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Abstract The complete regeneration of tissues and organs is still a hot topic in regenerative medicine.
There is increasing evidence that macrophage polarization (M1 and M2 types) play an important role in the inflam-
matory repair phase induced by trauma. This study investigates the putative macrophage polarization in the lower
jaw regeneration of zebrafish. Firstly, the distribution of macrophages was observed by in vivo fluorescence photog-
raphy and immunohistochemistry of transgenic zebrafish specifically labeled with macrophages. Then, the cluster
analyses on transcriptome data-based key time points of lower jaw regeneration were performed, and compare with

the expression profile of classic M1/M2 macrophage cytokines, and qRT-PCR was used for detection. Finally, mi-
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croinjection and RNA-seq were combined to analyze the effects on LPS+IFN-y, IL-4, dexamethasone, and Nacl on
blastema regeneration processes. The results confirmed the dynamic involvement of macrophages in lower jaw re-
generation, and there were classical M 1-type and partial M2-type polarization reactions during the inflammatory re-
action stage of the lower jaw blastema regeneration in zebrafish, and certain M2-type factors were highly expressed
during the blastema tissue reconstruction stage. According to the diverse induction of the typical M1 and M2-type
cytokines, a new blastma regeneration-based macrophage polarization mode was proposed: M1.5 type, M2 (+) type,
and putative LPS/IFN-y and IL-4 signaling pathways. The microinjection results showed that sole microinjection

LPS+IFN-y, IL4 or dexamethasone was detrimental to the blastema regeneration. Thus, this study will provide new

insight into macrophage polarization-mediated tissue regeneration researches.
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a,d,g,j: the ventral view of the lower jaw of zebrafish; b,e,h,k: side view of zebrafish head; c,f,i,1: posterior ventral of the pectoral fin of zebrafish. The
yellow triangle marks the jaw wound. Macrophages are shown in green fluorescence (EGFP). Ns: new surface; Md: mandible; Mm: mandible muscle;
Pf: pectoral fin. m: the bar grpah of fluorescence quantitative. The abscissa represents the three parts of zebrafish, and the ordinate represents the relative
intensity of the fluorescence signal. **P<0.01.
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Fig.1 Dynamic distribution of macrophages during lower jaw regeneration in zebrafish
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Abscissa represents four critical time points of jaw regeneration; the ordinate represents the FPKM value.
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Fig.2 The gene expression trend of traditional M1 macrophage cytokines at key timepoints

of lower jaw regeneration in zebrafish
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Fig.3 The gene expression trend of traditional M2 macrophage cytokines at key time points
of lower jaw regeneration in zebrafish
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Fig.4 Changes in gene expression of traditional M1-type macrophage cytokines at key time points
of lower jaw regeneration in zebrafish
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Fig.5 Changes in gene expression of traditional M2-type macrophage cytokines at key time points
of lower jaw regeneration in zebrafish
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Table 1 Classification of macrophage polarization in regeneration of lower jaw blastema in zebrafish

MI1.5 M1.5 M2(+)

ill2a & ilzsrﬁéﬁég KT il10TE I HE KT 1gfbiRHSHEH AT
Qenes ?lustered with Clustering type Gf:ne?, clustered Clustering type Gfrnes clgstered Clustering type
ill2a&il23r with i/10 with tgfbi

nog2 1 il-10 2 tgfbi 8
irak4 3 foxhl 2 igfbp7 8
ifrdl 3 eaf? 3 pdgfaa 6
sall4 1 sallla 2 smadb6a 8
tr9 3 crfb4 2 pdgfil 6
Nrih4 3 bmp6 2 thx2b 8
Jagnla 3 lingo4b 3 igfbpSa 8
fof23 1 tdp2b 3 tnfisf19 8
sostdc1b 1 relt 3 sox2 8
fit4 1 tgifl 3 nrp2b 6
inhbab 1 flen 3 zge: 113531 8
atll 1 mstna 3 thbs4b 6
bmp7a 3 mapkapk2a 2 tnfsf1013 5
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Fig.7 Expression of IL-1§ antibody and macrophage marker antibody panel during jaw regeneration in zebrafish
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Fig.8 Correlation of gene expression levels between four transcriptome sequencing samples
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A: LPS+IFN-y group. B: IL-4 injection group. C: Dexamethasone injection group. The ordinates represents the pathway names that were significantly

enriched, and the abscissa represents the number of enriched genes.
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Fig.9 Bar chart of KEGG pathway enrichment after lower jaw microinjection
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Fig.10 The gene expression changes of classical M1-type macrophage cytokines at critical time points

of lower jaw regeneration after injection of different stimuli
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Fig.11 The gene expression changes of classical M2-type macrophage cytokines at critical time points

of lower jaw regeneration after injection of different stimuli
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Supplementary table 1 Expression patterns of cytokines and inflammatory cytokines
(gene) with Euclidean distance to i/12a in the top 30

il12ali B BALAEEL(0~2 h) AR E(2 h~2R) BREEQR~SK) RIM

Gene name Euclidean distance ~ Change multiple Change multiple Change multiple Clustering
toill2a (0-2 h) (2 h-day 2) (day 2-day 5) type
il12a 0 47.74465 0.020944755 4.699425 1
nog2 0.121274745 2.935367193 0.237645134 1.465632882 1
irak4 0.269113634 2.244052782 0.479565299 1.37830493 3
egr2b 0.291221071 1.634026757 0.266112559 1.645526732 4
ifrdl 0.335584537 3.621557521 0.400574846 1.283463777 3
sall4 0.337816855 2.338412003 0.38550366 1.225692346 1
tr9 0.391114081 4.571171554 0.232071844 1.996028619 3
Nrih4 0.397874291 6.688681422 0.22042664 1.901722929 3
jagnla 0.413534183 2.746787315 0.314815852 2.331771087 3
fef23 0.425868184 3.291956321 0.09713767 1.891227813 1
sostdclb 0.466913733 6.124003422 0.140560488 1.419692974 1
shebpl 0.473798795 1.83779295 0.705121758 1.119396675 3
fit4 0.481648644 2.066559103 0.541390855 1.051154602 1
inhbab 0.509775815 4.302447999 0.257449362 1.261757866 1
atll 0.514561381 3.24496469 0.139717396 2.413020709 1
tradd 0.516277402 1.845563989 0.696628769 1.378168472 3
ccl25b 0.519429299 1.401168202 1.240143432 1.286816782 9
bmp7a 0.523395751 5.477838304 0.346736714 1.356363375 3
irf2bp2b 0.534006466 1.32387323 0.651348846 1.516769909 4
fefl4 0.559740485 6.155804647 0.430794177 0.909996354 2
pppdch 0.579164296 2.079840432 0.441880242 1.085451223 1
pparaa 0.597256916 1.598178146 0.433553276 1.565262007 4
tnfa 0.619933112 2.033468253 0.344417021 1.323041463 1
gata4 0.620203929 14.2111 0.07036753 1 1
traf3 0.639877239 2.12465231 0.360732833 1.941974569 4
illrapllb 0.644727919 22.3049 0.140665504 1.140656822 2
trafl 0.666606221 1.784182547 0.546233661 1.492883279 3
fg/22 0.677677837 47.96665 0.134205745 3.211412993 3
kazald2 0.709222621 5.260255987 0.038878586 7.8992 -

igf2bp3 0.713514924 2.627112771 0.284680291 1278676182 1
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Supplementary table 2 Expression patterns of cytokines and inflammatory cytokines
(gene) with Euclidean distance to i/23r in the top 30
SR 4T i123r.W EEEEF_% %W%%Z(oiz h) AAAER(2 }~1~2 =) AAAEEL(2 st ) —_—
Gene name Eu.chdean distance  Change multiple Change multiple Change multiple Clustering type
to il23r (0-2 h) (2 h-day 2) (day 2-day 5)
il23r 0 1.501516565 0.29830503 1.789245567 4
pparab 0.101257541 2.095336956 0.163276534 1.824602085 4
cd226 0.150647115 1.682880826 0.395264682 1.281387107 1
12 0.225857822 5.733853979 0.068370802 2.027893365 1
tsc22d3 0.238193337 1.151126297 0.530863987 1.305803363 4
smad9 0.374469479 1.762107564 0.404637656 1.874363648 4
dharma 0.384869174 3.661784647 0.042080015 5.86806 4
ins 0.390322435 5.588315392 0.011493513 11.42335 4
szl 0.398144657 4.010443125 0.042793472 5.28116 4
skilb 0.400280122 1.711129063 0.291824376 1.34736432 1
igf1 0.456989432 1.781060895 0.327916957 0.893958749 1
feflla 0.478080075 1.693382871 0.33966172 0.754646173 10
kazald?2 0.482174041 5.260255987 0.038878586 7.8992 -
fef8b 0.494459912 4.042591741 0.067783868 2.360012791 1
scube?2 0.497619571 1.213968278 0.250044574 1.865534657 4
bdnf 0.511523268 2.066309326 0.301123018 1.236045587 1
tgfbria 0.518663822 1.46547598 0.544077278 1.129178779 1
lingo4a 0.527996061 2.483053316 0.183860072 2.139119212 4
irf2bp2a 0.540990725 1.635426205 0.241309354 1.372173599 4
bmprlba 0.541876519 4.987931428 0.101886777 3.107043129 -
pdeSa 0.548435275 1.941389845 0.244043381 2.61981228 -
dab2 0.5540432 2.306566539 0.244230069 2.328621129 4
ghra 0.556813203 1.473813633 0.567107765 1.037058171 1
pparaa 0.563627826 1.598178146 0.433553276 1.565262007 4
arl32 0.567420943 1.895056815 0.328238931 1.189421714 1
crfbl2 0.586540044 1.264720902 0.485052037 1.572457005 4
ntrk2b 0.593162451 4.439803624 0.232769886 1.519455453 1
fgf10b 0.601001464 1.396309068 0.035230558 12.11375 4
faf4 0.614159668 2.176350153 0.234332383 1.410327124 -
tefa 0.623444793 2.423915969 0.104965389 3.251111967 4
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Supplementary table 3 Expression patterns of cytokines and inflammatory cytokines
(gene) with Euclidean distance to i/10 in the top 30

—— il 1ORR R B ZELAEH(0~2 h) AR (2 h~2K) B EQR~SK) 5&3’3%@2
Gene name Euclidean distance to  Change multiple Change multiple Change multiple Clustering
il10 (0-2 h) (2 h-day 2) (day 2-day 5) type
il10 0 13.932309049 0.205134688 0.941771568 -
foxhl 0.086166028 3.640470959 0.509163001 0.91877498 2
eaf2 0.125201122 2.122243904 0.744351429 1.330554355 3
sallla 0.144784122 5.658530358 0.48449531 0.916012192 2
crfb4 0.173188392 2.086578473 0.74108461 1.008551723 2
bmp6 0.197038437 3.188830162 0.632034101 0.932528063 2
ifnphi2 0.207008662 81.9554 0.230098932 0.867545876 2
lingo4b 0.219678003 4.598175705 0.548715819 1.150842325 3
tmem33 0.257228964 1.387887681 0.954337074 1.116670033 9
tdp2b 0.267419075 3.150288595 0.684340943 1.615211857 3
relt 0.284909007 4.006446463 0.411758139 1.424617146 3
tgif1 0.289291498 8.587247525 0.345198167 1.335449605 3
si:dkey-204f11.3 0.301264593 63.1125 0.140138641 2.251879699 3
flen 0.336409233 2.935315651 0.582956148 1.154947488 3
mstna 0.337281481 5.52224807 0.380321204 1.615276778 3
mapkapk2a 0.34713116 3.754473673 0.480796966 1.04356672 2
tnfrsf9a 0.375451559 5.695825079 0.694078812 1.506914967 3
il6r 0.37868861 10.429115543 0.616656591 0.840284678 2
ill7a/f3 0.381745776 3.258762701 0.551843236 1.463327404 3
si:ch211-158d24.4 0.397514439 6.53345946 0.176395439 2.121200548 3
ifnphil 0.403969831 2.57974966 0.47827433 1.545094193 3
smad3a 0.459162788 1.668595378 0.895730208 0.876600585 2
smnl 0.499926772 2.660885476 0.577780621 0.930611203 2
gata3 0.560801076 3.377783647 0.98499529 0.950694561 9
tnfrsfla 0.583160819 1.98675646 0.998789763 0.962136445 -
fef22 0.586043365 47.96665 0.134205745 3.211412993 3
gmfg 0.600719706 1.346745708 1.091666364 1.277039656 9
rel 0.606570376 2.626939216 0.630057453 0.953061813 2
cd40lg 0.614270994 2.372383686 0.638330002 1.981809022 3

il12rb2 0.624861182 5.909270722 0.630591273 0.563466031 2
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Supplementary table 4 Expression patterns of cytokines and inflammatory cytokines
(gene) with Euclidean distance to #gfbi in the top 30
—— tgfbigk E%EE%‘ /}Em%%z(mg h) A2 yzk) AR j\-~57\-) KT
Gene name Euclidean d1.s- Change multiple Change multiple Change multiple Clustering type
tance to 7gfbi (0-2 h) (2 h-day 2) (day 2-day 5)

tgfbi 0 0.424836036 0.862156885 8.909647406 8
excll2a 0.11788753 0.913900969 0.891641156 1.91535896 6
igfbp7 0.275562517 0.673962336 0.881006013 2.917471822 8
pdgfaa 0.292665184 1.193199644 0.508556472 3.922001062 6
smadba 0.315549387 0.670674442 0.813695111 3.017936595 8
pinkl 0.330768802 0.894877387 1.01212143 1.360733343 6
twsgla 0.380126459 0.66797553 0.96861993 1.685295223 8
id2a 0.408134511 0.806275029 1.049117072 1.502152218 8
anxalb 0.415950102 0.817505611 1.002920609 1.576528934 8
pdgfil 0.432422318 0.628746573 1.164524008 4.123992569 6
tbx2b 0.469837605 0.576498354 0.915219235 2.902161923 8
faslg 0.484344439 0.708174391 0.818001274 1.794624442 8
igfbpSa 0.492364921 0.510783956 1.263168536 2.541526294 8
tnfisf19 0.55257027 0.543942884 1.482452344 2.637561462 8
sox2 0.592294121 0.459982669 0.86691763 2.98906988 8
piasda 0.618340727 0.898001024 1.11314507 1.445061432 6
yapl 0.659280512 1.361956991 0.659060063 1.652458551 3
nrp2b 0.668004776 1.042853866 0.79631554 2.299487262 6
zge:113531 0.672344965 0.579125988 0.802155002 2.844151563 8
thbs4b 0.701257429 0.800698873 1.028749249 4.166675285 6
tnfsf1013 0.746401558 0.509538773 2.945166354 2.116683668 5
fefir3 0.746983431 1.55610075 0.644506354 1.480020241 -
erbb3a 0.785874752 0.717744035 1.010974653 1.386834774 8
gremla 0.795182497 0.978106346 0.506402157 4.482640761 6
bmp4 0.80662974 0.995291387 0.646992168 2.636144113 6
fstlla 0.809105726 0.519292458 0.510906534 5.87664513 8
anxalc 0.828914226 0.707589205 1.711411541 1.640941929 5
dusp22a 0.839932808 0.761757578 0.763541122 1.851959239 8
f2f20a 0.852749696 0.119846596 1 7.5113 8
ifi30 0.883414956 0.510882894 1.635348071 1.404605807 8




