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The zebrafish (Danio rerio) has recently emerged as an excellent model to study cancer biology and the tumour microenvironment, including the early inflammatory response to both wounding and early cancer growth. Here, we use high-resolution confocal imaging of translucent zebrafish larvae, with novel automated tracking and cell:cell interaction software, to investigate how innate immune cells behave and interact with repairing wounds and early cancer (pre-neoplastic) cells expressing a mutant active human oncogene (HRASG12V). We show that bacterial infections, delivered either systemically or locally, induce a change in the number and behaviour of neutrophils and macrophages recruited to acute wounds and to pre-neoplastic cells, and that infection can modify cellular interactions in ways that lead to a significant delay in wound healing and a reduction in the number of pre-neoplastic cells. Besides offering insights as to how Coley’s toxins and other cancer bacteriotherapies may function to reduce cancer burden, our study also highlights novel software tools that can be easily adapted to investigate cellular behaviours and interactions in other zebrafish models.
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INTRODUCTION

There are many cell and molecular parallels between wound healing and cancer, and it has often been said that tumours behave somewhat like wounds that fail to heal (Dvorak, 1986; Schäfer and Werner, 2008; MacCarthy-Morrogh and Martin, 2020). Both wounds and cancer activate an inflammatory response and both tissue insults trigger release of several of the key “damage” attractants, including H2O2, HMGB1 and chemokines that bind CXCR2, which drive innate immune cell recruitment (Niethammer et al., 2009; Feng et al., 2010; Moreira et al., 2010; Willenborg et al., 2012; de Oliveira et al., 2013; Bald et al., 2014; Freisinger and Huttenlocher, 2014; Coombs et al., 2019; Zhou et al., 2020). Similarly, some of the downstream consequences of localised inflammation, including matrix deposition and angiogenesis, are common to cancer and wound healing also (MacCarthy-Morrogh and Martin, 2020). For both cancer and wound healing, the inflammatory response can be considerably altered by the local microbiome and by local, or systemic infection (Holder et al., 1997; Garrett, 2015; Dzutsev et al., 2017; Williams et al., 2017; Helmink et al., 2019; Janney et al., 2020). Serendipitous findings extending back to those of Coley in the early 1900s have suggested that infection can enhance, or prime, the host immune response to better recognise and eradicate cancers (Coley, 1910; Felgner et al., 2016). During tissue repair, there is evidence that some aspects of the wound inflammatory response may be activated by exposure to microbial antigens (Holder et al., 1997; Crompton et al., 2016; Miskolci et al., 2019; Schild et al., 2020), although if infection becomes overwhelming, this can lead to a chronic non-healing wound (Caldwell, 2020). Whilst the longer term consequences of infection on cancer and wound healing have been partially explored, rather little is known about how infections alter the behaviour of innate immune cells, to influence these consequences, for example their velocity and migratory persistence towards, and in the vicinity of the tissue insult, and how this in turn impacts on wound or cancer pathology. Here we take advantage of the genetic tractability and translucency of zebrafish larval tissue to perform high resolution imaging (with and without infection), of immune cell interactions with wounds, and during cancer initiation, which we analyse and quantify using a bespoke automated cell tracking and cell:cell interaction workflow.



RESULTS AND DISCUSSION


Inflammatory Cell Behaviour Is Similar in Response to Wounds and the Presence of Pre-neoplastic Cells

The recruitment of innate immune cells to early pre-neoplastic clones and to wounds can profoundly influence cancer and repair outcomes (Feng et al., 2010; Antonio et al., 2015; Gurevich et al., 2018; Loynes et al., 2018). Detailed studies of inflammatory cell interactions and behaviours once having reached the vicinity of their target site have been hindered by a lack of suitable bespoke automated tracking software. We have developed novel algorithms to compare macrophage and neutrophil recruitment behaviours in response to growing pre-neoplastic clones vs. acute injury.

For a cancer model, we took advantage of a previously published zebrafish line, Tg(kita:HRASG12V-GFP) (Feng et al., 2010; Santoriello et al., 2010), where the kita promoter drives gene expression of a mutant human oncogene, HRASG12V, tagged with GFP, in melanoblasts and mucus-secreting goblet cells of the zebrafish larval skin. We have focused our studies on goblet cells in this cancer model because of their clarity for imaging. These HRASG12V expressing cells multiply unlike their equivalents in control larvae which express only a fluorescent marker and remain as single cells; from here on in we term the HRASG12V expressing clones as pre-neoplastic cells. For acute injury we made needle stick local wounds in the flanks of larvae.

We first compared the behaviour of innate immune cells responding to multiple clones of pre-neoplastic cells vs. wounded tissue, by live imaging neutrophils expressing cytoplasmic RFP and macrophages expressing nuclear GFP in Tg(kita:HRASG12V-GFP;lyz:DsRed;mpeg1:nls-Clover) cancerous larvae at 6 days post-fertilisation (dpf) (Hall et al., 2007; Bernut et al., 2019), and wounded Tg(lyz:DsRed;mpeg1:nls-Clover) larvae at the same developmental stage. Equivalent regions of skin in cancerous fish with pre-neoplastic clones, and in control larvae with single goblet cells fluorescently tagged with RFP, were imaged for 2 h, and these movies were compared to 2 h movies collected from wound lesions made in larvae with fluorescently labelled immune cells but no cancer burden at either 0.5 or 4 h post-wounding (hpw). Using a bespoke workflow enabling automated analysis we are able to quantify interactions between immune cells and lesions (wounds or pre-neoplastic cells) over time (Figure 1A and Supplementary Figure 1). This algorithm was designed to accurately detect and outline the plasma membrane of neutrophils, and the nuclei of macrophages, as well as the margins of both pre-neoplastic cancer clones and wounds, enabling dynamic “cell-to-cell” distance measurements between immune cells and the corresponding lesions to be gathered from large movie datasets (Figures 1Bi-iii and Supplementary Movie 1).
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FIGURE 1. Analysing the inflammatory response to different skin lesions in zebrafish larvae. (A) Schematic to illustrate our cancer-wound comparison studies showing the region (black box) to be imaged in (B–E), for neutrophils (magenta) and macrophages (orange) as they respond to the different skin lesions: local wound (LW), healthy RFP-expressing goblet cells (HCs) or pre-neoplastic GFP-expressing goblet cells (PNCs); dotted lines indicate the “close proximity” zone from margins of each lesion type; 1 and 2 indicate immune cells in contact with the lesion or within “close proximity”, respectively, and 3 indicates immune cells outside this zone. (B–E) Multi-channel confocal movie frames of 6 dpf flank wounded Tg(lyz:DsRed;mpeg1:nls-Clover) (B,C), unwounded control Tg(kita:mCherry; lyz:DsRed;mpeg1:nls-Clover) (D) or cancerous Tg(kita:HRASG12V-GFP;lyz:DsRed;mpeg1:nls-Clover) (E) larvae prior to analysis of neutrophil (magenta) or macrophage (green nuclei) behaviour and their interactions with the respective skin lesions (white arrowheads). (B’–E’,B”–E”) Post-software images of the same larvae showing neutrophils (magenta) (B’–E’) or macrophage nuclei (green) (B”–E”) and their tracks in the vicinity of the lesion (white lines indicate lesion margins). (i–iii) Higher magnification views from (B,B’,B”) showing the “cell-to-cell” distance between neutrophil cytoplasmic (ii) or macrophage nuclear (iii) margins to lesion margins. (F,G,F’,G’) Graphs showing number and duration of neutrophil-lesion (F,F’) and macrophage-lesion (G,G’) interactions. (H,I,H’,I’) Graphs showing velocity and directionality ratio of neutrophils (H,H’) and macrophages (I,I’) quantified at the lesion site. Scale bars = 100 μm in (B–E), 50 μm in (Bi).


Using this software we quantified the number of immune cell-lesion interactions [classified as direct contacts or those within close proximity (<20 μm or <50 μm, neutrophil margin and macrophage nuclei, respectively)], and their duration (Figure 1A), in order to distinguish whether downstream consequences might be dependent on direct cell-lesion contacts, or rather, mediated by diffusible signals (e.g., growth factors or cancer cell killing molecules).

Very few neutrophil-goblet cell interactions were detected in unwounded control larvae (Figures 1D,F,F’ and Supplementary Movie 1). However, as previously described (Feng et al., 2010), if these cells express mutant HRASG12V, neutrophils are recruited to and interact with the growing pre-neoplastic clones (Figures 1E,F,F’ and Supplementary Movie 1). We see a similar level of recruitment, retention and interaction of neutrophils with larval local flank wounds at early timepoints (0.5–2.5 hpw) post-wounding (Figures 1B,F,F’ and Supplementary Movie 1). At later timepoints (4–6 hpw), the number of neutrophil-wound interactions increased considerably (Figures 1C,F and Supplementary Movie 1).

Numbers of macrophage interactions with both pre-neoplastic clones and local flank wounds are also higher than for control fish, with a progressive increase in the number of interactions observed at later timepoints post-wounding (Figures 1B–E,G and Supplementary Movie 1). Individual macrophage-lesion interaction time was similar for fish with pre-neoplastic clones and local flank wounds (Figure 1G’ and Supplementary Movie 1).

As well as counting numbers of immune cell interactions and measuring their interaction times with these various lesions, we wanted to determine whether their migratory behaviour, as gleaned from their tracks, had been significantly altered. Both neutrophil and macrophage velocity and directionality towards local flank wounds increase as cells are first being recruited, after wounding (from 0.5 to 2.5 hpw), but this reverted back to control levels by 4 h post-wounding (Figures 1H,I,B’–D’,H’,I’,B”–D” and Supplementary Movie 1). By contrast, despite clear recruitment of individual immune cells to pre-neoplastic cells, we see no overall increase in neutrophil or macrophage velocity, or directionality in the vicinity of these clones (Figures 1H,I,E’,H’,I’,E” and Supplementary Movie 1), indicating that recruitment of immune cells to pre-neoplastic clones was less synchronised than to wounds and thus hidden in our analyses of these multiple independently acting clones.



Infection Alters the Wound Inflammatory Response

Next, we investigated whether bacterial infection alters the inflammatory response to wounding. We selected the gram-negative bacterium E. coli, which is non-pathogenic, but triggers an inflammatory response when injected into zebrafish larvae (Sieger et al., 2009; Colucci-Guyon et al., 2011; Hou et al., 2016). To address how neutrophils and macrophages respond to an infected wound, Tg(lyz:DsRed;mpeg1:nls-Clover) larvae were locally injected with E. coli (or control media) into a somite at 3 dpf, and larvae were imaged from 0.5 to 2.5 hpw (Figures 2A–C and Supplementary Movie 2). Infection leads to an increase in numbers of both neutrophil and macrophage interactions with the wound lesion. For neutrophils this leads to an increased total interaction time in infected vs. uninfected wounds. However, for macrophages, individual interactions become shorter in duration so that the total duration of macrophage interactions is not significantly altered by infection (Figures 2B–E,D’,E’,D”,E” and Supplementary Movie 2). Infection also alters other behavioural aspects of immune cells, in the vicinity of wounds, increasing their migration velocity although not their directionality (Figures 2B’,C’,B”,C”, Supplementary Figures 2A,B,A’,B’, and Supplementary Movie 2). Our time-lapse movies also show that infected wounds induce robust neutrophil swarming (Supplementary Movie 2), in agreement with data reported by others in response to different infectious stimuli (Huang and Niethammer, 2018; Poplimont et al., 2020).
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FIGURE 2. Alterations to the wound inflammatory response upon E. coli infection and consequences for tissue repair. (A) Schematic of the experimental timeline for locally infected flank wound studies showing the region (black box) to be imaged in (B,C,F–I). (B,C) Multi-channel confocal movie frames of flank wounded Tg(lyz:DsRed;mpeg1:nls-Clover) larvae at 0.5 hpw after local injection of control media (B) or E. coli (C), and prior to analysis of neutrophil (magenta) or macrophage (green nuclei) behaviour and their interactions with the wound. (B’,C’,B”,C”) Post-software images of the same larvae showing neutrophils (magenta) (B’,C’) or macrophage nuclei (green) (B”,C”) and their tracks towards the wound (white lines indicate wound margins). (D,E,D’,E’,D”,E”) Graphs showing number and individual/overall duration of neutrophil-wound (D,D’,D”) and macrophage-wound (E,E’,E”) interactions. (F,G) Multi-channel confocal images of flank wounded Tg(krt4:GFP;krt19:tdTomato-CAAX) larvae showing the disposition of the larval zebrafish skin superficial (green) and basal (magenta) cell layers at 0.5 hpw in control (F) or E. coli-injected fish (G). (H,I) Scanning electron micrographs of flank wounded larvae at 0.5 hpw after local injection of control media (H) or E. coli (I). (F’–I’,F”–I”,F”’–I”’) Higher magnification views of wound regions from (F–I) at 0.5 hpw (F’–I’), 8 hpw (F”–I”), and 24 hpw (F”’–I”’). (J) Graph showing rate of healing in infected vs. uninfected wounds. Scale bars = 100 μm in (B,C), 75 μm in (F,G), 50 μm in (H,I), 20 μm in (F’,G’,F”,G”,F”’,G”’), 10 μm in (H’,I’,H”,I”,H”’,I”’).


Because infection clearly impacts the wound inflammatory response, we questioned how this might alter wound healing per se. To study this, we used confocal and scanning electron microscopy to image wounded Tg(krt4:GFP;krt19:tdTomato-CAAX) larvae in which superficial and basal epidermal skin cells are labelled in green and red, respectively (van den Berg et al., 2019) (Figures 2F–I). We observed that infection significantly delays wound healing of needle stick local wounds. Uninfected wounds heal very rapidly within the first hours post-wounding (Gault et al., 2014; Morris et al., 2018), with 60% of wounded fish showing complete re-epithelialisation by 8 hpw (Figures 2F”,H”,J). However, none of the infected wounds are healed at this early timepoint (Figures 2G”,I”,J), and while 100% of control wounds have completely healed by 48 hpw, 40% of infected wounds still remain unhealed and disorganised (Figure 2J), although at later timepoints they heal completely (data not shown). Infection is a known risk factor for impaired healing of wounds (Holder et al., 1997; Crompton et al., 2016; Miskolci et al., 2019) and our data suggest that a key link might be, at least in part, an altered wound inflammatory response, and that inflammatory cell behaviour might serve as a prognostic indicator for wound healing status.



Infection Triggers an Increase in Leukocyte Numbers and Velocity in Otherwise Healthy Skin

Prior to our infection studies in cancerous larvae, we investigated how bacterial infection modulates the number and behaviour of immune cells in otherwise healthy zebrafish skin. Tg(lyz:DsRed;mpeg1:nls-Clover) larvae were either systemically injected with E. coli (or control media) at 2 dpf, or locally injected at 3 dpf, and the resulting behaviour of innate immune cells at the local injection site was quantified at 2 days post-injection (dpi) (Supplementary Figures 3A,F). Systemic E. coli infection triggers an increase in both numbers of macrophages and their velocity in skin, but does not appear to alter neutrophil numbers or their behaviour (Supplementary Figures 3B–E,B’–E’,B”–E” and Supplementary Movie 3). Local E. coli infection leads to increased numbers of both macrophages and neutrophils in the skin, and analysis of their tracks shows that both lineages exhibit increased velocity, with neutrophils also showing increased directionality, as if to an acute wound (Supplementary Figures 3G–J,G’–J’,G”–J” and Supplementary Movie 4).



Systemic and Local E. coli Infections Both Alter the Kinetics of Interactions Between Inflammatory Cells and Pre-neoplastic Cells

Next, we examined how innate immune cells respond to pre-neoplastic cells in the skin, in the presence of a local or systemic E. coli infection, due to the potential clinical relevance of both infection strategies in the treatment of local primary cancers or dispersed metastatic cancers, respectively. Therefore, Tg(kita:HRASG12V-GFP;lyz:DsRed;mpeg1:nls-Clover) cancerous larvae were injected with E. coli (or control media), as previously described (Figures 3A,F). Both systemic and local infection experiments showed that immune cells are recruited in higher numbers to the cancerous skin (Supplementary Figures 4A–D) and that the number of occasions when leukocytes came within close proximity of a clone of pre-neoplastic cells is significantly increased in E. coli injected-fish compared with uninfected fish at 2 dpi (Figures 3B–E,G–J and Supplementary Movies 5, 6). However, for neutrophils, each of these interaction times are shorter so that total duration of neutrophil interactions is not significantly altered by infection (Figures 3D’,I’,D”,I”). By contrast, individual macrophage:pre-neoplastic cell interactions are of similar duration time, leading to an overall increase in interaction time in the infected fish (Figures 3E’,J’,E”,J”). Both neutrophils and macrophages exhibit an increased velocity, but no alteration in their directionality, when cancerous larvae are systemically or locally infected with E. coli compared with uninfected fish at 2 dpi (Figures 3B’,C’,G’,H’,B”,C”,G”,H”, Supplementary Figures 4A’–D’,A”–D”, and Supplementary Movies 5, 6).


[image: image]

FIGURE 3. Altered cancer inflammatory response upon E. coli or Coley’s toxins infection. (A) Schematic of the experimental timeline for systemically infected cancer studies showing the region (black box) to be imaged in (B,C). (B,C) Multi-channel confocal movie frames of the flank of cancerous Tg(kita:HRASG12V-GFP;lyz:DsRed;mpeg1:nls-Clover) larvae at 2 dpi after systemic injection of control media (B) or E. coli (C), and prior to analysis of neutrophil (magenta) or macrophage (small green nuclei) behaviour and their interactions with pre-neoplastic cells (large green cells). (B’,C’,B”,C”) Post-software images of the same larvae showing neutrophils (magenta) (B’,C’) or macrophage nuclei (green) (B”,C”) and their tracks in the vicinity of pre-neoplastic clones (white lines indicate clonal margins). (D,E,D’,E’,D”,E”). Graphs showing number and individual/overall duration of neutrophil-cancer (D,D’,D”) and macrophage-cancer (E,E’,E”) interactions. (F) Schematic of the experimental timeline for locally infected cancer studies showing the region (black box) to be imaged in (G,H). (G–J,G’–J’,G”–J”) The same analysis was carried out for local infection as previously described for the systemic infection experiments. Scale bars = 100 μm.


Our automated cell tracking algorithm allows us to distinguish between direct contacts and close interactions between neutrophils and pre-neoplastic cancer clones. When we quantify number and duration of neutrophil:pre-neoplastic cell direct contacts we see no significant difference between infected and control larvae, in both systemic and local experiments, and similar is true for macrophage:pre-neoplastic cell direct contacts (Figures 3D,E,I,J,D’,E’,I’,J’,D”,E”,I”,J”) suggesting that any immune cell influence on cancer progression is not entirely dependent on direct cell:cell contacts, and rather is likely to be, at least in part, mediated by diffusible signals. Previous live imaging studies in zebrafish have indicated that direct contacts occur and can even lead to phagocytosis of pre-neoplastic cells (Feng et al., 2010; Chia et al., 2018), or to “donation” of cytoplasmatic material to the cancer cells (Roh-Johnson et al., 2017). However, murine studies have shown that infection-mediated tumour growth suppression is mediated by pro-inflammatory cytokines secreted by tumour-associated macrophages (Kim et al., 2015).



Coley’s Toxins Mimics E. coli-Triggered Immune Cell Responses to Pre-neoplastic Cells

As previously described, a combination of heat-killed bacteria (S. pyogenes and S. marcescens), termed Coley’s toxins, has previously been shown to trigger cancer regression when administered to cancer patients (Coley, 1910; Felgner et al., 2016). This cancer “dissolving” effect was thought to be mediated by the activation of the host immune system following toxin treatment (Wiemann and Starnes, 1994). Therefore, we wondered whether Coley’s toxins might reproduce the behavioural effects of immune cells observed when E. coli was systemically injected in cancerous larvae. Indeed, we find that both neutrophils and macrophages alter their numbers and behaviour in the cancerous skin, and their interactions with pre-neoplastic cells upon systemic injection of Coley’s toxins, in ways that mimic our E. coli data (Figures 3D,E,D’,E’,D”,E” and Supplementary Figures 4A,B,A’,B’,A”,B”).



A Longer Term Consequence of Altered Immune Cell Behaviours Post-infection Is a Reduction in Numbers of Pre-neoplastic Cells

Since administration of live bacteria or Coley’s toxins to larvae with pre-neoplastic lesions clearly alters the behaviour of immune cells and their interactions with these pre-neoplastic cells, we investigated what might be the longer term consequences of these changes. A single systemic, or local injection of E. coli or Coley’s toxins at 3 dpf, results in no long term effect in numbers of pre-neoplastic cells (Figures 4A–C,F), but when cancerous larvae were given consecutive local injections of E. coli or Coley’s toxins at 3, 4, and 5 dpf, we observe that the number of pre-neoplastic cells is significantly reduced in 6 dpf larvae compared with fish multiply injected with control media (Figures 4A,D–F).
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FIGURE 4. Prolonged pro-inflammatory response and reduction in cancer cell numbers upon consecutive local injections of E. coli or Coley’s toxins. (A) Schematic of the experimental timeline for single/multiple locally infected cancer studies showing the region (black box) to be imaged in (B–E,G–J). (B–E) Multi-channel confocal images of the flank of cancerous Tg(kita:HRASG12V-GFP) larvae showing pre-neoplastic cells (green) at 3 dpfi after single vs. multiple local injections of control media (B,D) or E. coli (C,E). (F) Graph showing number of pre-neoplastic cells following each treatment. (G–J) Multi-channel confocal images of the flank of cancerous Tg(kita:HRASG12V-GFP;mpeg1:mCherry;tnfα:GFP) showing pre-neoplastic cells (green) and tnfα-positive macrophages (yellow) (tnfα-negative macrophages are red) at 1 dpfi (G,H) or 3 dpfi (I,J) after single vs. multiple local injections of E. coli. (G’–J’) Single-channel confocal images of the same larvae showing GFP-expressing cells (pre-neoplastic cells and tnfα-positive cells). (K) Graph showing the percentage of tnfα-positive macrophages at two timepoints for all of the injection regimes. Scale bars = 100 μm.


As a first step in characterising this infection-triggered blocking influence on immune cells we decided to investigate how multiple infections might alter leukocyte phenotype in ways that differ from a single infection timepoint. Tumour necrosis factor α (tnfα) expression is a useful proxy for the pro-inflammatory or M1 macrophage phenotype (Nguyen-Chi et al., 2015; Gurevich et al., 2018), and has been linked to cancer cell killing (Laster et al., 1988; Balkwill, 2009; Kim et al., 2015; Póvoa et al., 2021). We combined a zebrafish tnfα reporter line, Tg(tnfα:GFP) (Marjoram et al., 2015), with Tg(kita:HRASG12V-GFP;mpeg1:mCherry) cancerous fish, to reveal macrophages with a pro-inflammatory (tnfα-positive) phenotype in the vicinity of pre-neoplastic cells. Our data indicate that single injections of E. coli or Coley’s toxins lead only to transient tnfα expression by skin macrophages but daily injections lead to chronic tnfα expression maintained from 1 to 3 days post-first injection (dpfi) (Figures 4G–K,G’–J’). We speculate that this prolonged pro-inflammatory state exhibited by macrophages after multiple local infections may prompt the reduced pre-neoplastic cell numbers that we observe, although experiments transiently inhibiting these chronically activated tnfα-positive macrophages are needed to definitively confirm this. If proven, this would suggest a threshold response which we have seen also when investigating how wounding impacts on cancer cell growth, where only wounds above a threshold size, and triggering a sufficiently large inflammatory response, impact on clonal growth (Antonio et al., 2015).

Our study provides a new approach for quantifying how infection may alter the inflammatory response to a wound and to cancer cells in vivo, and how this might trigger immune cells to inhibit cancer growth or encourage cancer killing (Supplementary Table 1). Clearly, in the longer term it will be more useful to develop therapies that avoid delivery of infective particles. In this regard, a recent study showing how bacterial antigens can be mimicked by specific Toll-Like Receptor 2 (TLR2) agonists to switch macrophages into an anti-tumour phenotype indicates that such approaches may lead us towards therapies for the clinic (Feng et al., 2019).




MATERIALS AND METHODS


Zebrafish Lines and Maintenance

Husbandry of adult zebrafish (Danio rerio) was performed as previously described (Westerfield, 2007). We used transgenic lines including: Tg(kita:Gal4;UAS:mCherry;UAS:HRASG12V-GFP) (Feng et al., 2010; Santoriello et al., 2010) which were in-crossed to obtain siblings either cancerous Tg(kita:HRASG12V-GFP), or control Tg(kita:mCherry); Tg(lyz:DsRed) (Hall et al., 2007); Tg(mpeg1:nls-Clover) (Bernut et al., 2019); Tg(mpeg1:mCherry) (Ellett et al., 2011); Tg(krt4:GFP;krt19:tdTomato-CAAX) (van den Berg et al., 2019); Tg(tnfα:GFP) (Marjoram et al., 2015). Animal experiments were ethically approved by the University of Bristol Animal Welfare and Ethical Review Body (AWERB) and conducted in accordance with the UK Home Office regulations.



Bacterial Infection

E. coli infection experiments were performed using E. coli (BL21), expressing red fluorescent protein DsRed (kindly provided by Will Wood, University of Edinburgh) or blue fluorescent protein BFP (Thermo Fisher Scientific). Injection inoculum was prepared from an overnight LB culture in the log-phase of growth resuspended in 2% polyvinylpyrrolidone40 (PVP40) solution (Sigma) and phenol red (Sigma). For systemic infection, zebrafish larvae were anaesthetised at 2 days post-fertilisation (dpf) by immersion in 0.16 mg/mL Tricaine (Sigma) and injected with 2 nL containing 400–500 colony forming units (CFUs) of E. coli into the caudal vein, as previously described (Takaki et al., 2013). This bacterial concentration was selected as sub-lethal from our own titration experiments, and in accordance with previous studies (Colucci-Guyon et al., 2011). For localised infection, 1.5 nL containing 1,500–1,600 CFUs of E. coli were injected subcutaneously in the somite above the cloaca of anaesthetised 3 dpf zebrafish larvae, as previously described (Benard et al., 2012).

Coley’s toxins infection experiments were performed using Coley Fluid (MBVax Bioscience, Canada) which contains a combination of heat-killed S. pyogenes and S. marcescens equivalent to the preparation used by W. Coley in the past (Wiemann and Starnes, 1994), resuspended in 2% PVP40 solution. Zebrafish larvae were injected with 2 nL of this preparation for systemic infection or 1.5 nL for localised infection.

For repetitive local infections experiments, E. coli or Coley’s toxins were locally injected in the same somite (above the cloaca) on consecutive days (3, 4, and 5 dpf).



Wounding Protocols

For localised wounding experiments, zebrafish larvae were anaesthetised in 0.16 mg/mL Tricaine prior to wounding their flanks in the somite directly adjacent the cloaca using a glass needle, following the protocol previously described (Gurevich et al., 2018). Larvae were harvested at appropriate times post-wounding and analysed by confocal and scanning electron microscopy (see below). Timepoints for analysis of immune cell-wound interactions were restricted to up to 6 h post-wounding to capture the early inflammatory response before the neutrophils leave the wounded area and a healthy skin wound entirely seals.



Scanning Electron Microscopy

Zebrafish larvae were anaesthetised and fixed in primary fix (2.5% glutaraldehyde, 4% paraformaldehyde, 0.1 M sodium cacodylate) at 4°C overnight. These samples were washed in 0.1 M sodium cacodylate (3 × 10 min) and then transferred to 1% osmium tetroxide, at room temperature for 2 h. After fixation, samples were rinsed in 0.1 M sodium cacodylate before serial dehydration in EtOH and critically point dried and sputter coated with Gold/Palladium (Au/Pd) prior to imaging with a FEI Quanta 200 FEG scanning electron microscope.



Confocal Imaging

Anaesthetised zebrafish larvae were mounted in 1% low-melting point agarose (Sigma) in a glass-bottomed dish, filled with Danieau’s solution with 0.1 mg/mL of Tricaine anaesthetic. Images were collected using a Leica TCS SP8 AOBS confocal laser scanning microscope attached to a Leica DMi8 inverted epifluorescence microscope with a 20× glycerol lens, maintained at 28°C. Movies were recorded at an interval time of 2 min per frame and a total time of 1.5 or 2 h and were exported from Fiji as QuickTime movies to play at 10 frames per sec.



Post-image Analysis


Automated Tracking and Immune Cell-Lesion Behavioural Quantification

All image analysis was performed in Fiji (Schindelin et al., 2012). Detection, tracking and spatial analysis of cells used the Modular Image Analysis (MIA) automated workflow plugin for Fiji (Cross, 2020)1,2. The numerical values for the settings were derived empirically and chosen to accurately represent the fluorescence signal.

For neutrophils, their cytoplasm was automatically detected in time-lapse movies using a sequential binarisation and connected-components labelling process (Otsu, 1979; Legland et al., 2016), while for macrophages, where cytoplasmic margin is much less clearly defined, we detected their nuclei and using pixel classification (Arganda-Carreras et al., 2017) followed by binarisation at a fixed probability prior to connected-components labelling. Detected objects were subjected to size-based filters to remove noise.

Cell and nuclear surfaces were automatically outlined and the surface-surface distance between each of the immune cell lineages and pre-neoplastic cells or wounds automatically measured in space and time using Fiji. To distinguish interactions involving direct contacts vs. those immune cells that came in “close” proximity to the cancer or wound lesion, we arbitrarily selected 20 μm as a maximum surface to surface neutrophil-lesion distance, as a “close” interaction, and for macrophages, we considered less than 50 μm nuclear surface-lesion surface (accounting for 30 μm average macrophage radius) to be a “close” interaction (see Figure 1A).

These contacts and close proximity interactions were detected by our bespoke algorithm, and quantified, throughout the period of each movie, to give numbers of immune cell-lesion interactions and their individual and summed/overall duration times.

The number of neutrophils and macrophages in the skin of each larva was automatically quantified from time-lapse movies using the protocol as described above.

Neutrophils and macrophages were tracked between frames using the TrackMate plugin for Fiji (Tinevez et al., 2017). Behavioural features (velocity and directionality ratio) were measured for each tracked cell.



Manual Supplementation to Our Automated Tracking Studies

To complement our automated analysis above, the detection of both macrophage nuclei and pre-neoplastic cells was manually corrected in instances where the difference in size and intensity of fluorescence of these objects was not sufficiently great or when cells were overlaying one another.

The margins of the healthy goblet cells or local flank wounds were manually outlined with the Freehand selection tool in Fiji (see Supplementary Figure 1) after visualisation in the red or brightfield channel, respectively, and their dynamic position changes occurring during the movies were iterated by adding multiple manual annotations at different time frames.

Numbers of pre-neoplastic cells and tnfα-expressing macrophages were manually quantified from single confocal images in a pre-defined region/field of view (660 μm × 310 μm) of the flank above the cloaca of each larva.




Statistical Analysis

Statistical analyses and graph generation were performed using GraphPad Prism 8. Data were confirmed to be normally distributed via D’Agostino-Pearson omnibus or Shapiro-Wilk tests prior to further comparisons. When the data was normally distributed, Student’s unpaired two-tailed T-test or ordinary one-way ANOVA with Tukey’s multiple comparison post-test were used to compare two groups or more than two groups, respectively. For non-normally distributed data, Mann-Whitney test or Kruskal-Wallis with Dunn’s multiple comparison post-test were used for comparison between two groups or more than two groups, respectively. Fisher’s exact test was used in the analysis of contingency tables to compare proportions between two groups. In column scatter plots, each dot represents one fish, except for those representing interaction time, velocity or directionality ratio where each small dot represents one cell and larger dots are the mean from one fish. In XY graphs, each dot represents the mean of all fish. In all graphs, which are representative of three independent experiments, the mean is used to calculate the average (horizontal bar), SEM (errors bars) and p-value. Statistical significance is indicated on graphs using standard conventions, as follows: n.s., non-significant, p > 0.05; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ****p < 0.0001. The number of fish or cells/fish used in the experiments is indicated for each graph in the figures.




DATA AVAILABILITY STATEMENT

All datasets presented in this study can be made available upon request. The software used in this study for the analysis of cell behaviour and interactions was developed by SJC and can be found at https://zenodo.org/record/4024567 and https://zenodo.org/record/4700514. Requests to access the datasets should be directed to PL-C, paco.lopezcuevas@bristol.ac.uk.



ETHICS STATEMENT

The animal study was reviewed and approved by the University of Bristol Animal Welfare and Ethical Review Body.



AUTHOR CONTRIBUTIONS

PL-C and PM conceived and designed the study, analysed the data, and wrote the manuscript. PL-C carried out all the experiments. PL-C and SJC performed the image analysis. PL-C, SJC, and PM reviewed and edited the manuscript. PM secured the funding and provided project administration, supervision, and resources. All authors contributed to the article and approved the submitted version.



FUNDING

PL-C was funded by the Spanish Rafael del Pino Foundation, and by a generous Bristol Cancer Bequest. SJC was funded by the Elizabeth Blackwell Institute, through its Wellcome Trust ISSF Award. PM was funded by a Wellcome Trust Investigator Award (WT:217169/Z/19/Z).



ACKNOWLEDGMENTS

We thank Yi Feng and Nikolay Ogryzko for sharing the zebrafish line Tg(mpeg1:nls-Clover), Will Wood for the gift of DsRed E. coli, members of PM’s, Rebecca Richardson’s, and Chrissy Hammond’s labs for helpful discussion, Jon Palacios-Filardo for input into data analysis, and David Gurevich, Lucy MacCarthy-Morrogh, and Yi Feng for reading drafts of our manuscript. We also thank members of the Wolfson Bioimaging Facility (University of Bristol, United Kingdom) for their help with imaging and image analysis, and the Zebrafish Facility of the University of Bristol for their services and contribution. Some schematic representations were in part generated with the support of Biorender.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.676193/full#supplementary-material


ABBREVIATIONS

C.toxins, Coley’s toxins; dpf, days post-fertilisation; dpfi, days post-first injection; dpi, days post-injection; DsRed, Discosoma sp. Red; E. coli, Escherichia coli; GFP, green fluorescent protein; HCs, healthy goblet cells; hpw, hours post-wounding; krt4/19, keratin 4/19; LW, local wound; lyz, lysozyme; mpeg, macrophage expressed gene; nls, nuclear localisation sequence; PNCs, pre-neoplastic cells; RFP, red fluorescent protein; tnfα, tumour necrosis factor α; UAS, upstream activating sequence.

FOOTNOTES

1https://zenodo.org/record/4024567

2https://zenodo.org/record/4700514


REFERENCES

Antonio, N., Bønnelykke-Behrndtz, M. L., Ward, L. C., Collin, J., Christensen, I. J., Steiniche, T., et al. (2015). The wound inflammatory response exacerbates growth of pre-neoplastic cells and progression to cancer. EMBO J. 34, 2219–2236. doi: 10.15252/embj

Arganda-Carreras, I., Kaynig, V., Rueden, C., Eliceiri, K. W., Schindelin, J., Cardona, A., et al. (2017). Trainable weka segmentation: a machine learning tool for microscopy pixel classification. Bioinformatics 33, 2424–2426. doi: 10.1093/bioinformatics/btx180

Bald, T., Quast, T., Landsberg, J., Rogava, M., Glodde, N., Lopez-Ramos, D., et al. (2014). Ultraviolet-radiation-induced inflammation promotes angiotropism and metastasis in melanoma. Nature 507, 109–113. doi: 10.1038/nature13111

Balkwill, F. (2009). Tumour necrosis factor and cancer. Nat. Rev. Cancer 9, 361–371. doi: 10.1038/nrc2628

Benard, E. L., van der Sar, A. M., Ellett, F., Lieschke, G. J., Spaink, H. P., and Meijer, A. H. (2012). Infection of zebrafish embryos with intracellular bacterial pathogens. J. Vis. Exp. 2021:e3781. doi: 10.3791/3781

Bernut, A., Dupont, C., Ogryzko, N. V., Neyret, A., Herrmann, J. L., Floto, R. A., et al. (2019). CFTR Protects against Mycobacterium abscessus infection by fine-tuning host oxidative defenses. Cell Rep. 26, 1828–1840.e4. doi: 10.1016/j.celrep.2019.01.071

Caldwell, M. D. (2020). Bacteria and antibiotics in wound healing. Surg. Clin. N. Am. 100, 757–776. doi: 10.1016/j.suc.2020.05.007

Chia, K., Mazzolini, J., Mione, M., and Sieger, D. (2018). Tumor initiating cells induce cxcr4- mediated infiltration of pro-tumoral macrophages into the brain. elife 7:e031918. doi: 10.7554/eLife.31918

Coley, W. B. (1910). The treatment of inoperable sarcoma by bacterial toxins (the mixed toxins of the Streptococcus erysipelas and the Bacillus prodigiosus). Proc. R. Soc. Med. 3, 1–48. doi: 10.1177/003591571000301601

Colucci-Guyon, E., Tinevez, J.-Y., Renshaw, S. A., and Herbomel, P. (2011). Strategies of professional phagocytes in vivo: unlike macrophages, neutrophils engulf only surface-associated microbes. J. Cell Sci. 124, 3053–3059. doi: 10.1242/jcs.082792

Coombs, C., Georgantzoglou, A., Walker, H. A., Patt, J., Merten, N., Poplimont, H., et al. (2019). Chemokine receptor trafficking coordinates neutrophil clustering and dispersal at wounds in zebrafish. Nat. Commun. 10, 1–17. doi: 10.1038/s41467-019-13107-3

Crompton, R., Williams, H., Ansell, D., Campbell, L., Holden, K., Cruickshank, S., et al. (2016). Oestrogen promotes healing in a bacterial LPS model of delayed cutaneous wound repair. Lab. Investig. 96, 439–449. doi: 10.1038/labinvest.2015.160

Cross, S. J. (2020). sjcross/MIA: Version 0.14.18. doi: 10.5281/ZENODO.4024567

de Oliveira, S., Reyes-Aldasoro, C. C., Candel, S., Renshaw, S. A., Mulero, V., and Calado, A. (2013). Cxcl8 (IL-8) mediates neutrophil recruitment and behavior in the zebrafish inflammatory response. J. Immunol. 190, 4349–4359. doi: 10.4049/jimmunol.1203266

Dvorak, H. F. (1986). Tumors: wounds that do not heal. N. Engl. J. Med. 315, 1650–1659. doi: 10.1056/NEJM198612253152606

Dzutsev, A., Badger, J. H., Perez-Chanona, E., Roy, S., Salcedo, R., Smith, C. K., et al. (2017). Microbes and cancer. Annu. Rev. Immunol. 35, 199–228. doi: 10.1146/annurev-immunol-051116-052133

Ellett, F., Pase, L., Hayman, J. W., Andrianopoulos, A., and Lieschke, G. J. (2011). mpeg1 promoter transgenes direct macrophage-lineage expression in zebrafish. Blood 117, e49–e56. doi: 10.1182/blood-2010-10-314120

Felgner, S., Kocijancic, D., Frahm, M., and Weiss, S. (2016). Bacteria in cancer therapy: renaissance of an old concept. Int. J. Microbiol. 2016:8451728. doi: 10.1155/2016/8451728

Feng, Y., Mu, R., Wang, Z., Xing, P., Zhang, J., Dong, L., et al. (2019). A toll-like receptor agonist mimicking microbial signal to generate tumor-suppressive macrophages. Nat. Commun. 10:2272. doi: 10.1038/s41467-019-10354-2

Feng, Y., Santoriello, C., Mione, M., Hurlstone, A., and Martin, P. (2010). Live imaging of innate immune cell sensing of transformed cells in zebrafish larvae: parallels between tumor initiation and wound inflammation. PLoS Biol. 8:e1000562. doi: 10.1371/journal.pbio.1000562

Freisinger, C. M., and Huttenlocher, A. (2014). Live imaging and gene expression analysis in zebrafish identifies a link between neutrophils and epithelial to mesenchymal transition. PLoS One 9:e112183. doi: 10.1371/journal.pone.0112183

Garrett, W. S. (2015). Cancer and the microbiota. Science 348, 80–86. doi: 10.1126/science.aaa4972

Gault, W. J., Enyedi, B., and Niethammer, P. (2014). Osmotic surveillance mediates rapid wound closure through nucleotide release. J. Cell Biol. 207, 767–782. doi: 10.1083/jcb.201408049

Gurevich, D. B., Severn, C. E., Twomey, C., Greenhough, A., Cash, J., Toye, A. M., et al. (2018). Live imaging of wound angiogenesis reveals macrophage orchestrated vessel sprouting and regression. EMBO J. 37:e97786. doi: 10.15252/embj.201797786

Hall, C., Flores, M. V., Storm, T., Crosier, K., and Crosier, P. (2007). The zebrafish lysozyme C promoter drives myeloid-specific expression in transgenic fish. BMC Dev. Biol. 7:42. doi: 10.1186/1471-213X-7-42

Helmink, B. A., Khan, M. A. W., Hermann, A., Gopalakrishnan, V., and Wargo, J. A. (2019). The microbiome, cancer, and cancer therapy. Nat. Med. 25, 377–388. doi: 10.1038/s41591-019-0377-7

Holder, I. A., Brown, R. L., and Greenhalgh, D. G. (1997). Mouse models to study wound closure and topical treatment of infected wounds in healing-impaired and normal healing hosts. Wound Repair Regen. 5, 198–204. doi: 10.1046/j.1524-475X.1997.50213.x

Hou, Y., Sheng, Z., Mao, X., Li, C., Chen, J., Zhang, J., et al. (2016). Systemic inoculation of Escherichia coli causes emergency myelopoiesis in zebrafish larval caudal hematopoietic tissue. Sci. Rep. 6:36853. doi: 10.1038/srep36853

Huang, C., and Niethammer, P. (2018). Tissue damage signaling is a prerequisite for protective neutrophil recruitment to microbial infection in Zebrafish. Immunity 48, 1006–1013.e6. doi: 10.1016/j.immuni.2018.04.020

Janney, A., Powrie, F., and Mann, E. H. (2020). Host-microbiota maladaptation in colorectal cancer. Nature 585, 509–517. doi: 10.1038/s41586-020-2729-3

Kim, J. E., Phan, T. X., Nguyen, V. H., Dinh-Vu, H., Van Zheng, J. H., Yun, M., et al. (2015). Salmonella typhimurium suppresses tumor growth via the pro-inflammatory cytokine interleukin-1β. Theranostics 5, 1328–1342. doi: 10.7150/thno.11432

Laster, S. M., Wood, J. G., and Gooding, L. R. (1988). Tumor necrosis factor can induce both apoptic and necrotic forms of cell lysis. J. Immunol. 141, 2629–2634.

Legland, D., Arganda-Carreras, I., and Andrey, P. (2016). MorphoLibJ: integrated library and plugins for mathematical morphology with ImageJ. Bioinformatics 32, 3532–3534. doi: 10.1093/bioinformatics/btw413

Loynes, C. A., Lee, J. A., Robertson, A. L., Steel, M. J. G., Ellett, F., Feng, Y., et al. (2018). PGE2 production at sites of tissue injury promotes an anti-inflammatory neutrophil phenotype and determines the outcome of inflammation resolution in vivo. Sci. Adv. 4:eaar8320. doi: 10.1126/sciadv.aar8320

MacCarthy-Morrogh, L., and Martin, P. (2020). The hallmarks of cancer are also the hallmarks of wound healing. Sci. Signal. 13:eaay8690. doi: 10.1126/scisignal.aay8690

Marjoram, L., Alvers, A., Deerhake, M. E., Bagwell, J., Mankiewicz, J., Cocchiaro, J. L., et al. (2015). Epigenetic control of intestinal barrier function and inflammation in zebrafish. Proc. Natl. Acad. Sci. U.S.A. 112, 2770–2775. doi: 10.1073/pnas.1424089112

Miskolci, V., Squirrell, J., Rindy, J., Vincent, W., Sauer, J. D., Gibson, A., et al. (2019). Distinct inflammatory and wound healing responses to complex caudal fin injuries of larval zebrafish. eLife 8:e45976. doi: 10.7554/eLife.45976

Moreira, S., Stramer, B., Evans, I., Wood, W., and Martin, P. (2010). Prioritization of competing damage and developmental signals by migrating macrophages in the Drosophila embryo. Curr. Biol. 20, 464–470. doi: 10.1016/j.cub.2010.01.047

Morris, J. L., Cross, S. J., Lu, Y., Kadler, K. E., Lu, Y., Dallas, S. L., et al. (2018). Live imaging of collagen deposition during skin development and repair in a collagen I - GFP fusion transgenic zebrafish line. Dev. Biol. 441, 4–11. doi: 10.1016/j.ydbio.2018.06.001

Nguyen-Chi, M., Laplace-Builhe, B., Travnickova, J., Luz-Crawford, P., Tejedor, G., Phan, Q. T., et al. (2015). Identification of polarized macrophage subsets in zebrafish. eLife 4:e07288. doi: 10.7554/eLife.07288

Niethammer, P., Grabher, C., Look, A. T., and Mitchison, T. J. (2009). A tissue-scale gradient of hydrogen peroxide mediates rapid wound detection in zebrafish. Nature 459, 996–999. doi: 10.1038/nature08119

Otsu, N. (1979). A threshold selection method from gray-level histograms. IEEE Trans. Syst. Man. Cybern. 9, 62–66. doi: 10.1109/tsmc.1979.4310076

Poplimont, H., Georgantzoglou, A., Boulch, M., Walker, H. A., Coombs, C., Papaleonidopoulou, F., et al. (2020). Neutrophil swarming in damaged tissue is orchestrated by connexins and cooperative calcium alarm signals. Curr. Biol. 30, 2761–2776.e7. doi: 10.1016/j.cub.2020.05.030

Póvoa, V., Rebelo de Almeida, C., Maia-Gil, M., Sobral, D., Domingues, M., Martinez-Lopez, M., et al. (2021). Innate immune evasion revealed in a colorectal zebrafish xenograft model. Nat. Commun. 12, 1156. doi: 10.1038/s41467-021-21421-y

Roh-Johnson, M., Shah, A. N., Stonick, J. A., Poudel, K. R., Kargl, J., Yang, G. H., et al. (2017). Macrophage-dependent cytoplasmic transfer during melanoma invasion in vivo. Dev. Cell 43, 549–562.e6. doi: 10.1016/j.devcel.2017.11.003

Santoriello, C., Gennaro, E., Anelli, V., Distel, M., Kelly, A., Köster, R. W., et al. (2010). Kita driven expression of oncogenic HRAS leads to early onset and highly penetrant melanoma in Zebrafish. PLoS One 5:e15170. doi: 10.1371/journal.pone.0015170

Schäfer, M., and Werner, S. (2008). Cancer as an overhealing wound: an old hypothesis revisited. Nat. Rev. Mol. Cell Biol. 9, 628–638. doi: 10.1038/nrm2455

Schild, Y., Mohamed, A., Wootton, E. J., Lewis, A., and Elks, P. M. (2020). Hif-1alpha stabilisation is protective against infection in zebrafish comorbid models. FEBS J. 287, 3925–3943. doi: 10.1111/febs.15433

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019

Sieger, D., Stein, C., Neifer, D., van der Sar, A. M., and Leptin, M. (2009). The role of gamma interferon in innate immunity in the zebrafish embryo. Dis. Model. Mech. 2, 571–581. doi: 10.1242/dmm.003509

Takaki, K., Davis, J. M., Winglee, K., and Ramakrishnan, L. (2013). Evaluation of the pathogenesis and treatment of Mycobacterium marinum infection in zebrafish. Nat. Protoc. 8, 1114–1124. doi: 10.1038/nprot.2013.068

Tinevez, J. Y., Perry, N., Schindelin, J., Hoopes, G. M., Reynolds, G. D., Laplantine, E., et al. (2017). TrackMate: an open and extensible platform for single-particle tracking. Methods 115, 80–90. doi: 10.1016/j.ymeth.2016.09.016

van den Berg, M. C. W., MacCarthy-Morrogh, L., Carter, D., Morris, J., Ribeiro Bravo, I., Feng, Y., et al. (2019). Proteolytic and opportunistic breaching of the basement membrane zone by immune cells during tumor initiation. Cell Rep. 27, 2837–2846.e4. doi: 10.1016/j.celrep.2019.05.029

Westerfield, M. (2007). The Zebrafish Book. A Guide for the Laboratory Use of Zebrafish (Danio rerio), 5th Edn, Eugene, OR: University of Oregon.

Wiemann, B., and Starnes, C. O. (1994). Coley’s toxins, tumor necrosis factor and cancer research: a historical perspective. Pharmacol. Ther. 64, 529–564. doi: 10.1016/0163-7258(94)90023-X

Willenborg, S., Lucas, T., Van Loo, G., Knipper, J. A., Krieg, T., Haase, I., et al. (2012). CCR2 recruits an inflammatory macrophage subpopulation critical for angiogenesis in tissue repair. Blood 120, 613–625. doi: 10.1182/blood-2012-01-403386

Williams, H., Crompton, R. A., Thomason, H. A., Campbell, L., Singh, G., McBain, A. J., et al. (2017). Cutaneous Nod2 expression regulates the skin microbiome and wound healing in a murine model. J. Invest. Dermatol. 137, 2427–2436. doi: 10.1016/j.jid.2017.05.029

Zhou, Y., Wang, T., Wang, Y., Meng, F., Ying, M., Han, R., et al. (2020). Blockade of extracellular high-mobility group box 1 attenuates inflammation-mediated damage and haze grade in mice with corneal wounds. Int. Immunopharmacol. 83:106468. doi: 10.1016/j.intimp.2020.106468


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 López-Cuevas, Cross and Martin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Modulating the Inflammatory Response to Wounds and Cancer Through Infection



		INTRODUCTION



		RESULTS AND DISCUSSION



		Inflammatory Cell Behaviour Is Similar in Response to Wounds and the Presence of Pre-neoplastic Cells



		Infection Alters the Wound Inflammatory Response



		Infection Triggers an Increase in Leukocyte Numbers and Velocity in Otherwise Healthy Skin



		Systemic and Local E. coli Infections Both Alter the Kinetics of Interactions Between Inflammatory Cells and Pre-neoplastic Cells



		Coley’s Toxins Mimics E. coli-Triggered Immune Cell Responses to Pre-neoplastic Cells



		A Longer Term Consequence of Altered Immune Cell Behaviours Post-infection Is a Reduction in Numbers of Pre-neoplastic Cells







		MATERIALS AND METHODS



		Zebrafish Lines and Maintenance



		Bacterial Infection



		Wounding Protocols



		Scanning Electron Microscopy



		Confocal Imaging



		Post-image Analysis



		Automated Tracking and Immune Cell-Lesion Behavioural Quantification



		Manual Supplementation to Our Automated Tracking Studies







		Statistical Analysis







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Cell and Developmental Biology






OPS/images/fcell-09-676193-g001.jpg
Analysing the inflammatory response to different skin lesions in zebrafish larvae:

A Local wound (LW) Healthy goblet cells (HCs) Pre-neoplastic cells (PNCs)

N Je

{1> Localwound @ Healthy goblet cells @ Pre-neoplastic cells ® Neutrophils R Macrophages

| LW 0.5-2.5hpw | | LW 4-6hpw | | HCs | | PNCs |

HCs  Neutrophils PNCs Neutrophils
Macrophage nuclei Macrophage nuclei

ns. HE. ns. ns.
ey ’ * ’ ns.
F F G - —_— G —ns.
60 . R 0 s, ", ” e s 140 ns. n.s.
2 £ c E
= S
2 so ° E 1o _— - 5 120 . < 120 -
. 2 “ £ : 5 i .
L w b ‘: e 1 £ e s 3
E . 5 T % . S 1
= 8 g H g w0 5 80
= 7] & H @ .
g- 30 g ] ry P £ 7 o
IS & ove [ o oo ® 2w ° ¢® ()
. e b 4 o ° c [ ° o
3 e e = - "8 6 g ot > 3 - i wd
= = °
z . b S 4w X § 40 S e 2 2
C s = s : o%e . z s P 8.8° ofo
S 10 ee g > °0 ‘ 080 S o] == 3 S
g H 5 20 - " % e®e i 20: o 3
= €
° £ p ¥ £
- " . e i i,
LW46hpw  HCs PN 2 LW46hpw  HCs NCs 2 LW4-6hpw  HCs NCs LW4-6hpw  HCs PNC
(n=10) (n=13) (n=14) (n=12) (1=148/10) (1=389/13) (N=14/6) (n=166/12) (n=10) (n=13)  (n=14) (n=12) (n=234/10) (n=1038/13) (=69/13) (n=483/12)
H e H’ | I
956, *x n.s. n.s. 150 - i3 ey n.s. n.s. 1.50 *
— 0.24 ] B n.s. n.s T 020 2 * ns. ns
© 5 - ©
$ 022 S 125 9 o018 E 1.25
0.20 z 15 =
E 5 = 0.16; ®
= o018 e - S 1.00
2 S 2 014 ]
£ 016 S £ 2
S 9 9 o012 ®
20 2 S £ ors
Y 5 2 o0 a
= = Q
o g D o8 Q 050 8@055
2 o. 3 < £
S 2 ﬁ%@- S 0.06: s 00
E & _3_1_ 2
H 3 ‘g 0.04 5 0.25:
iy = o' = on *5%88- s
X 0.

LW 4-6hpw HCs °NCs
(n=494/10) (n=1519/13) (N=431/14) (n=558/12)

LW 4-6hpw HCs NC LW 4-6hpw HCs NC PN
(n1=221/10) (n=528/13) (n=66/11) (n=95/12) (n=221/10) (n=528/13) (n=66/11) (n=95/12) (n=1494/10) m 1523/13)(n 443/14) [






OPS/images/fcell-09-676193-g002.jpg
A — Bacteria dpf: 0 1 2 3 4 5
LOCAL IMAGING
INJECTION/WOUND 0.5,8,24,48hpw
Ohpw
’ ’”
D 200 . D PR 1 - N— D 2500 —_—

no. of Neutrophil interactions
H

Individual interaction time (min)

Overall interaction time (min)

4o 750- -
50
5 500
& —60338'00- 250.
L —
Control E. ¢ Control Control i
(n=11) (n=11) (n=406/11) (n=1085/11) (n=11) (n=11)
’ ”
£ ns.
E « —_— E . N E” w s
@ - = =
5 £ ' £ %
= ‘E, é 2500-
] @ 100 ' o
H 60- g - E 2250
£ b= = Z 2om
i S ] S %
fa o [ M S .
3 oo ® £a ; £ um
s = % = 1000
3. —= 3 . E i
2 S > = 3 5% s 7y
) . T o
€ . £ 250
Control E. c Control Control
(n=11) (n=11) (n=258/11) (n=495/11) n=11) (n=11)
Basal skin cells
J 1207 -e- Control (n=21)
i (n=24)
Hkkk

1004

804

% fish with unhealed wound
o
e

0.5 8 24 48
Hours post-wounding







OPS/images/fcell-09-676193-g003.jpg
SYSTEMIC INJECTION

time (min)

0dpi 2dpi

2~ 5 & F

g
s
£
3
5
3
H
3
2

o

Control E. coli C.toxins Control E. coli
(=13/4) (1=31/6) (1=25/6) (@1=33/6) (1=197/10) (1=

Control E.coli C. toxins Control

m

no. of Macrophage interactions m

Individual interaction time (min)

P
Conteol (8008, € oo Gootenl
=9

IMAGING

Q

Overall interaction time (min)

E mn ©hamina: Gonigel| £ culr

contact within 20um

H..-. 5

E.coli C.toxins Cor

ntr ntrol E.coli C.tox
0Z527%) (0= 101110 (020810 o 51 19 o/ 100< 103810

Overall interaction time (min)

Fi‘..._“...,.._.. “

contact within 50um

no. of Neutrophil interactions
Individual interaction time (min)

LOCAL INJECTION
0dpi

= a2

Control E.coli Control E. coli

3 %8 &g & g g

no. of Macrophage interactions
Individual interaction time (min)

(n=381/12) (

(n=5016) (n=110/6) (1=103/6) (=30916)
contact within 20um
ns. _ns.

é
i
!
%

H
H
Can(ml E.coli Control
2110)

o 035501 10

contact ‘within 50um

Overall interaction time (min)

Overall interaction time (min)







OPS/images/fcell-09-676193-g004.jpg
1
A == Bacteria dpf: 0 1 2 3 4 5 6
":.‘:..;Q.‘ : : : : : :

IMAGING
3dpfi

IMAGING
1dpfi

n.s.
F Nn.S. R

200 n.s. n.s. n.s. *rx n.s.
175
o
150
Control (Single) Control (Multiple) " 128
g 100 &
o a
75 AﬁA
50
2 ==
-~
. . . . ~~ Control Control £ coli | C.t .
E. coli (Single) E. coli (Multiple) (n=34) (n=34) (n=40) (n=35) (n=40) (n=31) (n=34)
Single injection Multiple injections
macrophages
fa+ve macrophages
E. coli (Single)
K [ tdpf
n.s. ns.
[ 3dpf oaxn oark
1009 —
= fakt AL [FR[T
" - i
o) 80
(]
£
&
S 60
©
£
o
Z 40 =
& a
& e a
7 ﬁ_j.:\ ’{—‘ ’%{%‘
) . IR
o__é_-‘,“&q 07| | | e
) " Control Control

(n‘=13) (n=9) (n=8) (n=9) (n=9) (n=9) (n=9)

E. coli (Single)

Single injection Multiple injections







OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





