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31  Abstract

32 Regulation of host microRNA (miRNA) expression is a contested node that controls the host
33 immune response to mycobacterial infection. The host must overcome concerted subversive
34  efforts of pathogenic mycobacteria to launch and maintain a protective immune response.
35 Here we examine the role of miR-126 in the zebrafish model of Mycobacterium marinum
36 infection and identify a protective role for this infection-induced miRNA through multiple
37  effector pathways. Specifically, we analyse the impact of the miR-126 knockdown-induced
38 tscla and cxcl12a/ccl2/cer2 signalling axes during early host-M. marinum interactions. We
39 find a strong detrimental effect of tscla upregulation that renders zebrafish embryos
40  susceptible to higher bacterial burden and increased cell death despite dramatically higher
41  recruitment of macrophages to the site of infection. We demonstrate that infection-induced
42  miR-126 suppresses tscl and cxcl12a expression thus improving macrophage function early
43 ininfection, partially through activation of mTOR signalling and strongly through preventing
44  the recruitment of Ccr2+ permissive macrophages, resulting in the recruitment of protective
45  tnfa-expressing macrophages. Together our results demonstrate an important role for
46  infection-induced miR-126 in shaping an effective immune response to M. marinum infection
47  inzebrafish embryos.

48

49  Introduction

50 Manipulation and subversion of host signalling pathways is a halmark of infection by
51 pathogenic mycobacteria, such as the causative agents of tuberculosis and leprosy 2
52 Infection with pathogenic mycobacteria results in dysregulated immune responses and
53 disruption of key signalling cascades, ultimately supporting the survival and persistence of
54  bacteria®. A crucial element of mycobacterial persistence is the interaction between bacteria
55 and innate immune cells, primarily macrophages. Subversion of this normally protective
56 interaction between macrophage and bacterium leads to the formation of granulomas which
57 aid bacterial survival. Pleiotropic modulation of host gene expression and signalling cascades
58 by microRNA (miRNA) potentially act as master regulators of the immune cell response to
59  mycobacteriaand may shape the outcome of infection.

60 MiRNA are short single-stranded non-coding RNA molecules that post-
61 transcriptionally regulate gene expression. Through a process known as gene-silencing,
62 miRNA bind to the untranslated regions (UTRs) of target mRNA and reduce their stability.
63  Depending on the degree of complementarity in base pairing, miRNA may either degrade the

64  bound mRNA, or transiently suppress translation, reducing protein production *. As master
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65 regulators of gene expression, miRNA have been investigated in multiple pathologies to
66 identify their functional pathways and biomarker potential >°. During mycobacterial
67 infections, mMIRNA are differentially regulated, and play significant biological roles during
68 infection "'*. The regulation of mMIRNA expression is a contested node, in that it is
69  multifaceted and driven by several opposing factors. Host control of miRNA is challenged by
70  pathogen-driven modulation of expression and the downstream impacts on host immunity
71  may result in either successful clearance or subversion by the pathogen to support infection.

72 Reduced expression of miR-126 has been reported in cattle suffering from Johne's
73 disease, an infection caused by Mycobacterium avium subspecies paratuberculosis, in
74  Mycobacterium abscessus and Mycobacterium tuberculosis-infected THP-1 cells, and in
75  patients with tuberculous meningitis, a severe manifestation of M. tuberculosis infection, and

76  pulmonary tuberculosis. *°.

Although mapped targets suggest further roles in
77  haematopoiesis and inflammatory disorders, the function of miR-126 in infection has yet to
78  bedefined 7.

79 Zebrafish (Danio rerio) are a powerful model organism for studying host-
80 mycobacterial interactions, as they allow direct visualisation of cellular interactions and are
81 amenable to straightforward genetic manipulation *. An added benefit of the zebrafish-M.
82  marinum model is the ability to use a native pathogen of the zebrafish, which closely mirrors
83  histological aspects of human-M. tuberculosis pathogenesis “*%. Zebrafish provide an
84  established model for the investigation of miRNA function and responses to infection, with
85  well-developed genetic tools that facilitate the study of downstream host gene function. We
86  have recently used the zebrafish-M. marinum model to investigate the downstream targets of
87 miR-206 and identified the role of this conserved miR in controlling the multi-cellular
88  immune response to mycobacterial infection ’.

89 Here we use the zebrafish-M. marinum platform to examine the role of
90 mycobacterium infection-induced dre-miR-126a-3p (miR-126). We link infection-induced
91 miR-126 to Tscl via activation of the mTOR pathway, and improved macrophage function
92 due to regulation of a Cxcl12/Ccl2/Ccr2 signalling axis during the early stages of
93  mycobacterial infection.

94

95 Results

96 Infection-induced miR-126 is host-pr otective against M. marinum infection

97  Embryos were infected with M. marinum via caudal vein injection and analysed at 1- and 3-

98 days post infection (dpi) by quantitative (q)PCR to assess the responsiveness of miR-126
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99  expression to infection. At both timepoints miR-126 was upregulated in M. marinum-infected
100  embryos in comparison to uninfected control embryos (Figure 1A).
101 To determine if antagomiR-mediated knockdown of miR-126 effectively reduced
102  transcript abundance and if this miR-126 knockdown was sustained following M. marinum
103  infection, embryos were injected with antagomiR at the single-cell stage and infected with M.
104 marinumat 1.5 days post fertilisation (dpf). Expression levels of miR-126 were measured at
105 1 and 3 dpi. AntagomiR knockdown reduced miR-126 levels at both timepoints and
106  prevented the infection-associated miR-126 expression (Figure 1B).
107 The effect of miR-126 expression on mycobacterial infection was assessed through
108 analysis of bacterial burden following infection in control and miR-126 knockdown embryos
109 (Figure 1C). Therewas asmall, but statistically significant, increase in the bacterial burden of
110  miR-126 knockdown embryos at 1 dpi, which was much more apparent at 3 dpi (Figure 1D).
111  These results indicate that M. marinum infection induces upregulation of miR-126 and that
112  miR-126 has a host-protective effect.
113
114  Infection-associated miR-126 expression is enhanced by mycobacterial virulence factors
115 To investigate whether the increased bacterial burden observed in miR-126 knockdown
116  embryos was specific to mycobacterial infection or a universal response to invading
117  pathogens, embryos were infected with AESX1 M. marinum or uropathogenic Escherichia
118  coli (UPEC). AESX1 M. marinum lack a key mycobacterial type VI secretion system and are
119 therefore less virulent than wild-type (WT) M. marinum as they are unable to escape host
120  phagosomes (Conrad et al. 2017). UPEC are a predominately extracellular bacterium that, in
121  contrast to intracellular mycobacteria, cause acute sepsis infection %,
122 Expression of miR-126 was analysed by qPCR at 1 dpi following infection with either
123 M. marinum, AESX1 M. marinum, or UPEC. While infection with either AESX1 M.
124  marinum or UPEC increased miR-126 expression in comparison to control uninfected
125 embryos, the level of miR-126 expression was significantly lower than WT virulent M.
126 marinum (Figure 2A).
127 Knockdown of miR-126 did not affect AESX1 M. marinum burden compared to
128  control embryos at 1 or 3 dpi (Figure 2B). Likewise, there was no difference in UPEC burden
129  between control and miR-126 knockdown embryos at either 6 hours post infection (hpi) or 1
130 dpi (Figure 2C). These results suggest that although the induction of miR-126 is conserved
131 between types of infections, the host-protective action of miR-126 is only uncovered in the

132  context of infection with virulent M. marinum.
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133

134 miR-126 target gene MRNA expression patterns are conserved during M. marinum

135 infection of zebrafish

136  To uncover the biological pathways targeted by miR-126, expression of potentia target
137 mRNAs was analysed by gPCR following antagomiR knockdown and infection with M.
138  marinum. Possible target genes were chosen based on published experimentally observed
139  targets and bioinformatic target prediction software (Supplementary File 1) 3, Increased
140  expression of atranscript in miR-126 knockdown embryos compared to uninfected scrambled
141  controls was expected to indicate targeting by miR-126 (Figure 3A-E).

142 Expression of cxcrdb was significantly increased in M. marinum infected and miR-
143 126 knockdown + M. marinum embryos compared to control a 1 dpi. Expression of cxcrda
144  was increased in al treatments but was not significantly different from control uninfected
145  embryos. Expression of cxcll2a was higher in both miR-126 knockdown and M. marinum
146  infected embryos than control, but not knockdown infected embryos. miR-126 knockdown +
147 M. marinum embryos had reduced cxcl12a expression compared to control infected embryos.
148  While expression of spredl was increased in both knockdown groups compared to control,
149  there was no difference between knockdown infected and control infected embryos. Finally,
150 tscla was increased in all treatments from control embryos, while expression was
151  sgnificantly higher in miR-12 knockdown and miR-126 knockdown + M. marinum embryos
152 than M. marinum alone.

153 From the gene expression analysis, cxcrdb, cxcl12a, and tscla were regarded as
154  potential target genes of miR-126 due to their increased expression in knockdown embryos
155 and differential regulation compared to M. marinum infected embryos. Both cxcr4a/b and
156  cxcl12a were of interest due to their previously identified role in mycobacterial and zebrafish
157  immunity “*%®. Also of interest, tscla may be involved in mycobacterial pathogenesis as a
158  negative regulator of the mTOR signalling pathway, a key regulatory pathway of a variety of
159  cellular functions 328, Expression of cxcr4a, cxcrdb, cxcl12a, and tscla was measured at 3
160 dpi, and showed that knockdown of miR-126 increased the expression of all target genes
161  evenin M. marinum-infected knockdown embryos, when compared to control uninfected and
162 M. marinum+infected only embryos (Figure 3F-J).

163

164 miR-126 suppression of tscla expression aids control of M. marinum infection

165  Following expression profiling, tscla was selected for further investigation due to differential

166  expression between M. marinum infected and miR-126 knockdown embryos. Predicted
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167  binding of miR-126 and tscla in zebrafish is summarised in (Figure 4A). To confirm the
168 interaction between miR-126 and tscla, we targeted tscla for knockdown using CRISPR-
169  Cas9 (Figure 4B). Knockdown of tscla significantly reduced transcript abundance at 1 and 3
170  dpi compared to both control uninfected and M. marinum-infected embryos (Figure 4C). At
171 both timepoints, tscla knockdown was sustained in M. marinum-infected knockdown
172 embryos. Knockdown of tscla significantly reduced M. marinum burden compared to control
173  embryos (Figure 4D). Double knockdown of both miR-126 and tscla significantly reduced
174  Dbacterial burden compared to miR-126 knockdown aone. There was no difference in
175  bacterial burden between double knockdown embryos and tscla knockdown alone embryos,
176  suggesting that tscla is driving the miR-126 knockdown-associated increase in burden
177  (Figure 4D). The opposing effects of miR-126 knockdown and tscla knockdown on M.
178  marinum burden suggested involvement of a potential miR-126/Tscl signalling axis in
179  mycobacterial infection.

180

181 miR-126 knockdown altersthemTOR signalling axisin M. marinum infection

182  AsmiR-126 knockdown increased expression of tscla, which encodes a negative regulator of
183 mTOR function, we investigated downstream mTOR activity. We utilised whole-mount
184  embryo immunofluorescent staining of phosphorylated ribosomal protein S6 (phospho-S6) as
185 areadout for mTOR activity following infection of miR-126 and tscla knockdown embryos
186  with M. marinum (Figure 5A). At 1 dpi, knockdown of miR-126 resulted in reduced
187  phospho-S6 staining, consistent with increased tscla transcript abundance and knockdown of
188  either tscla alone or double knockdown of miR-126 and tscla increased phospho-S6 staining
189  compared to both control and miR-126 knockdown embryos (Figure 5B). However, the bulk
190 changes in phosphor-S6 staining occurred largely distal to the fluorescent M. marinum, with
191  no observed colocalization, suggesting alack of specificity to infection (Figure 5A).

192 To assess the impact of decreased mTOR signalling in miR-126 knockdown, embryos
193  were treated with either an inhibitor (rapamycin) or activator (MHY1485) of mTOR.
194  Treatment of control embryos with rapamycin resulted in a similar increased burden to that
195  seen after knockdown of miR-126 (Figure 5C). The combination of miR-126 knockdown and
196  rapamycin treatment had an additive effect on the increased bacterial burden compared to
197 either treatment alone, suggesting the presence of infection-relevant, non-mTOR miR-126

198  activities.
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199 Conversely, activation of mTOR signalling with MHY 1485 significantly reduced the
200 Dbacterial burden in both control and miR-126 knockdown backgrounds (Figure 5D). The
201  combination of miR-126 knockdown and MHY 1485 treatment only partially rescued the
202 miR-126 knockdown-induced increase in bacterial burden as compared to MHY 1485
203 treatment alone, again indicating that these pathways are not fully interlinked and that
204  multiple miR-126 dependant mechanisms are functioning during infection.

205 As anticipated, inhibition of mTOR signalling through rapamycin treatment of tscla
206  knockdown embryos increased bacterial burden, however not to the levels seen in rapamycin-
207 treated scramble control embryos (Figure 5E). Also as anticipated, treatment with MHY 1485
208 did not further decrease burden levels from tscla knockdown aone (Figure 5F). Together,
209 these data potentially place mTOR activation as one of the factors downstream of infection-
210  induced miR-126 repression of tscla expression and demonstrate that additional non-mTOR
211  factors mediate the infection phenotype downstream of the miR-126/tscla axis.

212

213 miR-126 knockdown and inhibition of mTOR increase cell death in M. marinum

214  infection.

215  Because of the pleiotropic effects of mTOR on apoptosis and cell death, we hypothesised that
216  increased mTOR activity caused by increased tscla expression in miR-126 knockdown
217 embryos might compromise the survival of M. marinumrinfected macrophages **%. To
218 explore this hypothesis, we performed TUNEL staining on 3 dpi miR-126 knockdown
219  embryos (Figure 6A). Knockdown of miR-126 did increase the number of TUNEL-stained
220  cells compared to control infected embryos (Figure 6B).

221 The increased cell death in miR-126 knockdown embryos was completely reversed by
222 double knockdown of miR-126 and tscla indicating the cell death phenotype is dependent on
223 tscl expression (Figure 6C-D). Rapamycin treatment increased the number of TUNEL-
224  stained cells in control and tscla knockdown embryos, and in the miR-126 knockdown
225  embryos as expected from the bacterial burden data (Figure 6E).

226 Although these data confirm the independence between miR-126/tscla and mTOR
227  activity during mycobacterial infection, the increased cell death in miR-126 knockdown
228  embryos was completely suppressed by treatment of miR-126 knockdown embryos with the
229 mTOR activator MHY 1485 demonstrating a role for mTOR activity in regulating cell death
230  at the host-mycobacterial interface (Figure 6F).
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231

232 miR-126 knockdown incr eases the migration of macr ophages to sites of M. marinum

233 infection

234 As knockdown of miR-126 also increased expression of the neutrophil-related genes, cxcr4b
235  and cxcl12a, and we had previously found arole for upregulation of these genes in protection
236 from M. marinum infection 7, we investigated the effect of miR-126 knockdown on
237  neutrophil motility. Neutrophil responses were first assessed via static imaging of whole-
238  body neutrophil numbers and then by time-lapse imaging of trunk-infected embryos for

nz117

239  analysis of neutrophil migration in the transgenic (Tg) Tg(lyzC: GFP) neutrophil reporter
240 line. Static imaging revealed no difference in total neutrophil numbers between M. marinum-
241 infected control and miR-126 knockdown embryos at either timepoint (Figure 7A). Migration
242  of neutrophils to the site of infection was also not altered between miR-126 knockdown and
243 control infected embryos (Figure 7B). This suggests that despite the increased abundance of
244 transcripts encoding the neutrophil chemotactic genes cxcr4a/b and cxcll2a in miR-126
245  knockdown embryos, neutrophil recruitment is unperturbed by miR-126 knockdown in M.
246 marinuminfected embryos.

247 Because of the role of CXCL12 in recruiting CCR2-expressing macrophages and
248  directing their function towards anti-inflanmatory activities “**, we next investigated the
249  macrophage response to M. marinum infection in miR-126 knockdown embryos. We first
250 estimated total macrophage number in Tg(mfap4:turquoise)*®’ and Tg(mfap4:tdtomato)**
251  macrophage reporter lines embryos at baseline and following M. marinum infection. While
252 there was no difference in total macrophage number between control and miR-126
253 knockdown embryos in the absence of infection, M. marinum-infected miR-126 knockdown
254  embryos had significantly more macrophages than control infected embryos (Figure 7C).

255 To track the recruitment of macrophages to discrete M. marinum lesions, embryos
256  were infected with M. marinum via a trunk injection that embeds the bacteria away from the
257 caudal haematopoietic tissue (CHT) (Supplementary videos 1-2). Compared to control
258  embryos, miR-126 knockdown embryos had an increased number of macrophages at the site
259  of infection from 5 to 24 hpi (Figure 7D). The increased association of macrophages with M.
260 marinum was maintained at 3 dpi in miR-126 knockdown embryos (Figure 7E). There was
261 initialy no difference in the number of macrophages present in the CHT at 1 dpi, however
262 CHT macrophage numbers were decreased in miR-126 knockdown embryos at 3 dpi,
263  suggesting that reduced miR-126 increases the migration of macrophages but does not

264  influence the production and maturation of immature progenitors (Figure 7F).
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265 In order to determine if the increased migratory potential of macrophages in miR-126
266  knockdown embryos was specific to infection, we performed a sterile tail fin wounding assay
267  (Supplementary videos 3-4). There was no significant difference in the number of
268 macrophages at the wound site between miR-126 knockdown and control embryos,
269  suggesting the ateration of the macrophage response dynamics is dependent on specific
270  pathogen-derived signals (Figure 7G).

271

272 Increased macrophagerecruitment to M. marinum infection isindependent of Tscla
273 induction in miR-126 knockdown embryos

274  We next sought to determine if the Tscla/mTOR axis affected macrophage recruitment.
275 Following infection with M. marinum, tscla knockdown embryos did not display any
276  difference in total macrophage numbers compared to control embryos at either 1 or 3 dpi (Fig
277  8A). Double knockdown of miR-126 and tscla failed to prevent the increased macrophage
278 numbers seen in MiR-126 knockdown at 1 dpi, indicating that the atered macrophage
279  responseisindependent of TsclaymTOR (Fig 8B).

280

281  Recruited macrophages are permissive to M. marinum infection

282  To determine why miR-126 knockdown embryos were unable to contain M. marinum in
283  granulomas, despite increased macrophage recruitment, we assessed the activation state of
284  the macrophages. We hypothesised that increased cxcl 12 expression provides more ligand, by
285  heterodimerization with Ccl2, also known as monocyte chemoattractant protein-1 (Mcp-1),
286  for the recruitment of Ccr2 positive (Ccr2+) permissive or non-bactericida macrophages to
287  sitesof infection 2.

288 To investigate this, we first assessed ccl2 and ccr2 transcript abundance following
289 infection. Knockdown of miR-126 increased expression of ccr2 compared to scramble
290 control embryos (Figure 9A). Expression of ccr2 was also increased when miR-126
291  knockdown embryos were infected with M. marinum compared to infected, scramble control
292  embryos. While ccl2 expression was not responsive to either miR-126 knockdown or
293 infection aone, infection of mMiR-126 knockdown embryos increased ccl2 expression
294  compared to knockdown alone and M. marinum-infected only embryos (Figure 9B). Further,
295 ccl2 but not ccr2 expression was observed to be dependent on cxcl12a expression, with
296  double knockdown of miR-126 and cxcl12a rescuing ccl2 expression (Supplementary Figure
297 1.
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298 To determine if recruited macrophages were aternatively activated, and if this
299  mechanism was independent of TSC/mTOR, we next infected miR-126 knockdown and
300 tscla knockdown embryos with M. marinum in the trunk region and measured the level of
301 tnfa promoter activation around the site of infection using TgBAC(tnfa:gfp)"0%
302 Expression of tnfa is a marker of classically activated bactericidal macrophages in zebrafish
303 “*; we therefore utilised tnfa promoter activation as a surrogate marker of protective
304 inflammatory, or classically activated, macrophages. At 1 dpi, miR-126 knockdown embryos
305 had significantly reduced activation of the tnfa promoter, while knockdown of tscla alone
306 increased tnfa promoter activation compared to control and miR-126 knockdown embryos
307 (Figure 9C-D). Double knockdown rescued tnfa promoter activation to an intermediate level,
308 indicating that tscla-independent mechanisms suppress tnfa promoter activation in miR-126
309  knockdown embryos.

310 Our data thus far indicates that miR-126 knockdown increases the recruitment of
311  macrophages to M. marinum infection, and these macrophages are unable to clear bacteria,
312  resulting in macrophage cell death. While the cell death phenotype can be attributed to
313 increased tscla expression in miR-126 knockdown embryos, and tscla is partialy
314 responsible for the lack of tnfa promoter activation, there are clearly tscla-independent
315  mechanismsresponsible for the bulk recruitment of non-tnfa promoter active macrophages.
316

317  Recruitment of per missive macrophagesto M. marinum infection is dependent on

318 Cxcl12a/Ccr2 signalling in miR-126 knockdown zebrafish embryos

319 We hypothesised that the increase in expression of Cxcl12/Ccl2/Ccr2 signaling axis
320 components in miR-126 knockdown embryos is responsible for the recruitment of permissive
321  macrophages to infection. To confirm the active role of the Cxcl12/Ccl2/Ccr2 signalling axis
322 as a downstream effector mechanism of miR-126 expression and its involvement in the
323  increased migration of permissive macrophages to sites of mycobacterial infection, the
324  cxcll2a and ccr2 genes were targeted for knockdown using Crispr-Cas9. Consistent with the
325 work of Cambier et al., we did not observe any effect of cxcll2a or ccr2 knockdown
326 compared to control embryos across the three phenotypes of bacterial burden, tota
327  macrophage area, or tnfa promoter activity at sites of infection (Figure 10) “°#.

328 Knockdown of cxcl12a and double knockdown of both miR-126 and cxcl12a
329  dgnificantly reduced bacterial burden compared to miR-126 knockdown alone (Figure 10A).
330  Similarly, knockdown of ccr2 and double knockdown of both miR-126 and ccr 2 significantly

331  reduced bacterial burden compared to miR-126 knockdown alone (Figure 10B). There was no
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332 difference in bacterial burden between double knockdown embryos and cxcl12a or ccr2
333  knockdown alone embryos, suggesting the Cxcl12/Ccl2/Ccr2 signalling axis is driving the
334  miR-126 knockdown-associated increase in burden.

335 Knockdown of cxcl12a and double knockdown of both miR-126 and cxcl12a
336  dignificantly reduced total macrophage area compared to miR-126 knockdown alone (Figure
337 10C). Similarly, knockdown of ccr2 and double knockdown of both miR-126 and ccr2
338 dignificantly reduced total macrophage area compared to miR-126 knockdown alone (Figure
339 10D). Again, there was no difference in total macrophage area between double knockdown
340 embryos and cxcl12a or ccr2 knockdown alone embryos, suggesting the Cxcl12/Ccl2/Ccr2
341 dgnalling axis is driving the miR-126 knockdown-associated increase in macrophage
342 numbers.

343 Following knockdown of cxcl12a and double knockdown of both miR-126 and
344  cxcll2a restored tnfa promoter activation in granulomas to the levels in scramble control
345  embryos (Figure 10E). Similarly, knockdown of ccr2 and double knockdown of both miR-
346 126 and ccr2 restored tnfa promoter activation in granulomas to scramble control embryos
347 (Figure 10F). As with the other phenotypes, there was no difference in tnfa promoter
348 activation in granulomas between double knockdown embryos and cxcll2a or ccr2
349  knockdown alone embryos.

350 Finally, we examined cell death in miR-126 and either cxcl12a or ccr2 knockdown
351 embryosto determineif the permissive nature of recruited macrophages further contributes to
352 the increased cell death observed in miR-126 knockdown embryos (Figure 10G). As
353  previously observed, miR-126 knockdown alone increased cell death compared to control
354 infected embryos. Knockdown of down both cxcl12a and ccr2 was protective, decreasing the
355 number of TUNEL-stained cells at 3 dpi. Further, double knockdown of miR-126 and either
356  cxcll2a or ccr2 reduced cell death and from miR-126 knockdown alone, demonstrating that
357 the Cxcl12/Ccl2/Ccr2 signalling axis is driving the miR-126 knockdown-associated increase
358 in permissive macrophage recruitment to mycobacterial infection.

359

360 Discussion

361 The ability of mycobacteria to evade host immunity is central to their pathogenicity and
362  ability to establish a chronic infection. Control of miRNA is contested by host and invading
363 mycobacteria as miRNA represent key nodes that are capable of exerting pleiotropic effects
364  on the host immune response. Here, we show that increased abundance of miR-126 following

365 infection with M. marinum is beneficial to the zebrafish host and prevents dissemination of
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366  bacteria during the early stages of infection. Through suppressing the target gene, tscla, and
367 inhibiting the Cxcl12a/Ccl2/Ccr2 signalling pathway, miR-126 suppresses macrophage death
368  and the recruitment of permissive macrophages. Our experiments demonstrate that decreasing
369 miR-126 expression early during infection increases the recruitment of permissive
370  macrophages which favours infection by failing to clear intracellular mycobacteria and
371 facilitating mycobacterial release.

372 The expression of miR-126 was increased following infection with M. marinum,
373  AESX1 M. marinum, and UPEC suggesting an early host-response to systemic infection.
374 However knockdown of miR-126 increased the burden of WT M. marinum, not AESX1 M.
375 marinum or UPEC. Thus, we considered the protective effect of miR-126 upregulation to be
376  dependent on the mycobacterial ESX1 secretion system that is also present in M.
377  tuberculosis, and thisis a specific response to counteract the virulence of WT M. marinum.
378 The downstream effects of altered miR-126 expression were mediated in part, by the
379 target gene tscla. As this gene negatively regulates mTORC1 activity, we were encouraged
380 tofind that the miR-126 knockdown phenotype was recapitulated by inhibition of mTOR and
381 restored by co-knockdown of tscla. However, our data showing mTORCL1 activity on distal
382  to sites of infection, that inhibition of mMTOR further exacerbated bacterial burden and cell
383  death phenotypes in the miR-126 knockdown background, and that the small molecule
384  activation of mTOR only partially rescued the miR-126 knockdown phenotypes suggest that
385  while the miR-126/Tscla/mTOR axis is likely, it falls short of fully explaining the effects of
386 miR-126 on the host response to M. marinum infection. While decreased phosphorylation of
387 ribosomal protein S6 was observed in miR-126 knockdown embryos, indicating decreased
388 mTOR activity, further experiments to assess the relative abundance of mTOR targets are
389  required to provide conclusive evidence of afunctional miR-126/TsclalmTOR axis.

390 We observed that inhibition of mMTOR with rapamycin is detrimental to the host,
391 enhancing cell death and alowing for uncontrolled growth, whereas small molecule
392 activation of mMTOR is beneficia in the zebrafish-M. marinum infection model. Previous
393 investigations into the role of mMTOR in mycobacterial infection have uncovered a protective
394  role for decreased mTOR signalling through improving mycobacterial killing ®*°, so that
395 mTOR inhibitors, such as rapamycin, were considered potential host-directed therapies for
396 the treatment of tuberculosis *°. While our results counter those observed in in vitro murine
397  cdl culture experiments, they are in agreement with observations from similar M. marinum-
398  zebrafish models, where mTOR deficient zebrafish were more susceptible to mycobacterial

399 infection, displaying severe disease and non-bactericidal macrophages®’. This further
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400 reinforces the necessity of in vivo whole organism models of natural mycobacterial infection
401 to capture the complex cellular interactions resulting from alterations of key signalling
402  pathways.

403 We have previously identified a miRNA-mediated Cxcr4/Cxcl12 signalling axis
404  which increased protective neutrophil responses in mycobacterial infection ”. Despite an
405 increase in expression of these same genes following knockdown of miR-126, we found no
406  change in neutrophil recruitment to infection in the current study. This led us to investigate
407  dternative receptors for the Cxcl12 ligand in our miR-126 knockdown embryos that may
408  contribute to the enhanced macrophage influx. Mammalian CXCL12 can form heterodimers
409  with CCL2 to bind to the CCR2 receptor >,

410 Pathogenic mycobacteria utilise membrane lipids to recruit non-bactericidal Ccr2+

464752 "However, this observation of

411  permissive macrophages and ensure bacterial persistence
412  Ccr2-dependant macrophage recruitment has only been previously observed in zebrafish
413  infected with M. marinum in the hindbrain protected by the blood-brain barrier, and not in
414  systemic infection despite the upregulation of ccl2 after infection of either site /. In this
415  study we observed increased bacterial burden associated with the lack of tnfa:gfp positive
416  inflammatory macrophages in the contexts of systemic infection and at localised sites of
417 infection in the trunk musculature only when miR-126 was depleted. The miR-126
418  knockdown-induced increase in ccr2 transcription was independent of infection suggesting
419 miR-126 is required for the physiological suppression of Ccr2+ macrophage differentiation,
420 thus the pool of available macrophages in our miR-126 knockdown embryos is skewed
421  towards permissive macrophages even before infection.

422 While we have associated miR-126 with tscl and the cxcll2a/ccl2/ccr2 axis by
423  combinatoria gene depletion studies, miR-126 has been documented to be involved in
424  additional pathways that may impact the outcome of infection. miR-126 has well
425  characterised roles in the formation of blood vessels and lymphatics ***’. Angiogenesis is a
426 maor host pathway appropriated by pathogenic mycobacteria to promote pro-angiogenic
427  programmes and increase vascular permeability, enabling bacterial dissemination %%, It is
428 therefore possible that although increased miR-126 is host protective through preventing
429  permissive macrophage accumulation, pathogenic mycobacteria may co-opt this pathway to
430 increase infection-induced angiogenesis around mature granulomas after the time period
431  studied in our present work.

432 Another identified target gene of miR-126 which may be active in mycobacteria

433  infection is spredl, and this could further contribute to angiogenic signalling through a
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434  Spredl/Vegf axis ®®'. Beyond the recognised angiogenic role, Spredl has been associated
435  with host immunity through regulation of haematopoietic homeostasis, mast cell activation,
436  and eosinophil infiltration ®*®. The involvement of both mast cell- and eosinophil-related
437  bactericidal mechanisms during mycobacterial infection has been established, and the
438 mediation of these cellular responses by upstream miR-126 may further contribute to the
439  host-protective effect of infection-induced miR-126 ®°. It is evident that miR-126 has
440 numerous target genes involved in a variety of cellular pathways relevant to mycobacterial
441  infection, and that its effect on angiogenesis during disease certainly warrants further
442  investigation in amodel with established mycobacteria granulomas.

443 mMiR-126 has previously been identified as having decreased expression in both
444 plasmafrom pulmonary tuberculosis patients, and PBMCs of tuberculous meningitis patients
445  13'® We have observed that a reduction in miR-126 transcript alters normal macrophage
446  phenotype and function through its involvement in the Cxcl12/Ccl2/Ccr2 axis, and coupled
447  with concurrent mTOR inhibition, increases death of permissive macrophages. The lack of
448  bacterial containment and failure to control infection seen in our miR-126 knockdown
449  embryos may provide an insight into the effect of reduced miR-126 transcript abundance in
450 M. tuberculosis infection. As macrophages are a primary intracellular niche for pathogenic
451  mycobacteria, the subversion and disruption of their normally protective function towards a
452  permissive state by miRNA adds another level to their complex regulatory networks.
453  |dentification of these networks and the molecules targeted by pathogenic mycobacteria may
454  provide new avenues for host-directed therapies to prevent progression to chronic disease.
455 In this study we have identified severa mechanistic functions of miR-126 in
456  mycobacterial infection. The analysis of potential target genes revealed alink between altered
457 miR-126 expression and the dysregulation of host macrophage responses. We demonstrate
458 that infection-induced miR-126 suppresses tscl and cxcl12a expression thus improving
459  macrophage function during the early stages of infection, partially through activation of
460 mTOR signalling and strongly through preventing the recruitment of Ccr2+ permissive
461 macrophages. The increased macrophage responses are likely to be mediated by a
462  combination of Tscl/mTOR suppression of cell death, enhanced activation of bactericidal
463  macrophages, and suppression of permissive macrophage recruitment. Through utilising a
464  zebrafish-M. marinum model, we were able to identify complex multicellular interactions
465  from converging biological pathways that alter the course of mycobacteria infection. These
466  responses appear to be conserved across mycobacterial infection in vertebrate hosts and

467  provide further insight into the intricate regulation of immunity by miRNA.
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468

469 Methods

470  Zebrafish husbandry

471  Adult zebrafish were housed at the Centenary Institute and breeding was approved by Sydney
472 Loca Hedlth District AWC Approval 17-036. Embryos were obtained by natural spawning
473  and wereraised in E3 media and maintained at 28-32°C.

474

475  Zebrafish lines

476  Zebrafish were AB strain. Transgenic lines used were: Tg(lyzC:GFP)™ and
477  Tg(lyzC:DsRed2)"™ for neutrophil imaging experiments ®, and Tg(mfap4:turquoise)**’ and
478  Tg(mfap4:tdtomato)™™ for macrophage imaging experiments ®.

479

480 Embryo microinjection with antagomiR

481 Embryos were obtained by natural spawning and were injected with either miR-126
482 antagomiR (-GCAUUAUUACUCACGGUACGA-) or a scramble control (-
483 CAGUACUUUUGUGUAGUACAA-) (GenePharma, China) at 200 pg/embryo at the single
484  cell stage and maintained at 32°C.

485

486 miRNA target prediction

487  Prediction of target mMRNA was performed using TargetScan. dre-miR-126a-3p was entered
488 into TargetScanFish 6.2 (http://www.targetscan.org/fish_62/), hsa-miR-126-3p entered into
489  TargetScan 7.2 (http://www.targetscan.org/vert 72/), and mmu-miR-126a-3p entered into
490 TargetScanMouse 7.2 (http://www.targetscan.org/mmu_72/). Experimentally validated

491 targets were compiled using miRTarBase (release 8.0) (http:/mirtarbase.cuhk.edu.cn).
492  Prediction of binding of miR-126 and tscla in zebrafish was performed using RNAhybrid
493 (https:/bibiserv.cebitec.uni-bielefeld.de/rnahybrid) ™.

494

495 M. marinum culture

496 M. marinum was cultured as previously described . Briefly, M. marinum M strains
497  expressing Wasabi, Katushka, or tdTomato fluorescent protein were grown a 28°C in 7H9
498  supplemented with OADC and 50 pg/mL hygromycin to an OD600 of approximately 0.6
499  before being washed and sheared by aspiration through a 32 G needle into single cell
500 preparations. These were then aiquoted and frozen in 7H9 at -80°C until needed. The
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501 concentration of bacteria was quantified from thawed aliquots by CFU recovery onto 7H10
502  supplemented with OADC and 50 pg/mL hygromycin and grown at 28°C.

503

504 UPEC culture

505 Uropathogenic Escherichia coli (UPEC) carrying the mCherry PGI6 plasmid *™ was
506  cultured as previously described ™. Briefly, bacteriawere cultured in LB supplemented with
507 50 pg/mL of spectinomycin overnight at 37°C with shaking at 200 rpm. Bacteria were then
508 further diluted 1:10 with LB + spectinomycin (50 pg/ml) and incubated for 3 hours at 37°C
509 with 200 RPM shaking. Culture medium/broth (1 ml) was centrifuged (16,000 x g for 1
510  minute), and the pellet washed in PBS. The bacterial pellet was resuspended in 300 pl of PBS
511 + 10% glycerol and aliquoted for storage. Enumeration of bacteria was performed by serial
512  dilution on LB + spectinomycin agar plates and culturing at 37°C overnight. Bacterial
513  concentration was determined by CFU counts.

514

515 Bacterial infections

516 Embryos were dechorionated and anesthetised in tricaine (160 pug/ml) and staged at
517  approximately 1.5 dpf. Working solutions of M. marinum or UPEC (diluted with 0.5% w/v
518 phenol red dye) were injected into either the caudal vein or trunk to deliver approximately
519 200 CFU M. marinum or 250 CFU UPEC. Embryos were recovered in E3 media + PTU
520 (0.036 g/L) and maintained at 28°C.

521

522  Crispr-Cas9 mediated knockdown

523  Embryos were injected at the 1-2 cell stage with 1 nl of Crispr mixture containing 1 pg/ul
524  gRNA, 500 pg/mL Cas9. For double knockdowns with Crispr-Cas9 and antagomiR, mixtures
525  contained 1 pg/pl gRNA, 100 pg/nl antagomiR, 500 pg/mL Cas9. gRNA was synthesised as
526  previously described (47). Embryos were transferred to E3 containing methylene blue and
527 maintained at 32°C.

528

529 Geneexpression analysis

530 Groups of 10 embryos were lysed and homogenised using a 27-gauge needle in 500 ul Trizol
531  (Invitrogen) for RNA extraction. cDNA was synthesised from 500 ng RNA using the
532 miScript Il RT kit with HiFlex buffer. g°PCR was carried out on an Mx3000p Real-time PCR
533  system using Quantitect SYBR Green PCR Mastermix and primer concentration of 300 nM
534 (Table 2.). For miRNA gPCRs, the miScript Universal Primer was used alongside miR
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535  gpecific miScript primer assays (miR-126 GeneGlobe ID MS00005999 and U6 cat. no.
536  MS00033740).

537

538 Cycling conditions for miRNA were: 95°C for 15 minutes; 40 cycles of 95°C for 20 seconds,
539  56°C for 30 seconds, 72°C for 30 seconds with fluorescence data acquisition occurring at the
540 end of each cycle, followed by 1 cycle of 95°C for 1 minute, 65°C for 30 seconds, and 97°C
541  for 30 seconds. For mRNA, conditions were: 95°C for 15 minutes; 40 cycles of 94°C for 15
542  seconds, 55°C for 30 seconds, 70°C for 30 seconds with fluorescence data acquisition
543  occurring a the end of each cycle, followed by 1 cycle of 95°C for 1 minute, 65°C for 30

544  seconds, and 97°C for 30 seconds.

545 U6 or B-actin was used as an endogenous control for normalisation and data analysed
546  using the 2" Ct method.
547

548  Drug treatment

549 Embryos were treated with either 50 nM rapamycin (Sigma-Aldrich, USA) or 5 pm
550 MHY1485 (Sigma-Aldrich, USA) dissolved in DM SO and refreshed daily.

551

552  Staticimaging and burden analyses

553  Live imaging was performed on anaesthetised embryos on a depression microscope slide.
554  Images were acquired using a Leica M205FA Fluorescent Stereo Microscope equipped with
555 a Leica DFC365FX monochrome digital camera (Leica Microsystems, Germany). Images
556  were analysed using Image] software to quantify the fluorescent pixel count, defined as
557  fluorescent signal above a consistent set background determined empirically for each
558  experimental dataset *. Data are presented as total fluorescent area (pixels) above
559  background level.

560 For static imaging of granuloma associated macrophages, cells within a 200 um box
561  surrounding bacterial granulomas were measured and classified as “granuloma-associated
562  macrophages’. Expression of GFP in the tnfa:gfp line was measured within a 500 pum box
563  around infection foci.

564

565 Macrophage and neutrophil tracking analyses

566  Time-lapse imaging was performed on a DeltaVision Elite at 28°C (GE, USA). Following
567 infection with M. marinum into the trunk, embryos were mounted in a 96-well black-walled

568 microplate in 1% low-melting point agarose topped up with E3. Images were captured every
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569  60-180 seconds for 16-24 hours. Analysis was performed using ImageJ software. Briefly,
570 every 10-30 images were analysed for the quantity of neutrophils or macrophages in a 1000 x
571 500 pm box around infection foci by quantifying the fluorescent pixel count (total area) at
572  each time point.

573

574  TUNEL cell death staining

575  Embryos were infected with M. marinum via caudal vein injection and analysed for apoptotic
576 cells a 1- and 3- dpi using the Click-iIT™ Plus TUNEL Assay (Thermo Fisher, USA)
577  according to the manufacturers protocol. Briefly, embryos were fixed in 10% neutral buffered
578 formain (NBF) overnight at 4°C. Embryos were permeabilised with proteinase K (10
579  pg/mL) for 30 minutes at room temperature and re-fixed in 10% NBF. edUTP and Alexa
580  Fluor™ 488 incorporation reactions were performed at 37°C protected from light. Embryos
581 were imaged on a DeltaVision Elite (GE, USA) and TUNEL stained cells counted using the
582  Multi-point tool in Imagel.

583

584  Embryowhole-mount immunofluorescence

585 Embryos were infected with M. marinum via caudal vein injection and stained for
586  phosphorylated ribosomal protein S6. At 1 dpi, embryos were fixed in 4% paraformal dehyde
587 (PFA) overnight a 4°C followed by several washes with PBS + Tween 20 (PBST), and
588  permeabilisation with proteinase K (10 pg/mL) for 15 minutes. Embryos were then washed
589  with PBST and refixed in 4% PFA for 20 minutes. Samples were blocked in 5% goat serum
590 prior to incubation with the primary antibody (P-S6 Ser235/236 1:100, 4856S Cell Signalling
591 Technologies, USA) overnight at 4°C with gentle rocking. Embryos were then washed with
592  PBST and blocked with 5% goat serum before addition of the secondary antibody (Goat anti-
593 rabbit IgG H&L DyLight 650, 1:200, 84546 Invitrogen, USA) and incubated overnight at
594  4°C with gentle rocking. Embryos were thoroughly washed with PBST and transferred to a
595 1:1 PBS/glyceral solution prior to imaging. Embryos were imaged on a DM600B (Leica
596  Microsystems, Germany), and phospho-S6 quantified using the fluorescent pixel count (total
597 area).

598

599 Statistics

600 Statistical analysis was performed in GraphPad Prism (v. 9.0.0). All data were analysed by t-
601 test or ANOVA depending on the experimental design, and comparisons between groups

602  performed using Tukey's multiple comparisons test. For time-lapse data, group comparisons
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603  were computed using the Sidak test. Outliers were removed prior to statistical analysis using
604 ROUT, with Q=1%.
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848

849  Figurelegends

850 Figure 1. Infection-induced miR-206 expression alters bacterial burden. (A) Expression
851 of miR-206 following M. marinum infection analysed by gPCR at 1 and 3 dpi relative to
852  uninfected embryos. (B) Expression of miR-206 in uninfected and infected, antagomir-
853 injected embryos (miR-206 knockdown). (C) Representative images of M. marinum infection
854 at 3 dpi in control and miR-126 knockdown embryos. Scale bar represents 200 um. (D) M.
855  marinum burden in miR-206 knockdown embryos at 1 and 3 dpi. Each data point represents a
856  single measurement, with the mean and SEM shown. For gPCR analysis, each data point
857  represents 10 embryos, and contains 2 biological replicates. Bacterial burden analysis data
858  points represent individual embryos (n=40-50 embryos per group) and are representative of 2
859  hiological replicates.

860
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861 Figure 2. Mycobacterial virulence factors drive the induction and protective effects of
862 miR-126. (A) Expression of miR-126 at 1 dpi following infection with either WT M.
863  marinum, AESX1 M. marinum, or UPEC. (B) AESX1 M. marinum burden at 1 and 3 dpi in
864  miR-126 knockdown embryos. (C) UPEC burden at 6 hpi and 1 dpi in miR-126 knockdown
865 embryos. For gPCR analysis, data points are representative of a single measurement of 10
866  pooled embryos and 2 experimental replicates, with the mean and standard error of the mean
867 (SEM) shown. For bacteria burden analysis, each data point represents a single measurement
868  (n=35-45 embryos per group for AESX1 M. marinum and n=15-35 embryos per group for
869 UPEC), and 2 experimental replicates with the mean and SEM shown.

870

871 Figure 3. Expression of potential miR-126 mRNA targets is conserved in zebrafish M.
872  marinum infection. (A-E) Expression of candidate genes at 1 dpi in miR-126 knockdown
873  measured by gPCR. (F-J) gPCR analysis of zebrafish CXR4/CXCL12 and TSC1 ortholog
874  genes a 3 dpi. Each data point represents a single measurement of 10 pooled embryos and 2
875  technical replicates, with the mean and SEM shown.

876

877  Figure 4. miR-126 targets tscla to worsen M. marinum infection burden. (A) Binding
878  kinetics of tscla and dre-miR-126a-3p as predicted by RNAhybrid. (B) Brightfield images of
879  tscla knockdown embryos at 3 dpf showing no abnormal developmental phenotypes. Scale
880  bar represents 200 um. (C) tscla expression was measured by qPCR at 1 and 3 dpi following
881 CRISPR-Cas9 knockdown of tscla and infection with M. marinum. (D) tscla knockdown
882  embryos were infected with M. marinum via cauda vein injection and bacteria burden was
883 analysed a 1 and 3 dpi. (E) tscla and miR-126 double knockdown embryos were infected
884  with M. marinum via caudal vein injection and bacterial burden was analysed at 3 dpi. For
885 (gPCR analysis, data points are representative of a single measurement of 10 pooled embryos
886 and 2 experimental replicates, with the mean and standard error of the mean (SEM) shown.
887  Bacterial burden data points represent a single measurement (n=27-44 embryos per group [C]
888  and n=11-20 embryos per group [D]), and 2 experimental replicates with the mean and SEM
889  shown.

890

891 Figure 5. miR-126 acts on tscla to influence mTOR signalling during infection. (A)
892  Representative images of phospho-S6 fluorescent staining in miR-126 and tscla knockdown
893 embryosat 1 dpi. M. marinumis green and phosphorylated ribosomal protein S6 is magenta.
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894  Scale bar represents 100 um. (B) Phospho-S6 staining in M. marinum-infected control, miR-
895 126 knockdown, and tscla knockdown at 1 dpi (C) miR-126 knockdown embryos were
896 infected with M. marinum via caudal vein injection and treated with mTOR inhibitor
897  rapamycin. Bacterial burden was analysed at 1 dpi. (D) miR-126 knockdown embryos were
898 infected with M. marinum via caudal vein injection and treated with mTOR activator
899 MHY1485. (E) tscla knockdown embryos were infected with M. marinum via caudal vein
900 injection and treated with mTOR inhibitor rapamycin. Bacterial burden was analysed at 1 dpi.
901 (F) tscla knockdown embryos were infected with M. marinum via caudal vein injection and
902 treated with mTOR activator MHY 1485. Bacterial burden was analysed at 1 dpi. Bacterial
903 burden was analysed at 1 dpi. Each data point represents a single measurement (n=11-36
904 embryos per group) with the mean and SEM shown. Phospho-S6 staining is a single
905 experimenta replicate, while rapamycin and MHY 1485 treatments represent 2 experimental
906  replicates each.

907

908 Figure 6. Decreased mTOR signalling alters cell death dynamics in mycobacterial
909 infection. (A) Representative images of TUNEL staining in miR-126 knockdown embryos at
910 3dpi. TUNEL +ve cells are green and M. marinum s blue. Scale bar represents 100 um. (B)
911 TUNEL +ve cells in M. marinum-infected control and miR-126 knockdown embryos were
912 counted a 3 dpi. (C) Representative images of TUNEL staining in tscla and double
913  knockdown embryos at 3 dpi. TUNEL +ve cells are green and M. marinum is blue. Scale bar
914  represents 100 um. (D) TUNEL +ve cells in M. marinuminfected tscla and double
915  knockdown embryos were counted at 3 dpi. (E) TUNEL +ve cells in rapamycin-treated, M.
916  marinum-infected knockdown embryos were counted a 3 dpi. (F) TUNEL +ve cells in
917 MHY1485-treated, M. marinuminfected knockdown embryos were counted at 3 dpi. Each
918 data point represents a single measurement, with the mean and SEM shown (n=20-25
919 embryos per group). Graphs are representative of 2 experimental replicates with the
920  exception of rapamycin/MHY 1485 experiments, which were performed in asingle replicate.
921

922 Figure 7. Mycobacterial infection-induced miR-126 expression alters the host
923  macrophage response. (A) Measurement of whole-body neutrophil fluorescent area at 1 and
924 3 dpi in control and miR-126 knockdown infected embryos. (B) Measurement of neutrophil
925 levels following trunk infection with M. marinum in miR-126 knockdown embryos. (C)

926  Measurement of whole-body macrophage fluorescent area at 1 and 3 dpi in uninfected and
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927 infected miR-126 knockdown embryos. (D) Measurement of macrophage levels following
928  trunk infection with M. marinum in miR-126 knockdown embryos. (E) Ratio of macrophage
929  fluorescent area per bacterial fluorescent area at granulomas in miR-126 knockdown embryos
930 at 1 and 3 dpi. (F) Measurement of macrophage recruitment to a tail wound in miR-126
931  knockdown embryos. Each data point represents a single measurement with the mean and
932  SEM shown. For neutrophil analysis 10-20 embryos per group were analysed, and 15-50
933  embryos per group for macrophage analysis. For neutrophil time-lapse imaging, each data
934  point represents the mean of 6 foci of infection from 6 separate embryos, and the graph is
935  representative of 2 experimental replicates. For macrophage time-lapse imaging, each data
936  point represents the mean of 3 foci of infection from 3 separate embryos, and the graph is
937  representative of 2 experimental replicates. * P < 0.05, ** p < 0.01, *** p < 0.001, **** p <
938  0.0001.

939

940 Figure 8. miR-126-dependent macrophage responses to infection are not controlled by
941 the Tscla/mTOR signalling axis. (A) Measurement of whole-body macrophage fluorescent
942 area a 1 and 3 dpi in M. marinuminfected control and tscla knockdown embryos. (B)
943  Measurement of whole-body macrophage fluorescent area at 1 dpi in M. marinuminfected
944  control and knockdown embryos. Each data point represents a single measurement, with the
945 mean and SEM shown (n=7-56) embryos per group). Graph is representative of 2
946  experimental replicates.

947

948 Figure 9. Mycobacterial infection-induced miR-126 expression increases
949 proinflammatory bactericidal macrophage recruitment. (A-B) Expression of ccr2 and
950 ccl2 was analysed by gPCR at 1 dpi following miR-126 knockdown and infection with M.
951 marinum (C) Measurement of tnfa promoter activation following trunk infection with M.
952  marinumin knockdown embryos at 1 dpi. infected with M. marinum via caudal vein injection
953  and bacterial burden was analysed at 3 dpi (D) Representative images of tnfa promoter-drive
954  GFP expression at 1 dpi in knockdown embryos following trunk infection with M. marinum.
955 M. marinumis red, and tnfa is green. Scale bar represents 100 um. For gPCR analysis, data
956  points are representative of a single measurement of 10 pooled embryos and 2 experimental
957  replicates, with the mean and standard error of the mean (SEM) shown. For bacterial burden,
958 each data point represents a single measurement, with the mean and SEM shown (n=9-26)

959  embryos per group). Graphs are representative of 2 experimental replicates.
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960

961 Figure 10. Infection-induced miR-126 regulates Cxcl12/Ccl2/Ccr2 signalling to prevent
962  permissive macrophage recruitment to sites of infection. (A-B) Bacterial burden measured
963 at 1 dpi in miR-126 and (A) cxcll2a or (B) ccr2 knockdown embryos infected with M.
964 marinum. (C-D) Whole-body macrophage levels measured at 1 dpi in miR-126 and (C)
965 cxcll12a or (D) ccr2 knockdown embryos infected with M. marinum. (E-F) tnfa fluorescent
966 area at sites of infection measured at 1 dpi in miR-126 and (E) cxcl12a and (F) ccr2
967  knockdown embryos infected M. marinum. (G) TUNEL +ve cells counted a 3 dpi in miR-
968 126 and cxcl12a or ccr2 knockdown embryos infected M. marinum. Each data point
969  represents a single measurement, with the mean and SEM shown (n=10-45) embryos per
970  group. Bacterial burden, macrophage analysis and granuloma tnfa graphs are representative
971  of 2 experimental replicates, while TUNEL staining is presented as a single replicate.

972
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973  Supplementary File legends

974

975  Supplementary File 1

976  Possible gene targets of miR-126 from database sources as annotated.

977

978  Supplementary Figure 1

979  Expression of cc/2 as measured by RT-qPCR in (A) uninfected and (B) M. marinum-infected
980  cxcl12a and miR-126 knockdown embryos.

981

982  Supplementary Video 1

983  Time lapse imaging of macrophage (magenta) recruitment to M. marinum (green) in

984  Tg(mfap4:turquoise) control embryo.

985

986  Supplementary Video 2

987  Time lapse imaging of macrophage (magenta) recruitment to M. marinum (green) in

988  Tg(mfap4:turquoise) miR-126 knockdown embryo.

989

990 Supplementary Video 3

991  Time lapse imaging of macrophage (magenta) recruitment to a tail wound on the right edge
992  of the field of view in Tg(mfap4:turquoise) control embryo.

993

994  Supplementary Video 4

995  Time lapse imaging of macrophage (magenta) recruitment to a tail wound on the right edge
996  of the field of view in Tg(mfap4:turquoise) miR-126 knockdown embryo.

997

998
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1000 Tables
1001 Tablel. Guide RNA sequencesused for Crispr-Cas9 mediated knockdown experiments
Primer

tsclatarget 1 TAATACGACTCACTATAGGGTCCTGTAGGCCATGCTCGTTTTAGAGCTAGAAATAGC
tsclatarget 2 TAATACGACTCACTATAGGTCAAATCCTCAGGGATGAGTTTTAGAGCTAGAAATAGC
tsclatarget 3 TAATACGACTCACTATAGGCTGCTGAGGCCTTTCGGAGTTTTAGAGCTAGAAATAGC
tsclatarget 4 TAATACGACTCACTATAGGTGGGCCCTGAGGCGCACAGTTTTAGAGCTAGAAATAGC
ccl2 target 1 TAATACGACTCACTATAGGGAGGACTGTTCCCATCTTGTTTTAGAGCTAGAAATAGC
ccl2 target 2 TAATACGACTCACTATAGGTCAACAAACGCAACCATGGTTTTAGAGCTAGAAATAGC
ccl2 target 3 TAATACGACTCACTATAGGAGCACTTATCGGGACTCTGTTTTAGAGCTAGAAATAGC
ccl2 target 4 TAATACGACTCACTATAGGCAGCACTTATCGGGACTCGTTTTAGAGCTAGAAATAGC
cer2 target 1 TAATACGACTCACTATAGGGTTGCCATTGTTGCATGGGTTTTAGAGCTAGAAATAGC
cer2 target 2 TAATACGACTCACTATAGGTTGTCCCATTATTAGCATGTTTTAGAGCTAGAAATAGC
ccr2 target 3 TAATACGACTCACTATAGGAAACGATACTGTACAGGGGTTTTAGAGCTAGAAATAGC
cer2 target 4 TAATACGACTCACTATAGGTTAGGTAGGGACGCAAACGTTTTAGAGCTAGAAATAGC
scrambletarget 1 | TAATACGACTCACTATAGGCAGGCAAAGAATCCCTGCCGTTTTAGAGCTAGAAATAGC
scrambletarget 2 | TAATACGACTCACTATAGGTACAGTGGACCTCGGTGTCGTTTTAGAGCTAGAAATAGC
scrambletarget 3 | TAATACGACTCACTATAGGCTTCATACAATAGACGATGGTTTTAGAGCTAGAAATAGC
scrambletarget 4 | TAATACGACTCACTATAGGTCGTTTTGCAGTAGGATCGGTTTAGAGCTAGAAATAGC

1002
1003

Table 2. qPCR primer sequences

gPCR Primer Sequence5'-3' Ensembl ID

ccl2 forward GTCTGGTGCTCTTCGCTTTC

ENSDARG00000041835
ccl2 reverse TGCAGAGAAGATGCGTCGTA
cer2 forward GCAACAATGGCAACGCAAAG OTTDARG00000033131
CCr2 reverse GTGAGCCCAGAACGGAAGTG (s:ch211-207g17.2 gene)
cxcrd4aforward CAGTTTGGACCGGTACCTCG

ENSDARG00000057633
cxcrdareverse CCAGGTGACAAACGAGTCCT
cxcrdb forward TCGCAGACCTCCTGTTTGTC

ENSDARG00000041959
cxcrdb reverse CCTTCCCGCAAGCAATTTCC
cxcl12aforward ATTCGCGAGCTCAAGTTCCT

ENSDARG00000037116
cxcll2areverse ATATCTGTGACGGTGGGCTG
spredl forward TCTCCCTCCACAGGTTTCCT

ENSDARG00000041449
spredl reverse CGCACTTCTTACCGTCCAGT
tsclaforward CCTTTCGGAGGGTTGAAGGA

ENSDARG00000026048
tsclareverse CTGCAGGCACAAGACCTTTCA
vegfaa forward TCCCGACAGAGACACGAAAC

ENSDARG00000045971
vegfaareverse TTTACAGGTGAGGGGGTCCT
b-actin forward CCTTCCAGCAGATGTGGATT ENSDARG00000037870
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b-actin reverse CACCTTCACCGTTCCAGTTT
1004
1005
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