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Tsarouchas et al.: Dynamic control of proinflammatory cytokines Il-1β and Tnf-α by 

macrophages in zebrafish spinal cord regeneration 

Supplementary material: 3 Tables; 13 figures, 2 movie legends 
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Supplementary Table 1: List of mutations after CRISPR/Cas9 editing of tnf-α. 
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Supplementary Table 2: List of primers used. 

beta actin qPCR Forward 5’-CACTGAGGCTCCCCTGAATCCC-3’ 

Reverse 5’-CGTACAGAGAGAGCACAGCCTGG-3’ 

tgf-β1a qPCR Forward 5’-GCTGTATGCGCAAGCTTTACA-3’ 

Reverse 5’-GGACAATTGCTCCACCTTGTG-3’ 

il-1β qPCR Forward 5’-ATGGCGAACGTCATCCAAGA-3’ 

Reverse 5’-GAGACCCGCTGATCTCCTTG-3’ 

tgf-β3 qPCR Forward 5’-AAAACGCCAGCAACCTGTTC-3’ 

Reverse 5’-CCTCAACGTCCATCCCTCTG-3’ 

tnf-α qPCR Forward 5’-TCACGCTCCATAAGACCCAG-3’ 

Reverse 5’-GATGTGCAAAGACACCTGGC-3’ 

mpeg1 probe1 Forward 5′-GGATCCATCATGAAGTCAAG-3’′ 

Reverse 5′-CTCGAGTACTTGAACCCGTG-3’′ 

il-1β gRNA Forward 5’- ACTTCTGCTCAGCCTGTGTG-3’ 

Reverse 5’- CCGCTGATCTCCTTGAGTACGAG-3’ 

tgf-β1a probe Forward 5’-AAAGAGCCTGAATCCGGAGC-3’ 

Reverse 5’-ACTTGCAGTTCCTCACCACC-3’ 

tnf-a gRNA Forward 5’-ACCAGGCCTTTTCTTCAGGT-3’ 

Reverse 5’-AGCGGATTGCACTGAAAAGT-3’ 

il-1β MO2 Forward 5’-TGCCGGTCTCCTTCCTGA-3’ 

Reverse 5’-GCAGAGGAACTTAACCAGCT-3’ 

mmp2 Forward 5’-TGGCCGAAATGAACATGGTG-3’ 

Reverse 5’-GGAACCCATCATCTCGACCC-3’	

mmp9 Forward 5’-TACGGTAATGCTGAGGGTGC-3’ 

Reverse 5’-GCCGTATCTCTGTTAGGGCA-3’	

mmp11a Forward 5’-CGCGAGATGCTTGCCTTTAC-3’ 

Reverse 5’-AGCGCTGGATTTTGTAGGTGA-3’ 

mmp11b Forward 5’-GCAGAGAGACGACCCACATT-3’ 
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Reverse 5’-ACCCAGTAATTCTGGCCTTGG-3’ 

mmp13a Forward 5’-GCCAACAACCAGGTTTACAGTTAT-3’ 

Reverse 5-TCTTCAGGCGGTAAGTATTAAAGAA-3’ 

mmp13b Forward 5’-GCTCACGAGTTTGGTCATGC-3’ 

Reverse 5’-CAGCCTCCAGTAAAACCTGTCT-3’ 

mmp14a Forward 5’-TGAGTGAGGATGGAGCCAATG-3’ 

Reverse 5’-GCGGTGACAGTAGAGTAGGC-3’ 

mmp14b Forward 5’-AACGTCTGTATTCTCCCGCT-3’ 

Reverse 5’-AGCCATGCCTCAGGTTTCAT-3’ 

mmp15a Forward 5’-TTCAATGCGGAGTCTTGGCT-3’ 

Reverse 5’-CTTTGGGCGAGTGGTTTTGG-3’ 

mmp15b Forward 5’-AAAATCAGACTGGAGGTGGCA-3’ 

Reverse 5’-TTGTTAGCAGATGACGGCGA-3’ 

                           mmp16a Forward 5’-TGGACAACGAAACCAGCACT-3’ 

Reverse 5’-AGAGCATAAACGCACCCCTC-3’ 

mmp16b Forward 5’-GTGAGAGAACGGCAGGTAATG-3’ 

Reverse 5’-GAATCCTCCGTCGCAGATGT-3’ 

mmp17a Forward 5’-ATCTTTCCTGGAGGGTGAGGA-3’ 

Reverse 5’-TGCAAACAGGTCCATCCCAT-3’ 

mmp17b Forward 5’-CGGTCTGTAATGCGTCCGTA-3’ 

Reverse 5’-ACATGCTCTGGCCTTTGAAGA-3’ 

mmp19 Forward 5’-TGTCGCACAACTAGGGTTTCA-3’ 

Reverse 5’-AGCAGTGCCGAAGTGAATCT-3’ 

mmp20a Forward 5’-CGCAACGAGTGGCATATGTT-3’ 

Reverse 5’-TGAACGCGTCCATTGAGTTC-3’ 

mmp20b Forward 5’-’ATTCCCATCAGGCGGACATC-3’ 

Reverse 5’-GTCTCTTGGCCCGTAGAGC-3’ 

mmp23bb Forward 5’-GCTCATGAAATCGGTCACGC-3’ 

Reverse 5’-CTGCATCCAGAGGCTCGTAG-3’ 

mmp24 Forward 5’-CATGACGGCAATGACCTGTTC-3’ 
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Reverse 5’-GAGACTGACGCTCGTGTTTG-3’ 

mmp28 Forward 5’-TGCTATCAGAGAGTTTCAGTGGTT-3’ 

Reverse 5’-CCTGACTGGTAGAAAGGCTCC-3’ 

mmp30 Forward 5’-GGTGTTCTGGCTCATGCAAA-3’ 

Reverse 5’-TCGAACACCGTACAAAGCCT-3’ 
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Supplementary Table 3: List of antibodies used. 

Antibody Raised in Source Catalog # Dilution 

anti-GFP 1 chicken Abcam, Cambridge, USA AB13970 1:300 

Anti-4C42 mouse European Collection of 
Authenticated Cell Cultures 

(ECACC) , Salisbury UK 

7.4.C4 (ECACC 

92092321) 

1:50 

Monoclonal Anti-Tubulin, Acetylated1 mouse Sigma T6793 1:300 

Anti-Tp631 rabbit Sigma SAB2701838 1:300 

Anti-Col I1 rabbit Abcam ab23730 1:300 

Anti-HuC/HuD3 mouse Invitrogen A-21271 1:100 

Anti-Mpx4 rabbit GeneTex Irvine, California 

USA 

GTX128379 1:300 

Anti-Mfap4 rabbit GeneTex GTX132692 1:300 

Anti-Il-1β 5 rabbit Proteintech, Manchester, 

UK 

16806-1-AP 1:200 

Anti-L-plastin2 rabbit Yi Feng - 1:500 

Anti-TNFα6 rabbit Anaspec AS-55383 1:2000 

Anti-α-Tubulin mouse DSHB, Iowa, USA  1:2.000 

AffiniPure Fab Fragment Donkey 

Anti-Rabbit IgG (H+L)7,8 

donkey Jackson ImmunoResearch, 

Cambridge, UK 

711-007-003 40 μg/ml 

Cy5 Anti-rabbit donkey Jackson ImmunoResearch 711-175-152 1:300 

Cy™3 Anti-Rabbit IgG (H+L) donkey Jackson ImmunoResearch 711-165-152 1:300 

Cy™3 Aff Anti-Mouse IgG (H+L) donkey Jackson ImmunoResearch 715-165-150 1:300 

Alexa Fluor® 488 Anti-Mouse 

IgG(H+L) 

donkey Jackson ImmunoResearch 715-545-150 1:300 

Cy™5- Anti-Mouse IgG (H+L) donkey Jackson ImmunoResearch 715-175-150 1:300 

Anti-rabbit goat LI-COR IRdye680LT 1:10000 

Anti-mouse goat LI-COR IRdye800CW 1:10000 
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SUPPLEMENTARY FIGURES 
 

 
Supplementary Fig. 1: Presence of fibroblast-like cells, but not myelinated cells or 
endothelial cells correlates with axonal regeneration. A: The thickness of the axonal bridge 
observed in XIa.tubb:DsRed transgenic animals increases after injury, starting at 1 dpl and 
plateauing at 2 dpl (One-way ANOVA followed by Bonferroni multiple comparisons: F 3, 107 
= 17.77 ***P < 0.0001, ns indicates no significance). B: Presence of fibroblast-like cells 
(pdfrb:GFP+) in the lesion site is substantial from 1 dpl, it peaks at 2 dpl, and declines 
thereafter (One-way ANOVA followed by Bonferroni multiple comparisons: F 3, 36 = 53.92, 
**P<0.01,***P<0.0001, ns indicates no significance). C: Myelinating cells (cldnK:GFP+) 
appear in the injury site only at 2 dpl (One-way ANOVA followed by Bonferroni multiple 
comparisons: F 3, 39 = 14.52, *P0.05, ***P<0.0001, ns indicates no significance). D: 
Endothelial cells (fli1:GFP+) do not invade the lesion site (One-way ANOVA followed by 
Bonferroni multiple comparisons: F 3, 22 = 7.939, *P0.05, **P<0.01). Lateral views of the 
injury site are shown; rostral is left. Scale bar: 25 μm. Error bars indicate SEM.  
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Supplementary Fig. 2: Dexamethasone treatment impairs axonal and glial crossing of the 
injury site and recovery of touch-evoked swim distance. A: The thickness of the axonal 
bridge correlates with the distance swum after injury, following treatment with vehicle or 
dexamethasone. B: Distance swum is significantly impaired after treatment with 
dexamethasone (t-test:**P<0.01). C: Correlation table. There is a positive correlation 
between thickness of the axonal bridge and the distance swum, whereas there is a 
negative correlation between bridge thickness and dexamethasone treatment and 
between distance swum and dexamethasone treatment. D: Dexamethasone treatment 
impairs formation of glial bridges (arrow) over the injury site (Fisher’s exact test: **P<0.01). 
Lateral views of the injury site are shown; rostral is left; Dex = dexamethasone. Scale bar 
in D: 100 μm. Error bars indicate SEM. 
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Supplementary Fig. 3: Inhibiting immune cell development impairs axonal regeneration. A: 
Neutrophils are strongly reduced in number in pu.1 and gcsfr double morpholino-injected 
animals (Mann-Whitney test: ***P<0.001). B: Quantification of axonal bridging (arrow; anti-
acetylated Tubulin) shows that morpholino injection decreases the proportion of animals 
with axonal bridges (Fisher’s exact test: **P<0.01). Lateral views of the injury site are 
shown; rostral is left. Scale bar: 100 μm. Error bars indicate SEM. 
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Supplementary Fig. 4: Wnt-dependent ECM deposition and wound healing are not 
affected by compromising the immune reaction. A: The density of fibroblast-like cells 
(pdgfrb:GFP+) in the lesion site is not affected by inhibition of the immune response with 
dexamethasone (Dex) (t-test, ns = not significant). B: Expression of mRNAs for major 
ECM components, including col12a1a and col12a1b (red box) is not impaired in the 
absence of macrophages in irf8 mutants. C: Immunoreactivity for Collagen I (Col I) is not 
altered in irf8 mutants, compared to wildtype controls at 1 dpl and 2 dpl (t-test: ns indicated 
no significance). D: Basal keratinocytes (anti-Tp63+) cover the injury site (indicated by 
rectangle) in irf8 mutants by 2 dpl, similar to wildtype animals. E: Activation of the Wnt 
pathway is unaltered in irf8 mutants after injury. The 6xTCF:dGFP reporter line crossed 
into the irf8 mutants shows activation of Wnt signalling that is comparable to that in 
wildtype animals at 2 dpl. Lateral views of the injury site are shown.; rostral is left. Scale 
bars: 50 μm. Error bars indicate SEM.  
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Supplementary Fig. 5: Some matrix metalloproteases showed reduced expression in irf8 
mutants. A: RT-PCR showed lower expression of 5 mmp genes in the injury site of irf8 
mutants compared to wildtype. B: mmp genes for which no robust change in irf8 mutants 
could be detected are listed. 
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Supplementary Fig. 6: Debris removal by macrophages is not a major factor for axonal 
regeneration. A: TUNEL labelling on cross sections of larvae (dorsal is up) shows an 
increased number of TUNEL+ cells in the injury site (indicated by rectangle) of the irf8 
mutant fish at 2 dpl, but not at 1 dpl (t-test: ***P<0.001, ns = not significant). B: Time-lapse 
video-microscopy shows that macrophages (cyan, mpeg1:EGFP) are in the injury site and 
remove neuronal debris (XIa.tubb:DsRed). Arrowheads point out a macrophage with 
phagocytosed neuronal material. C: Acridine orange labelling at 2 dpl indicates increased 
levels of debris in the irf8 mutant, which is reduced to wildtype levels with the pan-caspase 
inhibitor QVD (Kruskal-Wallis with Dunn’s multiple comparisons post-test: *** P<0.001, ns 
indicates no significance). D,E: Inhibition of cell death with QVD does not alter 
regenerative success in wildtype animals (D) or irf8 mutants (E) at 2 dpl (Fisher’s exact 
test: ns indicates no significance). Rectangles indicate regions of quantification and arrows 
indicate axonal bridges. Lateral views of the injury site are shown (except A); rostral is left. 
Scale bars: 25μm A, 100 μm B, C, D, E, 50 μm. Error bars indicate SEM. 
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Supplementary Fig. 7: Treatment with the phagocytosis inhibitor O-Phospho-L-serine (L-
SOP) does not affect regenerative success. A: The experimental timeline is shown. B: 
Treatment with L-SOP increases the amount of debris, detected with acridine orange (t-
test: ***P<0.001), but has no effect on axon bridging (XIa.tubb:DsRed; Fisher’s exact test: 
ns indicates no significance) at 2 dpl. Lateral views of the injury site are shown; rostral is 
left. Scale bar: 100 μm. Error bars indicate SEM. 
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Supplementary Fig. 8: tgf-β is expressed by macrophages and other cell types. A: In situ 
hybridization for tgf-β1a shows widespread expression in the lesioned trunk of wildtype 
and irf8 mutant larvae at 2 dpl. Arrows show possible macrophages around the injury site 
of wildtype larvae that are not present around the injury site of irf8 mutant larvae. B: 
Quantitative RT-PCR using the GFP+ and the GFP- cell populations of the injury site tissue 
of lesioned mpeg1:GFP larvae shows expression of tgf-β1a and tgf-β3 in purified 
macrophages (GFP+) and other cell types (GFP-). Lateral views of the injury site are 
shown; rostral is left. Scale bar: 200 μm. Error bars indicate SEM. 
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Supplementary Fig. 9: Tnf-α protein level is reduced after the CRISPR/Cas9 disruption of 
the tnf-α gene. A: Immunostaining against Τnf-α shows decreased signal around the injury 
site (boxed) at 2 dpl (t-test: ***P<0.001). AU = arbitrary units. B: Western blot against Τnf-
α in unlesioned larvae shows decreased protein levels after the gRNA injection. Lateral 
views of the injury site are shown; rostral is left. Scale bar: 100 μm. Error bars indicate 
SEM. 
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Supplementary Fig. 10: Inhibition of il-1β expression or disruption of the gene rescue axon 
bridging and parameters of touch-evoked swimming in irf8 mutants. A: The timeline for the 
morpholino manipulations is given. B-D: Morpholino gene knockdown of il-1β by injecting 
into the zygote shows characteristic mis-splicing of il-1β mRNA, compared to wildtype 
animals (D) and partially rescues the bridging phenotype of the irf8 mutant fish (B,C; 
Fisher’s exact test: *P<0.05). D: Morpholino gene knockdown of il-1β shows characteristic 
mis-splicing of il-1β mRNA, compared to wildtype animals. E: The timeline for gRNA 
manipulation is given. F-G: CRISPR/Cas9-mediated disruption of il-1β by injecting specific 
gRNA into the zygote leads to somatic mutations, as shown by RFLP analysis (arrow in H) 
and rescues the bridging phenotype in irf8 mutants (F,G; Fisher’s exact test: **P<0.01). 
I,J: YVAD incubation rescues speed (mean velocity) and path shape (meander) that the 
irf8 larvae achieve after injury (Kruskal-Wallis with Dunn’s multiple comparisons post-test: 
*** P<0.001, ** P<0.01, ns indicates no significance). Lateral views of the injury site are 
shown; rostral is left. Scale bars: 50 μm. Error bars represent SEM. 
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Supplementary Fig. 11: Temporally restricted manipulations of the immune response 
reveal time-dependent effects on axon bridging. A: During early regeneration, 
dexamethasone and YVAD treatments impair regeneration in both wildtype animals and 
irf8 mutants. Stimulation of the immune response with LPS promotes regeneration in 
wildtype animals but inhibits it in irf8 mutants (Two-way ANOVA followed by Bonferroni 
multiple comparisons: F 5, 12 = 25.32. *P<0.05, **P<0.01). B: Manipulations during late 
regeneration show persistent negative effects of dexamethasone in wildtype animals and a 
strong rescuing effect of YVAD in irf8 mutants (Two-way ANOVA followed by Bonferroni 
multiple comparisons: F 5, 12 = 16.05. *P<0.05, ***P<0.001, ns = no significance; Dex = 
dexamethasone). Error bars represent SEM. 
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Supplementary Fig. 12: il-1β is expressed in immune cells, but not neurons in wildtype 
animals. A: In the Il-1β reporter line, il-1β:GFP+ cells are co- labelled (arrows) with the 
macrophage marker Mfap4, microglial marker 4C4 and the neutrophil marker Mpx. 
Arrowheads indicate immune cells that are negative for il-1β:GFP. The proportion of 
macrophages (Mfap4+) and neutrophils (Mpx+) that are il-1β:GFP+ changes over time, 
whereas the proportion of microglial cells that are il-1β:GFP+ remains the same (One-way 
ANOVA followed by Bonferroni post-test: F 5, 282 = 22.55, ***P<0.001, **P<0.01, ns = no 
significance). B: il-1β:GFP+ cells were rarely co-labelled with the neuronal marker HuC/D 
at 1 dpl. Lateral views of the injury site are shown; rostral is left. Single optical sections are 
shown. Scale bars: 50 μm. Error bars represent SEM. 
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Supplementary Fig.13: Working model of the influence of the innate immune system on 
axonal regrowth. During the early stage, within hours of inflammation, spinal cord injury 
triggers neutrophil invasion of the injury site and initiation of the inflammatory response, 
including il-1β production. This initially promotes regeneration but is later strongly 
inhibitory. At later stages, Il-1β positively regulates presence of neutrophil and 
macrophages in a feedback mechansims. Macrophages invade the lesion site and down-
regulate levels of il-1β in neutrophils and basal keratinocytes, while promoting 
regeneration by releasing Tnf-α. This leads to successful axonal regeneration and 
recovery of parameters of touch-evoked swimming.  
 
 
 
 
 
 
 


