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II-13 and Reactive Oxygen Species Differentially Regulate
Neutrophil Directional Migration and Basal Random Motility
in a Zebrafish Injury-Induced Inflammation Model

Bo Yan,* Peidong Han,” Lifeng Pan,* Wei Lu,* Jingwei Xiong,’ Mingjie Zhang,*
Wenging Zhang,” Li Li,} and Zilong Wen*

During inflammation, the proper inflammatory infiltration of neutrophils is crucial for the host to fight against infections and
remove damaged cells and detrimental substances. IL-13 and NADPH oxidase-mediated reactive oxygen species (ROS) have
been implicated to play important roles in this process. However, the cellular and molecular basis underlying the actions of IL-13
and ROS and their relationship during inflammatory response remains undefined. In this study, we use the zebrafish model to
investigate these issues. We find that, similar to that of NADPH oxidase-mediated ROS signaling, the I1-13-Myd88 pathway is
required for the recruitment of neutrophils, but not macrophages, to the injury-induced inflammatory site, whereas it is dispens-
able for bacterial-induced inflammation. Interestingly, the I1-13-Myd88 pathway is independent of NADPH oxidase-mediated
ROS signaling and critical for the directional migration, but not the basal random movement, of neutrophils. In contrast, the
NADPH oxidase-mediated ROS signaling is required for both basal random movement and directional migration of neutrophils.
We further document that ectopic expression of II-1f in zebrafish induces an inflammatory disorder, which can be suppressed by
anti-inflammatory treatment. Our findings reveal that the I1-13-Myd88 axis and NADPH oxidase-mediated ROS signaling are
two independent pathways that differentially regulate neutrophil migration during sterile inflammation. In addition, Il-1f3 over-
expressing Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)hkz10t;nz50 transgenic zebrafish provides a useful animal model for the study of
chronic inflammatory disorder and for anti-inflammatory drug discovery. The Journal of Immunology, 2014, 192: 5998-6008.

he proper and rapid locomotion of innate immune cells to
target sites is extremely important for the success of immune
responses (1). Compared to infectious inflammation, in
which the signaling network underlying leukocyte behavior and
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function has been well defined, the study of sterile inflammation
remains largely undeveloped. Neutrophils, one of the essential com-
ponents of innate immune cells, are considered to be a double-edged
sword during sterile inflammation. They are the first phagocytes
recruited to the sterile inflammation site, and they facilitate the
removal of dead/damaged cells and detrimental substances (2, 3). In
contrast, dysregulated neutrophilic infiltration is also involved in
inflammatory diseases and cancer development (4, 5). Considering
the paradoxical roles of neutrophils, it is widely accepted that a well-
regulated neutrophil infiltration during inflammatory response is
vital for the hosts. However, the cellular and molecular basis that
regulates neutrophil recruitment during sterile inflammation is not
fully understood. The zebrafish has recently been widely used as
an animal model to study immunity, owing to its conserved immune
system and imaging and genetic amenability (2, 6-8). Furthermore,
because zebrafish process only the innate immune system in the
early stage of development (9, 10), they provide an ideal in vivo
model to study the functions and behaviors of innate immune cells.

The primary trigger of sterile inflammation is cell death, during
which endogenous molecules including damage-associated mo-
lecular patterns, proinflammatory cytokines, and chemokines are
released to initiate an acute response (11). IL-18 is one of the
proinflammatory cytokines involved in infection, reperfusion in-
jury, and various inflammatory diseases (12). In mammals, IL-13
exists as pro-IL-1f in living cells and can be quickly converted
into its biologically active form (mature IL-18) upon caspase-1
cleavage (12), which allows the rapid and robust activation of IL-13
and its downstream signaling cascades. IL-1@ functions through
binding to its receptor IL-1R, which in turn activates the NF-kB
pathway via the adaptor protein MyD88 (13). The activation of the
NF-kB pathway induces the expression of inflammatory genes, re-
sulting in inflammation. Despite the understanding of its molecular
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action, the biological importance of IL-1f3 in sterile inflammation
remains controversial. For example, as expected, /L-1B3-null mice
fail to initiate an acute-phase response in turpentine injection—in-
duced tissue damage (14). Likewise, the immune response to
monosodium urate challenging is defective in caspase-1—deficient
mice, in which IL-1[ maturation is severely impaired (15). These
studies suggest that IL-13 is essential for the generation of im-
mune response in response to sterile inflammatory stimuli. This
view, however, was challenged by a later study showing that
leukocyte response was not compromised in the IL-1(3 Ab-treated
and caspase-1—deficient mice upon stimulation with necrotic cells
(16). Thus, further study is needed to clarify the in vivo function
of IL-1P during sterile inflammation and define precisely how IL-
1B regulates leukocyte infiltration in an in vivo setting.

With its unique advantages of imaging and genetic amenability
(2, 6-8), the zebrafish model provides a unique opportunity to
tackle this issue. Similar to the mammalian homolog, zebrafish
II-1B was shown to be cleaved by caspase-A and caspase-B, the
two homologs of mammalian caspase-1 (17). However, zebrafish
11-1B lacks the typical caspase-1 cleavage site shared by higher
vertebrates including humans and mice (18), and instead, it can
be cleaved at multiple sites (17). Despite this difference, zebrafish
II-1B preserves its function as a potent proinflammatory cytokine
involved in acute inflammatory responses and tissue regeneration
(19). Thus, understanding the role of Il-1f in zebrafish during
inflammatory response may shed light on its function in mammals.

Besides IL-1(, reactive oxygen species (ROS) has also been
suggested in the neutrophil-mediated immune response. Upon the
initiation of chemoattraction to the inflammatory site or during
phagocytosis, neutrophils produce abundant ROS via a process re-
ferred as to “respiration burst” (4). Although the ROS produced
during phagocytosis is well known to be involved in the elimination
of invading microorganisms, the role of ROS during leukocyte
chemotaxis remains elusive. Previous in vitro assays have revealed
that H,O,, one major component of ROS, can induce murine
peritoneal macrophage activation and peritoneal neutrophil che-
motactic activity via a Ca**-mediated manner (20, 21). More re-
cently, using the zebrafish model, it has been demonstrated that
H,0, produced by Duox (a member of the NADPH oxidase family)
is required for leukocyte recruitment to the injury site (22-24). Yet,
the detailed mechanism underlying ROS-mediated leukocyte re-
cruitment and the relationship between ROS and IL-1 signaling
during the inflammatory response warrant for further investigation.

In this study, we identified the II-13—Myd88 axis as a key pathway
in regulating neutrophil recruitment in response to sterile injury,
but not to bacterial infection in zebrafish. We demonstrated that
the 11-13—Myd88 axis and ROS pathway function independently
to regulate neutrophil migration during injury-induced inflamma-
tion. We also showed that the I1-13—Myd88 pathway regulates
directional migration of neutrophils during injury-induced inflam-
mation, but has no effect on the basal random movement. In con-
trast, the ROS signaling is required for both basal random motility
and injury-induced directional migration of neutrophils. We further
provided evidence indicating that the action of the II-13—Myd88
and ROS pathways involves regulating the polarity of PI3K activity.
Finally, we documented that ectopic expression of mature II-13 in
zebrafish leads to an inflammatory disorder that is sensitive to anti-
inflammatory treatment.

Materials and Methods
Zebrafish strains and maintenance
The zebrafish strains, including AB, Tg(lyz:DsRed2)nz50, Tg(corola:

eGFP;lyz:DsRed2)hkz04t;nz50, Tg(hsp70:eGFP;lyz:DsRed2)hkz09t;nz50,
Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)hkz10t;nz50, and Tg(B-actin:Hyper)
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pku326, were raised under standard conditions (2, 25, 26). Embryos were
maintained in egg water containing 0.2 mM N-phenylthiourea (PTU) (Sigma-
Aldrich) to prevent pigment formation (25). The egg water and buffers were
freshly filtered through a 0.22-wm Millipore Steritop filter (Millipore),
and containers were autoclaved before use.

Chemical and pharmacological treatment

Larvae were incubated in egg water containing 100 wm diphenyleneio-
donium (DPI) and 1% DMSO 1 h before tail fin amputation or bacterial in-
jection (23, 24). Diclofenac (1 m) and dexamethasone (800 pwm) treatments
of embryos were performed for 12 h before the heat-shock experiment
(23, 24, 27).

Morpholino injection

The following morpholinos (MOs; Gene Tools) were injected into one-cell
embryos at the indicated final amounts: il-1 €6i6 (0.8 pmol), il-183 €3i3
(1.6 pmol), il-1B8 Mis_e3i3 MO (1.6 pmol), myd88 ATG/ e2i2"¢ (2 pmol/3
pmol), myd88 ATG/ e2i2'°% (1 pmol/1.5 pmol), duox-MOI (1.6 pmol),
duox-MO2/p53 (1.6 pmol/0.8 pmol), nox5 i10ell (0.8 pmol), cyba (3.2
pmol), cyba/nox5 (3.2 pmol/0.8 pmol), and standard control MO (1 pmol).
In this work, if there was no specific description, we used il-18 MO, myd88
MO, and duox MO to represent il-13 e3i3 MO, myd88 ATG/ e2i2 MO, and
duox-MOI, respectively. The sequences of the MOs are as follows: il-13
e6i6 MO (5'-TAATCATGGAGCACAAACCTTGAGT-3"); il-1B ¢3i3 MO
(5'-AAACGTAAAATAACTCACCATTGCA-3"); il-1B Mis_e3i3 MO (5'-
AAACCTAAtATAAgTCAgCATTGgA-3"); myd88 atg MO (5'- GGTCT-
ATACTTAACTTTGATGCCAT-3") (28); myd88 e2i2 MO (5'-GTTAA-
ACACTGACCCTGTGGATCAT-3") (29); duox-MOI1 (5'-TAGATTA-
CTACTCACCAACAGCTTA-3") (30); duox-MO2 (5'-AGTGAATTAG-
AGAAATGCACCTTTT-3") (23); p53 MO (5'-GCGCCATTGCTTTG-
CAAGAATTG-3") (23); nox5 i10ell MO (5'-AATGCGTCACCTTT-
AAAACACACGT-3"); cyba MO (5'-ATCATAGCATGTAAGGATAC-
ATCCC-3") (23); and standard control MO (5'-CCTCTTACCTCA-
GTTACAATTTATA-3').

Bacterial injection

Escherichia coli cells were harvested by centrifugation at 5000 X g for
5 min and resuspended in sterile PBS. The working concentration of E. coli
was 1.2 X 10°/ml, and ~0.06 nl bacterial suspension was injected into
2.5-d postfertilization (dpf) embryos mounted in 1.2% low-melting aga-
rose on glass slides with 0.02% tricaine. Injection was performed on the
stage of an Olympus SZX7 ZOOM stereomicroscope (Olympus) with a
gas manipulator (Havard Apparatus, Holliston, MA). For bacterial-induced
inflammation, E. coli cells were s.c. injected into the muscle of fifth somite.

Protein purification and injection

Recombinant protein 6xHis-tagged Cxcl8-11 was purified accordingly (31).
The recombinant 6xHis-tagged Cxcl8-11 protein (50 pg/embryo) and the
same volume of flow-through solution was s.c. injected into the muscle of
fifth somite.

Laser injury

The laser injury was performed on Leica SP5 confocal microscope (Leica
Microsystems) by scanning a small target region (1015 pum) at 200 Hz
frequency with a 405-nm laser at maximal power for 3—-5 min.

DNA expression constructs and transgenic line generation

The modified vector PT2AL200R 150G was used for all DNA expression
constructs (32). pTol2-hsp70:"il-1B, pTol2-hsp70:eGFP, pTol2-hsp70:"il-
1B_eGFP, and pTol2-B-actin:Hyper were generated and injected into one-
cell embryos together with transposase mRNA (25 ng/wl). The F1 Tg(hsp70:
eGFP;lyz:DsRed2)hkz09t;nz50,  Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)hkz10t;
nz50, and Tg(B-actin: Hyper)pku326 fish were obtained by mating the founders
with Tg(lyz:DsRed2)nz50.

RNA extraction and semiquantitative/quantitative RT-PCR

RNA was prepared by using the RNeasy Micro kit (Qiagen), and cDNA was
generated with the Superscript III First Strand Synthesis System (Invi-
trogen). Semiquantitative PCR was performed as described previously (33),
whereas quantitative RT-PCR was performed with SYBR Green Supermix
(Bio-Rad) (34). The primers used are as follows: il-1p3 637-forward (F), 5'-
GTACTCAAGGAGATCAGCGG-3'; il-1B-831-reverse (R), 5'-CTCGG-
TGTCTTTCCTGTCCA-3'; il-1BexonlF, 5'-GATGGCATGCGGGCAA-
TATG-3'; exon4R, 5'-GATGATGACGTTCACCAACTG-3"; myd88elF,
5'-TCTTGACGGACTGGGAAACTCG-3'; MyD88e5R, 5'-GATTTG-
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TAGACGACAGGGATTAGCC-3"; cxcl8-11-F, 5'-TGTTTTCCTGGC-
ATTTCTGACC-3'; cxcl8-11-R, 5'-TTTACAGTGTGGGCTTGGAGGG-3';
cxcl8-12-F, 5'-CCACACACACTCCACACACA-3'; cxcl8-12-R, 5'-CCACT-
GAATTGTCCTTTCATCA-3";efla-F: 5'-CTTCTCAGGCTGACTGTGC’3';
and efla-R, 5'-CCGCTAGCATTACCCTCC-3".

In situ hybridization

Whole-mount in situ hybridization (WISH) was performed as described
(35). Digoxigenin-labeled full-length antisense RNA probes of il-13
(BC098597), il-6 (JN698962), and cxcl8-11 (XM_001342570) were used
for WISH.

Tail amputation assay

Embryos were collected in egg water and transferred to new Petri dishes
containing sterile filtered egg water with 0.2 mM PTU at 24 h post-
fertilization (hpf). A relatively sterile condition was achieved by frequent
changes of egg water and petri dish and the rapid removal of the abnormal/
dying embryos. The embryos were placed into fresh sterile filtered egg water
with 0.02% tricaine (Sigma-Aldrich), and tail fin amputation was performed
with a sterile 24-gauge needle. Finally, the amputated embryos were placed in
fresh sterile filtered egg water containing 0.2 mM PTU for further analysis.

Live imaging and data analysis

To observe in vivo behaviors of macrophages and neutrophils, the Tg
(corola:eGFP;lyz:DsRed?2)hkz04t;nz50 line was used (2). The 2-2.5 dpf
larvae were mounted in 1.2% low-melting agarose with 0.02% tricaine and
0.2 mM PTU. To monitor H,O, concentration, hyper-ratio imaging was
performed using a Leica SP5 confocal microscope (Leica Microsystems).
The detection wavelength range was set as 505-565 nm, with excitation at
488 and 405 nm (23). Images were processed by Imagel software (National
Institutes of Health) according to the following procedure: substrate back-
ground — transfer to 32-bit format — smoothing — threshold — select Ratio
Plus analysis — select Lookup Table using “Blue_Green_Red” — adjust
display range via “Brightness/Contrast” to produce best signal-to-noise ratio
image of interested cells — add calibration bar (36). PHAKT-enhanced GFP
(eGFP)/DsRed?2 ratio imaging was performed using a 63X water lens and
analyzed similarly as described in hyper-ratio imaging.

Video-enhanced differential interference contrast imaging

Video-enhanced differential interference contrast microscopy was per-
formed as described (37).

Heat shock

Tg(hsp70:eGFP;lyz:DsRed2)hkz09t;nz50 and Tg(hsp70:"il-1B_eGFP;lyz:
DsRed?2)hkz10t;nz50 embryos were raised at 26°C for 3 d to reduce basal
activation of the heat-shock promoter (32, 38). Heat-shock treatment was
conducted at 39°C for 2 X 2 h with 1-h intervals.

Sequence alignment and prediction of the three-dimensional
structure

Sequence alignment was performed using ClustalW2 software (39). A
model of the protein’s three-dimensional structure was generated using
the online Phyre2 server and further optimized by energy minimization
using the YASARA server (40, 41).

Statistics

Data are shown as the mean = SEM. Differences were analyzed by using
the two-tailed Student ¢ test and considered significant at p < 0.05.

Results

Tissue injury activates il-1B signaling

When inflammation occurs, immune cells swiftly migrate to the
affected site in response to signaling mediated by cytokines, che-
mokines, and ROS (2, 3, 11, 23, 24). After inducing inflammation in
zebrafish by tail amputation in a relatively sterile condition, we
investigated genes that were upregulated as part of the acute re-
sponse, because these genes were considered to be likely involved
in sterile inflammation. As a result, il-/3 was identified as a can-
didate. Although i/-/8 mRNA was not detectable by WISH in 2.5-
dpf embryos under normal conditions, we found a strong il-13
mRNA expression at the wound sites by 2 h postamputation (hpa),

IL-18 AND ROS REGULATE NEUTROPHIL WOUND RESPONSE

and its expression decreased from 4 hpa onwards (Fig. 1A-E).
Protein sequence alignment revealed that zebrafish Il-1$ has a high
degree of similarity to IL-13 of other vertebrate species in both
primary sequences and secondary structure (Supplemental Fig. 1A).
Based on the mammalian IL-1{3, a putative mature zebrafish 11-13
was predicted to have a similar tertiary structure to that of human
IL-18 (Supplemental Fig. 1B-D). The predicted putative mature
1I-1B protein was shown to have biological activity because the
overexpression of the putative mature il-13 form (™il-18) resulted
in ectopic expression of il-6 and cxcl-8-11 mRNA (Fig. 1F-I), two
inflammatory cytokines known to be induced by IL-13 in mammals
(42, 43). Our findings indicate that II-1f3 is evolutionally conserved
and likely to be involved in injury-induced inflammatory responses
in zebrafish, which is consistent with the results reported in a recent
study (44).

The 11-1B-Myd88 signaling axis is required for the recruitment
of neutrophils to the injured site

Inflammation can be divided into two subtypes: sterile inflam-
mation and inflammation associated with infection. To study the
role of II-1P in both types of inflammation, two independent splice-
blocking MOs, il-183 e3i3 and il-13 e6i6, were designed to spe-
cifically knock down il-/8 mRNA (Supplemental Fig. 2A-C, 2I) in
Tg(corola:eGFP,lyz:DsRed2)hkz04t,nz50 transgenic zebrafish, in
which macrophages and neutrophils can be labeled by different
fluorescent colors (2). Because both MOs have identical pheno-
types, only results from the il-718 €313 MO were presented in this
study. The embryos injected with il-13 MOs (morphants) did not
display obvious defects in neutrophil morphology, number, and
distribution (Supplemental Fig. 2D, 2E and data not shown). Tail
amputation and bacterial injection were then performed in control
and il-13 morphants. At 2 hpa of the tail fin, ~10 neutrophils were
found in the wound region of 2.5-dpf normal zebrafish. However,
a significantly smaller number of neutrophils was observed in
il-1B morphants (Fig. 2A-C, 2J, Supplemental Fig. 2F). In contrast,
the number of neutrophils accumulated at the bacterial injection
site was similar in both control and il-/8 morphants (Fig. 2D-I,
2K, 2L). As a control, sterile PBS was also injected to induce local
sterile inflammation. Similar to that of tail amputation, the number
of neutrophils accumulating at the site of sterile PBS injection was
significantly reduced in the i/-/3 morphants (Fig. 2D-F, 2K). In
contrast, I1-13 knockdown had no effect on macrophage recruit-
ment in response to both sterile (injury-induced in this case) in-
flammation and inflammation associated with infection (Fig. 2A—
L, Supplemental Fig. 2F). These data suggest that II-18 plays a
specific role in regulating the recruitment of neutrophils, but not
macrophages, during injury-induced inflammation, whereas it is
dispensable for infection-elicited neutrophil response.

In mammals, it is known that IL-1[3, upon binding to its cognate
receptors, activates downstream targets via MyD88 (13). We
speculated that a similar mechanism might be used in zebrafish.
To test this hypothesis, two MOs, myd88atg and myd88e2i2,
which interfere with myd88 mRNA translation and splicing, re-
spectively (28, 29), were coinjected to effectively knock down
myd88 expression in zebrafish embryos followed by tail fin am-
putation and bacterial injection (Supplemental Fig. 2G). As ex-
pected, the knockdown of Myd88 expression blocked injury-
induced but not bacterial-induced recruitment of neutrophils
(Fig. 2M, 20) without the obvious induction of il-/3 production
(Supplemental Fig. 2H). In contrast, macrophage recruitment was
unaffected (Fig. 2N). Consistent with the notion that IL-13 and
MyD88 act in the same pathway, neither a low dosage of the il-13
nor of myd88 MO alone could block neutrophil recruitment, but
the combination of both was sufficient to do so (Fig. 2M). Fur-
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FIGURE 1. Tissue injury initiates il-/3 signaling.
(A-D) The il-1B8 WISH data of 2.5-dpf embryos before
tail amputation and 2 hpa. (E) Histogram shows that the
il-1B RNA level in the tail fin region dramatically in-
creased within the first 2 hpa and decreased thereafter
in 52-hpf wild-type embryos. (F and G) WISH of i/-6 in
2.5-dpf control and heat shock (HS)-induced il-13—
overexpression embryos. (H and 1) WISH of cxcl8-11 in
2.5-dpf control and HS-induced il-1B—overexpression
embryos.

thermore, we showed that the expressions of cxc/8-/1 and cxcl8-12,
two chemokines that were recently found to mediate the injury-
induced migration of neutrophils in zebrafish (31, 45), were
downregulated in both il-13 and myd88 morphants (Fig. 2P, 2Q),
and s.c. injection of the recombinant Cxcl8-11 into the il-183
morphants could rescue the migratory defect of neutrophils (Fig.
2R). This result indicates that Cxcl8-11 acts downstream of I1-13
in the regulation of injury-induced migration of neutrophils.
Collectively, these data suggest that the il-1B8-myd88 signaling
axis may regulate injury-induced neutrophil directional migration,
at least in part, via regulating cxcl8-11 expression.

1l-18-Myd88 and NADPH oxidase—mediated ROS pathways
independently regulate neutrophil injury-induced inflammatory
response

Recent studies have shown that ROS produced at the wound site
by Duox (a member of the NADPH oxidase family) serves as
an important cue for the acute leukocytes’ (both neutrophils and
macrophages) recruitment during injury-induced inflammation
(22-24). This prompted us to investigate the relationship between
NADPH oxidase-mediated ROS and the I1-1p signaling pathway.
To clarify this issue, we first treated fish embryos with DPI, a
potent inhibitor of NADPH oxidase-mediated ROS production
(22-24), and asked whether it would affect il-/3 expression upon
tail amputation. Results showed that pretreatment of embryos with
DPI did not lead to a significant reduction of il-13 expression
(Fig. 3A, 3B, 3E, 3F, 3I). Instead, it prolonged injury to il-13
mRNA expression, as indicated by the positive staining of il-13
mRNA in the DPI-treated embryos but not in the untreated con-
trols after 6 hpa (Fig. 3C, 3D, 3G-I), indicating that NADPH
oxidase-mediated ROS does not act upstream of il-1B-myd88
axis. Conversely, we examined the production of H,O,, a major
ROS product generated at the wound site during sterile inflam-
mation (23, 24), upon the disruption of the il-1B-myd88 signal
axis. To monitor the changes in H,O, concentration in vivo, Tg
(B-actin:Hyper)pku326, transgenic zebrafish in which a specific
H,0, biosensor is ubiquitously expressed (23, 46), were used. As
shown in Fig. 3, a rapid increase of H,O, was seen at the wound
edges in the control embryos as well as il-18 and myd88 mor-
phants at ~20 min postamputation (minpa) (Fig. 3J). Quantifica-
tion analysis revealed that the mean hyper-ratios at the wound
edges of control embryos, il-13 morphants, and myd88 morphants
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were ~1.542, 1.581, and 1.594, respectively (Fig. 3K), indicating
that the inactivation of the il-/18-myd88 signaling axis has no
significant effect on NADPH oxidase—mediated ROS production.
Together, these findings suggest that il-1B8-myd88 and NADPH
oxidase-mediated ROS are two independent pathways required
for neutrophil recruitment during injury-induced inflammation.

1l-1B-Myd88 and NADPH oxidase—mediated ROS are
differentially required for basal random movement and
injury-induced directional migration of neutrophils

To further characterize the differences between the Il-13— and
ROS-mediated neutrophil responses, time-lapse analysis was per-
formed to assess different aspects of neutrophil behavior. We
found that, at steady state, the neutrophils residing in the tissues
were constantly moving within a certain area, presumably pa-
trolling the surrounding tissues to check for damaged cells and
infectious agents (Fig. 4B, Supplemental Video 1). This type of
movement, which in this study is referred as to basal random
movement of neutrophils, appears to be random and is indepen-
dent of extracellular inflammatory stimuli. Upon tissue injury,
neutrophils migrate swiftly to the site of injury via relatively
straight migration routes, with an increase of migration direc-
tionality index, migration velocity, migration territory, and for-
ward migration distance (Fig. 4A, 4C, 4K, Supplemental Fig. 3A,
3B, Supplemental Video 2). This type of neutrophil movement is
directional and depends on extracellular inflammatory stimuli and
is therefore referred as to directional migration. We next assessed
the migratory behavior of neutrophils in il-/8 and myd88 mor-
phants before and after tail amputation. We found that both il-13
and myd88 morphants displayed a basal migratory pattern simi-
lar to that of the control morphants under injury-free conditions
(Fig. 4D, 4F, Supplemental Fig. 3A, 3B, Supplemental Video 1).
However, upon tail amputation, neutrophils rapidly migrated to-
ward the injury site in the control morphants, whereas neutrophils
in the il-1B8 and myd88 morphants moved randomly and failed
to reach the injury site, resulting in the reduction of neutrophil
number in the wound region (Fig. 4A, 4E, 4G, 4K, 4L, Sup-
plemental Fig. 3A, 3B, Supplemental Videos 2, 3). These data
indicate that the il-1B3-myd88 signaling is essential for injury-
induced directional migration of neutrophils but is dispensable
for the basal random movement of neutrophils. A similar assay
was performed to investigate the effect of NADPH oxidase—me-
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FIGURE 2. The II-13—Myd88 axis plays an essential role in injury-induced neutrophil infiltration. (A) Schematic view of tail amputation. The wound
area is defined as the region between the amputation edge and circulation end. (D and G) Schematic views of PBS and bacterial injection assay. (B, E, and
H) The distribution of neutrophils and macrophages 2 h after the control morphants were subjected to tail amputation, s.c. injection of PBS, and s.c.
injection of E. coli, respectively. Tg(corola:eGFP;lyz:DsRed2)hkz04t;nz50 transgenic fish were used. Scale bars, 100 wm. (C, F, and I) The distribution of
neutrophils and macrophages 2 h after il-13 morphants were subjected to tail amputation and PBS and E. coli injection into the muscle, respectively. Tg
(corola:eGFP;lyz:DsRed2)hkz04t;nz50 was used. Scale bar, 100 wm. (J and K) Quantification analysis shows that the neutrophil number (Neu) in the
wound and the area near the PBS injection site is significantly decreased in the il-/8 morphants compared with the control (con) morphants, whereas the
macrophage (Mac) numbers are comparable in both i/-/ and control morphants. ***p < 0.001. (L) Quantification analysis shows that the numbers of both
neutrophils and macrophages near the bacterial injection site are comparable in the i/-/8 and control morphants. (M) Quantification analysis reveals that the
number of neutrophils in the wound at 2 hpa is similar or slightly reduced among the 2.5-dpf embryos injected with low dosage (Figure legend continues)
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FIGURE 3. Injury-induced il-/8 mRNA and ROS are produced via two independent pathways. WISH indicates that the il-/3 mRNA expression is
comparable in 2.5-dpf control and DPI-treated embryos at 2 hpa (A, B, E, and F), whereas the il-/8 mRNA expression increases significantly in the DPI-
treated embryos at 6 hpa (C, D, G, and H). (I) Quantitative RT-PCR shows the il-/3 expression level in the wound of 54-hpf DMSO- and DPI-treated
embryos at 0, 2, 4, and 6 hpa. The il-18 expression level is normalized with elfla expression. **p < 0.01. (J) HyPer heat maps indicate the dynamic change
of H,O, concentration near the wound edge of 54-hpf control (con), il-13, and myd88 morphants (MO) at 8, 20, 60, and 120 minpa. Scale bar, 100 pm. (K)
Quantitative analysis shows that the mean hyper-ratio of wound edge at 20 minpa is similar in 54-hpf control, il-13, and myd88 MO. A region within 50 pm

(5]

of the cutting edge was defined for hyper-ratio calculation.

diated ROS signaling on neutrophil behavior. Surprisingly, we
found that both basal random migration and injury-induced di-
rectional migration of neutrophils were severely impaired in the
embryos treated with the NADPH oxidase inhibitor DPI (Fig. 4H,
41, 4L, Supplemental Video 4). Notably, the directional migration
of neutrophils in response to bacterial-induced inflammation was
not affected by the DPI treatment (Supplemental Fig. 3C, 3D,
Supplemental Video 5). Based on these observations, we specu-
lated that NADPH oxidase-mediated ROS may be also involved in
both basal random migration and injury-induced directional mi-
gration of neutrophils. To support this argument, we examined the
role of all five members—Nox 1, Nox2, Nox4, Nox5, and Duox—
of NADPH oxidase family (23, 47) by MO knockdown analysis.
Because Nox 1, -2, and -4 share one common subunit, Cyba (23,
47), we therefore first knocked down cyba expression and asked
whether the inactivation of noxI, -2, and -4 simultaneously would
affect the basal random migration of neutrophils in zebrafish.
Results showed that the suppression of cyba expression did not
affect the basal random migration of neutrophils (Fig. 4M).
Likewise, knocking down either nox5 or duox alone did not per-
turb the basal random migration of neutrophils, although all of the
MOs effectively blocked the expression of their targeted genes

(Fig. 4M, Supplemental Fig. 2L, and data not shown). However,
the inactivation of Nox (Noxl, -2, -4, and -5 together) clearly
reduced the basal random movement of neutrophils (Fig. 4], 4M,
Supplemental Video 4). Taken together, these results indicate that
NADPH oxidase-mediated ROS is required for both basal random
migration and injury-induced directional migration of neutrophils,
whereas il-13-myd88 is predominantly involved in injury-induced
directional migration of neutrophils.

The basal random movement and injury-induced directional
migration of neutrophils require the establishment of PI3K
activity polarity

It is known that the establishment of PI3K activity polarity is
essential for the regulation of neutrophil mobilization (48-50). We
therefore tested whether the neutrophil migration defect in the
il-1B8 morphants and DPI-treated embryos was caused by the
disruption of PI3K activity polarity. We used the myeloperoxi-
dase (mpo) promoter-directed PHAKT-eGFP expression system to
monitor the PI3K activity (51) by measuring the phosphatidyli-
nositol (3,4,5)-trisphosphate—phosphatidylinositol (4,5)-bisphosphate
(PIP3-PIP,) level in the subcellular compartment of neutrophils
during basal random movement and wound-induced directional

of il-18 MO (il-1B MO™"), myd88 MO (myd88 MO™"), or the control (con) MO, whereas the number of neutrophils in the wound of 2.5-dpf embryos
injected with high dosage of myd88 MO (myd88"¢ MO) or il-1B (il-1B8 MO"%) at 2 hpa is significantly reduced. ***p < 0.001. (N) Quantification analysis
indicates that the number of macrophages in the wound at 2 hpa is comparable in the 2.5-dpf embryos injected with high dosage of myd88 MO (myd88
MO"#) and the con MO. (0) Quantification analysis shows that although the number of neutrophils near the PBS injection site in the myd88 MO™#
decreases significantly, the number of neutrophils in the bacterial injection site is comparable in the 2.5-dpf myd88 MO and con MO. **#p < 0.001. (P
and Q) Quantitative RT-PCR analysis shows a reduction of cxc/8-11 and cxcl8-12 expression in the wound region in the 54-hpf il-13 and myd88 morphants at
2 hpa. The expression level of cxcl8-11 and cxcl8-12 is normalized with elfla RNA. **p < 0.01. (R) Quantification analysis shows that the injury-induced
neutrophil recruitment defect in the 54-hpf il-/3 morphants can be rescued by the s.c. injection of recombinant Cxcl8-11-6xHis but not control (con) flow-
through solution. *p < 0.05, ***p < 0.001.
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IL-18 AND ROS REGULATE NEUTROPHIL WOUND RESPONSE
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FIGURE 4. Distinctive roles of Il1-13—-Myd88 and NADPH oxidase-mediated ROS in the regulation of neutrophil behaviors under normal and injury-
induced inflammatory conditions. (A) The representative frames (10 minpa, 2 hpa, and 4 hpa) from a 4-h time-lapse video after tail amputation in the 54-hpf
Tg(corola:eGFP;lyz:DsRed2)hkz04t;nz50 embryos injected with il-18 MO and control (con) MO. Scale bar, 100 wm. (B-J) The injury-induced migration
tracks of the neutrophils from 10 minpa to the time they reach the wound edge (if the neutrophils cannot reach the wound edge, 2.5 hpa is the maximum
time for tracing) in 54-hpf neutrophils injected with the il-183, mydS88, and con MOs. Only actively moving neutrophils (migration speed >0.015 wm/s was
considered as moving neutrophil) are followed, and each panel consists of =25 neutrophils from 5 embryos. The origin represents the initial position of an
individual neutrophil, and the black/red dots represent the final position of each track. Red represents the tracks with the directionality =0.4 wm, whereas
black represents the tracks with the directionality >0.4 wm. Blue dot represents the center of gravity of the final position of every neutrophil. The black
dashed circles are drawn to facilitate the comparison of the area of territory of neutrophil migration. (K and L) Statistic data of neutrophil migration velocity
in embryos injected with the con, il-18, or myd88 MOs (B—G) and DPI-treated or untreated embryos (H, |) before and after tail amputation. ***p < 0.001.
(M) Statistical data of neutrophil migration velocity in the 54-hpf injury-free embryos injected with the con, duox, cyba, nox5, or cyba+nox5 MOs. *¥**p <

0.001.

migration. In control embryos (without injury) in which neu-
trophils moved randomly, a transient enrichment of PIP;-PIP,
was observed in the leading edge (Fig. 5A, Supplemental Video 6);
however, PIP;-PIP, enrichment also frequently emerged sponta-

neously in other regions of the cells, sometimes in the lagging
edge, leading to the rapid change of the moving direction of those
neutrophils (Fig. 5SA, Supplemental Video 6). In the case of tissue
injury, the activated neutrophils migrated rapidly toward the
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FIGURE 5. PHAKT-eGFP/DsRed2 ratio imaging indicates the distinctive PIP;-PIP, distributions in directional migrating and random moving neu-
trophils. (A—C) Time-lapse images of PHAKT-eGFP/DsRed? ratio reveal the dynamic subcellular localization of PIP;-PIP, in the neutrophils of the 54-hpf
injury-free embryos treated with DPI or injected with the il-183 and control MOs. In the il-/3 morphants and control embryos, the PIP;-PIP, signals are
detected in multiple regions of a random moving neutrophil, and their subcellular localization changes constantly during their movement (A, B), whereas in
the DPI-treated embryos, PIP;-PIP, cannot polarize in the neutrophils (C). The white arrows indicate the neutrophil migration direction, whereas the white
asterisks indicate the enrichment points of PIP;-PIP,. Scale bar, 10 wm. (D-F) Time-lapse images of PHAKT-eGFP/DsRed?2 ratio indicate the dynamic
subcellular localization of PIP;-PIP; in the neutrophils of the 54-hpf injured embryos treated with DPI or injected with the il-183 and control MOs. In the
control embryos, the PIP;-PIP, signals are localized persistently at the leading edge of the neutrophils (D), whereas in the il-/3 morphants, the PIP;-PIP,
signals are detected in multiple regions of the random moving neutrophils and their subcellular localization changes constantly (E). In the DPI-treated
embryos, there is no obvious PIP3-PIP, polarization in the neutrophils (F). The white arrows indicate the neutrophil migration direction, whereas the white

asterisks indicate the enrichment points of PIP;-PIP,. Scale bar, 10 pum.

wound, accompanied by a long-lasting enrichment of PIP3-PIP,
in the leading edge (Fig. 5D, Supplemental Video 6). Sponta-
neous appearance of PIP;-PIP,—enriched signal was not detec-
ted in other regions of the cells. Thus, the persisted PI3K
activity polarity in the leading edge is essential for the direc-
tional migration of neutrophils. In the il-/3 morphants, how-
ever, this long-lasting enrichment of PIP;-PIP, in the leading
edge of migrating neutrophils was no longer maintained, and the
distribution of PIP;-PIP, polarity in those cells was similar to
that of randomly migrating neutrophils observed in the control
embryos (Fig. 5B, 5E, Supplemental Video 6). As expected,
DPI treatment of embryos blocked the establishment of PI3K
activity polarity in neutrophils (Fig. 5C, 5F, Supplemental
Video 6). Collectively, these results suggest that NADPH oxi-
dase—mediated ROS and il-18-myd88 pathways regulate basal
random movement and injury-induced directional migration of
neutrophils via modulating the establishment of PI3K activity
polarity.

Overexpression of 1l-1B induces a systemic inflammation in
zebrafish

It is well known that various kinds of human inflammatory diseases
are closely associated with the dysregulation of 1I-1p (12, 52). We
were therefore keen to establish a zebrafish inflammatory disease
model by simply overexpressing il-I3. To do so, we generated
transgenic zebrafish in which a ™I1-18-eGFP fusion protein was
overexpressed via the heat shock protein (isp) 70 promoter (26,
32, 38). The resulting stable transgenic line Tg(hsp70:"il-1B_
eGFP;lyz:DsRed2)hkz10t;nz50 was used to analyze the effect of
the I1-1B overexpression on neutrophil behavior. To reduce
basal expression of ™II-1B—eGFP protein, the transgenic embryos
were raised at 26°C for 3 d and then subjected to heat-shock
treatment at 39°C for a 2 X 2-h incubation. As shown in Fig. 6,
the overall number of neutrophils and their distribution pattern
were very similar between the control Tg(hsp70:eGFP;lyz: DsRed2)

hkz09t;nz50 and the 11-1B—overexpressing Tg(hsp70:"il-13_eGFP;
lyz:DsRed?2)hkz10t;nz50 embryos before heat-shock treatment
(Fig. 6A-D, I). In contrast, after 2-h post-heat shock (hphs)
treatment to induce ectopic expression of ™MII-1B_eGFP fusion
protein (Fig. 6G), the embryos displayed an abnormal distribution
and increased neutrophil number, particular in the upper region
of the trunk (boxed region) (Fig. 6E-J). By 12 hphs, the number
of circulating neutrophils was also drastically increased in
these embryos (Fig. 61, 6K, Supplemental Video 7). These phe-
notypes share some common features with human inflamma-
tory disorders, and thus, the Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)
hkz10t;nz50 transgenic line could be used as an animal model
for developing new therapeutic strategies for the treatment and
prevention of human inflammatory disorders. To provide proof-
of concept evidence to support such a notion, we tested whether
the treatment of Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)hkz10t;
nz50 embryos with diclofenac and dexamethasone, two anti-
inflammatory drugs commonly used for clinical treatment of
human inflammatory disorders (27, 53, 54), could reduce the
inflammation. Result showed that anti-inflammatory treatment
with diclofenac and dexamethasone significantly reduced the
number of abnormal distributed neutrophils in heat shock—treated
Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)hkz10t;nz50 embryos (Fig.
6], 6K). As expected, the inhibitory effect was also achieved
by DPI treatment, indicating that the inhibition of NADPH oxi-
dase—mediated ROS signaling is sufficient for controlling Il-1B3-
related inflammatory disorder (Fig. 6J, 6K). Thus, the ™II-13_
eGFP protein—overexpressing transgenic zebrafish can serve as an
animal model for inflammatory disease study and new drug dis-
covery.

Discussion

In this study, we used the genetic and imaging advantages of
zebrafish to study in vivo neutrophil behavior during an inflam-
matory response. We showed that the il-18-mydS88 pathway by
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FIGURE 6. II-13 overexpression leads to systemic inflammation in zebrafish. (A—-H) Immunohistochemistry staining shows that the ectopic over-
expression of Il-1f3 by heat shock leads to an increase of neutrophils in the zebrafish, especially in the head and upper region of the trunk marked by the
white dashed line. (A), (B), (E), and (F) are the control Tg(hsp70:eGFP;lyz:DsRed2)hkz09t;nz50 embryos before and after heat-shock treatment. (C), (D),
(G), and (H) are the Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)hkz10t,nz50 embryos before and after heat-shock treatment. (I) Quantitative analysis indicates
a time-dependent increase of total neutrophil numbers in 3-dpf (26°C) Tg(hsp70:™il-1B_eGFP;lyz:DsRed2)hkz10t,nz50 embryos 2 and 24 hphs treatment
compared with the untreated Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)hkz10t,nz50 embryos (0 hphs) and the control Tg(hsp70:eGFP;lyz:DsRed2)hkz09t;nz50
embryos. *p < 0.05, ***p < 0.001. (J) Quantitative analysis shows an increase of neutrophils in the upper region of the trunk (marked by the dashed line in
F and H) of 3-dpf (26°C) Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)hkz10t,nz50 embryos 2 h after heat-shock (2 hphs) treatment, which can be suppressed by
DPI, diclofenac, and dexamethasone (DEX), but not with DMSO treatment. Tg(hsp70:eGFP;lyz:DsRed2)hkz09t;nz50 embryos are used as the control.
*p < 0.05, **p < 0.01, ***p < 0.001. (K) Quantitative analysis shows an increase of circulating neutrophils in 3-dpf (26°C) Tg(hsp70:"il-1B_eGFP;lyz:
DsRed2)hkz10t,nz50 embryos 12 h after heat-shock (2 hphs) treatment, which can be suppressed by treatment with DPI, diclofenac, and DEX, but not
DMSO. Of note, DEX treatment alone slightly increases the circulating neutrophils in the control embryos; thus, Net represents the number of circulating

‘\39 ‘\(,Q( \,\:,Q’e Q(:
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neutrophils in Tg(hsp70:"il-1B_eGFP;lyz:DsRed2)hkz10t,nz50 embryos subtracted from the number of circulating neutrophils in the control Tg(hsp70:
eGFP;lyz:DsRed2)hkz09t;nz50 embryos. *p < 0.05, **p < 0.01, ***p < 0.001.

using MO knockdown is required for injury-induced neutrophil
but not bacterial infection—induced neutrophil recruitment. We
further demonstrated that the il-13-myd88 axis and NADPH ox-
idase-mediated ROS pathway are differentially required for basal
random movement and injury-induced directional migration of
neutrophils. Although MO knockdown is a transient and incom-
plete inactivation of the targeted genes and has a nonspecific toxic
effect (55), the MOs used in this study are highly specific and have
minimal toxic effect, as well documented by others (23, 28-30)
and ourselves. We believe that the phenotypes we have observed
in our study will likely represent the loss-of-function of the tar-
geted genes. Further studies with specific mutant fish, especially in
larvae and adult, will provide new insight into the understanding
of the regulation of neutrophils in response to tissue injury.

Our results demonstrate that the il-13-myd88 signaling axis is
critical for injury-induced directional migration of neutrophils, but
it is dispensable for their basal random movement. Although the
assays are not done under germ-free conditions, they are carried
out under relatively clean conditions by the use of sterilized egg
water, solutions, and containers as well as rapid removal of dying

embryos. Nonetheless, under these relatively clean conditions, the
inflammatory response induced by injury is very similar to that
under germ-free conditions: less il-/3 production, fewer neutro-
phil infiltrations, and shorter proinflammation process compared
with those under conventional conditions (56). We therefore be-
lieve our findings are likely to represent those under germ-free
conditions. In contrast, NADPH oxidase-mediated ROS is re-
quired for both basal random movement and injury-induced di-
rectional migration of neutrophils. Our results further suggest that
whereas Duox is predominantly involved in injury-induced di-
rectional migration of neutrophils, Nox (Nox1, -2, -4, and -5) is
required for basal random movement of neutrophils. These find-
ings suggest that basal random movement and injury-induced
directional migration of neutrophils are regulated by a distinct
signaling pathway. The relationship between basal random move-
ment and directional migration remains unclear at this moment.
Given the fact that bacterial-induced neutrophil recruitment is
not interfered with by DPI treatment, we speculate that basal
random movement is not a prerequisite for inflammation-induced
directional migration of neutrophils.
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Our findings also reveal that the establishment of transient and
persistent PI3K activity polarity in the leading edge of the cells is
essential for the basal random movement and injury-induced di-
rectional migration of neutrophils. The fact that the suppression of
NADPH oxidase-mediated ROS and the il-1B-myd88 axis has
a different effect on the basal random movement and injury-
induced directional migration of neutrophils indicates that the
establishment of transient and persistent PI3K activity polarity is
regulated by distinct signaling pathways involving NADPH oxi-
dase-mediated ROS production and il-1B-myd88 activation. Al-
though II-13 and ROS signaling are independent in terms of il-13
and ROS production during the injury-induced inflammatory
response, they appear to regulate injury-induced neutrophil di-
rectional migration via a common downstream event, the estab-
lishment of persistent PI3K activity polarity in the leading edge,
which requires the activation of both NADPH oxidase-mediated
ROS and il-1B-myd88 pathways. The precise mechanisms un-
derlying the induction of PI3K activity polarity by NADPH oxi-
dase-mediated ROS and il-13-myd88 remain largely undefined.
One of the downstream signaling molecules could be Ca®*. Pre-
vious studies have revealed that there is a temporal and spatial
colocalization of PIP;-PIP, and increased Ca®* concentration at
the leading edge, and ROS have also been shown to evoke a Ca**
transient (20, 57). We speculate that NADPH oxidase—mediated
ROS production may cause an increase of Ca®" concentration,
which in turn leads to the activation of PI3K in the leading edge.
In addition to Ca**, inflammatory chemokine cxcl8-1 (31, 45) is
another potential downstream molecule involved in injury-induced
neutrophil migration. Because injury-induced cxcl8-11 and cxcl§-
12 expression is blocked upon the inactivation of the il-1B8-myd88
axis, and the supplementation of recombinant Cxcl8-11 protein is
sufficient to rescue the neutrophil migratory defect in the il-183
knockdown embryos, we therefore believe that the il-18-myd88
axis regulates the neutrophil directional migration by controlling
Cxcl8 production, which in turn establishes the polarity of PI3K
activity through the G-protein—coupled receptors CXCR1 and
CXCR2 (58, 59).

Finally, we have generated the Tg(hsp70:"il-1B_eGFP;lyz:
DsRed2)hkz10t,nz50 transgenic fish, which develop a systemic
inflammation as indicated by the increase of circulating and tissue
neutrophils in an inducible manner. Consistent with the previous
results obtained from the transiently il-/B—overexpressing em-
bryos, the RNA expression levels of inflammatory cytokines il-6
and cxcl8-11 are also significantly increased in the il-/B3—over-
expressing Tg(hsp70.:"il-1B_eGFP;lyz:DsRed2)hkz10t,nz50 line
compared with those in the control Tg(hsp70:eGFP;lyz:DsRed2)
hkz09t,nz50 line (data not shown). This heat shock—induced sys-
temic inflammation can be relieved by the inhibition of the ROS
pathway with anti-inflammatory drugs, which is consistent with
our findings showing that the activation of both NADPH oxidase—
mediated ROS and il-18-myd88 pathways is required for neu-
trophil recruitment during a sterile inflammatory response. These
findings imply that the activation of the il-13-myd88 axis, at least
under the condition of II-13 overexpression, can turn on, via an
unknown mechanism, NADPH oxidase-mediated ROS signaling,
resulting in inflammation. Finally, given the fact that current
conventional nonsteroidal anti-inflammatory drugs mainly disrupt
the cyclooxygenase pathway (60), our findings also suggest that
the inhibition of either Il-1B or ROS signaling is sufficient to
block sterile inflammation, and perhaps a combinatory inhibition
of both pathways can provide a much greater effect. We also
believe that Tg(hsp70:"il-1B_eGFP,lyz:DsRed2)hkz10t,nz50 fish
will provide a model system for studying human immune disease
and drug discovery.
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