characterize the recruitment dynamics of innate im-
mune cells over time (Fig. 1 B). At 1 hpi, there was the recruit-
ment of both neutrophils and macrophages. Over time,
macrophages had an increase in recruitment, while neutrophil
numbers decreased (Fig. 1 E). The increase in macrophage re-
cruitment correlated with increased tumor cell invasion. Using
time-lapse imaging, we found that neutrophils showed a tran-
sient presence around the tumor cells, while macrophages re-
mained highly motile in the TME after transplantation of
melanoma cells (Fig. S1, A and B).

To investigate if the limited recruitment of neutrophils is
specific to the larval zebrafish, we assessed the expression of
neutrophil and macrophage markers in a previously published
spatial transcriptomics dataset of transgenic BRAFV600E-driven
melanoma tumors in adult zebrafish (Fig. 1 F) (Hunter et al.,

2021). We found a significantly lower expression of the neu-
trophil gene mpx compared with the expression of macrophage-
specific gene mfap4 in the tumor area (Fig. 1, G–I), suggesting
that macrophages are also enriched in adult zebrafish melanoma
tumors.

Macrophages mediate the invasive migration of
melanoma cells
To characterize the role of macrophages in early melanoma in-
vasion, we performed live imaging of macrophage–melanoma
interactions following transplantation in the hindbrain. Long-
term time-lapse imaging of the tumor mass was performed by
acquiring images every 5 min for 12 h, beginning at 24 hpi.
Macrophages were highly motile around the tumor cells. Nota-
bly, macrophages migrated between tumor cells and extended
elongated protrusions into the mass (Video 1). 3D rendering
revealed macrophages infiltrating between tumor cells and
single tumor cells migrating away from the tumor mass (Fig. 2
A). Over time, macrophages extended elongated protrusions
between invading tumor cells before individual tumor cells
separated from the mass (Fig. 2 B). Furthermore, macrophages
extended longer protrusions while in contact with an invading
tumor cell compared with contacting other cells in the tumor
mass (Fig. 2 C). Using light sheet microscopy (LSM) and a
membrane-labeled macrophage line (mpeg:mCherry-CAAX), we
imaged interactions between tumor cells and macrophage pro-
jections. LSM was performed with image acquisition every
minute at 48 hpi for 2 h. This imaging further demonstrated that
macrophage protrusions extend between tumor cells during
tumor invasion (Fig. S1 C and Video 2).

Previous studies showed that the depletion of both macro-
phages and neutrophils in the zebrafish transplantation model
limited tumor cell dissemination (Roh-Johnson et al., 2017). To
identify a specific role for macrophages during tumor cell in-
vasive migration, we depleted macrophages using clodronate
liposomes. We injected either PBS or clodronate liposomes into
the caudal vein of 2 dpf (mpeg1:GFP) larvae 2 h prior to ZMel1
injections into the hindbrain (Fig. 2 D). We then imaged the
same larvae every 24 h (Fig. 2 E). Larvae that received clodronate
had significantly reducedmacrophages around the tumor cells at
24 and 48 hpi (Fig. 2 F). When we measured invasion at 48 hpi,
there was about a 10-fold reduction in the number of invaded
tumor cells in macrophage-depleted larvae compared with
control (Fig. 2 G). The tumor area was also significantly reduced
in the clodronate-treated larvae (Fig. 2 H). Accordingly, the tu-
mor mass was also significantly more rounded in clodronate-
treated larvae (Fig. 2 I). These data indicate that macrophages
remodel the tumor mass and promote early invasion of
melanoma cells.

Rac2 signaling is required for macrophage recruitment to the
TME and tumor invasion
To further study the effects of macrophage protrusions on
melanoma invasion, we modulated Rac2 signaling which regu-
lates F-actin assembly (Wheeler et al., 2006; Miskolci et al.,
2016). We have previously shown that Rac2 depletion results
in defects in macrophage migration to a wound (Rosowski et al.,
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Figure 1. Macrophages accumulate nearmelanoma cells. (A) Schematic showing the larval zebrafish melanoma model. Zmel1 cells were injected into 2 dpf
zebrafish larvae Tg(mpeg1:GFP, LysC:BFP) and imaged from 1 to 72 hours post injection (hpi). (B) Representative images of the melanoma tumor microenvi-
ronment (TME) from 1 to 72 hpi. Arrows indicate invaded tumor cells. The dotted circle indicates the region of immune cell quantification. (C) Quantification of
the number of invaded tumor cells over time. (D) Quantification of the roundness of the tumor mass over time. (E) Quantification of neutrophils and mac-
rophages within 50 µm distance from the periphery of the tumor cluster. n = 19 larvae from two independent experiments. Scale bar 20 µm. *P < 0.05, **P <
0.01, ***P < 0.001. (F) Image of zebrafish with BRAFV600E used for spatial transcriptomics in Hunter et al. (2021), Visium array spots color-coded to indicate the
tumor region. (G and H) The expression of mfap4 (macrophage marker) and mpx (neutrophil marker) projected over tissue space. (I) Quantification of spatial
gene expression in the tumor regions from three different tissue sections. Significance was calculated by Wilcoxon sum rank test.
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Figure 2. Macrophages mediate invasive migration of melanoma cells. (A) Representative stills from time-lapse imaging of tumor-macrophage inter-
actions between 24 and 36 hpi acquired every 5 min (Video 1). (B) Representative stills of tumor-macrophage interactions that precede tumor invasion.
(C) Quantification of length of macrophage protrusions during macrophage contact with invading tumor cell compared to macrophages that do not contact the
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2016). We hypothesized that perturbing Rac2 signaling in mac-
rophages would impair macrophage-mediated melanoma inva-
sion. Indeed, we found that global deletion of Rac2 impaired
melanoma invasion (Fig. S2, A and B).

To modulate Rac2 signaling specifically in leukocytes, we
expressed dominant inhibitory Rac2, Rac2D57N (Tg(coro1a:GFP-
rac2 D57N)psi92T), under the coro1a promoter, which is expressed
predominantly in neutrophils and macrophages (Li et al., 2012).
Since the neutrophil-specific expression of Rac2D57N did not
modulate tumor invasion (Fig. S1, A–C), the effects of Rac2D57N

using the coro1a promoter should be due to macrophage Rac
signaling. Expression of Rac2D57N in macrophages restricted
macrophages to the vasculature (Fig. 3 A) and impaired mac-
rophage recruitment to a tail transection wound (Fig. 3, B–D).
Macrophage expression of Rac2D57N also limited macrophage
recruitment to the melanomamass (Fig. 3, E and F). Accordingly,
we found that this reduction in macrophage recruitment cor-
related with a decrease in tumor invasion and increased tumor
roundness, suggesting impaired remodeling of the tumor mass
with altered macrophage Rac2 signaling (Fig. 3, G and H). There
was also a trend toward decreased tumor area (Fig. 3 I). These
findings further support a central role for macrophages and
macrophage Rac activation, specifically in regulating macro-
phagemotility and tumor invasion. Taken together, these results
suggest that macrophage motility in the TME is required for
early tumor invasion.

Hyperactivation of Rac2 alters macrophage morphology and
motility in the TME
We next sought to modulate macrophage-specific Rac2 signaling
by hyperactivating Rac2 signaling to test the hypothesis that
dysregulated Rac2 may alter macrophage motility in the TME
and tumor invasion. To do this, we expressed an activating
Rac2E62K mutation specifically in macrophages that has been
reported in patients with immune dysregulation (Hsu et al.,
2019). Previous studies have demonstrated that this disease-
associated mutation results in an increase in Rac2 activation
and hyperactivation of macrophages (Mishra et al., 2023). To
determine if Rac2E62K affects macrophage motility, we first as-
sessed macrophage migration to a wound. We performed caudal
fin tail transection at 3 dpf on larvae expressing mpeg1:mCherry-
2A-rac2WT or mpeg1:mCherry-2A-rac2E62K (Fig. S3 D). We found
that at 2 hours post wound (hpw), there was no difference in
macrophage recruitment to a wound or change in the mor-
phology of macrophages (Fig. S3, E and F).

We then assessed the effect of Rac2E62K expression on mac-
rophage recruitment to melanoma cells. Macrophage recruit-
ment was not altered in macrophages expressing Rac2E62K

(Fig. 4, A and B). While, the roundness of the tumor mass and

fold change of tumor area were not changed, we did observe a
significant reduction in the number of invaded tumor cells in
larvae expressing Rac2E62K in macrophages (Fig. 4, C–E). Fur-
thermore, macrophages exhibited a more rounded morphology
with fewer and shorter protrusions near tumor cells in the
Rac2E62K mutants (Fig. 4, F–I). These data indicate that expres-
sion of Rac2E62K mutation does not alter macrophage recruit-
ment but changes macrophage protrusive morphology that
could influence the interactions between macrophages and tu-
mor cells. Interestingly, this effect was important in the tumor
but not in the wound, suggesting distinct functions for macro-
phage Rac2 signaling at the wound and TME.

To determine if the dynamic activity of macrophages in the
TME was altered with Rac2E62K, we performed time-lapse
imaging at 48 hpi. Macrophages expressing Rac2E62K exhibited
a slower migration speed and migrated a shorter distance in the
2-h imaging window around the tumor cells (Fig. 4, J–L and
Video 3). Time-lapse movies also revealed that mutant macro-
phages extended shorter and fewer protrusions into the tumor
mass than wild-type macrophages that extended sustained
elongated protrusions into the tumor mass (Video 3). However,
we did not observe a significant difference in the number of
macrophages that made contact or the contact duration with the
tumor mass between wild-type and Rac2E62K macrophages
(Fig. 4, M and N). Our findings suggest that changes in macro-
phage behavior and the defects in protrusion formation with
expression of Rac2E62K is associated with defects, specifically in
tumor invasion. Taken together, these results suggest that reg-
ulated Rac2 signaling is necessary for the formation of elongated
macrophage protrusions that extend into the tumor mass and
promote tumor invasion.

Here, we take advantage of the live imaging capabilities of
larval zebrafish to visualize the migratory behavior of macro-
phages in response to tumor cells in an in vivo environment. We
found that melanoma invasion correlates with the presence of
macrophages but not neutrophils in the TME. Indeed, depletion
of macrophages, but not neutrophils, blocked tumor remodeling
and invasion. Our results are consistent with findings in breast
cancer that show early infiltration of macrophages into the
tumor disrupts E-cadherin junctions and modulates tumor
dissemination (Linde et al., 2018). In Drosophila embryos,
macrophages also penetrate developing tissues specifically
during cell division when there is a release of cell–cell adhesion
(Akhmanova et al., 2022). These studies suggest that macro-
phages have mechanisms to migrate between contacting cells,
and this behavior may weaken cell–cell adhesion and facilitate
tumor infiltration. Morphometric analyses in our study revealed
that the melanoma mass became elongated and remodeled over
time in response to macrophage infiltration. Macrophages likely

invading tumor cell. n = 5 larvae; 27 contact cells and 25 non-contact cells from three independent experiments. Quantifications were made in a single frame
prior to each invasion event. (D) Schematic of sequence of larvae injections. 2 dpf larvae were injected with L-PBS or L-Clodronate through the caudal vein
followed by ZMel1 injection into the hindbrain ventricle 2 h later. (E) Representative images from time course imaging of L-PBS or L-Clodronate injected larvae
from 1 to 48 hpi. (F) Quantification of macrophage recruitment at 24 and 48 hpi. (G) Quantification of the number of invaded tumor cells at 48 hpi.
(H) Quantification of fold change in 3D tumor area from 1 to 48 hpi. (I) Quantification of roundness of tumor cell cluster at 48 hpi. n = 30 larvae L-PBS, n = 28
larvae L-Clodronate from three independent experiments. Scale bar = 20 µm. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. Rac2 signaling in macrophages is required for macrophage recruitment to the TME and tumor invasion. (A) Representative images of
macrophages in the caudal hematopoietic tissue of 3 dpf wild-type larvae or Tg(coro1a:GFP-rac2 D57N)psi92T larvae. (B) Schematic of a 3 dpf larvae to highlight
the tail transection region (red line) and the quantification area for macrophage recruitment (between red and black line). (C) Representative images of the tail
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mediate single-cell tumor invasion by disrupting cadherin-
mediated cell–cell contacts, but other mechanisms are also possi-
ble. Secreted signaling factors, cytoplasmic transfer (Roh-Johnson
et al., 2017), or tunneling nanotubes between macrophages and
tumor cells may also play a role (Hanna et al., 2019).

Our findings demonstrate that macrophages that express
Rac2E62K have altered motility and projections into tumors but
not wounds. The defects in protrusion formation in macro-
phages in Rac2E62K could be due to impaired actin cycling (Hsu
et al., 2019). It is possible that other mechanisms contribute to
the effects of macrophage Rac2E62K on tumor cell behavior. For
example, macrophages expressing Rac2E62K have recently been
shown to exhibit an increased ability to phagocytose tumor cells
in vitro (Mishra et al., 2023). Although, we did not observe
hyperphagocytosis by Rac2E62K macrophages by live imaging,
more sensitive assays may be required to further evaluate this
phenotype. Taken together, our findings raise the interesting
possibility that motile macrophages in the TME provide a tumor
invasion–promoting role.

Previous studies using mouse models have shown that mac-
rophages and tumor cells exhibit a leader-follower type of in-
teraction where macrophages lead tumor invasion (Wyckoff
et al., 2007; Roussos et al., 2011). By utilizing high-resolution
live imaging methods, our study reveals a role for macro-
phage protrusions in promoting tumor invasion by infiltrat-
ing into the tumor and promoting tumor cell invasion from
the tumor mass. In in vitro spheroid models, both amoeboid
and mesenchymal modes of macrophage migration have been
implicated in infiltrating the tumor (Guiet et al., 2011). Our
study shows that elongated Rac2-mediated protrusions of
macrophages mediate early tumor infiltration. Our study adds
to the growing body of evidence for the tumor-promoting role
of macrophages and provides new insights into the potential
mechanism of these effects. This model could be further ex-
ploited to study the signaling mechanisms by which macro-
phages promote early invasive behavior of tumor cells. Future
studies should evaluate the relationship between macrophage
polarization phenotype and motility in the TME and tumor
invasion.

Materials and methods
Zebrafish lines and maintenance
Animal Care and Use protocol M005405-A02 was approved by
the University ofWisconsin-Madison College of Agricultural and
Life Sciences (CALS) Animal Care and Use Committee. Adult
zebrafish and larvae were maintained as previously described
(Barros-Becker et al., 2017). Larvae were maintained in E3
containing 0.2 mM N-phenylthiourea (PTU; Sigma-Aldrich)
beginning 24 h post fertilization to prevent pigment formation

in the larvae. Larvae were anesthetized in E3 water containing
0.2 mg/ml Tricaine (ethyl 3-aminobenzoate; Sigma-Aldrich)
prior to experimental procedures. The following fish lines pro-
vided in Table 1 were used for the study.

Generation of Tg(mpeg1:mCherry-2A-rac2E62K) transgenic line
mCherry-2A-rac2WT fragment was cut from the existing construct
(Deng et al., 2011) and inserted into pCRII TOPO vector via
BamHI and NotI restriction sites (New England Biolabs, NEB).
E62K (glutamic acid to lysine) mutation was generated by in-
troducing a G to A point mutation at nucleotide 184 in the ze-
brafish Rac2 gene by QuikChange II Site-Directed Mutagenesis
(Agilent kit) using primers 59-CAGTCTGTCATAATCTTTCTG
TCCGGCTGTATCCC-39 and 59-GGGATACAGCCGGACAGAAAG
ATTATGACAGACTG-39 (anti-sense).

Primers were designed using Agilent primer design tool at
https://www.agilent.com/store/primerDesignProgram.jsp. The
point mutation was confirmed by sequencing. mCherry-2A-
rac2E62K fragmentwas cut and inserted into Tol2-mpeg1 backbone
vector (Ellett et al., 2011) using BamHI and NotI restriction sites.
3 nl of a mixture containing 25 ng/μl plasmid DNA, 35 ng/μl
Transposase mRNA and 0.5X CutSmart Buffer (NEB) was mi-
croinjected into the cytoplasm of one-cell stage embryos. mRNA
was in vitro–transcribed using mMESSAGE mMACHINE SP6
(Ambion kit) from a pCS2-transposase vector. Larvae were
screened for mCherry expression in macrophages at 3 dpf and
grown up to establish a stable line. Founders were identified by
outcrossing to wild-type AB fish.

Generation of the Tg(coro1a:GFP-rac2D57N)psi92Tg

transgenic line
A DNA sequence 7.03 kb upstream of the zebrafish coro1a
translation start site was amplified by PCR as previously de-
scribed (Li et al., 2012) and cloned into the tol2kit p5E-MCS
vector (Kwan et al., 2007) using Gibson assembly (New Eng-
land Biolabs). A dominant-negative variant of zebrafish rac2
harboring a point mutation (D57N, [Deng et al., 2011]) was
cloned from a gBlock HiFi Gene Fragment (Integrated DNA
Technologies) containing coding DNA sequences for GFP and
rac2 D57N, separated by a viral P2A peptide (GFP-P2A-rac2
D57N). The GFP-P2A-rac2 D57N fragment was amplified using
primers with Gibson overhangs.

(59-GTATCGATAAGCTTGATATCGAATTCACCATGGTGTCCA
AGGGCGAGGA-39 and 59GTGGATCCCCCGGGCTGCAGGAATTTT
AGAGCATCACGCAGCCCT-39) and cloned into the tol2kit pME-
MCS vector (Kwan et al., 2007) linearized with EcoRI using
Gibson assembly. The final expression vector was assembled by
combining p5E-coro1a, pME-GFP-P2A-rac2 D57N, p3E-polyA
(Kwan et al., 2007), and pToneDest (Shin et al., 2016) using
Gateway LR Clonase II (Thermo Fisher Scientific). Tol1 mRNA

fin of wild-type or Rac2D57N larvae wounded and imaged 2 h post wound. (D) Quantification of macrophage recruitment to tail fin. n = 30 wild-type, n = 27
Rac2D57N from three independent replicates. (E) Representative images from time course imaging of wild-type or Rac2D57N larvae injected with Zmel1 GFP cells
from 1 hpi to 48 hpi. (F) Quantification of macrophage recruitment to tumor at 24 and 48 hpi. (G) Quantification of number of invaded tumor cells at 48 hpi.
(H) Quantification of tumor roundness at 48 hpi. (I) Quantification of fold change in tumor area from 1 to 48 hpi. n = 26 wild-type, n = 26 Rac2D57N from three
independent replicates. Scale bar = 20 µm. *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.
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Figure 4. Hyperactivation of Rac2 alters macrophage morphology and motility in the TME. (A) Representative images from the time course of larvae
expressing mpeg1:mCherry-2A-rac2WT, mpeg1:mCherry-2A-rac2E62K injected with ZMel1 cells at 2 dpf. (B) Quantification of macrophage recruitment to tumor
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was synthesized from pToneTP vector (Shin et al., 2016) using
mMessage T7 kit (Thermo Fisher Scientific). Both pToneDest
and pToneTP were gifts from Nathan Lawson (plasmids #67691
and #67692; Addgene).

Zebrafish one-cell stage embryos were injected with Tol1
mRNA (40 ng/μl) and expression vector (15 ng/μl) and screened
for GFP fluorescence at 2 dpf. Founders were identified based on
GFP expression in immune cells and outcrossed to wildtype fish
to generate stable F1 generations. Experiments were performed
on larvae obtained from the F3 generation.

Zebrafish melanoma cell line maintenance
We utilized ZMel1-GFP or ZMel1-tomato cell lines generated
from a primary zebrafish melanoma model expressing BRAF
V600E in a p53−/− background (Heilmann et al., 2015; Campbell
et al., 2021). ZMel1 cells were cultured in 10% FBS-DMEM +1%
Glutamax +1% penicillin-streptomycin on 10 µg/ml fibronectin-
coated plates in a sterile 28°C incubator. To harvest, cells were
washed with sterile PBS, harvested with trypsin, and then
counted with a hemocytometer.

ZMel1 hindbrain injection
We modified a previously established hindbrain injection
model of melanoma cells (Roh-Johnson et al., 2017). Briefly,
cells were harvested, washed in PBS, then resuspended in
HBSS media at a concentration of 80 million cells/ml. Cells
were then loaded into thin-walled glass capillary injection
needles. The needle was then calibrated to inject 1 nl volume
(15–20 cells). Anesthetized larvae were then placed on a 3%
agarose plate made with E3 and microinjected with ZMel1
cells with a time range set to “millisecond” and pressure set to
∼15 psi on the microinjector.

Macrophage depletion
Macrophage depletion was performed by injection of clodronate
or PBS liposomes (http://www.clodronateliposomes.com). At
2 dpf, anesthetized Tg(mpeg1:GFP) larvae were injected intrave-
nously via the posterior caudal vein with 1 nl liposome-
encapsulated clodronate (Rosowski et al., 2016) or PBS. After
2 h, liposome-injected larvae were injected with ZMel1 cells in
the hindbrain ventricle.

Zebrafish tail wounding
Dechorionated larvae 3 dpf larvae were tricaine-anesthetized
and transferred to milk-coated 35-mm petri dishes. Tail
wounding was performed in 0.2 mg/ml tricaine/E3 solution by
transecting the caudal tail fin distal to the notochord using a #10
scalpel blade. Larvae were then allowed to recover by placing
them in E3 without tricaine at 28.5°C until imaging.

Image acquisition
Invasion assay
To assess invasion at the injection site, larvae were anesthetized
andmounted in a zWEDGI device (Huemer et al., 2017) such that
the dorsal side was close to the objective of the microscope and
the hindbrain was fully visible. Z-series images (3.45 µm) of the
hindbrain were acquired on a spinning disk confocal microscope
(CSU-X; Yokogawa) with a confocal scan head on a Zeiss Ob-
server Z.1 inverted microscope, Plan-Apochromat NA 0.8/20×
objective, and a Photometrics Evolve EMCCD camera. Between
imaging sessions, larvae were kept in E3 with PTU in individual
24-well plates. Individual larvae were followed throughout the
time course. Images of larvae in the figures represent a 3D
rendering of the images generated on Imaris 10.0.

Zebrafish tail wounding
To image zebrafish tail fin wounds, larvae were mounted on a
zWEDGI device. Z-series images (3.45 µm) were acquired on
a spinning disk confocal microscope (CSU-X; Yokogawa) with a
confocal scan head on a Zeiss Observer Z.1 inverted microscope,
Plan-Apochromat NA 0.8/20× objective, and a Photometrics
Evolve EMCCD camera.

Time-lapse imaging
To characterize macrophage behavior around tumor cells, time-
lapse imaging was performed at 24 hpi (Fig. 3) or 48 hpi (Fig. 4).
Larvae were loaded on a zWEDGI device and embedded with
1.5% low melting agarose (Thermo Fisher Scientific). Agarose
was allowed to solidify and Tricaine/E3-PTU solution was then
added to the device. All time-lapse movies were acquired on a

cells at 24 and 48 hpi. (C) Quantification of the number of invaded tumor cells at 48 hpi. (D) Quantification of roundness of tumor cell cluster at 48 hpi.
(E) Quantification of fold change in tumor area from 1 to 48 hpi. Rac2WT (n = 28 larvae), Rac2E62K (n = 23 larvae) from three independent experiments.
(F) Zoom-in images of macrophages highlighting protrusions into the tumor mass in Rac2WT and Rac2E62K-expressing larvae. (G–I)Quantification of circularity,
length of protrusions and number of protrusions for macrophages at 48 hpi. Number of cells: Rac2WT = 161 cells, Rac2E62K = 145 cells. (J) Representative images
from time-lapse imaging of tumor-macrophage interactions at 48 hpi (Video 3). Tracks indicate macrophage motility around the tumor cells color-coded by
instantaneous speed. (K) Quantification of average track mean speed of macrophages from each larva. (L) Quantification of average track length from
macrophages in each larva. (M) Quantification of the number of macrophages that interact with the tumor mass in the time course. (N) Quantification of
duration of contact of macrophages with the tumor mass in the time course. Rac2WT (n = 5 larvae; 12 cells), Rac2E62K (n = 7 larvae, 21 cells) from three in-
dependent experiments. Scale bar = 20 µm. *P < 0.05, **P < 0.01, ***P < 0.001.

Table 1. Zebrafish lines

Tg(mpeg1:GFP) Ellett et al. (2011)

Tg(mpeg1:mCherry) Ellett et al. (2011)

Tg(mpeg:mCherry-CAAX) Bojarczuk et al. (2016)

Tg(mpx:mCherry-2A-rac2D57N) Deng et al. (2011)

Tg(coro1a:GFP-rac2 D57N)psi92T This paper

Tg(mpeg1:mCherry-2A-rac2WT) Rosowski et al. (2016)

Tg(mpeg1:mCherry-2A-rac2E62K) This paper

Tg(LysC:BFP) Rosowski et al. (2018)

Tg(mpeg1:GFP- histone2b) Miskolci et al. (2019)
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spinning disk confocal microscope (CSU-X; Yokogawa) with a
confocal scan head on a Zeiss Observer Z.1 inverted microscope,
Plan-Apochromat NA 0.8/20× objective, and a Photometrics
Evolve EMCCD camera. To characterize interactions between
macrophages and tumor cells prior to invasion (Fig. 2), 12-h
time-lapse imaging was acquired every 5 min starting at 24
hpi. To quantify macrophage motility parameters, time-lapse
movies were performed at 24 and 48 hpi for 2 h acquired ev-
ery 3 min. Multi time-lapse images were acquired using Zen
software (Zeiss).

Light sheet microscopy
To prepare the sample for imaging, an FEP tube with an inner
diameter of 0.8 mm and an outer diameter of 1.2 mm was
cleaned as described (Weber et al., 2021). 1.2% and 2% low
melting point (LMP) agarose stocks were preheated to 75°C and
then cooled down to 37°C. Tricaine methanesulfonate (MS222)
stock solution was added to 1.2% LMP agarose to reach a final
concentration of 200 mg/l. Zebrafish embryos were anesthe-
tized in 1×E3 with MS222 at 200 mg/l and mounted with 1.2%
LMP agarose inside cleaned FEP tubes. The ends of the tubes
were sealed with 2% LMP agarose plugs. FEP tubes with
mounted zebrafish embryos were kept in 1×E3 with MS222
before imaging. Sample tubes were loaded onto the sample
holder and submerged into the sample chamber containing 1×E3
with MS222 heated up to 28°. Samples were imaged with 32×
objective. Images were acquired every minute for 2 h. Z-stack
data sets were acquired on a PCO Panda 4.2 M camera system
running at 40 frames per second (FPS). Each image is 2,040 ×
2,048 pixels at 16-bit pixel depth. Image acquisition is syn-
chronized with a hardware transistor-transistor logic (TTL)
triggering signal between the camera, stages, and laser engine
system. Stage xyz motion is controlled by a PI 884-C controller
and M110 stages. The laser engine is a Toptica CLE capable of
running at 640 nm 50 mW, 561 nm 40mW, 488 nm 50mW, and
405 nm 40 mW.

Image processing
Following acquisition, images were corrected for background
signal and analyzed using FIJI or Imaris 10.0 as indicated
(Schindelin et al., 2012). Supplemental videos were processed
and generated on Imaris and edited using Premier Pro.

Quantifications
Invaded ZMel1 cells and immune cell recruitment to ZMel1
Images acquired at 1, 24, and 48 hpi were 3D rendered on
Imaris 10.0. Invaded tumor cells were quantified as cells
that were fully separated from the injected tumor cell mass
at 48 hpi. For neutrophil and macrophage recruitment,
larvae expressing both mpeg1:GFP and lysC:BFP were used
and cells present at 50 µm from the injected tumor mass
were quantified.

ZMel1 area
Fold change in tumor area was quantified on Imaris 10.0. Sur-
face function was used to create 3D surfaces on tumor regions
using the fluorescent signal with background subtraction. The

total area of the tumor cells from each larva was obtained. Fold
change in area from 1 to 48 hpi was then calculated and plotted.

ZMel1 cell mass and macrophage morphology
Morphology analysis was performed in Fiji (Weber et al., 2021).
To calculate tumor roundness, images were z-projected and a
tumor fluorescent signal was used to threshold. Using the wand
tool, only the tumor mass region was selected and roundness
(roundness = 4 × area/π × major axis2) was measured. Similarly,
to calculate the circularity of macrophages which indicates cell
spread, images were first z-projected. A macrophage fluorescent
signal was then used to the threshold and a wand tool was used
to select macrophages within 30-µm distance from the tumor
mass to measure circularity (circularity = 4 π[area/perimeter2]).
To quantify macrophage protrusions number and length, images
were 3D rendered on Imaris 10.0 software. The number of
protrusions were measured by counting the number of ex-
tensions from the cell body. The length of protrusions was cal-
culated by manually drawing a line from the cell body to the end
of the extensions. To quantify macrophage protrusion length
from LSM images, individual channel images from macrophage
and tumor cell channels were first merged on FIJI. Merged im-
ages were then opened on Imaris 10.0 and protrusion length was
quantified by manually drawing a line from the cell body to the
end of the extensions.

Cell tracking
To track macrophage motility parameters, time-lapse images
were loaded on Imaris 10.0. Spot function was used to track
macrophages where spot size was defined as 6.5 µm diameter.
Tracks were synthesized by manually tracking the cells through
the duration of the time-lapse. Measurements such as track
mean speed and track length were then obtained and plotted
as average for each larva. Macrophages that interact with the
tumor cluster were tracked for mpeg1:mCherry-2A-rac2E62K

experiments.

Macrophage recruitment to wound
Macrophage recruitment 2 h after wound was quantified by
counting cells in the caudal fin tissue area distal to the caudal
vein loop using macrophage fluorescent signal using FIJI
(Miskolci et al., 2019).

Reanalysis of zebrafishmelanoma spatial transcriptomics data
Zebrafish melanoma spatially resolved transcriptomics data
from [PMID: 34725363] was analyzed as previously described
(Hunter et al., 2021). All analysis was done in R (version 4.3.1)
using Seurat [PMID: 37231261] (versions 4.4.0 and 5.3.1) (Hao
et al., 2024). Briefly, raw counts were normalized using
SCTransform [PMID: 31870423] (Hafemeister and Satija, 2019).
The three biological samples were integrated using the Seurat
workflow for integration of SCTransform-normalized data. PCA
and UMAP dimensionality reduction were calculated using de-
fault parameters and cell type annotations were done using
expression of typical marker genes. Spatial gene expression was
plotted using the Seurat function SpatialPlot applied to the
normalized counts. The Wilcoxon rank sum test was used to
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calculate differences in tumor expression between genes. The
complete dataset is available from GEO (accession number
GSE159709).

Statistical analysis
All graphs were plotted on Graphpad (Prism). Different
colored data points represent replicates, defined as clutches
of larvae spawned on different days. All statistical analyses
were performed in collaboration with a statistician. Count
phenomenon (number of protrusions, invasion, macro-
phages/neutrophils recruited, infiltrating tracks) were
analyzed using Poisson regression with cluster-robust
standard errors to account for subsampling (larvae from the
same clutch, macrophages within larvae). If count data ex-
hibited greater variation than predicted from a Poisson
distribution, then quasi-likelihood was used to fit the
(Poisson) regression models with standard errors inflated by
an estimated multiplicative factor (>1) of dispersion. Con-
tinuous outcomes (circularity, area, roundness, and motil-
ity) were analyzed using linear models with cluster-robust
standard errors. Responses such as area fold change were
log-transformed prior to fitting the linear model. Experi-
mental results for the time course experiment were fit using
mixed-effect models (for the Poisson or Gaussian family,
depending on whether the response was a discrete count or
continuous) to account for repeated measures over time on
the same unit. Half-normal plots with a simulated envelope
and plots of residuals versus fitted values were used to check
the adequacy of fitted models.

Online supplemental material
Fig. S1 shows the early interactions between neutrophils, mac-
rophages, and tumor cells. Light sheet microscopy was used to
image dynamic interactions between macrophage protrusions
and tumor cells during invasion. Fig. S2 shows the impact of the
global depletion of Rac2 on tumor invasion. Fig. S3 is a charac-
terization of the role of neutrophils in tumor invasion by in-
hibiting neutrophil recruitment to the tumor by expressing the
dominant inhibitory mutation Rac2D57N. Fig. S3 also shows
macrophage recruitment to a tissue wound with expression of
the dominant activating Rac2E62K mutation in macrophages.
Video 1 shows imaging macrophage motility in the tumor mi-
croenvironment. Video 2 shows LSM imaging of macrophage
motility and tumor invasion. Video 3 shows the effect of
Rac2E62K on macrophage motility in the TME.

Data availability
All relevant data are included in the manuscript.
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Supplemental material

Figure S1. Macrophages accumulate and extend protrusions into the tumor mass correlated with tumor invasion. (A) Representative stills from time-
lapse imaging of ZMel1 transplanted larvae from 1 to 6 hpi. (B) Quantification of neutrophils and macrophages every hour from 1 to 6 hpi indicated by average
values at each time point. n = 4 larvae. (C) Representative z-projected stills from LSM imaging of tumor-macrophage interactions at 48 hpi imaged every
minute. Lines indicate macrophage protrusions and invading tumor cells (n = 4). (D) Quantification of protrusion length of macrophages when in contact with
invading tumor versus not in contact from light sheet microscopy (n = 3, from two independent experiments).
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Figure S2. Depletion of Rac2 inhibits tumor invasion. (A) Representative stills from time course imaging of ZMel1 cells after transplantation in rac2+/+ or
rac2−/− larvae. (B) Quantification of number of invaded tumor cells in rac2+/+ (n = 18 larvae), rac2−/− (n = 23 larvae) and rac2+/− (n = 37 larvae) from three
independent replicates. *P < 0.05, **P < 0.01. Scale bar = 20 µm.
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Video 1. Imaging macrophage motility in the tumor microenvironment. Time-lapse movie acquired every 5 min for 12 h from 24 hpi of ZMel1 cells in
mpeg1:GFP line. n = 5 larvae. Video was generated on Imaris 10.0. Frame rate: 5 fps. Scale = 10 µm.

Video 2. LSM imaging of macrophage motility and tumor invasion. Time-lapse movie acquired every minute for 2 h at 48 hpi of ZMel1 cells in mpeg1:
mcherry-caax line. Video was generated on Imaris 10.0 and processed on Premier Pro. Frame rate: 5 fps. Scale = 10 µm.

Figure S3. Effects of Rac2 on tumor invasion and macrophage motility at wounds. (A) Representative stills from time course images of wild-type larvae
or larvae expressing mpx:mCherry-2A-rac2D57N injected with ZMel1 cells at 2 dpf. (B) Quantification of the number of invaded tumor cells at 48 hpi.
(C) Quantification of macrophage recruitment at 24 and 48 hpi. wild-type (n = 18 larvae), mpx:mCherry-2A-rac2D57N (n = 20 larvae). Scale bar = 20 µm.
(D) Representative stills of mpeg1:mCherry-2A-rac2WT or mpeg1:mCherry-2A-rac2E62K expressing larvae at 2 h post wound (hpw), tail transected at 3
dpf. (E)Quantification of macrophage recruitment to wound at 2 hpw. (F)Quantification of circularity of macrophages at the wound.mpeg1:mCherry-2A-rac2WT

(n = 21 larvae, 219 cells), mpeg1:mCherry-2A-rac2E62K (n = 22 larvae, 207 cells) from two independent experiments. *P < 0.05, **P < 0.01.
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Video 3. Effect of Rac2E62K on macrophage motility in the TME. Larvae expressing mpeg1:mCherry-2A-rac2WT or mpeg1:mCherry-2A-rac2E62K were injected
with ZMel1 cells at 2 dpf and time-lapse imaging was performed at 48 hpi. Images were acquired every 3 min for 2 h. Macrophages that interact with the tumor
mass were tracked and color-coded by instantaneous speed of macrophages. Videos were generated on Imaris 10.0 and processed on premier pro. Rac2WT (n =
5 larvae), Rac2E62K (n = 7 larvae) from three independent replicates. Frame rate: 5 fps. Scale bar = 10 µm.
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