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Summary

The ability to directly observe leukocyte behavior in vivo has dramatically expanded our 

understanding of the immune system. Zebrafish are particularly amenable to the high-resolution 

imaging of leukocytes during both homeostasis and inflammation. Due to its natural transparency, 

intravital imaging in zebrafish does not require any surgical manipulation. As a result, zebrafish 

are particularly well-suited for the long-term imaging required to observe the temporal and spatial 

events during the onset and resolution of inflammation. Here, we review major insights about 

neutrophil and macrophage function gained from real time imaging of zebrafish. We discuss 

neutrophil reverse migration, the process whereby neutrophils leave sites of tissue damage and 

resolve local inflammation. Further, we discuss the current tools available for investigating 

immune function in zebrafish and how future studies that simultaneously image multiple leukocyte 

subsets can be used to further dissect mechanisms that regulate both the onset and resolution of 

inflammation.
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Introduction

Innate immune inflammation is critical for host defense and tissue repair. In response to 

injury both neutrophils and macrophages are rapidly recruited to interstitial sites of tissue 

damage where they clear away cellular debris.1–3 Live imaging in situ has been instrumental 

in advancing our understanding of the initial events that mediate leukocyte recruitment 

and the onset of inflammation. However, less is known about the mechanisms governing 

the resolution of inflammation needed to restore tissue homeostasis. Addressing this gap 

is particularly important due to the contribution of uncontrolled inflammation to tissue 

Correspondence: Anna Huttenlocher, MD, Department of Pediatrics, University of Wisconsin-Madison, Madison, WI. 
Huttenlocher@WISC.edu. 

Conflict of Interest
The authors declare no conflict of interest with this review

HHS Public Access
Author manuscript
Immunol Rev. Author manuscript; available in PMC 2023 March 01.

Published in final edited form as:
Immunol Rev. 2022 March ; 306(1): 258–270. doi:10.1111/imr.13061.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



damage and disease. Herein, we discuss how live imaging of inflammation has uncovered 

fundamental new information about how inflammation starts and stops. We also discuss the 

importance of using transparent model organisms like zebrafish to observe the temporal and 

spatial dynamics of cell behavior in the tissue microenvironment in normal and diseased 

tissues after injury.

The field of cellular immunology was enabled by the in vivo observation of leukocytes. 

Long before the development of fluorescent probes, 19th century investigators uncovered 

fundamental immunological processes by imaging either extremely thin or naturally 

transparent samples and organisms. Julius Cohnheim detailed the leukocyte diapedesis 

cascade through blood vessels by imaging frog tongues stretched taut over pieces of 

corkboard.4 Élie Metchnikoff, often credited as the “father of cellular immunology”, 

made his seminal discoveries on chemotaxis and phagocytosis using optically transparent 

organisms amenable to live imaging. He observed the phagocytosis of dead cellular material 

in developing tadpoles5, the phagocytosis of fungi in water fleas6, and phagocytosis of 

foreign material in starfish larvae, which he described “as transparent as water”.7,8

In recent decades, the zebrafish (danio rerio) has emerged as a popular model organism 

across multiple disciplines for in vivo observation of biological processes.9,10 Zebrafish 

possess the same attributes that facilitated Metchnikoff’s early discoveries – optical 

transparency and external fertilization. Even in the absence of any fluorescent cell lineage 

markers, leukocytes are readily detectable in the blood and crawling through tissues by 

simple light microscopy in zebrafish. For example, the migration of macrophages to form 

a granuloma in response to mycobacterial infection in zebrafish was first demonstrated 

using light microscopy.11 However, it is difficult to distinguish different leukocyte subsets or 

perform long-term cell fate mapping by simple light microscopy. Thus, new insights about 

leukocyte function have largely relied on the use of transgenic animals with fluorescent 

protein expression restricted to the leukocyte subpopulation of interest.

Neutrophil reverse migration – an unexpected insight from zebrafish

To understand the behavior of neutrophils in tissues required the neutrophil-specific 

expression of fluorescent markers. The first neutrophil labeled lines (tg(zMPO:GFP)) were 

simultaneously generated in our lab and the Renshaw lab in 2006.12,13 Shortly thereafter, the 

lysozyme C (LyzC) promoter was also used to label neutrophils.14,15 The transparency of 

zebrafish larvae enabled the high-resolution imaging of the dynamic behavior of neutrophils 

within tissues in response to injury in an intact organism, for the first time. The robust 

recruitment of neutrophils shortly after injury of the tailfin was visualized using real 

time imaging. These findings were consistent with the early work done by Metchnikoff 

showing the robust recruitment of “phagocytes” (macrophage-like cells) to injury or foreign 

objects, and more recent work by Herbomel and colleagues imaging macrophage behavior 

in zebrafish.16 Metchnikoff had also described the restitution of tissues after injury in 

transparent organisms, and found that phagocytes “perish” and are “englobed” by other 

phagocytes in the days after the injury8.
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By tracking the fate of fluorescent neutrophils over time during resolution of damage in 

zebrafish, our lab made a surprising discovery. Traditional dogma was that neutrophils, after 

entering sites of injury, undergo apoptosis and are subsequently cleared by macrophages 

to resolve local inflammation. What we observed was something completely different: 

neutrophils leave sites of tissue damage and migrate back into the vasculature to resolve the 

local inflammatory response.12 These studies showed that neutrophils can resolve a local 

response by “reverse migration” and their subsequent reverse transendothelial migration 

into the vasculature17, with minimal if any neutrophil apoptosis in these tissues. While 

this observation was unexpected, it did corroborate earlier work that had demonstrated in a 

rodent model of glomerulonephritis that the majority of invading neutrophils do not undergo 

apoptosis in the tissues and their loss from tissues was postulated to be due their re-entering 

the circulation.18

It is important to note that it took over a decade for the reverse migration of neutrophils 

to be directly demonstrated in mice using photoconversion for cell fate tracking.19 As 

Metchnikoff said so elegantly in 1893: simple model organisms use “infinitely simpler and 

more primitive conditions than those in man and vertebrata” and this “really furnishes the 

key to the comprehension of the complex pathological phenomena which are of special 

interest in medical science”.8 Neutrophil reverse migration and their reverse transendothelial 

migration into the circulation has now been extensively documented by both our lab and 

other labs in zebrafish and mice alike.19–25 Furthermore, human neutrophils undergo reverse 

migration through endothelial layers in vitro.26

This observation of reverse migration prompted an immediate question: what do neutrophils 

do upon exiting the tissue? To specifically track reverse migrated neutrophils, our lab used 

transgenic zebrafish expressing the photoconvertible Dendra2 fluorophore under the mpx 
promoter. We found that, after reverse transendothelial migration back into the vasculature, 

wound-sensitized neutrophils dispersed into peripheral tissues and also travelled back to the 

caudal hematopoietic tissue.17 In rodent models, reverse migrated neutrophils were found 

to travel to the lung and ultimately ended up in the bone marrow.19 Neutrophils have been 

described to deliver pathogen-derived peptides for the priming of bone marrow CD8+ T 

cells.19,24 Indeed, additional studies in mouse models have shown that the reverse migration 

of neutrophils from sterile liver injury19 and the reverse transmigration of neutrophils 

into the circulation25 can contribute to the development of systemic inflammation. For 

example, with increased vascular permeability, after exiting the circulation neutrophils 

remain associated with the endothelial layer and rapidly undergo abluminal-to-luminal 

reverse transendothelial migration (rTEM), in the absence of interstitial reverse migration. 

This rapid, reverse transendothelial migration occurs in response to disrupted chemokine 

gradients following excessive inflammation-induced vascular permeability and is associated 

with systemic dissemination of neutrophils.27 Thus, neutrophil reverse migration and rTEM 

appears to not just function as a strategy for resolving local tissue inflammation, but also as 

a mechanism for activating the other arms of the immune response.
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What regulates neutrophil reverse migration?

Several recent reports have addressed the signals that mediate neutrophil reverse migration. 

Similar to neutrophils, macrophages infiltrate peripheral tissues in response to damage and 

infection, albeit with slightly delayed kinetics.23 By simultaneously imaging neutrophils and 

macrophages following sterile tail transection, we were able to determine that macrophages 

characteristically interacted with neutrophils at the wound immediately prior to reverse 

migration.23 In the absence of macrophages, neutrophils lingered at wound edge for 

significantly longer and exhibited altered migratory phenotypes.23 These findings are 

consistent with the recently reported cloaking behavior of macrophages that prevents 

neutrophil-mediated inflammatory damage in rodent models.28 While these data identified 

macrophages as being a regulator of neutrophils, neutrophils can still reverse migrate 

in the absence of macrophages, pointing towards macrophage-independent mechanisms 

that mediate neutrophil reverse migration.23 One way in which macrophages influence 

neutrophil reverse migration is through PGE2 production29, but other soluble factors 

are likely to be involved. Along these lines, we investigated the role of IL-8 and the 

IL-8 receptors, Cxcr1 and Cxcr2, in neutrophil forward and reverse migration following 

wounding. Cxcr1 (functional equivalent of human Cxcr2) and zebrafish Cxcr2 (functional 

equivalent of human Cxcr1), are known to regulate the in vivo motility of neutrophils.30–32 

Interestingly, while IL-8a signaling through Cxcr1 mediated neutrophil recruitment to sterile 

transection injuries, IL-8b signaling through Cxcr2 promoted chemokinesis and reverse 

migration.33,34 Cxcr1 is promptly internalized in recruited neutrophils, which prevents 

excessive congregation at wound sites.34 However, Cxcr2 plasma membrane localization and 

signaling is highly sustained in responding neutrophils, which promotes eventual neutrophil 

dispersal from wound sites.34 Cumulatively, these results indicate there are multiple distinct 

pathways that drive neutrophil reverse migration and promote resolution of inflammation.

Advances in the tools used for imaging inflammation in Zebrafish

Imaging methods have advanced dramatically in recent years, and optically transparent 

organisms are no longer required for intravital imaging. Multi-photon imaging approaches 

have permitted exquisite in vivo observation of leukocyte recruitment in rodents and other 

organisms that would be otherwise poorly suited for in vivo imaging.35 However, the spatial 

resolution possible in vertebrate systems like mice is limited by the normal opacification 

of the tissues, especially the skin. In addition, these models are generally not amenable 

to long term imaging in situ. There is therefore a gap in understanding how tissue repair 

normally evolves over days, as this process requires longer term imaging, which is not 

feasible in rodent models. A recent focus of our lab has been investigating the inflammatory 

and tissue response to different types of injuries, including thermal injury and infection over 

the timescale of days after the initial insult.36 Additionally, live imaging of the extracellular 

matrix has enabled us to observe remodeling of collagen fibers over 10 hours after injury.37 

Continual advances in live imaging, such as these, demonstrate the benefit of using zebrafish 

to model temporal and spatial tissue dynamics after injury.

The ease of intravital imaging in the larval zebrafish is due, in part, to the absence of 

pigmentation early in development. Wild-type zebrafish become increasingly pigmented as 
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they develop their namesake stripes, but specimens remain highly amenable to imaging in 

the embryonic and larval stages. For investigators interested in imaging beyond the earliest 

developmental time points, mutant zebrafish lines with defective pigmentation have been 

described. Zebrafish possess three distinct classes of pigment cells – black melanophores, 

reflective iridophores, and yellow xanthophores.38 Nacre zebrafish have mutations in the 

mitfa gene that disrupts melanphore formation39, while roy orbison mutants lack reflective 

iridophores due to mutations in the mpv17 gene.40 In 2008, the Zon lab reported that 

crossing the nacre and roy orbison mutants results in fish that maintain optical transparency 

throughout development and into adulthood, which they termed casper.41 Casper mutants 

have been widely used since for intravital imaging in larval, juvenile, and adult fish.

As a model to facilitate the live imaging of leukocytes, optical transparency and external 

fertilization are the most noteworthy traits of zebrafish. However, the ease and accessibility 

of genetic manipulation also contribute to the usefulness of zebrafish as a model organism. 

Approximately 70% of human genes have at least one obvious orthologue in the zebrafish.42 

Due to their high fecundity, zebrafish are amenable to high-throughput mutagenesis 

and forward genetic screens for investigating protein-coding gene function43,44 and the 

development of mutants that recapitulate clinical hallmarks of human disease.45 Both 

TALEN and CRISPR/Cas9 technologies have been used extensively to disrupt gene function 

in zebrafish.46,47 For investigations at the larval stage, genes of interest can be depleted 

by morpholino injection or transient CRISPR or “crispants”.48 More recently, CRISPR/

Cas9 technology has been used to make zebrafish knockouts specifically in neutrophils 

or macrophages by driving Cas9 expression with tissue-specific promoters.15,49 While this 

technology is still relatively new, it is poised to facilitate the development of cell type 

specific knockouts across a wide variety of leukocyte subpopulations.

One of the challenges in the field is to understand how multicellular immune cell 

interactions form. Resolution of inflammation is critically dependent on these types of 

heterotypic intercellular interactions between leukocytes. As discussed above, macrophage 

interactions with neutrophils play a role in prompting reverse migration.23 To properly 

investigate the resolution of inflammation thus requires the ability to simultaneously image 

multiple distinct cell populations. New transgenic zebrafish lines have been developed in 

the past decade to facilitate this type of investigation. The mpeg1 and mfap4 promoters 

specifically label macrophages but not neutrophils in the zebrafish system.50,51 Using 

double transgenic zebrafish to simultaneously image neutrophils and macrophages has 

become standard practice for determining their unique contributions and interactions during 

wound healing and cancer.52–55 While there has been substantial focus on neutrophil and 

macrophage migration and function, transgenic zebrafish lines exist for the visualization 

of other leukocyte populations. The Lck promoter has been used to label and visualize 

bulk T cell populations in vivo56,57, and fluorescent expression under the CD4.1 or 

Foxp3 promoters allows for the visualization of helper or regulatory T cell subsets, 

respectively.58,59 Some laboratories have used weak GFP expression in the tg(Lck:GFP) 
fish to purify B cells, but this approach has not been used for live intravital imaging of 

B cell dynamics.60 However, the promoter and upstream regulatory elements of CD79, a 

component of the B cell receptor complex, have been used to drive GFP expression in B 

cell populations to facilitate in vivo imaging.61 Additionally, a transgenic fish expressing 
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GFP under the regulatory elements of the major immunoglobulin M (IgM) has been used 

to image zebrafish B cell in vivo.62 A subpopulation of GFP+ cells in the tg(lck:GFP) 
fish express genes specific to natural killer (NK) cells, but no techniques presently exist 

to distinguish NK cells from the more abundant T cells for live imaging experiments.63,64 

As in mammals, CD4.1 also labels some tissue-resident macrophages, which has permitted 

investigation into the ontogeny and function of Langerhans cells in the zebrafish system.58,65 

Dendritic cells have been described in zebrafish66–68, but currently no transgenic lines allow 

for their specific in vivo observation. However, the regulatory elements of a class II major 

histocompatibility gene have been used to label all professional antigen-presenting cells, 

including dendritic cells.67

In addition to using cell lineage markers, reporters for cell activation state have also 

provided new insights in situ. For example, combining a macrophage lineage marker with 

a reporter for the pro-inflammatory cytokine, tumor necrosis factor alpha (TNFα), has 

permitted the simultaneous tracking of macrophage motility and activation status.69 While 

imperfect, the presence or absence of the TNFα reporter signal has been used to distinguish 

pro-inflammatory (M1) macrophages from pro-resolution (M2) macrophages.36 One can 

imagine taking a similar approach for other leukocyte populations like T cells. CD4+ T 

cells classically differentiate into various effector populations (Th1/Th2/Th17) depending 

on the nature of the immunological challenge, each with characteristic cytokine expression 

profiles.70 Combining the tg(lck:GFP) reporter with a reporter of lineage-defining cytokines 

like IFNγ, IL-4 or IL-17, will enable the imaging of T cell differentiation in vivo in real 

time. The ability to track leukocyte activation and differentiation in vivo will not only 

expand our understanding of how activation occurs normally, but also how these signals 

become dysregulated in chronic inflammation where molecules like TNFα and IL-17 are 

known to be aberrantly expressed.71,72

Imaging cell signaling in situ

In addition to labelling leukocyte populations, genetic tools exist to investigate the spatial 

dynamics of intracellular signaling in leukocytes and other cells in vivo. The GCaMP 

family of genetic Ca2+ sensors have been used in the zebrafish system to investigate 

calcium signaling in neurons and other cell types.73–76 Our laboratory has investigated 

calcium signaling following wounding77, and others have expressed GCaMP specifically 

in neutrophils to demonstrate polarized calcium signaling at the leading edge during 

migration.78 It has also been shown that neutrophil clustering is associated with sustained 

intracellular calcium signals that mediate synthesis of the leukotriene chemoattractant LTB4 

and neutrophil swarming.79,80 Swarming behavior is initiated when a pioneer neutrophil 

recognizes either tissue damage or the presence of microbes and attracts subsequent 

waves of neutrophils.81 Interestingly, release of cellular components by the initial pioneer 

neutrophil in the form of neutrophil extracellular traps (NETs), also mediates this neutrophil 

swarming behavior.82

Fluorescent biosensors for various inositol lipids to investigate the role of phosphoinositide 

3-kinases (PI(3)K) and SHIP phosphatases in interstitial leukocyte motility have also been 

revealing.83,84 Our laboratory has also made use of fluorescent probes that differentially 
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label stable and dynamic pools of actin to understand how they uniquely contribute to 

interstitial leukocyte migration.83 Some groups have even used FRET-based tension sensors 

to study mechanical forces in endothelial cells in vivo85, opening the door for future studies 

to investigate the mechanobiology of leukocytes in the zebrafish. Cumulatively, these tools 

allow investigators to use the zebrafish system to link molecular intracellular processes to 

leukocyte motility and function in real time.

Modeling human neutrophil disorders in zebrafish.

There has been long standing interest in modeling human disease in zebrafish including 

cancer, infectious disease, and genetic disorders.86 The development of specific neutrophil 

disease models has also helped to elucidate disease pathogenesis and identify new 

treatments. For example, a model of chronic neutrophil inflammation in epidermal 

tissues87,88 has been useful in screening for new anti-inflammatory drugs and for the study 

of anti-inflammatory effects of glucocorticoids.89

The use of zebrafish to model human neutrophil disorders has provided new insight into 

cell signaling and disease pathogenesis. For example, the dynamics of the interaction 

between the neutrophil chemokine receptor CXCR4 and its receptor ligand (stromal-

derived factor-1; SDF-1) was live imaged in a zebrafish model of congenital neutropenia, 

warts, hypo-gammaglobulinemia, infections, and myelokathexis (WHIM) syndrome, which 

demonstrated neutropenia and susceptibility to infection.90 The findings revealed that 

CXCR4 WHIM mutations increased neutrophil adhesion in hematopoietic tissue, and 

this was regulated by signaling through the small GTPase Rac1. A model of leukocyte 

adhesion deficiency due to dominant inhibitory mutations in Rac2 also revealed that 

CXCR4-Rac2 signaling regulates neutrophil actin cytoskeletal dynamics, resulting in 

neutrophil retention in hematopoietic tissue.91 In addition to providing new insight into 

disease mechanisms, these models have also been used to provide new understanding about 

how neutrophils affect fungal and mycobacterial infection92–94 and cancer progression95. 

Additional genetic models of immune dysregulation have been developed including a model 

of Chronic Granulomatous disease (CGD) that exhibits robust neutrophil inflammation 

and susceptibility to specific fungal disease.96 Taken together, these studies highlight the 

conservation of the innate immune system in zebrafish and ability to model specific human 

immune disorders.

Cell signaling and neutrophil motility during wound healing

The wound healing response is characterized by the rapid influx of leukocytes, with 

neutrophils typically being the first responding cell population. As noted above, zebrafish 

neutrophils are similar in form and function to their mammalian counterparts, and the 

zebrafish model is amenable to imaging on the timescale of days.97–100 Neutrophils begin 

infiltrating the damaged tissue rapidly and are most abundant 1-hour after tail transection.23 

Macrophages, in contrast, show a slightly delayed but more prolonged influx into the 

damaged tissue.23. Because of the ease in imaging, genetic manipulation, and drug treatment 

in the zebrafish system, a tremendous amount of work has gone into uncovering the signals 

that guide neutrophils and macrophages into the wound environment. A genetically encoded 
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H2O2 sensor was used to demonstrate that epithelial cells at the wound edge produce 

H2O2 within minutes of caudal fin transection, generating a gradient that extends for 

hundreds of microns into the tissue.101 Further, disrupting this H2O2 gradient was shown 

to block neutrophil recruitment to the wound edge.101 H2O2 is a pleiotropic signaling 

molecule, and our laboratory set out to determine the mechanism by which leukocytes 

sense H2O2 gradients. We found that pharmacologically or genetically interfering with the 

Src family kinase Lyn blunted neutrophil recruitment to wounds, similar to interfering 

with H2O2 gradients.102 Lyn was able to directly sense H2O2 gradients through oxidation 

of a single cysteine residue, C466.102 Other investigators utilizing the zebrafish system 

have determined that similar H2O2 gradients promote early neutrophil and macrophage 

recruitment to transformed cells during oncogenesis.103 While H2O2 clearly promotes 

leukocyte migration to wounds and transformed cells, the same was not true for infections. 

In a zebrafish inner ear infection with Pseudomonas aeruginosa, neutrophils are recruited to 

the infected tissue where they phagocytose the pathogen. However, neutrophil recruitment to 

the site of infection remained fully intact when H2O2 gradients were disrupted, pointing to 

important chemoattraction differences between sites of damage or transformation and sites 

of infection.104

More recent studies have elucidated the contribution of cellular swelling to sensing 

tissue damage. Metchnikoff documented tissue level swelling following wounding8, 

and cellular swelling following injury has been extensively documented, especially in 

astrocytes following brain injury.105–108 Cellular swelling has been proposed to contribute 

to inflammation through the leakage of cytoplasmic factors into the extracellular space 

during cell lysis.109 However, other studies have demonstrated that cellular swelling can 

have pro-inflammatory effects through NLRP3 activation independent of cell lysis.110,111 

Many epithelial barriers, including the oral cavity, esophagus, and lungs, separate an 

interstitial environment from a relatively hypotonic external environment.111–113 The skin 

of freshwater animals like the zebrafish creates a barrier between hypertonic interstitial fluid 

and hypotonic water.111 Damage to this epithelial barrier thus results in notable cellular 

swelling in cells near the wound edge.111,114 Cellular and nuclear swelling following tail 

fin damage results in the translocation of cytosolic phospholipase A2 and 5-lipoxygenase to 

the nuclear envelope and their subsequent activation.114 Activation of these enzymes results 

in the production of pro-inflammatory eicosanoids, thus linking mechanical changes from 

osmotic stress to the recruitment of leukocytes.114 When zebrafish tails are wounded in 

media isotonic to the interstitial tissue, there is a sharp reduction in leukocyte recruitment 

relative to normal hypotonic media.111 Taken together, these findings reveal the power of 

the zebrafish system to identify tissue scale signaling mechanisms that regulate neutrophil 

recruitment. A future challenge is to understand these tissue scale mechanisms during the 

resolution phase of the inflammatory response.

Regulation of interstitial leukocyte migration

While the specific chemoattractive signals that mediate neutrophil recruitment to damage, 

cancer and infection may differ, all contexts appear to rely heavily upon PI(3)K activity to 

drive interstitial migration. PI(3)K phosphorylates the 3 position of inositol membrane lipids 

to convert PI(4,5)P2 to PI(3,4,5)P3. These inositol species subsequently serve as docking 
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sites for adaptor proteins to drive signaling, actin polymerization, and motility.115,116 

Several studies had demonstrated that PI(3,4,5)P3 is specifically localized to the leading 

edge in motile dictyostelium and neutrophils in vitro, but PI(3,4,5)P3 was notably 

non-polarized in various non-hematopoietic zebrafish cells migrating in vivo.117–120 We 

therefore set out to determine if the in vivo interstitial motility of neutrophils either relies 

upon PI(3)K activity or employs a polarized PI(3,4,5)P3 gradient at the leading edge. To 

detect a PI(3,4,5)P3 gradient, we expressed the GFP-tagged pleckstrin homology (PH) 

domain of AKT, which binds indiscriminately to both PI(3,4,5)P3-PI(3,4)P2, as well as 

cytoplasmic mCherry specifically in zebrafish neutrophils using the MPO promoter and 

performed ratiometric imaging.83 PI(3,4,5)P3-PI(3,4)P2 primarily localizes to the leading-

edge during motility in vivo and this polarization depended upon PI3K activity.83 This 

polarization was especially prominent during directed migration.83 However, the inability to 

distinguish between PI(3,4,5)P3 and PI(3,4)P2 localization limited the interpretation. While 

the PH domain of AKT binds promiscuously to both PI(3,4,5)P3-PI(3,4)P2, these lipid 

species can distinguished the PH domain of GRP1, which interacts only with PI(3,4,5)P3, 

and the PH domain of TAPP1, which interacts only with PI(3,4)P2. Using these more 

specific bioprobes with the same ratiometric imaging approach, it was determined that 

while PI(3,4)P2 localizes to both the leading and trailing edges, PI(3,4,5)P3 preferentially 

accumulated at the leading edge.84 The conversion of PI(3,4,5)P3 to PI(3,4)P2 is mediated 

by the SHIP family of phosphatases, which remove the 5 position phosphate group from 

the inositol ring. To determine if SHIP activity regulates neutrophil interstitial activity, 

we employed a morpholino-based knockdown approach. Interestingly, depleting SHIP 

increased neutrophil recruitment to wounds and significantly elevated speeds during random 

motility.84 The increased accumulation at the wound edge could be returned to baseline with 

low dose administration of PI3K inhibitors, indicating that SHIP proteins regulate neutrophil 

motility by regulating PI3K signaling.84 Likewise, overexpression of the SHIP phosphatase 

domain in neutrophils dampened neutrophil motility.84 These findings addressed some of 

controversy regarding PI3K signaling in regulating neutrophil chemotaxis and directional 

sensing, and suggested that it is a key regulator of the actin machinery during neutrophil 

interstitial motility in vivo.

Despite navigating the exact same interstitial tissue environment during tissue injury 

responses, neutrophils and macrophages utilize distinct modes of motility.55 Neutrophils 

utilize a classic ameboid mode of motility with more compact cell morphology and 

significantly higher velocities than macrophages, which utilize a more mesenchymal mode 

of motility with highly elongated cell morphologies and paxillin-rich puncta.55 Similar to 

other mesenchymal cells, macrophages are highly dependent upon protease activity for 

interstitial motility, whereas neutrophils are not.55 Pharmacological inhibition of Arp2/3 

function inhibits the motility of both cell populations, but the effect is more profound for 

neutrophils.55 Likewise, macrophage motility is more sensitive to ROCK inhibition than 

neutrophils. These migratory differences appear to have functional consequences in different 

wound contexts.55 Following thermal injury, collagen fiber organization is disrupted in 

the tail fin.36,37 While neutrophils readily migrate into regions of disrupted collagen 

organization, macrophage migration is impaired in these regions, indicating that neutrophil 
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motility is less dependent upon extracellular matrix composition and structure for their 

interstitial motility.52

Identification of new mechanisms that regulate inflammation resolution

A critical question in the area of inflammation resolution is: what is it that normally 

restores tissue homeostasis after injury? The zebrafish sterile tail transection has been 

an invaluable tool for studying both the onset and resolution of inflammation, as tissue 

homeostasis is fully restored after damage. This transition from inflammatory to resolving 

stages is often dysregulated in humans, resulting in the presence of chronic wounds and 

inflammation.121 What causes a normally self-limiting acute wound to become chronic? 

What kind of signals or processes fail to occur in these patients? Infection is the single 

most likely cause of delayed or defective wound healing.122 In the zebrafish system, 

a concomitant tail transection and infection with Listeria monocytogenes (Lm) leads to 

substantial defects in tail regrowth compared to transection alone.36 We therefore sought to 

identify transcriptional changes that differ between neutrophils responding to sterile tissue 

damage versus infection.123 Myeloid-derived Growth Factor (MYDGF) was identified as a 

target gene upregulated in both neutrophils and macrophages in response to wounding, but 

not infection.124 To determine if MYDGF regulates proper wound healing, we generated 

MYDGF-deficient mutant zebrafish and performed sterile tail transection experiments. 

MYDGF-deficient zebrafish larvae displayed increased neutrophil recruitment, decreased 

neutrophil reverse migration, and defective tissue regeneration following transection relative 

to WT larvae.124 A similar defect in neutrophil reverse migration has been reported 

in zebrafish deficient in HIF-1α.20 Cumulatively these data point towards MYDGF and 

HIF-1α playing critical roles in mediating normal tissue homeostasis after damage. Future 

studies should continue to address the fundamental question about what the normal 

processes are that maintain tissue homeostasis and inhibit inflammation after injury, to 

prevent the transition to chronic tissue inflammation.

Looking Forward: Zebrafish and Adaptive Immunity

Real time imaging of immunity in zebrafish has primarily been focused on myeloid 

cells. The relative paucity of research on lymphocyte function is due, in part, to 

technical considerations. Macrophages and neutrophils are present and functional early in 

development, capable of phagocytosis by 30 hours post-fertilization (hpf) and respiratory 

bursts by 72 hpf.98 Lymphocytes, in contrast, emerge much later in development. 

Recombination-activating genes (RAGs) and TCRα transcripts are detectable by 4 days 

post-fertilization (DPF).125,126 However, mature T cells are rare in the peripheral tissues 

until approximately 10 DPF.58 The standard AB strain of zebrafish is highly pigmented by 

this age, making intravital imaging of T cells challenging. As described above, several 

mutant strains with defective pigmentation have been developed to facilitate intravital 

imaging at these later stages. The most often used is the Casper mutant published by the Zon 

lab in 2008.41

While intravital imaging experiments of lymphocytes are rare, a growing body of work 

indicates that adaptive immunity is highly conserved between zebrafish and mammals. 
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Zebrafish possess the same cadre of professional antigen-presenting cells as mammals. 

MHCII-expressing B cells62, macrophages67,97, and dendritic cells66 have all been described 

in the zebrafish.68 Studies have determined that zebrafish dendritic cells can process and 

present antigen to activate T cells as in mammals.66 Zebrafish possess both αβ and γδ 
T cells, and T cell development occurs in the thymus.56,127,128 The transcription factors 

that regulate T cell differentiation in mammals are well-conserved in the zebrafish, and 

their deletion often results in similar phenotypes.129 Loss of Foxp3, for instance, results in 

prominent lymphocyte expansion, splenomegaly, and multi-organ inflammation similar to 

foxp3-deficient “scurfy” mice.130–133

In the same way that the simultaneous imaging neutrophils and macrophages lent itself 

to unexpected findings in the context of wound healing23, we anticipate co-imaging 

lymphocytes with other leukocyte populations will result in novel insights regarding cellular 

interactions in the context of wound healing, infection, and cancer. One report has already 

demonstrated that T cells undergoing thymic egress interact dynamically and intimately with 

a resident macrophage population as they migrate.58 We have demonstrated the imaging of 

T cells in the liver of a zebrafish model of hepatocellular carcinoma and found an inverse 

correlation of the presence of neutrophils and T cells in the liver in a model of high fat 

diet. This model also demonstrated that metformin reduces neutrophil numbers and restored 

T cell surveillance in the liver, suggesting interactions between neutrophils and T cells in 

HCC.53 We anticipate future studies will reveal extensive interactions between lymphocytes 

and various myeloid cells in a wide variety of contexts.

Towards a More Complete Model of Wound Healing: Imaging dynamic 

behaviors in immune systems

Much of our insight into wound healing in zebrafish is owed to the simplicity of the larval 

zebrafish tail transection model. The fact that neutrophils and macrophages are largely 

absent from the skin at rest, but rapidly infiltrate upon injury, makes the model highly 

amenable to the analysis of cellular motility and cell-cell interactions (Figure 1A, D, H). 

While the simplicity of the model makes interpretation straightforward, it is worth noting 

that the complete absence of hematopoietic cells in the skin is never observed outside 

of the earliest stages of development. By the time mice or humans are born, the skin is 

heavily populated by various T cell subsets, a variety of tissue-resident macrophages, and 

dendritic cells (Figure 1B). Due to their positioning at border sites, these cells are the first 

leukocyte subsets to detect tissue damage following wounding, and they each contribute 

to the wound healing response. The network of leukocytes involved in the initiation and 

resolution of inflammation following wounding quickly becomes dizzying. Among the 

cell populations present in the skin at rest that contribute meaningfully to either tissue 

homeostasis or the wound healing response, there are: commensal-specific CD4+ or CD8+ 

T cells134–136, Foxp3-expressing regulatory T cells137,138, epidermal γδ T cells139–143 skin-

resident memory T cells144–146, Langerhans cells147–149, dermal macrophages121,150–153, 

and dendritic cells154. Following tissue damage, these resident cell populations are joined by 

neutrophils, monocyte-derived macrophages, effector T cells, and NK cells, all of which can 

contribute to wound healing.155–158

Robertson and Huttenlocher Page 11

Immunol Rev. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Is it possible to use the zebrafish untangle the web of leukocyte interactions involved during 

a wound healing response? While most of these cell populations are either infrequent or 

entirely absent in larval stage zebrafish, the skin composition in juvenile and adult fish is 

remarkably similar to mice and humans (Figure 1C). T cells are abundant in the tail fin 

by 12 DPF, and Foxp3-expressing regulatory T cells are readily detected in the epidermis 

in adult fish.57,59 Just as in mice, the proportion of γδ T cells in the skin of zebrafish is 

notably higher than it is in hematopoietic tissues like the spleen or head kidney.128 The 

skin of juvenile or adult zebrafish is also replete with Langerhans cells, other skin-resident 

macrophage populations, and dendritic cells.65,66,159,160 While it is unclear if zebrafish 

produce skin-resident memory T cells like mice and humans do, it is apparent that the same 

basic network of Langerhans cells, γδ T cells, and Foxp3-expressing T cells is present in the 

epidermis of mice and mature zebrafish alike (Figure 1B–C).

Larval zebrafish lack most of these skin-resident leukocyte populations, so their initial 

response to tissue damage involves neutrophils and macrophages infiltrating a tissue largely 

devoid of hematopoietic cells (Figure 1D). Due the presence of a fully-developed adaptive 

immune system and numerous tissue-resident leukocyte populations, the inflammatory phase 

of wound healing in mice is more complicated (Figure 1E–G). Just as in larval zebrafish, 

neutrophils and monocyte-derived macrophages rapidly infiltrate the damaged tissue (Figure 

1E). Antigen-presenting cells resident in the skin that sense pathogen-derived products will 

migrate to the draining lymph nodes to present processed pathogen-derived peptides to T 

cells (Figure 1F).161,162 Depending on the nature of the damage, cytotoxic T cells may be 

recruited to the damaged site to kill infected cells (Figure 1G).163–165 NK cells and resident 

γδ T cells can also kill cells in the wound environment that have upregulated stress-induced 

ligands (Figure 1F). 166–168

During the resolution phase, resident T cell populations contribute notably to the wound 

healing response (Figure 1I–M). Regulatory T cells help initiate the shift from inflammation 

to resolution by first blocking the further influx of inflammatory macrophages, effector 

T cells, and neutrophils (Figure 1I).169,170 Regulatory T cells, through IL-10, IL4, and 

IL-13 secretion, can also promote macrophage skewing away from the pro-inflammatory 

M1 phenotype and towards the anti-inflammatory M2 phenotype (Figure 1J).171 Epidermal 

γδ T cells promote wound healing by acting directly on keratinocytes to promote the 

secretion hyaluronan, which provides a scaffold for macrophage motility into damaged 

tissue (Figure 1K).172 Further, epidermal γδ T cells produce the keratinocyte growth factors 

IGF-1 and KGF, which promotes keratinocyte proliferation and tissue regeneration (Figure 

1L).139,141,173,174 The full scope of how regulatory T cells and epidermal γδ T cells regulate 

cutaneous wound healing is beyond the scope of this review, but is covered extensively by 

Boothby et al.175 and Havran et al.176. Given that mature zebrafish harbor both of these 

T cell populations (Figure 1C), future studies can dissect their role in wound healing by 

imaging their behavior and interactions with other leukocyte subsets in real time.

Challenges going forward

Future challenges include the simultaneous live imaging of different leukocyte populations 

during tissue damage and repair, to uncover new interactions and cellular dynamics. There 
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is still much to be learned just by watching immune cells within tissues during damage 

and repair in different conditions. These transparent animals enable the high-resolution 

visualization of cellular dynamics, both temporally and spatially over extended durations. 

The application of increasingly sophisticated molecular tools to this in situ analysis is also 

likely to reveal fundamental new insights to normal resolution and how it is different in 

disease. The key challenge will be to try to harness these normal mechanisms to identify 

potential treatments for uncontrolled inflammation. The identification of MYDGF as a 

putative endogenous inhibitor of neutrophil inflammation helps to support this idea.124 

Finally, understanding the plasticity of immune cells populations using reporters that 

detect the continuum of cellular activation like M1 or M2 macrophages, is a key future 

direction. These tools will be critical to uncover mechanisms of cellular plasticity as 

immunity evolves. Metchnikoff noted the plasticity of cells in the tissue microenvironment, 

after injury, with mobile “mesodermic phagocytes” becoming “fixed connective tissue 

cells” during tissue repair.8 This kind of plasticity of cells in damaged tissues remains 

to be uncovered. However, a recent report showed that macrophages develop E-cadherin 

expression and become “epitheloid” in mycobacterial granulomas as they mature.177 It is 

these types of intercellular events that need to be imaged to uncover new mechanisms of 

normal inflammation resolution and how it goes awry in disease.
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Figure 1. Complex leukocyte interactions during the wound healing response in zebrafish and 
mice.
A-C. Comparing the homeostatic leukocyte composition of larval and mature zebrafish to 

that of mice. A. During the early larval stages of development, the epidermal layer of the 

zebrafish is largely devoid of leukocytes besides some migratory macrophages and resident 

mpeg+ cells. B. As early as birth, the epidermis of mouse skin is highly populated with 

diverse tissue-resident leukocyte populations. These include Langerhans cells and dendritic 

epidermal T cells. Shortly after birth, in response to commensal microbe exposure, Foxp3-

expressing regulatory T cells colonize the skin to promote tolerance. Throughout life, these 

populations are joined by skin-resident memory T cell populations that develop after the 

resolution of infections. These cell populations are the first to detect tissue damage in the 

skin and regulate the inflammatory response, its resolution, and tissue homeostasis. C. The 

leukocyte composition in the skin of zebrafish becomes similar to that of mice during 

development. As in mice, Langerhans cells and other tissue-resident macrophages called 
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metaphocytes (not shown) form a network in the epidermis. T cells are apparent in the skin 

by 10 DPF and are abundant in the skin of adults. This skin-resident T cell population is 

enriched for γδ T cells, but it is presently unclear if they assume the dendritic morphology 

of their mouse counterparts. As in mice, Foxp3-expressing regulatory T cells are abundant 

in the epidermis of adult zebrafish. D-E. In both larval zebrafish and mice, tissue damage 

prompts the rapid influx of neutrophils and macrophages infiltrate the damaged tissue 

to clear away cellular debris and destroy invading microbes. F. In mice, sentinel antigen-

presenting cells like Langerhans cells and dermal macrophages respond to pathogen-derived 

products by migrating to the draining lymph node where they present antigen to T cells. 

G. In some cases, CD8+ cytotoxic T cells will enter into the tissue to kill infected 

cells. Natural killer cells and dendritic epidermal T cells can also directly kill target cells 

expressing stress-induced ligands. H. As the wound healing response progresses, responding 

macrophages will transition from a pro-inflammatory phenotype (M1) to a pro-healing 

phenotype (M2) and subsequently drive the reverse migration of neutrophils to promote the 

resolution of inflammation. I. In mice, regulatory T cells resident in the skin and those 

that enter following damage play a critical role in resolving the inflammatory response. 

Regulatory T cells first prevent the further influx of pro-inflammatory cells including 

neutrophils, macrophages, and effector T cells. J. These same regulatory T cells can promote 

the polarization of responding macrophages towards the pro-healing M2 phenotype. K-L. 
Skin-resident dendritic epidermal T cells promote wound healing by acting directly upon 

keratinocytes at the wound. These T cells can prompt keratinocytes to produce hyaluronan, 

which serves as a scaffold for migrating macrophages. Through the production of IGF-1 

and KGF, dendritic epidermal T cells promote keratinocyte proliferation, which drives tissue 

regeneration. M-N. While it is clear if mature zebrafish harbor the same Langerhans cells, 

regulatory T cells, and epidermal γδ T cells networks as in mice and humans, these fish 

have not been yet been used to investigate the complex intercellular interactions that drive 

both the initial inflammatory response and the subsequent resolution. We anticipate that 

co-imaging regulatory T cells and epidermal γδ T cells with infiltrating neutrophils and 

macrophages will provide new insights into how tissue-resident T cell populations restore 

tissue homeostasis following wounding. Created with BioRender.com.
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