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SUMMARY

Tissue damage triggers a rapid innate immune response that mediates host de-
fense. Previously we reported that thermal damage of the larval zebrafish fin dis-
rupts collagen organization and induces a robust and potentially damaging innate
immune response. The mechanisms that drive damaging versus protective
neutrophil inflammation in interstitial tissues remain unclear. Here we identify
distinct cues in the tissue microenvironment that differentially drive neutrophil
and macrophage responses to sterile injury. Using live imaging, we found a motile
zone for neutrophils, but not macrophages, in collagen-free regions and identi-
fied a specific role for interleukin-6 (IL-6) receptor signaling in neutrophil re-
sponses to thermal damage. IL-6 receptor mutants show impaired neutrophil
recruitment to sterile thermal injury that was not present in tissues infected
with Pseudomonas aeruginosa. These findings identify distinct signaling net-
works during neutrophil recruitment to sterile and microbial damage cues and
provide a framework to limit potentially damaging neutrophil inflammation.

INTRODUCTION

Disruption of tissue homeostasis by damage triggers intricate and highly regulated tissue repair programs.
Innate immune cells, including neutrophils and macrophages, are among the first responders to tissue
damage and infection (de Oliveira et al., 2016). Macrophages clear damaged tissue and initiate tissue
repair, whereas neutrophils, although necessary for host defense, can mediate damaging inflammation
that delays wound healing and regeneration (Schofield et al., 2013). Innate immune cells rapidly mobilize
to both sterile and infected tissues by sensing both soluble and insoluble cues that orchestrate the inflam-
matory response (Ldmmermann et al., 2013; Niethammer et al., 2009; de Oliveira et al., 2014; Yoo et al,,
2011). Complex injuries, such as burns, generate an abrupt remodeling of the tissue, accompanied by a
rapid and long-lasting immune response (Miskolci et al., 2019). However, few studies have addressed
the mechanisms of leukocyte recruitment to thermal injury and the cues that mediate potentially damaging
inflammation (Karim et al., 2019a; Lateef et al., 2019).

Damage caused by thermal injury generates a high number of apoptotic and necrotic cells (Gravante et al.,
20063a). This necrotic tissue, as well as the affected surrounding tissue, mediates the release of pro-inflam-
matory factors. Cell disruption releases a variety of Danger Associated Molecular Patterns (DAMPs), such as
exposed DNA, reactive oxygen species (ROS), adenosine triphosphate (ATP), and N-formyl peptides (Bay-
liss et al., 2014; Rani et al., 2017; Shupp et al., 2010; Zhang et al., 2010). These factors, in turn, induce pro-
duction of pro-inflammatory cytokines like tumor necrosis factor alpha (TNF-a), interleukin (IL)-8, IL-1B, and
IL-6, which can sustain the inflammatory response (Rani et al., 2017; Rodriguez et al., 1993). Immediately
following a burn injury, organized collagen is lost, innate immune cells migrate toward the damaged tissue,
and tissue remodeling precedes tissue repair and regeneration (Lateef et al., 2019; LeBert et al., 2018; Mis-
kolci et al., 2019).

Here, we take advantage of zebrafish larvae to examine the spatiotemporal events occurring during the
innate immune response to burn wounds. We show that neutrophils infiltrate rapidly into a collagen-free
zone after thermal injury, whereas macrophages infiltrate more slowly, in a two-step process. Furthermore,
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mediate tissue inflammation, few studies have addressed its role in neutrophil recruitment. We identify a
specific role for the IL-6 receptor in neutrophil, but not macrophage, motility and recruitment to sterile
burn injury. Furthermore, we demonstrate that IL-6 receptor signaling is not necessary for neutrophil re-
sponses to thermal injury in the presence of a microbial cue.

RESULTS
Thermal Injury Triggers Distinct Neutrophil and Macrophage Responses

Our recent studies show that thermal injury causes more complex tissue damage and generates a differen-
tial immune response compared with the well-studied transection wound (Miskolci et al., 2019). In this cur-
rent study, to better understand this more complex damage and immunological response, we imaged the
tissue response to caudal fin thermal injury in live larvae. During the initial burn response, there were large-
scale tissue morphology changes and some of the injured fins generated a tissue mass that detached from
the fin within the first 24 h post burn (hpb) (Figure 1A). Additionally, within the first 6 h after burn injury, there
was robust recruitment of both neutrophils and macrophages into the damaged fin. To further characterize
the dynamics of the leukocyte response, we imaged live larvae from a double transgenic line
Tg(mpeg1:H2B-GFP/lyzc:H2B-mCherry) that labels macrophage and neutrophil nuclei, permitting auto-
mated tracking (von Dassow et al., 2009; Miskolci et al., 2019; Yoo et al., 2012). After thermal injury, both
neutrophils and macrophages migrated into the damaged tissue, with neutrophils infiltrating out to the
wound edge (Figure 1A). However, macrophages did not migrate as far as neutrophils into the distal tissue
during the early wound response (by 6 hpb), as assessed by measuring the distance that macrophages and
neutrophils traveled beyond the distal end of the notochord (Figures 1B and 1C). These data suggest that
neutrophils and macrophages exhibit different migration dynamics in burned tissue.

To better understand the recruitment of neutrophils and macrophages to thermal injury, we imaged
Tg(mpeg1:H2B-GFP/lyzc:H2B-mCherry) larvae at a high temporal resolution (<2 min between time points)
for the first 6 hpb (Video S1). Individual neutrophils and macrophages were tracked and migration speed
was quantified as the immune cells migrated from the trunk of the larva into the wound area—defined as
crossing the plane of the distal end of the notochord, with the time of crossing designated as t = 0 (Figures
1D-1F). Interestingly, although both neutrophils and macrophages reduced their average speed rapidly
after crossing into the wounded area, macrophages showed a greater reduction in speed than neutrophils
after entering the wound area (Figure 1G). Additionally, we quantified the residency of neutrophils and
macrophages in the designated burn wound region over time using the cell track foot prints (Figures TH
and 11). Cumulative tracks for both neutrophils and macrophages were quantified for three time periods
during early burn response: 0-2, 2-4, and 4-6 hpb. The percentage area of the wound region occupied
by the tracks was compared with a similar region of the trunk adjacent to the wound, as delineated by
the end of the notochord (Figure TH). Over time, there was an increase in wound residency of both neutro-
phils and macrophages relative to that in the trunk. However, the increased occupation of neutrophils in the
wound area relative to the trunk during early burn wound responses is greater than that of the macro-
phages (Figure 11). Overall, these data indicate that there is a strong recruitment of both neutrophils
and macrophages but, in contrast to tail transection wounds, there appears to be a limitation in the migra-
tion of macrophages into the burn wound area that does not affect the migration of neutrophils. Taken
together, these data support the idea that macrophages and neutrophils interact differently with the ther-
mally damaged tissue in vivo.

Differential Neutrophil and Macrophage Residency in the Collagen Free Zone

One possible contributor to the differential movement of leukocytes into the burn wound is changes in tis-
sue architecture. Therefore, we further characterized neutrophil and macrophage migration to thermal
injury by imaging leukocyte responses in conjunction with Second Harmonic Generation (SHG) imaging
to visualize collagen organization (LeBert et al., 2018; Miskolci et al., 2019). SHG combined with multi-
photon based fluorescence imaging was performed on live larvae following thermal injury using the
Tg(mpeg1:EGFP) and Tg(mpx:EGFP) zebrafish lines, both in casper backgrounds to avoid pigmentation.
As we previously reported, organized collagen fibers are not detected in the burn wound area (Figures
2A and 2C) (LeBert et al., 2018; Miskolci et al., 2019). We defined three zones within the burn wound based
on SHG imaging; collagen zone (undamaged fibers), edge of collagen (end of the collagen fibers), and
collagen-free zone (no detectable collagen fibers) (Figures 2A and 2C, Video S2). Neutrophils and macro-
phages were followed after thermal injury within each zone over time. To determine whether there was a
difference between the ability of neutrophils and macrophages to transit between the different tissue
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Figure 1. Leukocytes Exhibit Different Recruitment Kinetics to Thermal Injury

(A) Maximum intensity projection of confocal microscopy time-lapse stills of neutrophil (magenta) and macrophage
(green) migration to burn wounds (DIC). Brackets indicate general burn region and arrows show the presence of the
detaching tissue mass. t = 0 represents start of the recording, approximately 5 min following thermal injury. Scale bar,
200 um.

(B) Schematic illustrating quantification of neutrophil and macrophage distance into the burn tissue. In the last frame of
time-lapse recordings, the distance from the proximal edge of a cell nucleus to a line perpendicular to the posterior tip of
the notochord was measured. Only cells posterior to the perpendicular line were quantified.

(C) Comparison of distance of single leukocytes from distal end of the notochord at 6 hpb. Symbols indicate individual
cells.

(D) Tracks from 6 h time-lapse recordings were analyzed using automated tracking (Imaris). Diagram showing analysis
method for assessing individual cell speed prior to (t < 0) or after (t > 0) entering into the burn wound zone (t = 0),
delineated by red dashed line perpendicular to the distal tip of the notochord. Colored lines illustrate a single neutrophil
track (magenta) and a single macrophage track (green).

(E) Instantaneous speeds, determined in Imaris, of individual neutrophils, with red dashed line indicating time (t = 0) when
cell crossed into wound zone, as shown in (D).
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Figure 1. Continued

(F) Instantaneous speeds, determined in Imaris, of individual macrophages, with red dashed line indicating time (t = 0)
when cell crossed into wound zone, as shown in (D). Dark lines indicate arithmetic mean.

(G) Comparison of the ratio of the average speed during the 20 min following t = 0 to the 20 min preceding t = 0 of
individual neutrophils (magenta) or macrophages (green). Symbols indicate individual cells.

(H) Tail fins were divided into trunk (blue) and wound (red) zones, delineated by the distal end of the notochord. Images of
the cumulative automated neutrophil (magenta) and macrophage (green) tracks for 2 h time intervals for each cell type
were converted to binary (lower images) and the percentage area occupied by those tracks was determined. Scale bar,
100 pm.

(1) Comparison of the ratio of the percentage of area occupied by tracks in the wound zone to the percentage of area
occupied by tracks in the trunk zone at three time intervals. Symbols and corresponding dark lines represent arithmetic
mean with SE. Pale lines represent individual larvae. Graphs (E)-(G) and () represent two independent experiments.
Graphs (C) and (G) columns are arithmetic mean with SE. Additional statistical values in Table S1. See also Video S1.

microenvironments, we measured the total leukocyte volume as a tool to quantify changes in cell density
over time at the collagen edge and the collagen free zone (Figures 2B and 2D). Additionally, these location-
dependent differences in leukocyte residency between neutrophils and macrophages were further delin-
eated by quantifying the change in residency during different time windows following thermal injury (Fig-
ure 2E). Neutrophils readily migrated into the collagen-free zone, reaching a peak of recruitment around
4.5 hpb (Figures 2B and 2E). After 6.5 hpb, neutrophils began leaving the collagen-free zone. The volume
of neutrophils at the edge of the collagen zone remained relatively constant over time, suggesting that
there was no major impediment to their movement into or out of the collagen-free tissue region (Figures
2B and 2E). However, macrophage recruitment to the collagen-free zone was reduced compared with neu-
trophils (Figures 2D and 2E), with peak recruitment after 15 hpb. Furthermore, macrophages accumulated
at the edge of the collagen, compared with the collagen-free zone, suggesting that macrophages paused
at the edge of the collagen before infiltrating the collagen-free area (Figure 2D). Additionally, following
entry into the collagen free zone neutrophil morphology did not seem to be altered while macrophage
morphology changed from elongated to more round (Figures STA and S1B). These data suggest that
changes in the tissue microenvironment induced by specific types of damage differentially influence the
behavior of neutrophils and macrophages.

Neutrophil and Macrophage Recruitment to Thermal Injury Depends on Different
Chemotactic Cues

Compared with excision wounds, burn wounds elicit a stronger and more prolonged immune response
(Miskolci et al., 2019; Valvis et al., 2015). Mammalian burn injuries have zones of high tissue damage con-
taining large numbers of apoptotic and necrotic cells (Jackson, 1969; Shupp et al., 2010). Using acridine
orange (Abrams et al., 1993), we found that thermal injury led to an increase in apoptotic cells compared
with uninjured larvae at 6 hpb (Figure S2A). To address whether the presence of damaged tissue contrib-
utes to leukocyte recruitment, we excised the burn tissue at 24 hpb and quantified leukocyte recruitment at
48 hpb (Figure 3A). Larvae that received double transection wounds (first at 0 h and again at 24 h) exhibited
an increase in neutrophils and macrophages at the wound at 48 hpw compared with a single transection
wound at 0 h (Figures 3B and 3C). In contrast, excision of the burn tissue at 24 hpb trended toward a reduc-
tion in neutrophils and a significant reduction in macrophages at the wound, compared with a non-excised
burn (Figures 3B and 3C). These findings indicate that the damaged tissue in burn wounds serves as a key
signal source for sustained leukocyte recruitment and that removing the damaged tissue may reduce tissue
inflammation.

To address the question of what signals from the damaged tissue contribute to the sustained inflammatory
response, we considered soluble chemotactic signals released by damaged tissue, such as adenosine
triphosphate (ATP) and hydrogen peroxide (H;O5), that regulate early leukocyte recruitment to a wound
(Harada et al., 2018; Niethammer et al., 2009; de Oliveira et al., 2014; Yoo et al., 2011). ATP is a well-
described damage signal with pleiotropic downstream inflammatory effects (Cauwels et al., 2014). To
test the impact of ATP signaling on leukocyte recruitment to the thermal injury, larval caudal fins were
burned in the presence of apyrase (Figure 3D), an ATP-diphosphohydrolase that leads to the degradation
of ATP (Gault et al., 2014). Apyrase treatment with thermal injury decreased the number of neutrophils at 6
hpb (Figure 3E). However, macrophage recruitment was unaffected by apyrase treatment during these
timepoints, suggesting that macrophage recruitment is not dependent on ATP during early time points
(Figure 3F).
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Figure 2. Macrophages and Neutrophils Differ in Their Residency in the Collagen-Free Region of the Burn Wound
(A and C) Images generated from multiphoton microscopy images of (A) neutrophils or (C) macrophages and collagen
fibers during the first 18.5 hpb in a live larva. Top row: Brightfield images show overall tissue changes. Middle row: Surface
rendered leukocytes (Imaris) were categorized by location: in the collagen zone (white), at the edge of the collagen (blue)
or in the collagen-free zone (red), with SHG fibers in magenta. Bottom row: Side view of the surface rendered, 3D
reconstruction demonstrating the 3D nature of these zones. Scale bars, 50 pm.

(B) Total volume of the surface rendered, categorized neutrophils in edge and collagen-free zone over time. Gray boxes
indicate time windows used for graph in (E) Symbols indicate arithmetic mean with SE.

(D) Total volume of the surface rendered, categorized macrophages in each zone over time. Gray boxes indicate time
windows used for graph in (E) Symbols indicate arithmetic mean with SE.

(E) Comparison of the change (slope) in total volume of neutrophils (magenta) and macrophages (green) for each larva in
either edge (blue columns with round symbols) or collagen-free (peach columns with triangle symbols) wound zones in
three different time windows, identified by the gray boxes in (B) and (D). Symbols represent individual larva; columns are
arithmetic mean with SE. Additional statistical values in Table S1. See also Figure ST and Video S2.

Hydrogen peroxide is also an important leukocyte chemoattractant in vivo (Chang et al., 2013; Klyubin
etal., 1996; Niethammer et al., 2009; Yoo et al., 2011). Blocking H,O, release reduces the number of mac-
rophages and neutrophils at a tail transection wound in zebrafish (Niethammer et al., 2009; de Oliveira
et al., 2014; Tauzin et al., 2014; Yoo et al., 2011). To determine the role of H,O, following thermal injury,
larvae were incubated with diphenyleneiodonium chloride (DPI), which prevents H,O, production during
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Figure 3. Neutrophil Recruitment to Thermal Injury Depends on Both ATP and ROS, whereas Macrophage
Recruitment Depends Only on ROS

(A) Schematic illustrating the experiment design. Burn or tail transection was performed on 3-dpf larvae. After 24 h of the
initial insult, burn tissue was excised or a second transection was performed.

(B) Neutrophil recruitment quantified 24 h after the second insult (48 h after initial injury). Neutrophil numbers were
normalized to fin area for each larva. Symbols indicate individual larvae.

(C) Macrophage recruitment quantified 24 h after the second insult (48 h after initial injury). Macrophage numbers were
normalized to fin area for each larva. Symbols indicate individual larvae.

(D) Representative images of 3-dpf larvae burned in the presence of apyrase then macrophage (green) and neutrophil
(magenta) recruitment were quantified at 2 and 6 hpb. Scale bars, 200 pm.

(E and F) Recruitment of (E) neutrophils and (F) macrophages to the burn wound with apyrase treatment. Symbols indicate
individual larvae.

(G) Representative images of 3-dpf larvae burned in the presence of DPI (1 h pre- and post-burn treatment) and
macrophage (green) and neutrophil (magenta) recruitment was quantified at 2 and 6 hpb. Scale bars, 200 um.

(H and 1) Recruitment of neutrophils and macrophages, (H) and (1) respectively, to the burn wound with DPI treatment.
Symbols indicate individual larvae. For (B), (C), (E), (F), (H), and (1) columns are mean with SE. Additional statistical values in
Table S1. See also Figure S2.
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wounding (Figure 3G) (Yoo et al., 2011). Consistent with the previous observations of leukocyte recruitment
to tail transection (Niethammer et al., 2009; de Oliveira et al., 2014; Yoo et al., 2011), H,O, production in-
hibition with DPIl impaired both neutrophil and macrophage recruitment to a burn wound at 2 and 6 hpb
(Figures 3H and 3I). Of note, DPl treatment had some direct damaging effects on fin morphology compared
with control vehicle but, despite this damage, leukocyte recruitment was still impaired. These results sug-
gest that, although some common cues, such as H,O,, mediate both neutrophil and macrophage recruit-
ment, distinct cues, like ATP, may differentially mediate leukocyte responses to thermal injury.

Neutrophils Are Present in Human Burns and Impair Zebrafish Burn Wound Healing

To ascertain whether a neutrophil response observed in zebrafish was present in human burn wounds we exam-
ined the RNA expression of several sets of genes in human burn tissue samples. Utilizing previously published
expression data from biopsies of burn patients with both partial and full thickness burns (Karim et al., 2019b), we
re-examined these expression data to determine the levels of neutrophil-related genes. In both deep partial-
thickness (DPT) and full-thickness (FT) burns, neutrophil markers increased compared with the control (Figure 4A,
Data S1), establishing that neutrophil response to thermal injury in humans is increased, similar to that observed
in zebrafish larvae. This is consistent with published histology showing neutrophil infiltration in burns. Further-
more, the timing of recruitment seen in our work follows similar trends as seen by others in different burn models
(Van De Groot et al.,, 2009; Lateef et al., 2019). We next sought to determine whether the presence of neutrophils
impacts burn wound resolution. To accomplish this, we assessed burn wound regrowth in Tg(mpx:Rac2P>N-
mCherry) transgenic larvae. This dominant negative Rac2 prevents neutrophil migration out of the caudal he-
matopoietic tissue and subsequent recruitment to a wound (Deng et al., 2011). Tissue regrowth at 72 h after
burn injury was significantly improved in Rac2®%’N larvae as compared with wild-type (Figure 4B). This suggests
that the presence of neutrophils is inhibitory to burn wound healing in this model, consistent with studies in
mouse models (Dovi et al., 2003).

Neutrophil, but Not Macrophage, Recruitment Depends on IL-6

Owing to the importance of neutrophil infiltration into burn tissue, we next aimed to investigate signaling
pathways that could influence this behavior. Our recent studies implicate IL-6 signaling in neutrophil
motility in 3D in vitro (Hind et al., 2018). Furthermore, IL-6 is upregulated in burn patient serum and circu-
lating levels of IL-6 correlate with reduced patient survival (Gauglitz et al., 2008; Yeh et al., 1999). We iden-
tified a significant increase in expression of IL-6-related pathway genes in full thickness burns compared
with control (Figure 4C, Data S1). Although IL-6 blockade is used to treat chronic inflammatory disease
(Noack and Miossec, 2017), the specific role of IL-6 signaling on inflammation in response to burn injury re-
mains unclear. To investigate the role of IL-6 signaling in response to thermal injury in zebrafish, we char-
acterized an IL-6 receptor (il-6r) mutant zebrafish line (Sa42709; ZIRC). Protein sequence alignment predicts
several key conserved domains between human and zebrafish il-6r (Figure S3A; ENSEMBL: ENS-
DART00000186042.1). These conserved domains include the IL-6 binding domain, signal transduction do-
mains and IL-6 receptor family cysteine residues (Yawata et al., 1993). The il-6r mutant zebrafish line (il-6r
~/7) is predicted to have a premature stop codon within exon 1 (L42 > Stop; Figure $3A) and, indeed,
RT-gPCR showed that mRNA transcript abundance was decreased in il-6r~/~ larvae, suggesting that the
mutation affects mRNA stability (Figure S3B). il-6r~'~ zebrafish were outcrossed into the Tg(mpeg1:H2B-
GFP/lyzc:H2B-mCherry) line, permitting quantification of leukocyte responses to thermal injury in the
absence of the il-6r (Figure 4D). Neutrophil recruitment to the burn wound was significantly decreased
in the il-6r =~ larvae compared with both il-6r*/* and il-6r*’- matched siblings at 2, 6, and 24 hpb (Figure 4E).
Additionally, heterozygous il-6r*/ larvae exhibited an intermediate decrease in neutrophil recruitment
compared with il-6r** siblings at 6 hpb (Figure 4E), suggesting that the concentration of the IL-6R regu-
lates neutrophil recruitment to burn injury. In contrast, macrophage recruitment to burn injury was gener-
ally unaffected by loss of il-6r (Figure 4F). At 6 h after burn il-6 expression exhibited increased levels in the
tail compared with control, although this trend was not statistically significant (Figure S3C). However, we
also observed reduced recruitment of neutrophils to a tail transection wound in IL-6R-deficient larvae (Fig-
ure S3D), supporting previous reports that IL-6 also plays a role in other types of injuries (Biffl et al., 1996;
Tompkins, 2015). Depletion of IL-6R also did not affect the total number of either neutrophils or macro-
phages in larval zebrafish (Figure S3E), indicating that lower neutrophil recruitment to the thermal injury
is not due to developmental defects in leukocyte production.

To confirm specificity of the il-6r mutation, zebrafish il-6r mRNA was amplified from wild-type cDNA to
rescue the mutant line. Two alternatively spliced isoforms of il-ér were identified (Figure S3A, GenBank:
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Figure 4. Neutrophil Recruitment to a Burn Wound Is IL-6 Dependent

(A) RNA expression of neutrophil-related genes (source: geneontology.org) of normal, deep partial-thickness (DPT) and
full-thickness (FT) burn samples from human biopsies. Symbols indicate patient biopsies.

(B) Fin regeneration area at 72 hpb in wild-type and Rac2P*’N larvae. Symbols indicate individual larvae.

(C) Expression of IL-6-related pathway genes (Source: Biocarta) in human burn patient biopsies. Data for (A) and (C) from
single sample Gene set Enrichment Analysis (ssGSEA). Symbols indicate patient biopsies.

(D) Representative images showing neutrophils (magenta) and macrophages (green) in 3-dpf larvae, carrying WT (+/+),
heterozygous (+/—), or mutant alleles (—/—) for il-é6r, at 2, 6, and 24 h following thermal injury. Scale bar, 200 pm.

(E) Number of neutrophils present in the burn wound in the different il-6r allele backgrounds. Symbols indicate individual
larvae.

(F) Number of macrophages present in the burn wound in the different il-6r allele backgrounds. Symbols indicate
individual larvae.
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Figure 4. Continued

(G) Quantification of neutrophil recruitment to the burn wound at 6 hpb in larvae with and without injection of il-6r mMRNA
(isoform #1). Symbols indicate individual larvae.

(H) Quantification of neutrophil number at 6 hpb when IL-6R binding to gp130 was inhibited with SC144 treatment.
Symbols indicate individual larvae.

(1) Representative images of cumulative automated tracks of neutrophils (magenta) and macrophages (green) overlayed
on DIC images of il-6r™* or il-6r/~ thermally injured caudal fins at 6 hpb. Scale bar, 100 um.

(J) Quantification of mean neutrophil speed in il-6r™'* or il-6r ~/~ over 6 h following thermal injury. Symbols indicate
individual larvae.

(K) Quantification of mean macrophage speed in il-6r ** or il-6r = over 6 h following thermal injury. Symbols indicate
individual larvae. For (A)—(C), (E)=(H), (J), and (K) columns are arithmetic mean with SE. Additional statistical values in Table
S1. See also Figure S3 and Videos S3 and S4.

MWO067024; MW067025). Isoform #2 is generally similar to the zebrafish il-6r consensus sequence, whereas
isoform #1 lacks exon 8, generating an early stop codon (Figure S3A). Consensus Constrained TOPology
prediction (CCTOP) and Phobius in silico analysis (Dobson et al., 2015; Kéll et al., 2004) predicted that iso-
form #1 lacks the transmembrane and cytoplasmic domain (Figure S3A), suggesting this is a soluble isoform
of IL-6R. This is consistent with previously described soluble human isoforms of IL-6R lacking the transmem-
brane domain due to alternative splicing of the last exon (Baran et al., 2018; Heaney and Golde, 1996; Ho-
riuchi et al., 1994). Importantly, the human soluble form of IL-6R is still capable of binding IL-6 and signaling
through the coreceptor, gp130 (Hurst et al., 2001; Jones et al., 2001). We found that the reduction in
neutrophil recruitment to thermal injury in il-6r =~ larvae was partially rescued by injection of mRNA of
the identified soluble form of the il-ér (Isoform #1) (Figure 4G). Furthermore, il-6r ** larvae injected with
the same il-6r isoform mRNA exhibited an increase in neutrophil recruitment to a burn, further suggesting
that il-6rworks in a dose-dependent manner for neutrophil recruitment following thermal injury (Figure 4G).
Additionally, neutrophil recruitment was decreased during a thermal injury response when the binding of
the IL-6R to its co-receptor gp130 was inhibited using the small molecule SC144 (Figure 4H) (Xu et al., 2013).
Together, these findings support a critical role for IL-6 signaling in neutrophil recruitment to thermal dam-
age. These findings are consistent with previous work reporting that IL-6 is important for neutrophil migra-
tion toward IL-8, fMLP, and LPS-induced pulmonary inflammation and infection (Fielding et al., 2008; Hind
et al., 2018; Wright et al., 2014; Yan et al., 2013).

To determine the impact of the IL-6 receptor on leukocyte migration, we used the il-6r '~ Tg(mpeg1:H2B-
GFP/lyzc:H2B-mCherry) line described above and tracked leukocyte movement during early burn re-
sponses. In mutant larvae, neutrophils, but not macrophages, showed a striking migratory defect
compared with WT larvae (Figures 4l and Videos S3 and S4). Quantification of migratory parameters
showed that the mean neutrophil speed was significantly reduced in il-6r~/~ compared with il-6r*"* larvae
(Figure 4J), whereas the macrophage speed was unaffected (Figure 4K). These results suggest that neutro-
phil, but not macrophage, motility in response to burn wounds is dependent on the IL-6 receptor.

The IL-6 Receptor Is Not Necessary for Neutrophil Recruitment to Pseudomonas aeruginosa-
Infected Burn Wounds

To further investigate the role of il-6r during thermal injury, we imaged the response of leukocytes to in-
fected wounds. Pseudomonas aeruginosa is one of the most common pathogens found in burn patients
and leads to higher morbidity and mortality (Estahbanati et al., 2002). Therefore, wound responses were
investigated in the presence of P. aeruginosa (PA14 strain) infection after thermal injury (Figures 5A,
5B,and S4A). We found that tissue re-growth was impaired with P. aeruginosa-infected wounds (Figure 5C).
Although P. aeruginosa infection was mostly cleared by 96 hbp (Figure S4A), infection of burn wounds re-
sulted in an increased and sustained recruitment of both neutrophils and macrophages at the injured site
from 2 to 96 hpb (Figures S4B and S4C). In both control and IL-6 receptor-depleted larvae neutrophil
recruitment was increased with infection compared with uninfected wounds at 6 and 24 hpb (Figure S4D).
However, the fold change in neutrophil recruitment to P. aeruginosa-infected wounds in il-6r /= mutant
larvae was not decreased compared with the infected il-6r™* at & hpb. This is in contrast to the dramatic
decrease in neutrophil recruitment observed in uninfected il-6r~/~ compared with wild-type larvae (Figures
5D and $4D). Additionally, the fold change in neutrophil recruitment in il-6r /= mutant larvae was greater in
the presence of P. aeruginosa infection at both 6 and 24 hpb. Together, these data suggest that il-6r is not
required for neutrophil recruitment to infected wounds. Macrophage recruitment to infected burn wounds
was slightly decreased in il-6r '~ larvae at 6 hpb, but there was no difference in recruitment observed at 24
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Figure 5. IL-6 Receptor Is Not Required for Neutrophil Recruitment to Infected Burn Wounds

(A) Diagram describing the protocol for infection of burn wounds with P. aeruginosa (PA14 strain). Larvae, 3 dpf, were
burned, followed immediately by a 1-h exposure to bacteria or PBS. Fin regeneration and leukocyte recruitment were
quantified and larvae were subsequently genotyped.

(B) Fluorescent micrographs showing the presence of PA14 bacteria in thermally injured caudal fin at 24 hpb. Arrows
indicate bacteria in infected tails; asterisk denotes non-specific background fluorescence. Scale bar, 200 um.

(C) Area of tissue regrowth in burned caudal fins with and without PA14 infection, measured as the fin tissue caudal to the
posterior end of the notochord. Symbols indicate individual larvae.

(D) Comparison of neutrophil recruitment to the burn wound site with bacteria (PA14 - beige columns) or without bacteria
(PBS - blue columns) in il-6r */* or il-6r =~ larvae depicted as the fold change in neutrophil number relative to the mean of
the corresponding wild-type. Symbols indicate individual larvae.

(E) Comparison of macrophage recruitment to the burn wound site, with bacteria (PA14, beige columns) or without
bacteria (PBS, blue columns) in il-6r */* or il-6r =/~ larvae, depicted as the fold change in macrophage number relative to
the mean of the corresponding wild-type. Symbols indicate individual larvae. Graphs with neutrophil counts and
heterozygote data are presented in Figure S4. For (C)—(E) columns are arithmetic mean with SE. Additional statistical
values in Table S1. See also Figure S4.

hpb (Figures 5E and S4E). In all, these findings suggest that the IL-6 receptor is required for neutrophil
recruitment to tissue damage but not to infected wounds.

DISCUSSION

Thermal injury induces complex tissue damage that has significant morbidity and mortality worldwide. Both
damage and microbial cues recruit innate phagocytes, and the balance of this inflammation can determine
clinical outcome (Church et al., 2006; Ipaktchi et al., 2006). We identified IL-6 as a key signal that controls
neutrophil responses to sterile thermal injury but is not necessary for neutrophil recruitment to wounds in-
fected with P. aeruginosa, a common pathogen found in human burn injuries (Gonzalez et al., 2018). Our
findings highlight context-dependent signals that differentially regulate neutrophil and macrophage re-
sponses that impact tissue repair.

Leukocyte behavior is regulated by the tissue microenvironment; however, the ability to image leukocyte
movement within interstitial tissues with high resolution has limited the field. Few models allow for the
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direct visualization of leukocyte-ECM dynamics in real time. Zebrafish caudal fins contain radially organized
collagen fibers (LeBert et al., 2015), which are lost after burn injury (LeBert et al., 2018; Miskolci et al., 2019),
similar to the loss of ECM organization observed in murine skin after thermal injury (Lateef et al., 2019). Here
we show distinct motile behaviors of neutrophils and macrophages in interstitial tissues after thermal injury,
with striking differences in neutrophil and macrophage recruitment into the “collagen-free” zone.
Macrophages exhibit pausing and slower migration at the interface between collagen-containing and
the wound-induced collagen-free zones. By contrast, neutrophils exhibit rapid, swarming migration into
the collagen-free zone in a fashion similar to other migratory amoeboid cells in vivo (Lédmmermann
et al., 2013). For example, neutrophils move into other collagen-free zones including the luminal parts of
the intestine and vasculature (Massena et al., 2010; Sumagin et al., 2014). Our previous studies demon-
strated that macrophages exhibit a mesenchymal-like mode of migration in interstitial tissues in zebrafish
that requires proteolytic activity, whereas neutrophils demonstrate amoeboid migration that is not prote-
ase sensitive (Barros-Becker et al., 2017). Taken together, these findings show that, in contrast to macro-
phages, neutrophils are less sensitive to changing collagen ECM structure and can rapidly migrate in areas
devoid of organized collagen in vivo.

Pro-inflammatory signals, such as DAMPs, are released from damaged tissues and mediate leukocyte
recruitment in response to apoptotic and necrotic cells (Gravante et al, 2006a, 2006b; Shupp et al., 2010;
Singer et al., 2008). Damage signals that modulate early leukocyte recruitment include adenosine triphos-
phate (ATP) and reactive oxygen species (ROS). ATP released during injuries rapidly induces leukocyte
migration (Boucher et al., 2010; de Oliveira et al., 2014). Both neutrophils and macrophages strongly
respond to ATP gradients (Chen et al., 2006; Kronlage et al., 2010; Wang and Chen, 2018; Wang and Kubes,
2016) and this effect can be reduced by treatment with apyrase (Kronlage et al., 2010; de Oliveira et al.,
2014). Interestingly, we found that neutrophil, but not macrophage, recruitment to burn injury was reduced
by apyrase, suggesting that the cues mediating the recruitment of neutrophils and macrophages to ther-
mal injury are separable. It is not clear if the neutrophil effect was a direct result of ATP reduction or indirect
through effects of ATP on other signaling pathways, including ROS-mediated production of MIP-2 in mac-
rophages, which then could induce neutrophil recruitment, as documented in mice (Kawamura et al., 2012).
In contrast to ATP, we found that ROS signaling was important for both early and late neutrophil and
macrophage recruitment to thermal injury. ROS is widely recognized as an important neutrophil chemoat-
tractant to damage, resulting in recruitment early after tail transection (Niethammer et al., 2009; Yoo et al.,
2011). Although it is not clear if these effects are direct, neutrophils can sense H,O, through the oxidation
of downstream signaling components, like Lyn, as an early signaling mechanism (Yoo et al., 2011). Alterna-
tively, H,O, could be acting through general tissue activation of the NF-kB/AP1 signaling pathway and
contribute to later recruitment via the production of other pro-inflammatory mediators, such as IL-8 and
IL-6 (Chang et al., 2013; de Oliveira et al., 2014; Wittmann et al., 2012). Interestingly, removal of the
damaged tissue after burn reduces recruitment of both neutrophils and macrophages to the wound. Early
excision of burns in humans with a large total body surface area injury decreases mortality, an effect
thought to be due to the reduction of the inflammatory burden of the necrotic tissue (Ong et al., 2006).
Further study is needed to determine if removal of the damaged tissue reduces DAMP-mediated recruit-
ment or whether this removal is impacting other wound-specific signals.

Our results, along with previous reports, show that IL-6 is upregulated after burn injury in human patients
and in murine burn models (Abdullahi et al., 2014; Drost et al., 1993; Hager et al., 2018). We detected a
similar trend in il-6 expression through our zebrafish RT-gPCR, although these results are not statistically
significant. This cytokine regulates neutrophil migration toward IL-8 and fMLP, thereby impacting LPS-
induced pulmonary inflammation, infection, and peritoneal acute inflammation (Fielding et al., 2008;
Hind etal., 2018; Wright et al., 2014; Yan et al., 2013). Our findings show that depletion of the IL-6R in zebra-
fish decreases neutrophil recruitment to burn injury. IL-6 expression can be induced by several factors,
including LTB4, ATP, INF-y, and NF-kB activation (Faggioli et al., 1997; lhara et al., 2005; Tanaka et al.,
2014). This leads to the activation of STAT3 and several pro-inflammatory genes, including chemokine re-
ceptors such as the IL-8 receptor, CXCR2 (Nguyen-Jackson et al., 2010). IL-6 expression also generates a
positive feedback loop, further activating IL-6 signaling pathways (Hendrayani et al., 2016; Lee et al.,
2012). Our data suggest that IL-6 signaling could be involved in initiating and maintaining a primed state
in neutrophils after burn injury, which is impaired in the il-6r/~ mutants, leaving neutrophils less sensitive to
specific external inflammatory cues. Bacterial infection of the burn injury by P. aeruginosa shows that neu-
trophils from il-6r mutants are capable of migrating in great numbers to the damaged area in the presence
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of microbial cues, albeit to a slightly lesser degree than that of the infected wild-type larvae. This suggests
that neutrophil deficiency after loss of IL-6R is not related to impaired cell movement. It is possible that IL-6
acts as a neutrophil motility priming factor that mediates recruitment to sterile damage cues. Interestingly,
loss of IL-6R has no noticeable effect on macrophage recruitment to burn injury. IL-6 signaling has been
shown to regulate macrophage polarization, favoring an M2 state, by alternatively activating macrophages
(Chen et al., 2018; Fernando et al., 2014; Mauer et al., 2014). Therefore, although IL-6 signaling does not
affect macrophage recruitment to burn injury in zebrafish larvae, more work is necessary to explore the
impact of IL-6 on macrophage polarization within burn wounds.

Both microbes and tissue damage signaling recruit neutrophils to the site of insult. A recent report by
Huang and Niethammer (2018) showed that neutrophils require tissue damage signaling to respond to mi-
crobial cues in the otic vesicle of zebrafish. Here, we show that IL-6 is a tissue damage cue that mediates
neutrophil recruitment to sterile thermal injury. The presence of bacteria can override the neutrophil
recruitment inhibition in il-6r mutants, suggesting that even when specific tissue damage cues are blocked,
neutrophils can still respond to microbial cues. It is possible that the hierarchy of recruitment signaling is
context dependent such that the extensive disruption of the matrix architecture that occurs with thermal
injury may induce distinct tissue damage cues that are separable from microbial cues. This distinction
potentially provides a therapeutic target to block damaging neutrophil inflammation in burns with I1L-6
blockade, while still permitting neutrophil responses to pathogenic infection.

In conclusion, zebrafish provide a new model in which to study the innate immune response during early burn
injury. Tissue morphology changes and loss of collagen fibers affect macrophage, but not neutrophil, recruit-
ment to the wound area. We demonstrate that IL-6 signaling is critical for neutrophil motility and recruitment
during early burn wound response but not in the presence of pathogenic microbes. Further work will be needed
to determine the complete role of IL-6 signaling and its potential for therapeutic benefit in burn patients. This
work provides a framework for the identification of pathways that limit damaging neutrophil inflammation in ster-
ile injuries while not impacting necessary neutrophil responses to microbial injury.

Limitations of the Study

This study shows the complex environment under which neutrophils and macrophages need to respond
during early burn injuries. The specific abundance of different signals, soluble and insoluble, can affect
each cell type individually, influencing their response. However, further studies are needed to define the
specifics of the relationship between changes in the matrix architecture of a burn injury and neutrophil
and macrophage migration. Moreover, further studies are needed to elucidate the cellular origin of il-6
as well as the molecular downstream effects of il-6 on neutrophil activation, especially during a sterile
burn injury.

Resource Availability
Lead Contact

Further information and requests for data, resources, and reagents should be directed to, and will be ful-
filled, by the Lead Contact, Anna Huttenlocher (huttenlocher@wisc.edu).

Materials Availability

Plasmids and zebrafish lines generated in this study are available from the lead contact upon request.

Data and Code Availability

Original/source data for all figures published in this study are available from the lead contact upon request.
The sequences generated in this study are available at GenBank (Accession number MW067024 for il-6r iso-
form #1 and MWO067025 for il-6r isoform #2). This study did not generate any new code.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/}.is¢i.2020.101699.
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Figure S1: Macrophages and neutrophils differ in their residency in the
collagen-free region of the burn wound. Related to Figure 2. A)
Enlargement of an enface 3D reconstruction of the region around the edge
(white line) of the collagen fibers, illustrating neutrophil morphology when
located in either the collagen fiber region or in collagen-free tissue at 9 hpb. B)
Enlargement of an enface 3D reconstruction of the region around the edge
(white line) of the collagen fibers, showing macrophage morphology when
located in either the collagen fiber region or in collagen-free tissue at 9 hpb and
17 hpb. Anterior is left. Scale bar = 50um.



A No injury 6 hpb

Figure S2: Burn injury shows increase apoptosis. Related to Figure 3. A)
Thermal injury increased apoptosis, as shown by acridine orange staining.
Representative images for two independent replicates. 3 dpf larvae were
burned and stained with acridine orange at 6 hpb. Caudal fins without injury
were used as control. Scale bar = 200um.
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Figure S3: Characterization of zebrafish il-6r Sa42709 mutant line. Related
to Figure 4. A) Alignment of human (H. sapiens) IL-6R protein sequence
against zebrafish (D. rerio) IL-6R sequence (ENSEMBL) and our two cDNA
cloned zebrafish isoform sequences (Isoform #1 and #2). Proteins sequences
were aligned using Clustal Omega and relevant domains from the human
ortholog are labeled: non-sense mutation site of the Sa42709 zebrafish mutant
line (red), IL-6 binding domain (blue), characteristic IL-6 receptor family
cysteines residues (purple), conserved signaling transduction residues (green),
putative transmembrane domain of zebrafish il-6r (orange text). B) il-6r mutant
larvae express lower amounts of il-6r mRNA as determined by RT-gPCR
performed using 3dpf il-6r ** or il-6r - larvae as templates. AACq analysis was
used to calculate fold change in mMRNA levels. Bars represent two replicates.
Error bar represents SD. C) AACq analysis was used to calculate fold change in
MRNA levels of il-6 expression from larval tails either without (Ctrl) or with
thermal injury (Burn), at 6 hpb. Bars represent arithmetic mean of fold change
with SE from 3 independent experiments. p-value was determined by Wilcoxin
sign rank test in Prism. D) Quantification of neutrophils recruited to the wound
at 2 hours post tail transection (hptt) in i-6*'* and il-67- larvae. Symbols indicate
single larvae from two independent replicates. Bars represent arithmetic mean
with SE, p-value was calculated using a least squares means analysis in SAS.
The total number of E) neutrophils and macrophages quantified in 3 dpf double
transgenic larvae. Automated counting (Imaris) was performed on whole larvae
MIP images. Data from three independent replicates. Bars represent the



arithmetic mean with SE, and p-values were calculated with least squares mean
statistical analysis in R, accompanied with Tukey’s post-test.
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Figure S4: IL-6 receptor is not required for neutrophil recruitment to
infected burn wounds. Related to Figure 5. A) Fluorescent micrographs with
fluorescently labeled bacteria (PA14) in wildtype tails at 96 hpb illustrating the
extensive clearance of bacteria by this time point. Arrows indicate bacteria in
infected tails, asterisk denotes non-specific background fluorescence. Scale bar
= 200 um. Quantification of B) neutrophil and C) macrophage recruitment to the
burn wound in the presence or absence of P.aeruginosa in wildtype larvae up to
96 hpb. Symbols indicate individual larvae. Numbers of D) neutrophils and E)
macrophages recruited to the wound in larvae carrying WT (+/+), heterozygous
(+/-) or mutant alleles (-/-) for il-6r. Symbols represent individual larvae.
Presentation of count values (rather than fold change) of the same data as
presented in Figure 5 D and E.



TRANSPARENT METHODS

EXPERIMENTAL MODEL AND RESEARCH DETAILS

Zebrafish general procedures

All adult and larval zebrafish (Danio rerio) were maintained according to
protocols approved by the University of Wisconsin-Madison Institutional Animal
Care and Use Committee, in agreement with the guidelines set by the federal
Health Research Extension Act and the Public Health Service Policy on the
Humane Care and Use of Laboratory Animal, administered by the National

Institute of Health Office of Laboratory Animal Welfare.

Collected embryos and larvae were maintained in E3 medium [5mM NaCl
(Fisher Scientific), 0.17mM KCI (Dot Scientific), 0.33mM CaCl2 (Acros
Organics), 0.33mM MgSO4e7xH20 (Sigma-Aldrich)] with 1% Methylene Blue
(Sigma-Aldrich) at 28.5° C. Around 80 embryos were placed on each 90 mm
plastic Petri dish. When needed, E3 was supplemented with 0.003% 1-phenyl-
2-thiourea (PTU) (Cat#P7629, Sigma-Aldrich), added at 24 hours post
fertilization (hpf), to inhibit pigmentation of the larvae. For this project, only 2-3

days post fertilization (dpf) larvae were used for experimental manipulation.

Zebrafish lines
Transgenic lines expressing human fluorescently-tagged histone-2b (H2B) in
macrophages (mpeg1 promoter) or neutrophils (lyzc promoter)(von Dassow et

al., 2009; Miskolci et al., 2019; Yoo et al., 2012) were outcrossed to create a



double transgenic line Tg(mpeg1:H2B-EGFP;lyzc:H2B-mCherry). The il-6
receptor (il-6r) mutant line Sa42709 was obtained from the Zebrafish
International Research Center (Cat# ZL13747.13, ZIRC)(Busch-Nentwich et al.,
2012). This line was maintained as heterozygous mutants, and adults were
incrossed to obtain heterozygous and homozygous larvae. For g°PCR
experiments, WT and homozygous mutant adults were created and maintained
to obtain the respective alleles in all larvae. il-6r mutant line was also
outcrossed to the double transgenic line Tg(mpeg1:H2B-EGFP; lyzc:H2B-
mCherry) to quantify leukocyte recruitment on this mutant background. For
second harmonic imaging, transgenic lines Tg(mpeg1:EGFP)gl22 (Cat#ZL.9940,
ZIRC)(Ellett et al., 2011) and Tg(mpx:EGFP) in casper backgrounds
(mpx:GFP/casper line was a generous gift from Dr. Leonard Zon) were used to
image neutrophils and macrophages, respectively. To assess how a neutrophil
deficiency can affect burn regeneration we used the previously reported lines
Tg(mpx:mCherry-2A-rac2) and Tg(mpx:mCherry-2A-rac2D57N)zf307 (Cat#

ZL12825, ZIRC) (Deng et al., 2011).

METHOD DETAILS

Burn procedures

During injury procedures 20-40 3 dpf larvae were transferred to a 35 mm petri
dish (Cat# 351008, Falcon) 1% milk-coated dishes and anesthetized with in 2
mL of E3 medium supplemented with 0.2 mg/ml 3-amino benzoic acidethylester
(Tricaine; Cat#TRS1 (Pentair), Western Chemical Inc.). A Thermal Cautery Unit
(Cat#59005, Stoelting) with a ThermalLite Type E fine palladium electrode #214

(Cat#59010, Stoelting) was used for thermal injury, delivering an approximate



current of 11 Amp for about 1s. Burning of the caudal fin was performed by
placing the cautery tip in close proximity to the fin, making sure the tip is not
touching the fin. Using a high contrast view of the fin, the burning procedure
was stopped before damage reached the notochord. Tail transections were
performed with a scalpel size 10 (Cat#4-310-n0.10, Integra), also in 35 mm 1%
milk-coated dishes containing 2 mL of E3+Tricaine. For live imaging of thermal
injury, larvae were mounted in a zZWEDGI device (Huemer et al., 2017),
maintained in place by adding 1% agarose to the head chamber, and burned as

previously described.

Fixation of larvae

All larvae were fixed in 35 mm 1% milk-coated dishes with 2 mL of fixation
solution [1.5% Formaldehyde (Cat#1881410, Polysciences, Inc.), 0.1M PIPES
(Cat# P1851, Sigma-Aldrich), 1mM MgSO4 (Cat# M7506, Sigma-Aldrich), 2mM
EGTA (Cat# E4378, Sigma-Aldrich)] overnight at 4° C (no shaking). Next day
larvae were washed 3 times for 5 min with PBS pH 7.4 (Cat# P3813, Sigma-

Aldrich) and stored in PBS at 4° C until imaging (Yoo et al., 2011a).

Excision of burn tissue

For burn tissue excision, larvae were burn injured or wounded by tail transection
at 3 dpf, as described. 24 h later, groups with either burn or wound injuries,
were subjected to a second tail transection or to excision of the burn tissue. The
cut was done as close to the original injured tissue as possible, taking care in

not damaging the notochord. Larvae were fixed 24h later (48h post initial insult)



and neutrophils and macrophages were quantified. Neutrophils and

macrophage numbers were normalized to total wound area.

Drug treatments

When indicated, larvae were pre-incubated in drug baths (with Tricaine) 1 h
before injury at 28.5° C. After injury, the medium was replaced with fresh
medium without Tricaine and larvae were incubated at 28.5° C until fixation at
selected timepoints. Drug stock solutions were suspended in DMSO (DPI and
SC144) or milliQ H20 (apyrase) and dissolved to desired concentrations in E3
prior to use. Drug working solutions: Diphenyleneiodonium chloride (DPI)
100uM (Cat#D2926, Sigma), apyrase 50 U/mL (Cat#A6410, Sigma), and
SC144 10uM (Cat#506387, EMD Millipore). Control solutions were 1% and
0.2% DMSO (Cat#D2650, Sigma-Aldrich) for DPI and SC144, respectively, and
the identical volume of milliQ H2O for apyrase. In the case of experiments
involving DPI, only 1h of pre- and post-injury drug incubation was used. Medium

was then replaced with E3.

Acridine orange vital staining

Acridine orange (AO) (Cat#6130, Immunochemistry Technologies) vital staining
was performed by incubating larvae at 5.5 hours post-burn for 20 min in
0.0016mg/mL of AO in E3. Larvae were washed 3 times for 5 min with

E3+Tricaine prior to imaging (Furutani-Seiki et al., 1996).

Sudan Black staining



For quantification of neutrophil recruitment after a tail transection wound, 3 dpf
larvae from a il-6r heterozygous incross were wounded with a tail transection
(Yoo et al., 2011b), and fixed at 2 hptt in 35 mm 1% milk-coated dishes with 2
mL of fixation solution [4% Paraformaldehyde (Cat# 15710, Electron
Microscopy Sciences) in 1x PBS pH 7.4] overnight at 4° C (no shaking). After
fixation larvae are washed 3x with 1x PBS pH 7.4. Stain larvae with Sudan
Black B (Cat# 199664, Sigma-Aldrich) solution (0.18% w/v stock diluted 1:5 in
70% ethanol, 0.1% phenol (Cat# P4557, Sigma)) for 30 min to 1 hr, at RT and
rocking. Wash 1x times with 70% ethanol, 1x with 35%EtOH/PBS then
rehydrate samples with 0.1% PBST [0.1% Tween20 (Cat# P1379, Sigma-
Aldrich) in 1x PBS pH 7.4]. To clear pigment, incubate larvae in 1% potassium
hydroxide/1% hydrogen peroxide solution for approx. 10 min while monitoring
the process under a stereomicroscope. Stop the reaction by washing 3x with
0.1% PBST. Transfer to PBS pH 7.4 and store at 4° C. (Le Guyader et al.,
2008). After imaging with wide field microscopy (see below), single larvae were

genotyped as described below.

il-6r mutant genotyping

The il-6r Sa42709 mutant line was genotyped by Restriction Fragment Length
Polymorphism (RFLP). Genomic DNA (gDNA) extraction was performed by
incubating single larvae in 100 uL of 50 mM NaOH (Cat# S8045, Sigma-Aldrich)
at 95° C in a shaking block (1100 rpm) for 10 min and 20 min, for live or fixed
larvae, respectively. Samples were cooled to 4° C. Solution was neutralized
with 10 uL of 1 M Tris-HCI pH8 (Cat#BP152-500, Fischer Scientific). Tubes

were centrifuged at max speed for 10 min, and 1 uL of the supernatant was



used as template for subsequent reactions. Polymerase Chain Reaction (PCR)
was performed using a 25 uL total volume reaction with GoTaq Green Master
Mix 2x (Cat# M7123, Promega), using primers IL6R gen F; 5’-
AAATCTTCATCAGATCCTCCTTCTGGAGCTT-3, and IL6R gen R; 5'-
AGCTGGCAGTGATGTCTTC-3'. PCR cycler program was performed as
suggested by the manufacturer (Promega), with a primer melting temperature of
53° C was used, and a total of 30 cycles. Digestion of PCR amplicons with Ddel
(Cat#R0175S, New England Biolabs) was carried out by adding 3uL of enzyme
mix [0.3uL of Ddel, 0.3uL of 10x CutSmart Buffer, and 2.4 uL of milliQ H20]
directly to the PCR mix. Samples were incubated O/N at 37° C, and resolved at

90V on a 2.5% agarose gel (Cat# V3125, Promega).

RT-qPCR

To prepare samples for il-6r analysis, total RNA from 5 larvae (il-6r*'* or il-6r")
was extracted using TRIzol reagent (Cat#15596018, Invitrogen) following
standard manufacturer’s directions. For for il-6 analysis, 50 WT larvae were
burned as described and tails were cut and collected at 6 hpb in TRIzol reagent,
followed by extraction of total RNA using RNAqueous Total RNA Isolation kit
(Cat#AM1931, Ambion) following standard manufacturer’s directions. cDNA
was synthesized with SuperScript Il First-Strand Synthesis System kit
(Cat#18080051, Invitrogen), normalizing for equal amounts of total RNA per
sample, using oligo-dT primers, and following standard manufacturer’s
directions. Using this cDNA as template, quantitative PCR was performed using
FastStart Essential DNA Green Master Mix (Cat#6402712001, Roche),

following standard manufacturer’s directions. A LightCycler96 thermocycler



(Roche) was used, with a programmed melting temperature of 58° C and 60° C
for il-6r and il-6, respectively, and the reaction was run for 40 cycles. The
following primers were used:

ILBR qPCR F; 5-TTTATGTCCTGCAGTTCCATCT-3’,

ILBR gPCR R; 5-ACAGTCGTCTCTCCATCTTGT-3,,

IL6 gPCR F; 5-TCAACTTCTCCAGCGTGATG-3',

IL6 gPCR R; 5-TCTTTCCCTCTTTTCCTCCTG-3’ (Varela et al., 2012),

efla qPCR F; 5-TGCCTTCGTCCCAATTTCAG-3,

efla qQPCR R; 5-TACCCTCCTTGCGCTCAATC-3’ (Oehlers et al., 2010).

Data were normalized to ef1a, and level fold changes were calculated using the

AACt method (Livak and Schmittgen, 2001).

il-6r mRNA rescue

To rescue the il-6r mutant phenotype, zebrafish il-6r was amplified from 3dpf
WT larvae cDNA using Phusion High-Fidelity DNA polymerase (Cat# F530S,
Thermo-Fisher), following standard manufacturer’s directions. Two separate
reactions were done to avoid non-specific amplification. First, using the primers
IL6R cDNA F; 5-ATGTGGACCCGATCTACACGC-3’, and IL6R cDNA R; 5'-
TTCATTTCTGTTTATTGTCAATGGCAC-3', the primer melting temperature
used was 64.2° C, and this reaction was run for 25 cycles. Reaction products
were separated on a 1% agarose gel and a band of roughly 2 kbp was cut and
purified using NucleoSpin Gel and PCR Clean-up kit (Cat# 740986.20,
Macherey-Nagel). Next, using this as template, another PCR reaction was
performed using primers IL6R pCS2 F; 5'-

CTTTTTGCAGGATCCGCAAACATGTGGACCCGATCTACACGC-3’ and IL6R



pCS2 R; 5-GAGGCCTTGAATTCCTTCATTTCTGTTTATTGTCAATGGCAC-3'.
This was done as previously, but for 30 cycles. Amplicon was purified from a
1% agarose gel and cloned by homologous recombination into pCS2+8
(Cat#34931, Addgene) using In-Fusion HD cloning kit (Cat#638911,
Clonetech). Recombination products were transformed into Stellar competent
cells (Cat# 636766, Takara) following manufacturer’s directions. Positive
colonies were selected, and mRNA was transcribed using mMessage
mMachine SP6 in vitro transcription kit (Cat#AM1340, Ambion). mRNA was
purified using Qiagen RNA Easy mini kit (Cat#74104, Qiagen). Double
transgenic adults Tg(mpeg1:H2B-EGFP;lyzc:H2B-mCherry) carrying either WT
or il-6r'- alleles were incrossed, and at 1-cell stage embryos were injected with
3 nL of il-6r mRNA (isoform #1) solution at 50 ng/ul. Injected larvae were burned

at 2 dpf and fixed at 6 hpb.

Neutrophil deficient larvae

To measure the influence of neutrophils on fin regeneration, 3 dpf
Tg(mpx:mCherry-2A-rac2D57N) and Tg(mpx:mCherry-2A-rac2) larvae were
anesthetized and burned as above. Following injury, medium was changed to
E3. Larvae were incubated at 28.5° C then fixed at 72 hpb as described above.

Regenerated area was quantified using FIJI as described below.

Pseudomonas aeruginosa culture preparation and infection of burn
wounds
P. aeruginosa strain PA14-YFP was acquired as a gift from Dr. Nancy Keller

(University of Wisconsin-Madison)(Wang et al., 2011). Infection of injured tissue



was done as described previously, with minor modifications (Miskolci et al.,
2019). Liquid culture of LB+Gentamicyn was inoculated with a single colony and
grown overnight in at 37° C and 250 rpm. The culture was then diluted 1:5 and
grown for an additional 1.25-2.5 hours in a 250 mL Erlenmeyer Flask. OD
(600nm) was measured by diluting the culture in PBS at a 1:1 ratio, until
reaching an OD of 0.2-0.3. Bacteria were then pelleted (2 min at 3,000 rcf), and
washed 3 times 1 mL of filter-sterile PBS. The final bacterial pellet was
resuspended in 100 pL sterile PBS, for a final concentration of 8x10” CFU/mL.
Burn was done as described previously, with minor modifications. Larvae were
injured in a 60mm tissue culture treated dishes (Cat#430589, Corning)
containing 5 mL of E3+Tricaine. To avoid wound closure all larvae were burned
in less than 2 min per plate. Total volume of bacterial suspensions or sterile
PBS was added to the plates immediately following burn. Plates were placed

on a rocker at minimum speed (to avoid further damage to the larvae skin) and
incubated for 1 hour at room temperature. Following incubation, larvae were
washed carefully with 5 mL of E3 five times before being placed in the incubator
at 28.5° C. Larvae were fixed at specific timepoints and leukocytes were

quantified as described below.

Confocal microscopy image acquisition

All live imaging procedures were performed at temperatures between 23 to 27°
C. Confocal imaging was done on a Zeiss Axio Observer.Z1 microscope (Zeiss)
with EC Plan-Neofluar NA 0.3/10x objective lens (Zeiss). The spinning disc
module corresponds to a CSU-X1 (Yokogawa), coupled to an EMCCD evolve

512 camera (Photometrics). This set up was run by Zen 2 acquisition software



(Zeiss). Laser power, exposure time, and camera gain were defined for each
set of experiments. For imaging macrophage and neutrophil responses to a
burn injury in the caudal fin, approximately 150 um depth z-series (8.5 uym step
size) of each larva were taken approximately every 2 min. For total number of
leukocytes, fixed 3dpf larvae were immobilized in the zZWEDGI (no agarose),
and 6x1 tile regions were collected for each larva, using 200 um depth z-series
(10 um step size) and 10% image overlap. For acridine orange imaging, 2x1 tile
regions were adjusted for each larval caudal fin, using 180 um depth z-series (5
pm step size) and 10% of image overlap. Stitching of tiles was done on Zen 2
(Zeiss) using default settings. To image the presence of PA14-YFP in fin burns,
a laser-scanning confocal microscope Olympus FluoView FV1000 (Olympus)
with a NA0.40/10x objective (Olympus) was used. Images were 800x800 pix in
size and acquired using a pinhole of 80 um diameter. Fluorescence channel

(488 nm) and DIC images were acquired by sequential line scanning.

Widefield microscopy image acquisition

Images were taken at a magnification of 112x using a Axio Zoom.V16 zoom
microscope (Zeiss) with a Plan-Neofluar Z 1x lens (Zeiss), coupled with a
AxioCam MRm camera (Zeiss). This set up was run by Zen 2012 acquisition
software (Zeiss). Fluorescence intensity and exposure time were defined for
each set of experiments. For fixed burn macrophage and neutrophil recruitment
experiments, larvae tails were amputated from the larvae body (so the tissue
lays flat) prior to imaging. Sudan Black stained embryos were imaged using
brightfield microscopy on a SMZ1500 zoom stereomicroscope (Nikon) with a

WD 54 HR Plan Apo1X lens (Nikon). This instrument was controlled by NIS-



Elements D acquisition software. Exposure time was defined for each set of

experiments.

Multiphoton microscopy image acquisition

Image data were collected on a custom-built multiphoton laser scanning
microscope (LeBert et al., 2018) and lab-developed acquisition software at the
UW Laboratory for Optical and Computational Instrumentation. Images were
collected using a 20x air lens (Nikon, 20X VC, 0.75 NA) and a H7422P-40
GaAsP photomultiplier (Hamamatsu). The Ti:Sapphire laser (Coherent Ultra)
was set at 890 nm for excitation. For detection of the GFP fluorescence a
520/30 nm emission filter (Semrock) was used, while a 445/20 nm bandpass
emission filter (Semrock) was used for Second Harmonic Generation (SHG)
detection. Anesthetized 3 dpf larvae (Tg(mpx:EGFP) or Tg(mpeg1:EGFP)gl22
in casper background) were loaded into a zZWEDGI device (Huemer et al.,
2017). Caudal fins were thermally injured then imaged for 20 to 24 hours,
starting at approximately 1.5 hpb. Microscope stage temperature was
maintained at 25 to 28° C for the duration of the experiment. Data were
collected as z-stacks at each time point, with 4 microns between z-sections and
approximately 30 min between time points. Spectral channels (via filters) were
collected sequentially for each z-stack, with GFP fluorescence collected first.
Brightfield images were collected simultaneously with the SHG collection, using

a transmission photodiode detector (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Leukocyte recruitment



For neutrophil and macrophage recruitment in fixed tissue, images were
quantified using Zen 2.3 Blue Edition (Zeiss) or FIJI (Schindelin et al., 2012) using
the event counter tool for each cell type, or the area tool for regeneration
experiments. Only nuclei were counted, rejecting small fragmented or
phagocytosed nuclei when possible. To quantify recruitment, a burn area was
defined as the entire fin tissue (excluding notochord tissue) posterior from the
artery loop. For experiments quantifying leukocyte recruitment in il-6r mutants,
quantification was performed prior to genotyping. For il-6r mutant rescue

experiments, genotype was known prior to quantification.

Regeneration

Area of regeneration was measured using Zen 2.3 Blue Edition (Zeiss) or FIJI
(Schindelin et al., 2012) by outlining the entire fin tissue posterior to the tip of the
notochord. Regeneration length was defined as a straight line starting from the
end and parallel to the notochord to the end of the caudal fin or burned tissue.
For experiments quantifying regenerate area in il-6r mutants, quantification was

performed prior to genotyping.

Leukocyte infiltration into burn tissue

Infiltration distance of leukocytes into the burn tissue was measured using Zen
2.3 Blue Edition (Zeiss), using the last frame from 6 hour-long time-lapse
recordings. A perpendicular line was drawn at the end of the notochord, the
distance from this line to the edge of a neutrophil and macrophage nuclei was
measured. Only nuclei posterior from this line were measured and any that

overlapped with the line were count as 0 um distance.



Total leukocyte count

Total macrophage and neutrophil numbers were quantified using spot analysis
tool from Imaris imaging analysis software (Bitplane). Spots were defined as
particles with 10 um and 20 um of X/Y and Z diameter, respectively. Imaris quality
filter was set for each tile image, between 200-300 for neutrophils, and 300-500

for macrophages.

Tracking of migrating leukocytes

For tracking of neutrophil and macrophage speed, cells were tracked using the
Imaris spot function, where estimated spot size was defined as 10 pm. Imaris
quality filter was set to 500 or above. Max distance and max gap parameters were
defined as 50 ym and 5 frames, respectively. Single tracks were curated after
software detection. Five randomly selected individual tracks that crossed the
plane of the notochord were selected in each larvae imaged across two
replicates. The time that the cell crossed the plane of the notochord was set to 0
and speed was quantified for 50 min in both the trunk of the fish (t < 0) and the
wound area (t > 0). Mean cell speed for each time point was determined for both

neutrophils and macrophages.

Leukocyte residency in burn tissue

For assessing residency of neutrophils and macrophages in the burn area, track
images were made from the tracks defined above. The recordings were split
into three sections: 0-2 hr, 2-4 hr and 4-6 hr, with cumulative tracks within each

time segment made by defining the dragon tail of the track to fill from the



terminal time point (e.g. 6 hr) to the initial time point (e.g. 4 hr) in Imaris. This
was performed separately for each cell type. Greyscale images of these tracks,
along with a single DIC image of the segment ending time point were then
exported. Subsequent processing and analysis was conducted using FIJI
software. The track images were converted to binary images. The DIC images
were used to generate 2 regions of interest, the wound area - defined by the
area extending from a line perpendicular to the distal end of the notochord to
the edge of the tissue — and the non-wound area — defined as the area
incorporating the trunk area extending from the line perpendicular to the end of
the notochord anteriorly along the trunk the same distance as the length of the
wound area so that, for a given tail, the two regions encompassed similar,
though not identical, areas. These two regions of interest (ROIls) were then
overlaid onto each (neutrophil or macrophage) of the binary track images and
FIJI determined the percentage of each ROI that was occupied by tracks. This
percent area value for the wound region was divided by the percent area value
for the non-wound region to control for larvae to larvae variation in leukocyte

number.

Leukocyte residency in collagen areas

For second harmonic generation images an initial processing to separate the
multiple spatial location of larvae into single larva time-lapse data sets was
performed in FIJI to generate merged data sets containing brightfield, GFP and
SHG images. Imaris (Bitplane) was used to generate 3D reconstructions of the
merged data sets and surface rendering of the macrophage and neutrophil

fluorescence. The surface rendered macrophages or neutrophils were manually



categorized according to location at select time points and total volumes for
specified cell types in each region were for each time point were determined by
Imaris. Cells not completely in the field of view, those that were stationary over
several timepoints or statically overlapping bright SHG signal were not included
in the analysis. As an assessment of the change of total volumes for each cell
type within different time windows after thermal injury, the volume measurement
for each of the time points within a time window were used to calculate a slope

(Microsoft Excel v16.37) for that time window for each larva.

Video preparation:

Time-lapse files were analyzed and exported from Imaris as MP4 video files.
These files were then imported into FIJI using the FFMPEG plugin
(http:/ffiji.sc/~schindelin/ffmpeg-plugins/). Videos were then labeled and
combined into one. First and last frames were duplicate and expanded into 20
frames to demark respective regions on those time points. Using DIC channel as
a reference, burn tissue areas was drawn using a segmented line. Finally, all
segments were concatenated into one video, and exported as an 18fps AVI
uncompressed file. Videos were then compressed and formatted into a smaller
MP4 file. Relative acquisition time and scale bar were originally added in Imaris.
3D reconstructions of a single time point, for neutrophils and for macrophages, of
the data presented in Figure 2 were animated in Imaris and exported as individual
AVI files. The AVI files were converted to TIF files in FIJI, concatenated into a
single video and annotated using the Annotation to Overlay V1.4 macro
(https://www2.le.ac.uk/colleges/medbiopsych/facilities-and-

services/cbs/AlF/software-1/imagej-macros). Video was exported at a 15fps



frame rate as an AVI with JPEG compression. Further compression to MP4
format was accomplished using Handbrake video conversion software

(https://handbrake.fr/).

Human burn skin expression data

To analyze gene expression data on human burn skin samples, we used the
previously published expression dataset from Karim et al, 2018, and followed a
similar analysis pipeline. Briefly, two genesets were used in order to compare to
human expression data. In the case of IL-6 related genes, an available human
IL-6 pathway geneset was used (GSEA,; BioCarta; URL:https://www.gsea-
msigdb.org/gsea/msigdb/cards/BIOCARTA _IL6_ PATHWAY). In case of
neutrophil genes, a curated list of genes from two separate sources was
obtained. Using Geneontolgy (Ashburner et al., 2000; The Gene Ontology
Consortium, 2019) we used the search term “neutrophil” to find genes related to
neutrophil migration, activation, extravasation, homeostasis, and surface
markers. This list was compared against a previously published list of
neutrophil-related genes upregulated in wound healing(Theilgaard-Mdnch et al.,
2004) (GSEA; URL.: https://www.gsea-
msigdb.org/gsea/msigdb/cards/THEILGAARD NEUTROPHIL_AT_SKIN_WOU
ND_UP). Repeated genes from the two sources were eliminated, thus
generating a list of 140 genes. Both genesets were then compared against the
human expression data from burn patients (Karim et al., 2019), and single
sample geneset enrichment analysis (ssGSEA) was done to

generate normalized enrichment scores as previously described (Barbie et al.,



2009). Full gene list, gene analysis, and ssGSEA scores are listed in the Data

S1 file.

Statistics

Graphs: All graphed data in the main text represent at least 3 independent
replications of the experiment, unless otherwise noted in the figure legend, and
were generated using Prism 7.0 (GraphPad). For all graphs, symbols represent
individual data points (defined in the figure legends), the columns indicate the
arithmetic mean and the error bars are the corresponding standard error, with p-
values listed above the relevant comparisons. Significance level was determined
at p < 0.05. Additional statistical information, such as n values, the least square
means and standard errors used for comparison and the 95% confidence

intervals for all data in the main text have been provided in Table S1.

Analyses: Except for human expression analysis, total larva leukocyte counts and
RT-gPCR data, statistical tests were performed using SAS/STAT 9.3 (SAS
Institute Inc.). Analysis of variance was conducted using SAS general linearized
mixed model to account for variation due to fixed effects and random effects. For
experiments where measurements were taken on the same sample at multiple
time points, a repeated measures statement was incorporated into the analysis
model. For the distance measurements of single leukocytes, a nested statement
was incorporated in the analysis model for cells with the same larvae. For mean
leukocyte speed, analysis was performed using the mean speed value within a
tail. A square root transformation was performed on skewed data sets to prior to

analysis improve normality of residuals. For analysis of mean slope data, an



analysis of ranks was performed due to non-normality of residuals. Human RNA
expression data were compared using Prism 8 (GraphPad), with
normalized enrichment scores were plotted and analyzed using ANOVA to
compare all three groups, followed by a pairwise comparison with Tukey’s
correction. Total larva leukocyte counts p-values were calculated with least
squares mean statistical analysis in R (The R Project), accompanied with Tukey’s
post-test, while RT-gPCR data was compared using Wilcoxin Signed Rank test

in Prism 7 (GraphPad).
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