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ARTICLE INFO ABSTRACT

Keywords: In response to wound signals, macrophages are immediately recruited to the injury where they acquire distinct
Macrophage phenotypes and functions, playing crucial roles both in host defense and healing process. Although macrophage
Trafficking

phenotypes have been intensively studied during wound healing, mostly using markers and expression profiles,
the impact of the wound environment on macrophage shape and behaviour, and the underlying mechanisms
deserve more in-depth investigation. Here, we sought to characterize the dynamics of macrophage recruitment
and behaviour during aseptic wounding of the caudal fin fold of the zebrafish larva. Using a photo-conversion
approach, we demonstrated that macrophages are recruited to the wounded fin fold as a single wave where
they switch their phenotype. Intravital imaging of macrophage shape and trajectories revealed that wound-
macrophages display a highly stereotypical set of behaviours and change their shape from amoeboid to elon-
gated shape as wound healing proceeds. Using a pharmacological inhibitor of 15-lipoxygenase and protectin D1,
a specialized pro-resolving lipid, we investigated the role of polyunsaturated fatty acid metabolism in macro-
phage behaviour. While inhibition of 15-lipoxygenase using PD146176 or Nordihydroguaiaretic acid (NDGA)
decreases the switch from amoeboid to elongated shape, protectin D1 accelerates macrophage reverse migration
and favours elongated morphologies. Altogether, our findings suggest that individual macrophages at the wound
switch their phenotype leading to important changes in behaviour and shape to adapt to changing environment,
and highlight the crucial role of lipid metabolism in the control of macrophage behaviour plasticity during
inflammation in vivo.

Specialized pro-resolving mediators
Protectin D1
Zebrafish

1. Introduction

Healing a wound is an essential process to maintain body integrity
and protect from pathogens. Therefore, animals have evolved an effi-
cient response to restore barrier integrity and repair tissue damages
based on a self-limited inflammation [1]. Macrophages are amid the first
cells to be recruited to the injury site where they play instrumental roles
in orchestrating the different steps of the healing process, from host
defense to repair [2]. Depletion of macrophages in animal models results
in impaired wound healing [3-5] and impaired regeneration in mam-
mals [6-8] and non-mammalian species [9-13]. Therefore, therapeutic
strategies targeting macrophage function may represent valuable tools
to orchestrate healing process during trauma or chronic wounds.
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Macrophages display a high-functional plasticity with respect to
shape, behaviour and gene expression program. After exposure to spe-
cific signals from the microenvironment, they adopt distinct functional
phenotypes by a process called polarization. Traditionally, macrophages
are thought to be recruited at the wound in two phases [2]. Macrophages
first polarize towards a pro-inflammatory phenotype, and express
pro-inflammatory cytokines, like Tumor Necrosis Factor (TNF) and
Interleukin-6 (IL-6) and participate in host defense and debris removal
at the wound; they are referred to as M1-like macrophages [14]. Sec-
ondly, M2-like macrophages producing Transforming Growth Factor-$1
(TGF- 1) participate in the resolution of inflammation and later wound
reparative functions like re-epithelialization and the remodeling of the
tissue [5,14]. In vivo, microenvironment signals encountered by
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macrophages are diverse, and, temporally and spatially dynamic. For
this reason, macrophages not only respond with equally diverse phe-
notypes, going beyond M1/M2 phenotypes, but also can switch from one
functional phenotype to another [15,16]. The wound-macrophages do
probably not derogate from this rule, although the full spectrum of
macrophage states at the wound has not been completely explored.

Temporal control of macrophage phenotype from M1-like to M2-like
during the resolution process has been shown to be critical in normal
wound healing and perturbing this sequence delays healing and regen-
eration in animal models [5,11,12,17]. However, the mechanistic of
macrophage behaviour at the wound still remains unclear. One possi-
bility is that different populations of macrophages are recruited
sequentially, in waves; at a specific time point during the healing pro-
cess, the initial pro-inflammatory population is replaced by the
pro-healing population. An alternative scenario would be that macro-
phages are recruited to the wound in the single wave and that
pro-inflammatory macrophages switch their phenotype into
anti-inflammatory/reparative macrophages at the injury site during
wound healing.

While wound macrophages undergo sequential polarization status,
involving deep changes in gene-expression program and function, the
changes of macrophage behaviour and shape in response to the local
wound milieu are less studied. Using in vitro 2-D systems, several studies
highlighted a relationship between the morphology of macrophages and
their polarization status. However, attributing a shape to a polarization
status is tendentious. Polarization assays using murine peritoneal mac-
rophages cultured in vitro showed that M1 macrophages displayed an
expanded morphology with elongated filopodia and numerous lamellar
processes, while M2 macrophages had a morphology similar to that of
unstimulated macrophages [18]. Another study reported that M1 mac-
rophages polarized in vitro from bone marrow-derived macrophages
displayed a round morphology with multiple lamellipodia, while M2
macrophages were more stretched [19]. Rey-Giraud et al. demonstrated
that monocyte-derived macrophages have a unique morphology which
not only depends on cytokine stimulation but also on culture media
[20]. Several studies also point out the influence of surface or milieu
properties on human macrophage morphology and behaviour [21,22].
An interesting study further demonstrated that altering the morphology
of monocyte-derived macrophages can trigger alterations in the acti-
vation status of these cells, suggesting that extracellular matrix archi-
tecture provides integral cues to control macrophage polarization [23].
How wound macrophages behave at the site of injury? What are the
morphologic and behavioural changes induced in response to the local
wound milieu? These questions have not been fully investigated. To
date, the molecular mechanisms controlling these changes are unknown.

Recently, specialized pro-resolving mediators (SPM), a group of
structurally and chemically distinct polyhydroxylated polyunsaturated
fatty acid (PUFA) derivatives including lipoxins, E and D-series resolvins
(RvD), protectins and maresins, play critical roles in the resolution of
inflammation and decrease disease severity (for review [24-26]).
Interestingly several studies report the role of SPM in the control of
macrophage function like phagocytosis, cytokine production or polari-
zation [27-30]. Whether SPMs also regulate macrophage shape and
motility remains unknown.

Like mammals, the zebrafish possess an innate immune system
including macrophages recapitulating anti-microbial defense and pro-
inflammatory functions [31] but also reparative and regenerative
functions [11-13,32]. Further, the transcriptomic profile of larval
zebrafish macrophages revealed high similarities in terms of gene
expression with human macrophages [33]. While zebrafish macro-
phages can migrate toward an injury or an infection site [34], they also
show polarization properties upon a threat [11,35,36]. Therefore, the
zebrafish larva offers unrivalled opportunities to study, in real time and
in 3D tissues, the dynamic behaviour and shape of macrophages during
healing.

In the current study we used the zebrafish fin fold injury model and
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high-resolution imaging of transgenic reporter lines to delineate
macrophage behaviour with respect to shape, migration and motility in
the changing wound milieu. In particular, we demonstrate that macro-
phages are recruited in a single wave to the wound where they undergo a
behavioural switch between 9 and 11 h post amputation correlating
with drastic changes in morphology. These changes are dependent on
polyunsaturated fatty acid metabolism. We provide key data to under-
stand macrophage dynamic plasticity during wound healing.

2. Material and methods
2.1. Ethics statement

Animal experimentation procedures were carried out by following
the 3Rs - Replacement, Reduction and Refinement principles according
to the European Union guidelines for handling of laboratory animals
(http://ec.europa.eu/environment/chemicals/lab_animals/home_en.
htm) and were approved by the Comité d’Ethique pour 1’Ex-
périmentation Animale under reference CEEA-LR- B34-172-37 and
APAFIS#5737-2016061511212601 v3.

2.2. Fish husbandry

Zebrafish (Danio rerio) maintenance, staging and husbandry were
performed at the fish facility of the University of Montpellier as
described previously [37]. Wild Type (WT) from AB background were
used. Following transgenic lines were used: Tg(mfap4:mCherry-F)
ump6Tg referred as Tg(mfap4:mCherry-F) [38]. Tg(mpx:eGFP)ill4,
referred as Tg(mpx:GFP) was used to visualize neutrophils [39]. Tg
(mpegl:Gal4)GL25 [34] and Tg(UAS:Kaede)rk8 [40] were used to visu-
alize macrophages and track them by photoconversion. Embryos were
obtained from pairs of adult fishes by natural spawning and raised at
28.5 °C in embryo water. Embryos and larvae were staged according to
Ref. [41] and used from 3 to 6 days post-fertilization (dpf).

2.2.1. Larva manipulation for wounding and regeneration quantification

The caudal fin fold transection was performed at the larval stage 3
dpf. Larvae were anesthetized with 160 pg/mL buffered tricaine solution
(0.016%). The amputation was performed with scalpel, at the limit of
notochord posterior end. After the amputation, larvae were placed in
tricaine-free zebrafish water containing or not the chemicals, and
incubated at 28.5 °C until imaging. Regenerative fin fold length was
calculated as the distance between the amputation plane and the edge of
the fin fold in the medial plane. Regenerative fin fold area was calcu-
lated as the area of the fin fold from the amputation plane and the edge
of the fin fold.

2.2.2. Drug treatments of zebrafish larvae

PD146176 (Sigma-Aldrich, P4620) stock was prepared in DMSO at
20 mM. An intermediate stock solution was prepared in DMSO at 500
pM. Larvae were treated with 1.5 pM PD146176 (or same volume of
DMSO) added in the fish medium, immediately after the fin fold
amputation until the end of experiment.

NDGA (Calbiochem, CAS 500-38-9) stock was prepared in DMSO at
50 mM. An intermediate stock solution was prepared in DMSO at 10
mM. Larvae were treated with 50 pM NDGA (or same volume of DMSO)
added in the fish medium, immediately after the fin fold amputation
until the end of experiment.

2.2.3. Injections of protectin D1 and resolvin D1 in zebrafish larvae
Protectin (PD1) was synthesized as described [42,43], and dissolved
in ethanol as a stock solution at 1 mg/ml. Resolving D1 (RvD1) (Cayman
Chemical, 10012554) was dissolved in ethanol as a stock solution at 0.1
mg/ml. Larvae were anesthetized with 0.016% buffered tricaine solu-
tion added in the fish water and injected in the posterior caudal vein at 3
dpf with different doses: 100 pg, 200 pg, 400 pg for PD1 and 100 pg, 200
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pg, 400 pg, 450 pg for RvD1 or same volume of ethanol (maximum 6 nl
of 50% ethanol solution-50% water) as a control, 1 h before the fin fold
amputation.

2.2.4. Live imaging of zebrafish larvae

Larvae were anesthetized with 0.016% buffered tricaine, mounted in
1% low melting point agarose in lateral orientation as previously
described [44]. Epi-fluorescence microscopy was performed using a
MVX10 Olympus microscope (MVPLAPO 1X objective; XC50 camera).
Confocal microscopy was performed on ANDOR CSU-W1 confocal
spinning disk on an inverted NIKON microscope (Ti Eclipse) with
ANDOR Neo sCMOS camera (20x air/NA 0.75 objective); lasers 488 nm
(GFP) and 561 nm (mCherry); or ZEISS LSM880 FastAiryscan in a
confocal mode, 20 x /NA 0.8 Plane apochromat, the wavelength 561 nm
(DSSP Laser) for excitation and 585-620 nm for emission (GaAsP de-
tector). Image stacks for time-lapse movies were acquired at 28 °C with
setup described in the legends. The 4D files generated from time-lapse
acquisitions were processed using Image J. Brightness and contrast
were adjusted for maximal visibility.

2.2.5. Macrophage and neutrophil quantification

ImageJ (Fiji) was used for all manual image analyses and our own
algorithm implemented in C language was used for automatic segmen-
tation and tracking of macrophages when studying their dynamics at all
time points of time lapse videos. Recruited macrophages and neutrophils
were quantified manually from maximum projection images, after
brightness and contrast adjustment for better visualization using ImageJ
(Fiji). Leukocytes were quantified in the stump region that extends until
270 pm from the edge of the wound. Global macrophage population was
quantified by computation using ImageJ (Fiji), as follows: 1/macro-
phages were detected using “Find Maxima” function, 2/Maxima were
automatically counted using run(“ROI Manager ... "), roiManager
(“Add”) and 3/roiManager(“Measure”) functions.

2.2.6. Macrophage tracking and shape analysis

For manual image analysis, macrophages were tracked in every time
step using Manual Tracking ImageJ Plugln. Velocity was extracted
directly from manual tracking data table. Directionality graphs were
obtained by Chemotaxis and Migration Tool Plugln using the X-Y po-
sition of each macrophage extracted from manual tracking data table.
Macrophage wound distance was measured manually, as a shortest
distance from the macrophage center to the wound margin. Macrophage
perimeter, area and circularity (41:*area/perimeter2) values were
extracted automatically from ImageJ measurements, after the following
steps: 1/maximum projection of the image was transformed into binary
format, threshold was set using triangle algorithm; 2/isolated macro-
phages were outlined semi-automatically using wand (tracing) tool,
while macrophages overlapping with others were outlined manually
with freehand selection tool, when possible. Macrophage shape was
quantified in the stump region that extends until 270 pm from the edge
of the wound.

For automated image analysis, the image segmentation was carried
out from 8 to 13 hpA. At first, the images were filtered by using space-
time filtering that keeps the temporal coherence of moving macro-
phages [45]. Then, the filtered images were segmented by a combina-
tion of the local Otsu method [46,47] and (Park et al., unpublished) and
the subjective surface segmentation (SUBSURF) method [48] where the
binarized images from the local Otsu method were considered as an
initial condition of the SUBSURF equation (Park et al., unpublished).
Trajectories of macrophages in segmented images were reconstructed
based on automatic cell tracking (Park et al., unpublished), and shape
descriptors (perimeter and circularity) were measured.

2.2.7. Macrophage tracking by photoconversion
For macrophage tracking, Tg(mpegl:gal4/UAS: Kaede) embryos
raised to 3 dpf in the dark. At 8 hpA, larvae were mounted in 1% low-
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melting agarose and Kaede photoconversion was performed using a
405 nm Laser on a confocal Leica SPE upright microscope (20x CHX APO
L 0.5 W objective), with 50% laser power scanning 4 times, for 2 min in
total (optimized before the experiments). The region of interest for
photoconversion was selected in the stump region that extends until 270
pm from the edge of the wound). Photoconversion was performed in 3
consecutive days at 8, 25 and 49 h post-amputation (hpA) on the same
larvae. Fins were imaged at 9 hpA after the first photoconversion, at 24
hpA and 48 hpA before the new photoconversions and finally at 72 hpA
using 15% laser at 488 nm (green channel) and 20% laser at 561 nm (red
channel).

2.2.8. Statistical analyses

Samples were split into experimental groups by randomization. The
sample size estimation and the power of the statistical test were
computed using GPower. A preliminary analysis was used to determine
the necessary sample size N of a test given a < 0.05, power = 0.80.
Then the effect size was determined. Groups include the number of in-
dependent values, and statistical analysis was done using these inde-
pendent values. Graph Pad Prism 7 Software (San Diego, CA, USA) was
used to construct graphs and analyse data in all figures. Specific statis-
tical tests were used to evaluate the significance of differences between
groups. The type of test used and p values are indicated for each graph in
figure legends. The number of independent experiments (biological
replicates) presented is indicated in the figure legends.

3. Results
3.1. Macrophages are recruited in a single wave during wound healing

Fin fold amputation at 3 days post-fertilization (dpf) provides a
valuable system to study macrophage response to a wound [11]. We
investigated the dynamics of macrophage recruitment during wound
healing using an in vivo imaging approach. Several studies, including
ours, have described the kinetic of recruitment of macrophages in the
context of wounded fin fold [11,12,49]. However, none of them scru-
pulously reports the hour-by-hour infiltration of macrophages at the
wound during the first 15 hours after wounding. The caudal fin folds of
transgenic reporters for macrophages, Tg(mfap4:mcherry-F), were
amputated at 3 dpf and macrophages at the wound were imaged from 1
to 15 hours post Amputation (hpA) using confocal microscopy. Quan-
tification of macrophage recruitment during this period showed that
macrophage number increased from 1 hpA to 8 hpA, then their number
remained constant (Fig. S1). We also studied whether different waves of
macrophages infiltrate the wound during healing or whether macro-
phages are recruited at once during early steps and then stay at the
wound until the time of complete fin fold regeneration process. First we
tracked recruited macrophages using, Tg(mpegl:Gal4/UAS:Kaede)
larvae, in which macrophages express the photoconvertible protein
Kaede, allowing macrophages at the wound to be photoconverted from
green to red upon UV illumination. We thus photoconverted macro-
phages at the wound at 8 hpA, a time point when most macrophages
have reached the wound and we followed their localization during the
whole regeneration process, i.e. 72 hpA (Fig. 1A). This approach allowed
us to unambiguously recognize and follow macrophages that had been
firstly recruited to the wound (photoconverted green macrophages)
from those newly recruited (non-converted red macrophages) (Fig. 1B
and movie 1).

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.freeradbiomed.2022.09.021

Using this approach, we performed series of pulse-chase photo-
conversion experiments and counted the number of red/green macro-
phages the day after to quantify the rate of “newly recruited” versus
“firstly recruited” during the whole course of regeneration process
(Fig. 1C). We found that the number of converted macrophages (“firstly
recruited”) at the wound was superior to the non-converted
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Fig. 1. Same population of macro-
phages is present at the wound during
healing and repair (A) The caudal fin
fold of Tg(mpegl:Gal4/UAS:Kaede)
larvae was amputated at 3 dpf.
Recruited Kaede™ macrophages (green)
were photo-converted to red fluores-
cence using UV at using 403 nm laser
illumination in the wound region at 8
hpA. Representative confocal images of
the fin fold before the photoconversion
(left) and after the photoconversion
(middle). On the right, control image of
the trunk region taken after the photo-
conversion, outside of the wound area
showing non-photoconverted macro-
phages (green). Representative merged
images of the Kaede fluorescence in the
green and red channels and bright field
images. Yellow dashed line indicates the
photoconverted area. The white lines
outline the fin fold. Scale bar: 100 pm.
(B) Representative frames (Maximum
projection) of the time lapse imaging of
photoconverted area, spanning from 9
to 19 hpA, with a time step of 10 min.
White dashed line indicate the wound
margin. Scale bar: 50 pm. (C) Schedule
of the photoconversion pulse-chase
experiment. Fin folds of Tg(mpegl:
Gal4/UAS:Kaede) larvae were ampu-
tated at 3 dpf. Photoconversions of
Kaede™ macrophages were performed at
8, 25 and 49 hpA. Images were acquired
at 9, 24, 48 and at 72 hpA. (D) Repre-
sentative maximum projections of fin
folds at 24, 48 and 72 hpA, taken before
the new photoconversion; Merged im-
ages of the Kaede fluorescence (green
and red channels). The white lines
outline the fin fold and the notochord.
Scale bar: 100 pm. (E) Quantification of
photoconverted (red) and

non-

[l converted mp

E FIN _— TRUNK CTBL photoconverted (green) macrophages
\;"\\‘ — E’ 5 \._-_, — { -é > B non-converted m@ (®) at the wound (left) and in control
- - - - - trunk region (right), in indicated time
_8 o - - - point. Two independent experiments,
g 'g 20 AP number of larvae is indicated in the
c :CS 15 figure, Mann-Whitney test, two-tailed,
o © **p < 0.01, ***p < 0.001. (For inter-
. 210 pretation of the references to colour in
8— = this figure legend, the reader is referred
g g 5 i @ W) to the Web version of this article.)
© 7
E E 078 24 48 72 npa

macrophages and this number remained stable until 48 hpA and slightly
decreased at 72 hpA. By contrast, very few non-converted macrophages
(“newly recruited”) were present at the wound every day (Fig. 1D). This
was correlated with a low number of converted macrophages detected in
the trunk region during regeneration, suggesting that very few “firstly
recruited” macrophages leave the wound in later time points (Fig. 1E).
These results indicate that most macrophages are recruited as a single
wave immediately after the injury and remain associated to the wound
over time. Only few wound-macrophages are newly recruited, suggest-
ing that wound-macrophage phenotypes depend on intrinsic adaptation
to changing environment rather than to recruitment of new
macrophages.
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3.1.1. Macrophages undergo a stereotypical sequence of migratory
behaviours during regeneration

To describe the behaviour of macrophages during the regeneration
process, we used wide-field real-time imaging of macrophage motility
after caudal fin injury. Tracking individual macrophages during the
whole regeneration in time-lapse video sequences is a challenging task
because: 1/macrophages ultimately aggregate at the wound preventing
us from differentiating the cells and their paths 2/continuous imaging of
the amputated site in the same animal for several days is prevented by
photobleaching and phototoxicity. To bypass these issues, we used Tg
(mpegl:gal4/UAS:Kaede) larvae in which the Kaede protein is strongly
and mosaically expressed in macrophages, to enable long-time tracking
of individual macrophages through the tissues without losing them.
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Wound-macrophage motility was thus imaged by spinning disk confocal
microscopy which is less biotoxic compared to classic confocal micro-
scopy. The strategy was to prepare several groups of amputated larvae,
and to image each group for one of consecutive periods lasting between
5 and 15 h, that together spanned 33 h of wound healing (Fig. 2A and B).
Macrophage trajectory was then followed by manual tracking (Fig. 2B,
bottom panel). Wide-field macrophage tracking analysis on whole larva
confirmed that macrophages were recruited from peripheral tissues

Free Radical Biology and Medicine 192 (2022) 200-212

nearby the wound or from the Caudal Hematopoietic Tissue (CHT)
(Fig. 2B, yellow square), while macrophages from more distant tissues
were unaffected, like previously observed [50]. Unaffected macro-
phages of the truck region were thus used as internal controls (Fig. 2B,
red square). Macrophage trajectory analysis at wound area revealed that
during the period 1-6 hpA, they migrated directly towards the wound
margin, with persistent directionality (Fig. 2C and movie 2

During the 6-20 hpA period, macrophages accumulated very close to

A Fin fold Imaging Repair Fig. 2. Macrophages undergo a stereo-
amputati on process typical migratory behaviour at the wound

(A) Schedule of the experiments. Tg

0 33 hpA (mpegl:gal4/UAS:Kaede) larvae with

Tg(mpegl:Gal4/UAS:Kaede)

Directional migration Reverse migration

mosaic expression of Kaede protein in
macrophages were amputated at 3 dpf
and imaged using high resolution Spin-
ning Disk microscopy for one of
consecutive periods lasting between 5
and 15 h, that together spanned 72 h of
regeneration spanning 3 days of regen-
eration. (B) Up: representative frame
from 5.5 to 14 hpA time-lapse video of
mosaically labelled macrophage popu-
lation in the whole larva (14 hpA). Scale
bar: 250 pm. Down: Representative
tracks of macrophages representing the
paths of individual macrophages from
5.5 to 14 hpA. (C) Macrophage migra-
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tracks with the directionality toward the
wound are coloured in red, while the
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the wound are black. Number of
macrophage tracks is indicated above
the graph. (E) Quantification of wound
distance value corresponding to the
shortest distance measured from the
wound margin to the center of each in-
dividual macrophage at 6 and 13 hpA.
Number of macrophages is indicated in
parenthesis. (meanztstandard error of
the min (sem)) Representative experi-
ment of five independent experiments,
two-tailed paired t-test, *p < 0.05. (F)
Quantification of individual macro-
phage velocity at the control (CTRL)
trunk region (left) and at the wound at
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tailed paired t-test, *p < 0.05, ns — not
significant. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the Web
version of this article.)
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the wound margin, reaching a peak around 6 hpA and lasting until 9 hpA
(Fig. 2C and movie 3

After this point, macrophages started to reverse migrate away from
the wound, with persistent directionality until 13-14 hpA before
changing direction. During the 20-33 hpA period, macrophages dis-
played trajectories with frequent direction changes near to the wound
area, with low persistence and alternating run phases and tumble that
resulted in patrolling in the wound area (Fig. 2C and movie 4

Importantly, during these different periods, macrophages did not
leave the wound area (Fig. 2C). The behaviour of wound-associated
macrophages differed from non-activated macrophages present in un-
affected trunk region (Fig. 2D).

The striking observation that macrophages switch behaviour after 9
hpA, prompted us to further analyse macrophage phenotype during that
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period. The position of macrophages at the wound can be quantified as a
wound distance value, corresponding to the shortest distance between
macrophage center and the wound margin. Wound distance values for
individual macrophages present at the wound were calculated at 6 hpA
(time point when macrophages are mainly accumulated at the wound)
and 13 hpA (time point when macrophages change direction of their
migration). The results showed significant increase in the average
wound distance over time (Fig. 2E). While the velocity of non-activated
macrophages in the CHT region remained constant over time (intrinsic
control), macrophages being recruited had higher velocities in the initial
phase (1 hpA), correlated with high directionality towards the wound.
At 6 hpA, when macrophages accumulated at the wound margin, their
velocity decreased dramatically. By contrast, at 13 hpA, reverse
migrated macrophages had the same velocity as during the initial phase

Fig. 3. Macrophages change their morphology at the
wound (A) Representation of 2-D morphometric de-
scriptors used for macrophage shape analysis: area,
perimeter and circularity. (B) Up: Representative
images of non-amputated and amputated fin folds of
Tg(mpegl:Gal4/UAS:Kaede) larvae at 6 and 13 hpA;
confocal maximum projections of keade fluorescence
(white) in macrophages. White lines outline the fin
fold. Down: Quantification of area, perimeter and
circularity for individual macrophages at 6 and 13
hpA. Number of analysed macrophages is indicated in
parenthesis. (mean+sem) Representative experiment
of five independent experiments, two-tailed paired t-
test, **p < 0.01, ns — not significant. (C) Quantifica-
tion of perimeter (upper graph) and circularity value
(lower graph) for individual macrophages present at
the wound, during a time lapse sequence from 8 hpA
to 13 hpA every 2.5 min (mean-+tsem).
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(Fig. 2F).

Taken together, these results show that macrophages undergo a
stereotypical set of migratory behaviours during wound healing. This
behaviour of activated macrophages can be summarized as three main
behaviours: directional migration to the wound, reverse migration from
the wound and alternation of run and tumbling phases, occurring at
conserved time windows in 3 dpf larvae.

3.1.2. Switch of macrophages behaviour correlate with changes in
macrophage shape during wound healing

We hypothesised that changes in migration modes are a consequence
of macrophage phenotype switch. Previously, differences in macro-
phages morphology have been associated with changes in pro-
inflammatory and pro-healing state [23]. To test whether the switch
of macrophage behaviour correlates with changes in macrophage
morphology, we analysed the shape of individual macrophages in 2-D
extracted from time lapse imaging of Tg(mpegl:gal4/UAS:Kaede). We
described the 2-D macrophage shape through following morphometric
descriptors: 1/area 2/perimeter 3/circularity. Higher circularity index
(CD) indicates the amoeboid shape, while higher perimeter indicates the
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macrophage elongation and branching (Fig. 3A). Morphometric
descriptor analysis at 6 hpA and 13 hpA revealed that, while macro-
phage area remained constant, macrophage perimeter significantly
increased and, concomitantly, circularity decreased at 13 hpA, showing
that macrophages change their shapes over time, from amoeboid/cir-
cular towards mesenchymal/branched type (Fig. 3B). In order to
describe the dynamics of macrophage shape at the wound, we analysed
the real time morphology of individual macrophages using time-lapse
imaging every 3 min from 8 to 13 hpA to capture a large number of
frames (movie 5)

An automated analysis applying the combination of the local Otsu
and the SUBSURF method to the filtered images obtained by space-time
filtering was used to identify and segment macrophages, and measure
shape descriptors over the time. We showed that macrophage perimeter
progressively increased over time while their circularity decreased,
highlighting the changes of macrophage morphology from amoeboid to
elongated shape (Fig. 3C). The morphology switch observed between 8
and 13 hpA thus occured concomitantly with the reverse migration and
the change of the migration mode (from amoeboid to mesenchymal).
High resolution imaging of wound macrophages using Tg(mfap4:

Fig. 4. Inhibition of Lipid metabolism via NDGA al-
ters macrophage behavioural switch (A) The biosyn-
thetic pathways of SPM leading to lipoxins, D-series
resolvins and Protectins. Lipoxins (LXA4) are derived
from arachidonic acid (AA) through the action of 15-
Lipoxygenase (15-LOX) and Lipoxygenase 5 (5-LOX).
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mCherryF), another macrophage reporter line, and 3-D reconstructions
of the surfaces at different time points after wounding revealed that at 6
h, macrophages were all morphologically spherical. At 9 hpA few
macrophages started to have an irregular morphology and cells elon-
gated with increasing number of cytoplasm extensions over time, until
full mesenchymal morphology at 24 hpA (Fig. S2). These results suggest
that macrophages undergo an extensive and specific behavioural and
morphological switch that is concomitant to gene reprogramming dur-
ing wound healing process.

3.1.3. Lipid metabolic pathway regulates macrophage behavioural switch
Specialized pro-resolving mediators (SPMs), including resolvins,
maresins, protectins and lipoxins are a family of lipids that modulates
the resolution phase of inflammation [25,51]. They are metabolites of
omega-3 polyunsaturated fatty acids (PUFA) such as docosahexaenoic
acid (DHA, C22:6 (n-3)) or omega-6 fatty acids such as arachidonic acid
(AA, C20:4 (n-6)) and are produced by lipoxygenase (LOX)-driven
pathways (Fig. 4-A). Previous work indicated that LOXs are important
for macrophage function in mammals [52] and in zebrafish [35,53,54].
We checked whether LOX activity is involved in macrophage behaviour
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and morphology during wound healing. The fin fold of Tg(mfap4:
mCherryF) larvae were wounded at 3 dpf and then treated immediately
with 50 pM of the general LOX inhibitor nordihydroguaiaretic acid
(NDGA) [55] (Fig. 4-B). No toxicity was detected in the NDGA treated
larvae at this concentration (data not shown). Assessment of macro-
phage distance from the wound showed no significant differences in
those distances between DMSO and NDGA groups at 6 and 13 hpA
(Fig. 4C and D). However, NDGA treatment modified the position of
macrophages which were localised at the level of the ventral and dorsal
stipes of pigments in the tail, positioned around pigments, suggesting a
phagocytic state (Fig. 4C’).

The analysis of macrophage morphology revealed, that at 13 hpA
NDGA treatment decreased the perimeter and increased the circularity
of macrophages compared to the control condition (DMSO) (Fig. 4C,E-
F), abolishing macrophages morphological changes occurring between 6
and 13 hpA, while at 6 hpA NDGA treatment did not affect macrophage
perimeter and circularity compared to DMSO treatment. Importantly,
we observed that NDGA treatment did not affect the number of recruited
macrophages at 6 and 13 hpA compared to DMSO treatment (control)
(Figure S3 A) or modify the global number of macrophages in the tail

Fig. 5. Lipoxygenase 15 activity is required for
macrophage behavioural switch (A) Schedule of the
experiment. The fin folds of Tg(mfap4:mcherry-F)
larvae were amputated at 3 dpf and immediately
treated with DMSO or PD146176. Larvae were imaged
in live at 6 and 13 hpA. (B) Representative images of
the fin folds from amputated Tg(mfap4:mcherry-F)
larvae at 13 hpA after DMSO or PD146176 treatment;
Maximum projections from confocal microscopy
showing mCherry-F macrophages in the fin folds.
White lines outline the fin fold and the notochord.
Scale bar: 100 pm. (C) Quantification of macrophage
wound distance in DMSO- and PD146176-treated
larvae at 6 and 13 hpA. Mean+tsem, two indepen-
dent experiments, the number of analysed macro-
phages from 4 larvae is indicated in parenthesis, two-
tailed Mann-Whitney test, *p < 0.05, ns — not signif-
icant (D) Quantification of macrophage perimeter and
circularity in DMSO- and PD146176-treated larvae at
6 and 13 hpA. Mean-ztsem, two independent experi-
ments, number of analysed macrophages from 4
larvae is indicated in parenthesis, two-tailed Mann-
Whitney test, *p < 0.05, ***p < 0.001. (E) Quantifi-
cation of the number of recruited macrophages at 6
and 13 hpA, in DMSO- and PD146176-treated larvae.
Mean+sem, two independent experiments, number of
larvae is indicated in parenthesis. Two-tailed Mann-
Whitney test, ns — not significant.

= DMSO
mm PD146176
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and the trunk (Figure S3 A). This result shows that global inhibition of
LOX activity affects the morphological switch and the position of mac-
rophages at the wound.

LOX enzymes are encoded by Alox genes. alox5a, alox12, alox12b,
alox15b and alox2 are expressed in the zebrafish larva [56,57]. More-
over zebrafish 15-LOX was suggested to be involved in neutrophil
reverse migration [54]. The function of 15-LOX in macrophage behav-
iour and shape during wound healing remains unknown. We thus tested
whether 15-LOX activity was important for macrophage behaviour
using the specific 15-LOX inhibitor PD146176. To verify the efficacy of
PD146176 treatment, we first treated the neutrophil reporter line, Tg
(mpx:GFP), with 1.5 pM of PD146176 and confirmed that PD146176
treatment increased neutrophils number at the wound at 24 hpA
(Fig. S4A), as previously reported [54]. Then, to follow the shape and
the behaviour of macrophages, we treated Tg(mfap4:mCherry-F) larvae
with PD146176 immediately after amputation and imaged macrophages
at the wound at 6 and 13 hpA (Fig. 5A). While the position of macro-
phages related to the wound was unchanged at 6 hpA, macrophages
were closer to the wound margin at 13 hpA in PD146176-treated larvae
compared to controls (Fig. 5B), as shown by measurement of the dis-
tance from the wound (Fig. 5C). Further, macrophage perimeter was
significantly lower compared to the DMSO control in both time points,
while circularity was higher at 6 and 13 hpA (Fig. 5D), indicating that
macrophage morphology was altered. Importantly, PD146176 treat-
ment did not change the number of recruited macrophages neither at 6
hpA or at 13 hpA (Fig. 5E), or the global number of macrophages in
treated larvae, compared to DMSO-treated controls (Fig. S3B). These
data show that blocking the 15-LOX pathways alters the reverse
migration of macrophages and impairs macrophage morphology, sug-
gesting a role of the metabolites of 15-LOX pathways like lipoxin A4,
D-series resolvin and protectin D1 (PD1) or intermediate products in this
process.

Macrophages play key roles during regeneration processes [11-13].
To investigate whether the inhibition of 15-LOX activity affects the
regeneration in zebrafish larvae, the caudal fin folds from wild type
larvae were either kept intact (unwounded) or amputated (wounded) at
3 dpf. Subsequently larvae were treated with the general LOX inhibitor
NDGA and imaged for regeneration measurement 3 days later (Figure S5
A). First, NDGA treatment did not change the development of the fin fold
in unwounded larvae at 6 dpf compared to DMSO treatment (Figure S5
B). Second, NDGA treatment significantly reduced the fin fold regener-
ative growth in wounded larvae compared to DMSO, as measured as
length or/and area from the initial amputation position to the new distal
fin fold edge at 3 dpA (Fig. S5 B-C-D). Similar results were obtained with
PD146176 treatment (Fig. S5 E-F), showing that 15-LOX inhibition
impairs regeneration process.

3.1.4. Protectin D1, but not resolvin D1 enhances macrophage
morphological and behavioural switch

Several SPMs including AA-derived-oxylipin LXA4 and DHA-derived
D-series resolvin and protectin D1 (PD1) are produced via 15-LOX
pathway [51,58-61] (Fig. 4 A). Interestingly, resolvin D1 (RvD1) and
protectin D1 (PD1) were previously shown to regulate macrophage
function. Resolvin D1 (RvD1) was shown to promotes macrophage po-
larization toward a M2 phenotype in cultured primary human macro-
phages [29,61] and in a liver ischemia/reperfusion injury model [62]. In
the case of PD1, this SPM has an action on diabetic macrophage func-
tions in diabetic wound healing in mice [63]. In addition, PD1 down
regulates pro-inflammatory cytokines expression in LPS-activated
human macrophages [27]. Recently we showed that treatment of
zebrafish larvae with PD1 enhances the fin fold regeneration by acting
through macrophages and promoting M2-like reprogramming [37].
Therefore, we decided to focus on resolvin D1 and protectin D1 and we
investigated their role on macrophage behaviour during wound healing.
To that end, a synthetic RvD1 was injected in the larvae intravenously.
Having no information about the optimal dose of RvD1 in zebrafish
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larvae, the dose was determined based on our previous data showing
that another SPM, PD1, has a pro-regenerative action in zebrafish with
doses comprised between 40 and 400 pg. We thus decided to inject in the
caudal vein of 3 dpf Tg(mfap4:mCherry-F) larvae a very high dose of
RvD1, i.e. 450 pg, and then fin folds were amputated 1 h after this in-
jection (Fig. S6A). Macrophage shape and behaviour were analysed by
time-lapse imaging of the wound area from 5 to 13 hpA in RvD1-treated
larvae and control larvae (Fig. S6B). RvD1-treated larvae showed no
significant difference in macrophage wound distance at 9 and 13 hpA
compared to controls (Fig. S6C). In addition, RvD1 did not modify the
macrophage perimeter and circularity at 9, 11 and 13 hpA (Fig. S6D).
These results suggest that RvD1 at high dose is not involved in macro-
phage behavioural switch at the wound.

To investigate the role of PD1 in macrophage behavioural switch, we
injected an optimal dose of 200 pg of PD1 in the caudal vein of 3 dpf Tg
(mfap4:mCherry-F) larvae, 1 h before the amputation (Fig. 6A) and
analysed macrophage behaviour and morphology using time lapse im-
aging from 5 to 13 hpA. Macrophages were normally recruited to the
wound, but their reverse migration was enhanced compared to the
control (Fig. 6B and movie 6

Measuring the distance separating macrophages from the wound, we
showed that the wound distance in PD1 treatment was similar to that of
control at 6 hpA. However, the wound distance in PD1 treatment was
dramatically higher at 9 hpA, while at 13 hpA it was similar to control
again (Fig. 6C), due to expected reverse migration of macrophages in the
control condition by that time. In addition, analysis of the shape factors
at6, 9, 11 and 13 hpA revealed that both the perimeter and circularity of
macrophages in PD1 treated larvae were similar compared to the control
at 6 hpA and 13 hpA. However, the perimeter was significantly
increased at 9 and 11 hpA, while circularity was significantly decreased
(Fig. 6D). These results reveal that PD1 stimulates the behavioural
switch of macrophages.

To evaluate whether the effect of PD1 on macrophage behaviour is
dose dependent, different doses of PD1 (100, 200, 400 pg) were injected
in the caudal vein of 3 dpf Tg(mfap4:mCherry-F) larvae, 1 h before the
amputation and the distance between macrophages and the wound was
analysed using confocal microscopy at 9 hpA, a time point just prior the
behavioural switch (Fig. S7). The result showed that increasing doses of
PD1 caused different effects on macrophage wound distance (at 200 pg
with p = 0.0088 and at 400 pg with p = 0.0002), showing that the effect
of PD1 on macrophage behavior is dose-dependent. Similar experiment
was performed using RvD1. Interestingly none of the tested doses of
RvD1 (100, 200 pg or 400 pg) affected the macrophage behaviour,
reinforcing the conclusion that RvD1 has no effect on macrophage
motility (Fig. S7).

4. Discussion

A hallmark of macrophages is their high plasticity. Exploiting
zebrafish advantages, we focused on the dynamics of behavioural pat-
terns of individual macrophages in a changing wound microenviron-
ment in a live animal. In this study, we used 4-D live imaging in
zebrafish to record macrophage behaviour and shape, and demonstrate
that the wound is colonized by a single wave of macrophages and that
macrophages undergo dramatic changes in their shape and behaviour
during healing. We show that this dynamic behaviour of wound-
macrophages depends on lipid metabolism.

Upon injury, macrophages react rapidly to wound signals and
phagocyte cellular debris, initiate inflammatory response and promote
tissue remodeling and repair [2]. It was still unclear whether a single
macrophage population is in charge of these different functions at the
wound. Using photoconversion to unambiguously track macrophages
infiltrating the wound region, we showed that macrophages are
recruited in a single wave and that these wound-macrophages remain
associated to the wound until the end of the regeneration. Very few
macrophages are newly recruited after 8 hpA. Previously, we have
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shown that wound-macrophages reprogramed from M1-like phenotype,
expressing pro-inflammatory genes like tnfa, tnfb and il1b, to M2-like
phenotypes, expressing tgfbl, ccr2 and cxcr4 [36]. Our new finding
strongly supports that the different macrophage phenotypes found at the
wound mainly rely on a macrophage-intrinsic adaptation to changing
environment rather than the recruitment of new macrophages.
Macrophage migration mode has been studied in real time and in vivo
using different model systems [49,64,65]. We provide here an in-depth
characterization of macrophage behavioural patterns and morphologies
during the healing process. Using live imaging, trajectory analysis and
shape descriptors, we showed that macrophages adopt series of stereo-
typed behaviours. First, macrophages undergo a high velocity direc-
tional migration, ending up in the accumulation at the wound of
macrophages with low velocity and amoeboid shape. Second, between 9
and 13 hpA, macrophages undergo reverse migration, followed by a
decrease of velocity and shape changes towards branched and elongated
morphology. During the third phase macrophages undergo a circular
migration using mesenchymal mode, with constant high velocity and
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Fig. 6. Synthetic SPM protectin D1 accelerates the
macrophage behavioural switch at the wound. (A)
Schedule of the experiment. Protectin D1 (PD1) or
same volume of ethanol were injected in 3 dpf Tg
(mfap4:mCherry-F) larvae, 1 h before the fin fold
amputation, and imaged from 5 to 13 hpA. (B)
Representative frames of time-lapse imaging of Tg
(mfap4:mCherry-F) larvae injected with ethanol as a
control (up) or with PD1 (down). White lines indicate
wound margin. Scale bars: 100 pm. (C) Quantification
of macrophage distance from the wound margin in
ethanol - (CTRL) and PD1-injected larvae at 6, 9, and
13 hpA. Number of macrophages is indicated in
parenthesis. Mean+tsem, from two independent ex-
periments, two-tailed Mann Whitney test, **p < 0.01,
ns — not significant. (D) Quantification of macrophage
perimeter and circularity in ethanol - (CTRL) and
PD1-injected larvae at 6, 9, 10, 11, 12 and 13 hpA.
Number of analysed macrophages is indicated in
parenthesis; two independent experiments, Mann-
Whitney two-tailed test, *p < 0.05, **p < 0.01 and
wxp < 0,01,
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displaying branched and elongated shape. This behavior continues untill
the end of wound repair (Fig. 7). This pattern of migration is very similar
to what has been observed within interstitial tissues in zebrafish, where
unstimulated macrophages move using a Rac-dependent mesenchymal
migration mode [64]. In addition, during later stages of wound healing
response, zebrafish macrophages move randomly with a mesenchymal
shape as murine macrophages in 3D matrices. This later process, which
is dependent on p1 integrins has recently been proposed to be important
for surveillance [66]. These results highlight the dynamics of behav-
ioural patterns of macrophages in the versatile microenvironment of the
wound. The extreme reactivity has also been observed in another
context: during zebrafish hematopoiesis where macrophages constantly
adapt, switching migratory shapes [67].

The zebrafish tail transection has emerged as a convenient model to
study leukocytes reverse migration [54,68,69]. Here our goal was to
identify which molecular mechanism regulates macrophage behavioural
switch and reverse migration. An important finding in the present study
is that Lipoxygenase (LOX) activity controls the switch of shape and
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Fig. 7. Diagram of macrophage behavioural switch
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behaviour of macrophages during healing. Present in prokaryotes and
eukaryotes [70], LOX enzymes do transform poly-unsaturated fatty
acids into signaling molecules. Some of them like 12-LOX, 12/15-LOX
and 5-LOX are expressed in leukocytes in mice and play important role
in pathophysiology including inflammation, skin disorder, and tumori-
genesis [71]. Here we deciphered the role of LOX activity using different
pharmacological inhibitors: the pan inhibitor NDGA and PD146176, a
specific inhibitor of 15-LOX activity. Our functional data conclude that
both global and specific inhibition of LOX activity impair the
morphology and the behaviour of macrophages. In addition, both LOX
inhibitions lead to reduced growth of the regenerative fin fold, sug-
gesting that LOX activity is necessary for tissue regeneration through the
modulation of macrophage behaviour. Importantly, in our model, LOX
inhibition with PD146176 does not affect macrophage migration toward
the wound, nor does NDGA treatment. Recently, it has been reported
that alox12 knockdown reduces macrophage recruitment to the site of
injury in both models of B cell injury and the tail injury [53]. This
strongly suggests that more than one LOX enzyme contribute to the
control of macrophage function at the wound. Collectively these data
suggest an important role of LOX enzymes in tissue regeneration,
probably through modulation of macrophage reactivity and adaptation
to the microenvironment.

The metabolites of omega-3 polyunsaturated fatty acids (PUFAs) like
docosahexaenoic acid (DHA) possess immunomodulatory properties
[51] and may influence the outcome of wound healing [72]. Resolvin D1
and protectin D1, two 15-LOX derived DHA metabolites, were shown to
be bioactive and to modulate macrophage functions [29,63,73]. In this
study, we showed that protectin D1, but not Resolving D1, modifies the
behaviour and shape of macrophages at the wound, favoring macro-
phage reverse migration, mesenchymal migration and elongated shape.
This provides a potential explanation for how 15-LOX-dependent
mechanism controls the behaviour and function of macrophages
through the production of specific SPM like PD1. However it is not
possible to assess whether it is PD1 itself or one of its derivatives which
drives the effect, as metabolization of PD1 can be extremely rapid [74].
Recently, we showed that PD1 decreases the expression of some M1
markers and increases that of M2 markers after tail injury in zebrafish
[371. In accordance with our previous study, our new finding highlights
the potency of PD1 in modulating macrophage function by deeply
modifying their gene expression profiles, their morphology and behav-
iour, and accelerating the phenotype switch from pro-inflammatory
M1-like toward M2-like phenotype.

Why PD1 controlled the behaviour and shape of macrophages at the
wound while RvD1 did not? This could be due to differences in the
availability of genuine receptors for PD1 versus RvD1 in zebrafish.
Indeed, the G protein—coupled receptor (GPCRs), GPR37, was recently
suggested to be the receptor of PD1. In murine macrophages, GPR37
activation though PD1 binding control cytokine production and regulate
inflammation [75]. Two putative zebrafish gpr37a and gpr37b genes
exist, however it is still unknown whether PD1 can signal through their
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encoded receptors. In mammalian leukocytes, RvD1 activity may be
mediated by GPCRs, ALX/FPR2 and GPR32 [76,77]. In zebrafish, formyl
peptide receptor 2 (alx/fpr2) and gpr32 are not present although an
ortholog of the close family member of Formyl peptide receptors, FPR1
[78], exists. In the future, it will be important to identify the exact SPMs
receptors active in zebrafish.

5. Conclusion

Challenged macrophages are remarkably plastic, changing their
gene-expression program and function in healthy and diseased tissues.
However, macrophages also constantly adapt to local cues, switching
behaviour and shape in highly dynamic scenarios, such as during wound
healing. Here, we capture the dynamics of macrophage recruitment and
behaviour after caudal fin wounding in the transparent zebrafish larva.
We showed that macrophages are recruited to the wound as a single
wave where they switch their phenotype and that they display a highly
stereotypical set of behaviours and change their shape from amoeboid to
elongated shape as wound healing proceeds. Conceptually, the demon-
stration that this process is controlled by a 15-LOX-dependent mecha-
nism, has important implications for targeting the polyunsaturated fatty
acid metabolism to modulate macrophage behavior during pathological
wounds or trauma in mammals.
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