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24 Abstract

25 Glucocorticoids are a major class of therapeutic anti-inflammatory and immunosuppressive 

26 drugs prescribed to patients with inflammatory diseases, to avoid transplant rejection, and as part 

27 of cancer chemotherapy. However, exposure to these drugs increases the risk of opportunistic 

28 infections such as with the fungus Aspergillus fumigatus. Prolonged glucocorticoid therapy is 

29 one of the main risks for invasive aspergillosis, which causes mortality in >50% of infected 

30 patients. The mechanisms by which glucocorticoids increase susceptibility to A. fumigatus are 

31 poorly understood. Here, we used a zebrafish larva-Aspergillus infection model to identify innate 

32 immune mechanisms altered by glucocorticoid treatment. Infected larvae exposed to 

33 dexamethasone succumb to the infection at a significantly higher rate than control larvae. 

34 However, both macrophages and neutrophils are still recruited to the site of infection and 

35 dexamethasone treatment does not significantly affect fungal spore killing. Instead, the primary 

36 effect of dexamethasone manifests later in infection with treated larvae exhibiting increased 

37 invasive hyphal growth. In line with this, dexamethasone predominantly inhibits neutrophil 

38 function, rather than macrophage function. Dexamethasone-induced mortality also depends on 

39 the glucocorticoid receptor. One pathway that glucocorticoids can inhibit is NF-κB activation 

40 and we report that dexamethasone partially suppresses NF-κB activation at the infection site by 

41 inducing the transcription of IκB via the glucocorticoid receptor. Independent CRISPR/Cas9 

42 targeting of IKKγ to prevent NF-κB activation also increases invasive A. fumigatus growth and 

43 larval mortality. However, dexamethasone treatment of IKKγ crispant larvae further increases 

44 invasive hyphal growth, suggesting that dexamethasone may suppress other pathways in addition 

45 to NF-κB to promote host susceptibility. Collectively, we find that dexamethasone acts through 
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46 the glucocorticoid receptor to suppress NF-κB-mediated neutrophil control of A. fumigatus 

47 hyphae in zebrafish larvae. 

48 Author Summary

49 Glucocorticoids are drugs that stop inflammation and suppress the immune system. 

50 Glucocorticoids are effective in treating inflammatory diseases such as asthma and arthritis, 

51 preventing organ rejection after transplant surgery, and in ameliorating the side effects of cancer 

52 chemotherapy. However, as these drugs suppress the immune system, patients taking 

53 glucocorticoids are more prone to infections such as with the environmental fungus Aspergillus 

54 fumigatus. The specific mechanisms that glucocorticoids inhibit to increase susceptibility to 

55 infection are largely unknown. Here, we used a larval zebrafish model of A. fumigatus infection 

56 to determine that glucocorticoids mainly suppress the ability of neutrophils to control the fungal 

57 hyphal growth that causes tissue damage. Our study provides insight into future strategies to treat 

58 A. fumigatus infection in patients undergoing glucocorticoid therapy.

59 Introduction

60 Glucocorticoids are potent immunosuppressive and anti-inflammatory drugs that are prescribed 

61 for a range of conditions, including chronic inflammation, lymphoid malignancies, autoimmune 

62 conditions, and to avoid rejection in bone marrow and solid organ transplant patients [1-3]. 

63 However, prolonged use of glucocorticoids causes adverse effects such as metabolic disorders, 

64 hypertension, osteoporosis, and depression [4]. The immunosuppressive effects of 

65 glucocorticoids also increase the risk of opportunistic infections [4]. Invasive aspergillosis caused 

66 by Aspergillus fumigatus is the most common fungal infection associated with glucocorticoid 
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67 therapy [5]. While immunocompetent hosts effectively clear inhaled airborne A. fumigatus spores 

68 from the lungs and airways, in patients undergoing glucocorticoid therapy spores can germinate 

69 into invasive filamentous hyphae, destroying tissues and organs [6]. Anti-fungal treatments are 

70 often ineffective, partially due to growing drug resistance among fungal pathogens, and as a 

71 result >50% of infected patients do not survive [7, 8]. Glucocorticoids can inhibit multiple 

72 different molecular and cellular pathways, and it is not clear which of these effects is the main 

73 cause of susceptibility to invasive aspergillosis and other opportunistic infections. This 

74 knowledge is necessary to develop novel therapeutic approaches to treat patients with invasive 

75 aspergillosis who are undergoing glucocorticoid therapy or to develop safe glucocorticoid 

76 therapy with a lower risk of opportunistic infection.

77

78 Glucocorticoids exert their activity by binding to the glucocorticoid receptor (GR) which is a 

79 nuclear receptor [2]. Upon binding to ligand in the cytosol, GR translocates to the nucleus and 

80 activates or represses gene transcription [2]. GR can affect gene expression through three 

81 mechanisms: directly binding to glucocorticoid response elements (GRE) in the DNA sequence, 

82 trans-repression through binding to other transcription factors, or composite binding to both 

83 GREs and transcription factors at the same time [2, 3]. It is thought that the immunosuppressive 

84 effects of glucocorticoids are mainly mediated by trans-repression of nuclear factor-κB (NF-κB) 

85 [1, 9-11]. NF-κB is a family of transcription factors, including the canonical p65 and p50 

86 subunits, that activate inflammatory responses by promoting transcription of various signaling 

87 molecules such as cytokines [12]. Under resting conditions, p65/p50 heterodimers are bound by 

88 an inhibitor, IκB, and sequestered in the cytoplasm [13-17]. Downstream of activation of pattern 

89 recognition receptors (PRRs), cytokine receptors, or T/B-cell receptors [18, 19], IκB is 
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90 phosphorylated by the multi-subunit IκB kinase (IKK) complex, which is composed of IKKα, 

91 IKKβ, and a regulatory subunit IKKγ (NEMO) [17-20]. This phosphorylation leads to 

92 degradation of IκB, releasing the NF-κB dimers which rapidly translocate to the nucleus to 

93 initiate target gene expression [12, 17-19]. To inhibit this activation, GR can both directly bind 

94 and trans-repress NF-κB subunits and directly bind to the IκB gene promoter to induce 

95 transcription. The relative significance of each of these activities in NF-κB suppression by GR is 

96 debated [21-23]. Additionally, if glucocorticoid-mediated suppression of NF-κB is the major 

97 mechanistic cause of susceptibility to invasive aspergillosis, rather than GR-mediated effects on 

98 other pathways, is not well understood. A. fumigatus can induce NF-κB activation in vitro in 

99 monocytes, in bronchial epithelial cells in mice, and at the site of infection in larval zebrafish 

100 [24-26]. This activation is likely required for activation of the innate immune system, including 

101 macrophages and neutrophils, the first line of defense against A. fumigatus infection. However, 

102 how NF-κB activation regulates macrophage- and neutrophil-mediated control of A. fumigatus 

103 and if glucocorticoids suppress these control mechanisms in vivo is not understood. 

104

105 In this study, we investigate these questions in a zebrafish larva-Aspergillus infection model 

106 which allows us to non-invasively image this dynamic host-pathogen interaction inside of a live, 

107 intact host over multiple days. Using this model, we have previously shown that macrophages 

108 mainly respond to A. fumigatus spores and prevent germination, while neutrophils are only 

109 recruited after spore germination into hyphae [27-29]. This is in line with previous findings that 

110 macrophages efficiently kill spores and neutrophils are efficient at killing hyphae in cell culture 

111 [30-32]. Consistently, in humans and in mammalian models, alveolar macrophages are likely to 

112 encounter spores and neutrophils are recruited from the blood secondarily [33]. The immune 
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113 system of zebrafish is largely conserved with humans and during the larval stage primarily 

114 consists of macrophages and neutrophils, facilitating the study of phagocyte-specific 

115 mechanisms with no interference from the adaptive system [34]. The zebrafish model has been 

116 instrumental in modeling a range of human infections to better understand host-pathogen 

117 mechanisms, such as mycobacterial granuloma formation [35].

118

119 We report that exposure to the glucocorticoid drug dexamethasone significantly increases the 

120 mortality of A. fumigatus-infected larvae, recapitulating the susceptibility of glucocorticoid-

121 treated human patients. Through CRISPR/Cas9 targeting of GR, we demonstrate that 

122 dexamethasone activity is mediated via GR in larval zebrafish. To determine the host innate 

123 mechanisms that are inhibited by dexamethasone treatment we used daily, live imaging of 

124 infected larvae in combination with established innate immune cell-deficiency models. We report 

125 that the increased mortality of infected hosts is primarily due to a decrease in neutrophil-

126 mediated control of invasive hyphal growth. Dexamethasone treatment induces IκB transcription 

127 and suppresses A. fumigatus-induced NF-κB activation. Although inhibition of other minor 

128 pathways may also promote susceptibility to A. fumigatus infection, CRISPR/Cas9 targeting of 

129 IKKγ phenocopies dexamethasone treatment, suggesting that the effects of glucocorticoids are 

130 largely due to the inhibition of NF-κB signaling and inhibition of neutrophil function.
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131 Results

132 Dexamethasone exposure decreases survival of zebrafish larvae infected with A. fumigatus 

133 and suppresses NF-κB activation at the infection site

134 Glucocorticoid drugs such as dexamethasone increase host susceptibility to A. fumigatus 

135 infection, but the cellular mechanisms through which this occurs are largely unknown [6]. To 

136 investigate this question, we used an established larval zebrafish host model [26, 27, 36]. We 

137 injected A. fumigatus spores of the CEA10 strain into the hindbrain ventricle of 2 days post 

138 fertilization (dpf) wild-type larvae and immediately exposed larvae to 10 μM dexamethasone or a 

139 DMSO vehicle control. Dexamethasone-exposed larvae succumb to the infection at a 

140 significantly higher rate than control larvae, with a hazard ratio of 2.5, indicating that 

141 dexamethasone-exposed larvae are 2.5 times more likely to succumb to the infection as 

142 compared to control larvae (Fig 1A), consistent with previous results [26]. No significant survival 

143 defect due to dexamethasone treatment is observed in PBS-injected mock-infected larvae (Fig 

144 1A). 

145

146 The A. fumigatus CEA10 strain induces NF-κB activation at the site of infection, and 

147 glucocorticoids can suppress NF-κB activity [1, 26]. To test if dexamethasone suppresses NF-κB 

148 activation in this infection model, we used a previously published NF-κB reporter transgenic 

149 zebrafish line that express EGFP under an NF-κB responsive promoter (Tg(NF-κB RE:GFP)) 

150 [37]. We injected NF-κB RE:GFP larvae with A. fumigatus CEA10 spores, imaged the infection 

151 site 1 and 2 days post injection (dpi), and quantified EGFP expression (Fig 1B). Dexamethasone-

152 exposed larvae have lower EGFP expression than control larvae, although this difference is only 

153 statistically significant at 1 dpi (Figs 1C and S1A). We then tested if dexamethasone suppresses 
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154 the expression of specific NF-κB target cytokine genes using RT-qPCR. Since fungal 

155 germination drives NF-κB activation we screened larvae by microscopy prior to RNA extraction 

156 and split larvae into two groups based on whether hyphae were present or not. At 1 dpi, the 

157 expression of NF-κB target genes tnfa and il1b was not yet induced by germination, although 

158 dexamethasone treatment significantly inhibited tnfa expression even in larvae without 

159 germination (Fig 1D). At 2 dpi, germination increases tnfa expression ~20-fold in larvae exposed 

160 to DMSO, and this is only partially suppressed by dexamethasone treatment, potentially because 

161 dexamethasone treated larvae may experience more hyphal growth and therefore more immune 

162 activation overall (Fig 1D). il1b is only induced ~2-fold by germination at 2 dpi but 

163 dexamethasone significantly inhibits il1b expression in larvae without germinated spores (Fig 

164 1D). Another marker of macrophage activation, irg1, is also induced by germination at 1 dpi and 

165 inhibited by dexamethasone treatment (S1B Fig). Additionally, the expression of anti-

166 inflammatory genes il10 and tgfb are significantly inhibited by dexamethasone treatment at 1 dpi 

167 but increased at 2 dpi (S1B Fig). Overall, these data demonstrate that dexamethasone can affect 

168 host gene expression of inflammatory markers, including NF-κB-regulated genes, although 

169 increased fungal germination and growth may override this suppression.

170

171 To determine the mechanism through which dexamethasone inhibits NF-κB activation, we tested 

172 the expression of the ikbaa gene which encodes IκBα, the inhibitor of NF-κB. Dexamethasone-

173 treated larvae have higher expression of ikbaa, regardless of infection status (Fig 1E). These 

174 results demonstrate that during A. fumigatus infection, one mechanism through which 

175 glucocorticoids inhibit NF-κB activation is by increasing transcription of this inhibitor. 

176
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177 Glucocorticoid receptor is required for dexamethasone-mediated immunosuppression 

178 In mammals, glucocorticoids primarily mediate their effects through the glucocorticoid receptor 

179 [38]. To determine if the increased susceptibility of dexamethasone-treated larvae to A. fumigatus 

180 infection was due to signaling through this receptor, and not to off-target effects on either the 

181 host or pathogen, we used CRISPR/Cas9 to target the zebrafish glucocorticoid receptor gene 

182 nr3c1. We designed two gRNAs: one targeting exon 2 which encodes the N-terminal domain and 

183 the other targeting exon 4 which encodes part of the DNA binding domain (S2A Fig). We 

184 injected embryos at the 1 cell stage with both gRNAs targeting nr3c1 or control gRNAs targeting 

185 luciferase, together with Cas9 protein. PCR using primers flanking the target sites on genomic 

186 DNA isolated from 2 dpf larvae confirmed successful targeting of DNA (S2B Fig). In these same 

187 F0 injected crispants, we tested if dexamethasone can induce ikbaa expression as seen with wild-

188 type larvae (Fig 1E). Dexamethasone significantly induces ikbaa expression in control larvae but 

189 fails to induce any expression in nr3c1 crispant larvae (Fig 1F), indicating that GR function is 

190 abolished in these crispant larvae and that IκB-mediated suppression of NF-κB activation by 

191 dexamethasone depends on the glucocorticoid receptor. Further, we tested the effects of nr3c1 

192 mutation in survival of infected larvae. While dexamethasone-exposed control larvae succumb to 

193 A. fumigatus infection, dexamethasone has no effect on survival of infected nr3c1 crispant larvae 

194 (Fig 1G). Targeting of nr3c1 had no effect on the survival of PBS mock-infected larvae (S2C 

195 Fig). Additionally, direct exposure of A. fumigatus spores to dexamethasone has no effect on 

196 spore germination or hyphal growth (S3 Fig). These data indicate that the immunosuppressive 

197 effects of dexamethasone in the context of A. fumigatus infection depend solely on signaling 

198 through a functional glucocorticoid receptor.

199
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200 Dexamethasone partially suppresses macrophage recruitment, but not neutrophil 

201 recruitment

202 We next sought to understand how dexamethasone mediates phagocyte responses to A. 

203 fumigatus. As dexamethasone suppresses pro-inflammatory cytokine expression (Fig 1D), we 

204 hypothesized that phagocyte recruitment would be inhibited by dexamethasone. We injected ~30 

205 GFP-expressing A. fumigatus spores into larvae expressing mCherry in macrophages 

206 (Tg(mpeg1:H2B-mCherry)) and BFP in neutrophils (Tg(lyz:BFP)) and treated larvae with 

207 dexamethasone or DMSO vehicle control. We enumerated macrophage and neutrophil 

208 recruitment to the infection site through daily, live confocal imaging of infected larvae. In line 

209 with previous findings [26, 39], macrophages arrive first and form clusters around spores starting 

210 at 1 dpi (Fig 2A). A significantly higher number of macrophages arrive at 2 dpi in control larvae 

211 compared to dexamethasone-treated larvae, yet ~90 macrophages still arrive at the infection site 

212 in dexamethasone-treated larvae (Fig 2B). Macrophage cluster area is not significantly different 

213 between the two groups (Fig 2C). Macrophage clusters resolve from 3-5 dpi in DMSO-exposed 

214 larvae (Fig 2B, C). However, in dexamethasone-exposed larvae, more macrophages are recruited 

215 later in the infection with a significantly higher number of macrophages and larger cluster area at 

216 5 dpi (Fig 2B, C). Neutrophils respond starting at 2 dpi, primarily after spores start to germinate, 

217 and neutrophils are able to infiltrate into macrophage clusters (Fig 2A). The number of recruited 

218 neutrophils is not significantly different between dexamethasone- and DMSO-treated larvae at 1, 

219 2, or 3 dpi (Fig 2D). At 5 dpi, similar to macrophages, a significantly higher number of 

220 neutrophils is present at the infection site in larvae exposed to dexamethasone compared to 

221 control larvae (Fig 2D). This is likely due to increased fungal growth attracting more 

222 macrophages and neutrophils to the infection site, as described previously [39]. Injected A. 
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223 fumigatus spores can germinate, and after germination, the fungal filamentous growth can branch 

224 and form a network of hyphae, which we classified as invasive hyphae. To normalize for 

225 differences in this fungal growth, we analyzed the number of macrophages and neutrophils at 

226 specific stages of fungal germination and invasive hyphal growth. On the day that germination is 

227 first observed in larvae, the number of macrophages at the infection site is significantly lower in 

228 dexamethasone-exposed larvae compared to control larvae (Fig 2E). However, macrophage 

229 numbers on the day before germination is observed and on the day that invasive hyphae is first 

230 observed are not significantly different between dexamethasone- and control-treated larvae (Fig 

231 2E), and neutrophil numbers are also similar between the two conditions throughout the infection 

232 (Fig 2F). Overall, we find that many phagocytes are still recruited to the infection site in 

233 dexamethasone-treated larvae. Dexamethasone has no effect on neutrophil recruitment but can 

234 curb macrophage recruitment earlier in infection. However, immune activation from fungal 

235 germination can override dexamethasone-mediated suppression of macrophage recruitment at 

236 later stages of infection.

237

238 Spore killing is not significantly impacted by dexamethasone exposure 

239 As phagocytes are able to migrate to the site of infection even in dexamethasone-treated larvae, 

240 we hypothesized that the functions of phagocyte-mediated control of A. fumigatus are impacted 

241 by dexamethasone. The first step in the phagocyte response is macrophage-mediated 

242 phagocytosis of spores and spore killing [33, 40]. To test whether dexamethasone treatment 

243 decreases macrophage-mediated spore killing, we used an established live-dead staining method 

244 in which A. fumigatus spores expressing GFP are coated with AlexaFluor546 via cell wall cross-

245 linking [26, 39]. We injected these spores into larvae expressing BFP in macrophages 
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246 (Tg(mfap4:BFP)) and imaged the infection site at 2 dpi. We then quantified the percentage of 

247 live spores (AlexaFluor+ and GFP+) versus dead spores (AlexaFluor+ and GFP-) (Fig 3A). 

248 Dexamethasone-treated larvae are slightly worse at killing injected spores than control larvae, 

249 although this difference is not statistically significant (Fig 3B). To further quantify spore burden 

250 over time, we homogenized and plated larvae to quantify CFUs from dexamethasone-treated or 

251 control larvae across 7 days of infection. In agreement with the live-dead staining results, we 

252 find no significant difference in CFU burden in dexamethasone-treated larvae compared to 

253 control larvae (Fig 3C). 

254

255 Invasive hyphal growth post-germination is increased in dexamethasone-treated larvae

256 As spore killing is only minorly inhibited by dexamethasone treatment, we hypothesized that in 

257 dexamethasone-exposed hosts phagocytes fail to control A. fumigatus germination and invasive 

258 hyphal growth. To quantify fungal growth over time, we went back to our daily imaging 

259 experiment (Fig 2) and monitored spore germination and invasive hyphal growth from the GFP 

260 signal expressed by A. fumigatus. As these experiments were done with a fast-germinating 

261 CEA10-derived strain, spore germination occurs at high levels by 2 dpi and the rate of spore 

262 germination is not significantly different in dexamethasone-exposed larvae compared to control 

263 DMSO-exposed larvae (Fig 4A, B). The cumulative percentage of larvae that experience 

264 invasive hyphal growth (presence of branched hyphae) is significantly higher with 

265 dexamethasone exposure compared to control conditions (Fig 4B). We also quantified the fungal 

266 burden in larvae across the full 5 day experiment by measuring the GFP+ area, confirming that 

267 dexamethasone-treated larvae experience significantly more fungal growth compared to control 

268 larvae (Fig 4C). Next, we rated the severity of fungal growth using a scoring system of 0 to 4, 
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269 from no germination to invasive hyphal growth (S4 Fig). In larvae exposed to dexamethasone, 

270 invasive hyphal growth becomes severe quickly, within 2-3 days, and causes mortality, while 

271 many control larvae are able to delay this invasive growth (Fig 4D). These data suggest that 

272 dexamethasone treatment decreases the ability of host immune cells to inhibit post-germination 

273 invasive hyphal growth of A. fumigatus. 

274

275 Dexamethasone predominantly suppresses neutrophil function to cause host susceptibility 

276 To confirm that dexamethasone impacts the ability of host innate immune cells to control the 

277 invasive growth stages of A. fumigatus, we generated zebrafish larvae without macrophages and 

278 neutrophils, the primary innate immune cells active in zebrafish larvae[34]. If dexamethasone 

279 increases host susceptibility by inhibiting the function of these cells, then in larvae that already 

280 lack these cells we expect that dexamethasone treatment would not significantly decrease host 

281 survival. To prevent the development of both macrophages and neutrophils we injected 1 cell 

282 embryos with a high concentration of pu.1 morpholino, knocking down expression of the pu.1 

283 (spi1b) transcription factor required for phagocyte development [41]. In larvae that do not 

284 develop phagocytes, >90% of larvae succumb to A. fumigatus infection regardless of 

285 dexamethasone exposure, supporting the idea that dexamethasone primarily inhibits the function 

286 of these cells to cause host susceptibility (S5A Fig).

287

288 While neutrophil function is thought to predominate during control of invasive growth post-

289 germination, macrophages can also attack hyphae and may play a role in control of hyphal 

290 growth [42]. We therefore sought to determine the relative impact of dexamethasone on 

291 macrophage versus neutrophil function against infection. To do this, we employed established 
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292 models of neutrophil-defective or macrophage-deficient larvae. If dexamethasone predominantly 

293 suppresses neutrophil-mediated mechanisms, we expect dexamethasone to cause no additional 

294 survival defect in larvae that already do not have functional neutrophils. We infected neutrophil-

295 defective (Tg(mpx:mCherry-2A-rac2D57N)) larvae, in which neutrophils are unable to migrate 

296 to the infection site, with A. fumigatus spores, treated larvae with either dexamethasone or 

297 DMSO vehicle control, and monitored survival [43]. Consistent with previous results [26], 

298 neutrophil-defective larvae succumb to the infection at a higher rate than control wild-type larvae 

299 (Fig 5A). Dexamethasone further decreases survival of neutrophil-defective larvae (Fig 5A). 

300 While wild-type larvae treated with dexamethasone are 4.3 times more likely succumb to the 

301 infection compared to vehicle control larvae, neutrophil-defective larvae are only 2.2 times more 

302 likely to succumb due to treatment. Dexamethasone treatment does not affect survival of PBS 

303 mock-infected larvae (S5B Fig). These results suggest that dexamethasone can affect the 

304 function of other cell types remaining in these neutrophil-defective larvae but that neutrophils are 

305 also a major target of dexamethasone. 

306

307 Next, we performed these experiments in macrophage-deficient larvae. First, we used clodronate 

308 liposomes to deplete macrophages. Macrophage-depleted larvae succumb to the infection, and 

309 dexamethasone further increases mortality of these larvae (S5C Fig). However, dexamethasone 

310 causes significant mortality in macrophage-depleted PBS-injected mock-infected larvae (S5D 

311 Fig), making results from these experiments difficult to interpret. Instead, to prevent the 

312 development of macrophages, we used a low concentration of pu.1 morpholino that affects 

313 macrophage but not neutrophil development [44]. We confirmed that at this concentration 

314 macrophages are depleted but neutrophils remain intact and functional (S5E-G Fig). Consistent 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2023. ; https://doi.org/10.1101/2023.12.21.572739doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.21.572739
http://creativecommons.org/licenses/by/4.0/


315 with previous results [26], macrophage deficiency alone does not significantly affect the survival 

316 of larvae infected with the CEA10 strain of A. fumigatus (Fig 5B). Additionally, dexamethasone 

317 does not affect the survival of PBS mock-infected pu.1 morphant larvae (S5H Fig). However, 

318 dexamethasone exposure increases the susceptibility of both control and macrophage-deficient A. 

319 fumigatus infected larvae (Fig 5B). Dexamethasone-exposed macrophage-deficient larvae are 7.9 

320 times more likely to succumb to the infection compared to vehicle exposure, while control larvae 

321 which are 4.8 times more likely to succumb to the infection after dexamethasone treatment (Fig 

322 5B). Therefore, when macrophages are not present and neutrophils are the major immune cell 

323 present, dexamethasone has a greater impact on host survival. These results are in contrast to 

324 experiments in the neutrophil-defective line, where macrophages are the major immune cell 

325 present and dexamethasone has a lower impact on host survival. Overall, these data demonstrate 

326 that dexamethasone-mediated suppression of neutrophil function is a major cause of host 

327 susceptibility to A. fumigatus infection. 

328

329 To further study the effect of dexamethasone on neutrophil function, we used an irf8 mutant line, 

330 which lacks macrophages and has a compensating increase in neutrophil numbers [45]. irf8-/- 

331 larvae are significantly more susceptible to infection when exposed to dexamethasone compared 

332 to vehicle control (Fig 5C). However, the relative increase in susceptibility is similar to that of 

333 irf8+/- and irf8+/+ control larvae, suggesting that an increased number of neutrophils can partially 

334 compensate for the suppressive effects of dexamethasone on neutrophil function (Fig 5C). 

335
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336 Neutrophils fail to control invasive hyphal growth in dexamethasone-treated larvae 

337 So far, we have established that dexamethasone predominantly suppresses the function of 

338 neutrophils to cause susceptibility to A. fumigatus (Fig 5). This is consistent with our finding that 

339 dexamethasone exposure leads to increased invasive hyphal growth inside of larvae (Fig 4), as 

340 neutrophils are the primary innate immune cell responsible for clearing A. fumigatus hyphae. To 

341 focus specifically on the effects of dexamethasone on neutrophil-mediated control of hyphae, we 

342 decided to further characterize the effects of dexamethasone exposure on infected irf8-/- larvae 

343 which lack macrophages and have an excess of neutrophils. We infected irf8-/- larvae with 

344 labeled neutrophils (Tg(lyz:BFP)) with a GFP-expressing strain of A. fumigatus, treated larvae 

345 with dexamethasone or vehicle control, and performed live imaging at 1, 2, 3, and 5 dpi (Fig 6). 

346 As none of these larvae have macrophages which are the cell type primarily responsible for 

347 preventing spore germination [26], we observed similar levels of germination in larvae exposed 

348 to both dexamethasone and DMSO, with all larvae harboring germinated spores by 3 dpi (Fig 

349 6A, B). However, the cumulative percentage of larvae harboring invasive hyphae is significantly 

350 higher in dexamethasone-treated larvae compared to vehicle control-treated larvae (Fig 6B). This 

351 is due to a lack of fungal growth control post-germination. There is no significant effect of 

352 dexamethasone treatment on the day that germination occurs, with the majority of larvae 

353 experiencing germination at 1 dpi regardless of treatment group (Fig 6D). However, 

354 dexamethasone-exposed larvae develop initial invasive hyphae as early as ~2 dpi on average, 

355 while it takes ~3 days for DMSO-exposed larvae to develop invasive hyphae (Fig 6E). Once 

356 germination occurs, invasive hyphae appears on average 1 day later in dexamethasone-exposed 

357 larvae as compared to an average of 1.5 days later in DMSO-exposed larvae (Fig 6F). Analysis 

358 of the severity of fungal growth or quantification of fungal area in all individual larvae across all 
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359 days of the experiment demonstrates that dexamethasone-treated irf8 mutant larvae experience 

360 uncontrolled hyphal growth (Figs 6C and S6A). Although germination occurs in all larvae, 

361 neutrophils in DMSO-treated larvae are able to delay the development of severe invasive growth 

362 of hyphae, while dexamethasone-exposed larvae quickly develop severe invasive hyphae and 

363 succumb to the infection (Fig 6C).

364

365 In dexamethasone-treated irf8-/- larvae, we observed many neutrophils at the infection site, 

366 clustering around the fungus (Fig 6A), suggesting that in these larvae dexamethasone inhibits 

367 neutrophil function rather than neutrophil recruitment, as we observed in wild-type larvae (Fig 

368 2). To confirm this, we quantified neutrophil cluster area both across all days of imaging and 

369 normalized to the germination status of larvae, finding no statistically significant differences 

370 between larvae treated with dexamethasone or vehicle control (S6B, C Fig). As expected, there is 

371 a positive correlation between fungal area and neutrophil cluster area in both vehicle- and 

372 dexamethasone-treated larvae (S6D Fig). However, when we plotted the neutrophil cluster area 

373 relative to the fungal area, the slope of this correlation is slightly lower in dexamethasone-treated 

374 larvae, suggesting that for a given fungal load these larvae may recruit fewer neutrophils (S6D 

375 Fig). Overall, a decrease in neutrophil recruitment may play a minor role in the lack of fungal 

376 control in irf8 mutant dexamethasone-treated larvae, but an inhibition of neutrophil function 

377 against hyphae by this drug is likely the major factor leading to host susceptibility. 

378

379 Neutrophil-mediated control of invasive hyphal growth requires NF-κB

380 Our results thus far demonstrate that 1) dexamethasone treatment inhibits NF-κB at the site of A. 

381 fumigatus infection and 2) dexamethasone primarily impacts neutrophil function to cause host 
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382 susceptibility to A. fumigatus. We therefore wanted to confirm that NF-κB signaling is required 

383 for neutrophil function against A. fumigatus growth, independent of dexamethasone treatment. 

384 We used CRISPR/Cas9 to target ikbkg (inhibitor of nuclear factor kappa B kinase regulatory 

385 subunit gamma), which encodes IKKγ (NEMO) and is required for canonical NF-κB activation 

386 [20]. We designed two gRNAs targeting exons 2 and 3, both of which are part of the N-terminal 

387 IKKαβ binding domain (S7A Fig). We injected embryos at the 1 cell stage with both gRNAs 

388 targeting ikbkg or control gRNAs targeting luciferase, together with Cas9 protein. PCR using 

389 primers flanking the target sites on genomic DNA isolated from 2 dpf larvae confirmed 

390 successful targeting of DNA (S7B Fig). To test the survival of both control and macrophage-

391 deficient larvae, we injected gRNAs and Cas9 into embryos from an irf8+/- in-cross and infected 

392 the resulting larvae with A. fumigatus. irf8+/+ or irf8+/- ikbkg crispant larvae succumb to the 

393 infection at a significantly higher rate than larvae injected with control gRNAs (Fig 7A). In irf8-/- 

394 larvae, ikbkg targeting has an even larger effect on survival, demonstrating that when neutrophils 

395 are the primary immune cell type present, NF-κB activation plays a major role in promoting host 

396 survival (Fig 7A).

397

398 To determine the requirement for NF-κB signaling in neutrophil-mediated control of invasive 

399 hyphae, we focused again on irf8-/- larvae and performed daily live imaging of ikbkg crispant 

400 larvae or control luciferase-targeted larvae after infection with a GFP-expressing strain of A. 

401 fumigatus (Fig 7B-H). As seen previously, almost all irf8-/- larvae experience germination, 

402 regardless of gRNA injection (Fig 7A, B). However, the percentage of larvae with invasive 

403 hyphae is significantly higher in ikbkg crispant larvae compared to luciferase-targeted controls 

404 (Fig 7B, C). Additionally, ikbkg crispant larvae have higher fungal burdens as measured by 
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405 fungal area, with statistically significantly higher burden at 3 dpi compared to control larvae (Fig 

406 7D). Analysis of the severity of fungal growth indicates that control larvae are able to delay the 

407 development of invasive hyphal growth while ikbkg crispant larvae are not (Fig 7E). While 

408 germination appears at 1 dpi on average in both ikbkg crispant and control larvae (Fig 7F), 

409 invasive hyphae also appear as early as 1 dpi in ikbkg crispant larvae (Fig 7G). In control larvae, 

410 A. fumigatus takes ~2 days to develop invasive hyphae after germination while this occurs on the 

411 same day in ikbkg crispant larvae (Fig 7G, H). Together, these data demonstrate that in irf8 

412 mutant larvae in which neutrophils are solely responsible for fungal control, genetic NF-κB 

413 pathway inhibition through ikbkg (IKKγ) targeting with CRISPR/Cas9 phenocopies 

414 dexamethasone treatment. The effect of ikbkg targeting on neutrophil recruitment to the infection 

415 site is also similar to effect of dexamethasone (S8 Fig). These data are consistent with the 

416 conclusion that the major signaling pathway inhibited by dexamethasone to inhibit neutrophil-

417 mediated control of invasive hyphal growth is NF-κB.

418

419 To test if dexamethasone treatment has other NF-κB independent effects, we exposed infected 

420 irf8-/-, ikbkg crispant or control luciferase-targeted larvae to dexamethasone or vehicle control. 

421 We then monitored fungal germination and hyphal growth by live imaging at 1 and 2 dpi. As 

422 expected, A. fumigatus germinates readily in larvae in all four conditions (Fig 7I). However, we 

423 did observe minor differences in the percentage of larvae harboring invasive hyphal growth. 

424 Control luciferase gRNA + DMSO larvae have the lowest rate of hyphal growth, while either 

425 dexamethasone treatment or ikbkg targeting alone increases this rate (Fig 7I). The combination of 

426 both ikbkg gRNA and dexamethasone exposure increases the percentage of larvae with invasive 

427 hyphae further (Fig 7I). These data suggest that dexamethasone may inhibit other pathways 
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428 besides NF-κB that have minor roles in promoting neutrophil control of invasive hyphal growth. 

429 Overall, however, our data demonstrate that the primary effect of dexamethasone in causing host 

430 susceptibility to A. fumigatus infection is through inhibition of NF-κB-activated neutrophil 

431 functions against invasive fungal growth.

432 Discussion

433 Prolonged glucocorticoid therapy is one of the major risk factors for invasive aspergillosis [7, 46]. 

434 The anti-inflammatory and immunosuppressive effects of glucocorticoids are largely caused by 

435 inhibition of NF-κB transcription factor activation and signaling [1]. A. fumigatus infection 

436 activates NF-κB in vitro and in vivo [26, 47], but it has been unclear if NF-κB suppression is the 

437 main mechanism of glucocorticoid-mediated susceptibility to invasive aspergillosis in these 

438 patients. Here, we used an A. fumigatus-zebrafish larvae infection system to demonstrate that 

439 glucocorticoids induce susceptibility in infected larvae through glucocorticoid receptor-mediated 

440 suppression of NF-κB. To elucidate this pathway, we used CRISPR/Cas9 to target the 

441 glucocorticoid receptor and the NF-κB pathway activator IKKγ. Glucocorticoid receptor and 

442 IKKγ are essential genes during development and cannot be easily targeted for infection studies 

443 in mice as mice lacking these genes are not viable [48, 49]. By using F0 mosaic crispant zebrafish 

444 larvae, we were able to inhibit the function of these genes in viable, morphologically normal, 

445 developing organisms. We find similar disease phenotypes in larvae exposed to dexamethasone 

446 and in IKKγ crispant larvae, demonstrating that inhibition of NF-κB is the major mechanism 

447 responsible for glucocorticoid-mediated susceptibility to A. fumigatus infection. However, IKKγ 

448 crispant larvae have a more severe disease phenotype when combined with dexamethasone, 

449 compared to either IKKγ mutation or dexamethasone alone, suggesting that dexamethasone also 
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450 suppresses other minor pathways that contribute to control of fungal growth. One possible 

451 pathway that remains to be tested is activator protein-1 (AP-1) activation, which can be 

452 suppressed by glucocorticoids [50], and can be activated by A. fumigatus hyphae stimulation of 

453 mouse dendritic cells and alveolar macrophages [51, 52]. 

454

455 The key cellular immune mechanisms against A. fumigatus that are inhibited by glucocorticoid 

456 therapy have also been unclear. Glucocorticoids can affect all immune cell types to alter an 

457 inflammatory response [6]. Glucocorticoids potently suppress T-cell mediated responses, which 

458 are an integral component of anti-fungal immune mechanisms [6, 53]. However, larval zebrafish 

459 at the stage that was used for our study have not yet developed an adaptive system, and we have 

460 focused on the effects of dexamethasone on macrophages and neutrophils, cells that play key 

461 roles in host defense against different stages of fungal growth [26, 31, 32, 54]. Our results 

462 demonstrate that dexamethasone can still worsen A. fumigatus pathogenesis even before the 

463 involvement of the adaptive system [34]. To address whether dexamethasone primarily inhibits 

464 the function of macrophages or neutrophils or both, we used zebrafish larvae deficient for 

465 specific phagocyte populations. We find that dexamethasone does increase mortality in 

466 neutrophil-defective larvae, in which macrophages are the primary immune cells present, 

467 indicating that glucocorticoids can suppress macrophage-specific mechanisms. In monocytes and 

468 macrophages, glucocorticoids can suppress monocyte-to-macrophage maturation, chemotaxis to 

469 the infection site, phagocytosis, phagolysosomal fusion, oxidative killing, and pro-inflammatory 

470 cytokine secretion [6, 55]. In particular, in response to Aspergillus infections, glucocorticoids 

471 curb reactive oxygen species (ROS) production and autophagy-related protein recruitment to 

472 phagosomes downstream of ROS in vitro [31, 56]. Glucocorticoids can also alter macrophage M1 
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473 to M2 polarization, which can inhibit the ability of macrophages to prevent spore germination 

474 [57, 58]. In our study, we do find that dexamethasone treatment moderately inhibits macrophage 

475 recruitment to the infection site, but only at specific stages of infection, and even then, many 

476 macrophages are still present. We find no effect of dexamethasone on the ability of macrophages 

477 to kill spores or prevent germination in vivo. Additionally, the relative increase in susceptibility 

478 due to dexamethasone treatment in these larvae is actually less than in wild-type treated larvae, 

479 suggesting that macrophages are not the major target of this drug in inducing susceptibility to A. 

480 fumigatus infection.

481

482 In macrophage-deficient larvae, in which neutrophils are the primary immune cell present, 

483 dexamethasone increases mortality even more than in wild-type larvae, demonstrating that the 

484 inhibition of neutrophil function is a major target of dexamethasone-mediated susceptibility to A. 

485 fumigatus infection. In line with this conclusion, we report that dexamethasone curbs immune 

486 control of invasive hyphal growth, which is predominantly mediated by neutrophils. However, 

487 dexamethasone treatment does not prevent neutrophil migration to the infection site. We find 

488 large numbers of neutrophils in response to invasive hyphae in both wild-type and macrophage-

489 deficient larvae in the presence of dexamethasone. Similarly, in rabbits treated with 

490 glucocorticoids, pulmonary lesions of invasive aspergillosis comprise neutrophil and monocyte 

491 infiltration and tissue necrosis [59]. Therefore, we conclude that dexamethasone inhibits the 

492 function of these cells against fungal infection. Neutrophils are efficient killers of hyphae and 

493 use multiple extracellular killing mechanisms such as degranulation, neutrophil extracellular 

494 traps (NETs), and the production of ROS [60]. Which of these mechanisms are most important 

495 against A. fumigatus and which are inhibited by dexamethasone treatment remains unclear. 
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496 Neutrophils can undergo NETosis in response to A. fumigatus hyphae to control further growth 

497 [61-63], but the role of neutrophil-mediated ROS in A. fumigatus hyphal control is inconclusive 

498 [64, 65]. 

499

500 While our results demonstrate that dexamethasone inhibits NF-κB activation and this NF-κB 

501 activation promotes neutrophil functions against A. fumigatus hyphae, we cannot yet conclude 

502 whether this NF-κB activation is cell-intrinsic to neutrophils or non-cell-autonomous. We 

503 hypothesize that glucocorticoids inhibit activation of NF-κB in neutrophils, but cannot rule out 

504 the possibility that glucocorticoids inhibit activation of epithelial cells or macrophages, 

505 decreasing signals from these cells that activate neutrophils. Germination of spores exposes 

506 immunogenic ligands or pathogen-associated molecular patterns (PAMPs) such as β-glucans, 

507 which are otherwise masked by melanin and rodlet proteins in A. fumigatus spores, and this 

508 PAMP exposure induces a robust pro-inflammatory response that is likely mediated by all of 

509 these cells [66-68]. In our experiments, spore germination is the primary factor driving phagocyte 

510 recruitment, activation of an NF-κB reporter line, and induction of inflammatory cytokine 

511 expression, regardless of dexamethasone treatment. Our results demonstrate that excessive 

512 hyphal growth can override the suppression of NF-κB by dexamethasone.

513

514 Innate immune control of A. fumigatus varies with strain differences [26, 69]. In our experiments, 

515 we used spores derived from the CEA10 strain that was isolated from a patient [70]. CEA10-

516 derived strains have relatively faster germination both in vitro and in vivo than spores of the 

517 other commonly studied AF293 strain [26, 71, 72]. As CEA10 is faster-germinating, resistance to 

518 infection with this strain in wild-type animals is more dependent on neutrophils and CEA10 is 
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519 susceptible to neutrophil-mediated killing in vitro and in vivo [26, 32, 65], consistent with the 

520 primary activity of dexamethasone in causing susceptibility being inhibition of neutrophil 

521 functions against invasive hyphal growth. It is currently unclear if the role of glucocorticoids in 

522 the pathogenesis of more slowly germinating strains, like AF293, is the same. AF293 spores can 

523 reside within macrophage clusters, which inhibit their germination, and therefore evade 

524 neutrophil-mediated killing and persist in the host for long time [26]. Therefore, it could be that 

525 in these infections, glucocorticoid-mediated inhibition of macrophage function plays a larger 

526 role.

527

528 Glucocorticoid therapy is widely used in patients to decrease morbidity and mortality due to a 

529 variety of causes including transplant rejection and autoimmune disorders. However, a by-

530 product of this therapy is increased susceptibility to infectious organisms, including fungi like 

531 Aspergillus spp. In order to better treat these opportunistic infections, it is important to fully 

532 understand the molecular and cellular mechanisms that are inhibited by glucocorticoid therapy 

533 that are the proximate cause of susceptibility to infection. Here, using a larval zebrafish host, we 

534 find that the major innate immune cell type inhibited by this therapy is neutrophils and that this 

535 inhibition allows for uncontrolled invasive hyphal growth in infected animals. However, the 

536 specific functions of neutrophils that are inhibited remain to be uncovered. In this model, NF-κB 

537 is the major molecular pathway inhibited by glucocorticoid treatment. However, the role of NF-

538 κB in human infection is unclear, as the risk of invasive aspergillosis did not depend on single 

539 nucleotide polymorphisms (SNPs) of NF-κB and NF-κB pathway components in a cohort of 

540 hematopoietic stem-cell transplant patients [73], and the effect of glucocorticoids on other 

541 pathways should also be an area of future study. 
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542 Materials and Methods

543 Ethics statement

544 All experimental procedures of zebrafish embryos and larvae were performed, and adult 

545 zebrafish were maintained and handled, according to protocols approved by the Clemson 

546 University Institutional Animal Care and Use Committee (AUP2021-0109, AUP2022-0093, 

547 AUP2022-0111). Larvae were anesthetized using buffered tricaine prior to any experimental 

548 procedures. Larvae were euthanized at 4ºC and adults were euthanized with buffered tricaine.

549 Zebrafish lines and maintenance

550 Adult zebrafish were maintained at 28ºC at 14/10 hr light/dark cycles. All mutant and transgenic 

551 lines were maintained in the wild-type AB background, and are listed in Table 1. Embryos were 

552 collected after natural spawning, and were maintained in E3 medium with methylene blue at 

553 28ºC. Embryos were manually dechorionated and anesthetized in 0.3 mg/mL buffered tricaine 

554 prior to any experimental procedures. Larvae used for imaging were treated with 200 μM N-

555 phenylthiourea (PTU) starting from 24 hours post fertilization to inhibit pigment formation. All 

556 transgenic larvae were screened for fluorescent expression prior to infections. The irf8 mutant 

557 adults were maintained as irf8+/- with additional transgenes expressing fluorescent markers in 

558 neutrophils (Tg(mpx:mCherry) or Tg(lyzC:BFP)). Larvae from irf8+/- in-crosses were screened 

559 for a high number of neutrophils to select for irf8-/- individuals prior to infections and larvae 

560 were genotyped after the experiments were concluded as previously described [45], using the 

561 primers F: 5’ CAGGAGAGTTCAGTAAATTGAGC 3’; R: 5’ CTTGTTTTCCCGCATGTTTCC 

562 3’.

563 Table 1. Zebrafish lines used in this study.
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Zebrafish line Reference

irf8-/- / irf8st95  [45]

Tg(NF-κB RE:GFP)  [37]

Tg(mpeg1:H2B-GFP)  [74]

Tg(mpeg1:H2B-mCherry)  [75]

Tg(lyz:BFP)  [26]

Tg(mpx:mCherry-2A-rac2D57N)  [43]

Tg(mfap4:BFP) This study

564

565 Generation of Tg(mfap4:BFP) fish line

566 First, a clean Tol2 vector containing just the mfap4 promoter was generated. Tol2-mpx:mCherry-

567 2A-rac2 [43] (a gift from Anna Huttenlocher) was cut with NheI and SalI (Promega) to remove 

568 the mpx:mCherry-2A-rac2 insert. The mfap4 promoter was then amplified from p5E-mfap4 

569 (Addgene #70052, a gift from David Tobin) for InFusion cloning (Takara Bio) into the digested 

570 Tol2 backbone (F: 5’ GAAGTAAAAGGCTAGCGCGTTTCTTGGTACAGCTG 3’ ; R: 5’ 

571 TTCTAGATCAGTCGACCACGATCTAAAGTCATGAAG 3’). To generate Tol2-mfap4:BFP, 

572 BFP was amplified from Tol2-lyz:BFP [26] (a gift from Anna Huttenlocher) for HiFi cloning 

573 (NEB) into the Tol2-mfap4 vector cut open with SalI (F: 5’ 

574 TGACTTTAGATCGTGGTCGACGGTACCTCGCCACCATGA 3’ ; R: 5’ 

575 CTATAGTTCTAGATCATCGACTCACTTGTGCCCCAGTTT 3’). 

576 For integration of mfap4:BFP into the zebrafish genome, Tol2 transposase was in vitro 

577 transcribed from NotI-digested (NEB) pCS2-transposase (a gift from Anna Huttenlocher) using 

578 an mMESSAGE mMACHINE SP6 kit according to the manufacturer’s directions (Invitrogen). 
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579 mRNA was purified with a MEGAclear kit (Invitrogen). 1-3 nl of an injection mix containing 20 

580 ng/µl Tol2-mfap4:BFP plasmid and 10 ng/µl transposase mRNA was injected into the yolk of 

581 single cell embryos of the AB strain. Injected F0 embryos were grown to adulthood and a 

582 founder with integration of the DNA into the germline was determined by outcrossing single F0 

583 adults and screening for BFP expression. 

584

585 Aspergillus fumigatus strains and spore preparation for injections

586 The CEA10 strain [70] and a CEA10-derived GFP-expressing TFYL49.1 strain [76] were used 

587 for non-imaging and imaging experiments, respectively. These strains are equivalent in 

588 pathogenesis in zebrafish larvae [26]. Spores were prepared as previously described [27]. Briefly, 

589 106 spores were spread on 10 cm plates with solid glucose minimal media (GMM) and were 

590 incubated at 37ºC for 4 days. Spores were collected into sterile water with 0.01% Tween by 

591 scraping using a L spreader and were filtered through sterile miracloth (Sigma-Aldrich) into a 50 

592 mL centrifuge tube. Spores were pelleted by centrifugation at 900 g for 10 mins, washed in 

593 sterile PBS, pelleted again, and finally resuspended in 5 mL of sterile PBS. This suspension was 

594 again filtered through miracloth into a new 50 mL tube. The spore concentration was determined 

595 using a hemocytometer and a suspension at 1.5 X 108/ mL was made in PBS and stored at 4ºC 

596 for up to ~6 weeks. 

597

598 In vitro fungal growth assay

599 10 cm solid GMM plates containing 20 mL GMM agar with 10 μM dexamethasone or 0.01% 

600 DMSO vehicle control were prepared and stored at 4ºC for up to ~4 months. Spores of the GFP-

601 expressing TFYL49.1 strain were prepared as described above and resuspended at 107/ mL and 
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602 stored at 4ºC for up to ~6 weeks. 2 μL was dispensed into the middle of the plate and plates were 

603 incubated at 37ºC for 4 days. To quantify the growth in each condition, the diameter of the 

604 colony was measured daily. To quantify branching of the growing hyphae, at 2 days post culture, 

605 a piece of agar from the edge of each colony was cut out and placed on a glass slide and flattened 

606 using a coverslip. Hyphae in this piece were imaged using a confocal microscope, as described 

607 below. This experiment was repeated twice with three plates/condition/experiment. One slide per 

608 plate was used for imaging, and four microscopic fields were captured for each slide.

609

610 Live-dead spore labeling

611 Spores of the GFP-expressing TFYL49.1 strain were stained with AlexaFluor546 as described 

612 previously [39, 77, 78]. Briefly, spores were incubated on a shaker with 0.5 mg/mL of biotin-XX, 

613 SSE (Molecular Probes) in 0.05M NaHCO3 at 4ºC for 2 hrs. Spores were pelleted by 

614 centrifugation and washed twice with 100 mM Tris-HCl (pH 8.0) on a shaker at 4ºC for 30 min 

615 to deactivate free-floating biotin. Spores were washed with 1X PBS twice. Spores were then 

616 resuspended in 1X PBS containing 20 μg/mL of streptavidin-AlexaFluor546 (Invitrogen) and 

617 incubated for 40 min at room temperature. Stained spores were then pelleted and resuspended in 

618 1X PBS, spore concentration was enumerated, and a spore suspension was made at 1.5 X 108/ 

619 mL and stored at 4°C for up to ~4 weeks. 

620

621 Zebrafish hindbrain microinjections

622 A. fumigatus spores were injected into the hindbrain ventricle of 2 days post fertilization (dpf) 

623 larvae as described previously [36]. The prepared 1.5 X 108/ mL spore suspension was mixed at 

624 2:1 with filter-sterilized phenol red to achieve a final concentration of 1 X 108/ mL. Injection 
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625 plates made of 2% agarose in E3 were coated with 2% filter-sterilized bovine serum albumin 

626 (BSA) to prevent larvae sticking to the agarose. Dechorionated and anesthetized 2 dpf larvae 

627 were transferred to and aligned on the injection plate. A microinjection setup supplied with 

628 pressure injector, micromanupulator, micropipet holder, footswitch, and back pressure unit 

629 (Applied Scientific Instrumentation) was used to inject 30-50 spores into individual larvae. 

630 Actual injection doses were monitored by CFU plating as described below and are reported in 

631 each figure legend. PBS mixed with phenol red was used as a mock infection control. Injected 

632 larvae were then rinsed at least twice with E3 without methylene blue to remove tricaine and any 

633 free spores. For imaging experiments, larvae were returned to E3 containing 200 µM PTU. 

634 Larvae were transferred to 96-well plates for survival and CFU experiments, 48-well plates for 

635 daily imaging experiments, or 6-well plates for RNA extraction and single day imaging 

636 experiments. 

637

638 Morpholino injections

639 A stock solution of pu.1 (spi1b) morpholino oligonucleotide (MO) (ZFIN MO1-spi1b: 5’ 

640 GATATACTGATACTCCATTGGTGGT 3’) (GeneTools) was made by resuspension in water to 

641 1 mM and stored at 4ºC [41, 79]. For injections, the stock was diluted in water with 0.5X 

642 CutSmart Buffer (New England Biolabs) and 0.1% filter-sterilized phenol red. We used 2 

643 different concentrations of pu.1 MO: low-dose 0.05 mM to prevent development of macrophages 

644 [44] or high-dose 0.5 mM to prevent development of both macrophages and neutrophils [41]. 

645 Optimization of low-dose pu.1 MO to only inhibit macrophage development is mentioned below. 

646 A standard control MO at matching concentrations was used as a control. 3 nL of the injection 

647 mix was injected into the yolk of 1-2 cell stage embryos. Efficacy of 0.5 mM pu.1 knockdown 
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648 was determined by injection into embryos of macrophage- (Tg(mpeg1:H2B-GFP)) and 

649 neutrophil-labeled (Tg(mpx:mCherry)) zebrafish lines and larvae were screened for the loss of 

650 fluorescent signal using a fluorescent zoomscope (Zeiss SteREO Discovery.V12 PentaFluar with 

651 Achromat S 1.0x objective) prior to A. fumigatus infections. To identify a low concentration of 

652 pu.1 MO that only inhibits macrophage development but not neutrophil development, multiple 

653 different concentrations ranging from 0.05 mM to 0.5 mM were tested. Embryos of macrophage-

654 labeled (Tg(mpeg1:H2B-GFP)) and neutrophil-labeled (Tg(mpx:mCherry)) zebrafish lines were 

655 injected with increasing concentrations of pu.1 MO and larvae at 2 dpf were screened for the loss 

656 of GFP signal but intact mCherry signal using a fluorescent zoomscope (Zeiss SteREO 

657 Discovery.V12 PentaFluar with Achromat S 1.0x objective). To further test if neutrophils are 

658 still active with low-dose pu.1 MO injections, we performed a tail wounding experiment as 

659 previously described [80]. Briefly, the tails of the larvae injected with 0.05 mM pu.1 or control 

660 MO were transected using a no.10 Feather surgical blade (GF Health Products) and the larvae 

661 were confocal imaged (as described in the Live Imaging section) at 2 hours post wounding. The 

662 number of neutrophils at the wounding site was enumerated. 6 larvae were used for each 

663 condition, and the experiment was done once.

664

665 CRISPR gRNA design and injections

666 For each target gene, two guide RNAs (gRNA) were designed to bind to regions of the coding 

667 sequence that are required for the function of the protein and in which the translated amino acid 

668 sequence is conserved with the human protein. gRNA targets were identified with the 

669 CHOPCHOP web-based program [81-83]. gRNA sequences are listed in Table 2. To generate 

670 DNA templates for in vitro transcription of gRNAs, gene-specific oligo sequences were 
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671 generated containing a T7 promoter (5’-TAATACGACTCACTATAG-3’), the target sequence, 

672 and an overlap region to pair with a constant oligo encoding the reverse complement of the Cas9 

673 binding sequence (Integrated DNA Technologies)(constant oligo (5’-

674 AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAA

675 CTTGC TATTTCTAGCTCTAAAAC -3’)). Gene-specific and constant oligos were annealed 

676 and T4 DNA polymerase (New England Biolabs) was added to generate the DNA template. 

677 Purified template was in vitro transcribed using T7 RNA polymerase (New England Biolabs), 

678 treated with DNase I (New England Biolabs), and purified using a Monarch RNA cleanup kit 

679 (New England Biolabs). Embryos were injected with both gRNAs targeting a single gene. An 

680 injection mix containing 75 ng/μL of each gRNA and 250 ng/μL Cas9 protein (PNA Bio) was 

681 used. Two control gRNAs targeting luciferase (luc) at matching concentrations were used as the 

682 control. 1-2 nL of injection mix was injected into the yolk of 1-cell stage embryos. Genomic 

683 DNA from individual larvae was extracted at 2 dpf in 50 mM NaOH at 95°C. The efficacy of 

684 gRNAs were tested by PCR using primers flanking the target sequence. We used two sets of 

685 PCR, one with primers flanking an individual target site (F1R1 or F2R2) and with primers 

686 flanking the two target sequences (F1R2) as shown in S2 and S7 Figs. For ikbkg1+2-injected 

687 larvae, a separate primer pair flanking the two target sites with matching Tm was designed 

688 (F3R3). The primers used are listed in Table 3. The PCR products were run on a 2.5% agarose 

689 gel to visualize alterations of genomic DNA as shown in S2 and S7 Figs.

690

691 Table 2. CRISPR gRNAs.

gene gRNA gRNA sequence (5’ – 3’)

ikbkg 1 ATATTGCAGAGTGCAGCCAC
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2 TCCCTGCTTGACTGACACTC

1 ACCCAAAGTGAAGGGGACCAnr3c1

2 ATTTGCGGAAACGACAGGCA

1 TTGGAAACGAACACCACGGTluciferase

2 ACAACTTTACCGACCGCGCC

692

693 Table 3. Primers used to test successful alteration of DNA.

gRNA Primers used for PCR Primer sequence (5’ – 3’)

F1 CAATGCGGTCTTTTGTTGTGikbkg-1

R1 TTCTGAACCTGCGGTCTCTT

F2 AGATTTCGTGAGGCCAGAGAikbkg-2

R2 TTGGTGCACTTCAGCTCTTG

F3 GCACTGCAGTAGTCTTGGTGAikbkg-1 + ikbkg-2

R3 AGTGTCTCCTTCAGCGCATT

F1 CTCAAACTGCTTGGGAAGGAnr3c1-1

R1 GGGGTTGTTAAGGTCTGCAA

F2 ACGATTGCATCATTGACAAAAnr3c1-2

R2 TGCAAGATTTCATGTTACCCTCT

694

695 Clodronate liposome injections

696 Larvae expressing GFP in macrophages (Tg(mpeg1:H2B-GFP)) were manually dechorionated at 

697 1 dpf. Clodronate or PBS liposomes (Liposoma) were stored at 4°C. Prior to injections, 10% of 

698 volume of filter-sterilized phenol red was added to the liposomes and 2 nL was i.v. injected into 
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699 the caudal vein plexus of larvae. To confirm macrophage depletion, larvae were screened for the 

700 loss of GFP signal using a fluorescent zoomscope (Zeiss SteREO Discovery.V12 PentaFluar 

701 with Achromat S 1.0x objective) prior to A. fumigatus infection at 2 dpf.

702

703 Drug treatments

704 Infected larvae were exposed to dexamethasone (Sigma-Aldrich) at 10 μM, a concentration 

705 which was previously used in zebrafish larvae [26]. A 1000X 10 mM stock was prepared in 

706 DMSO and 0.1% DMSO was used as the vehicle control. Directly after injection, E3 was 

707 removed from dishes containing larvae and new E3 with pre-mixed dexamethasone or DMSO 

708 was added. Larvae were kept in the same solution for the entirety of the experiment. For daily 

709 imaging experiments, larvae were pipetted out of the drug treatment, imaged, and were 

710 transferred back into the same drug solution.

711

712 CFU counts

713 Single larvae were transferred to 1.7 mL microcentrifuge tubes into 90 μL of PBS containing 1 

714 mg/mL ampicillin and 0.5 mg/mL of kanamycin. Larvae were euthanized at 4ºC overnight and 

715 homogenized with a tissue lyser (Qiagen) at 1800 oscillations/min (30 Hz) for 6 mins. The 

716 suspension was then centrifuged at 17000 g for 30 seconds, resuspended by pipetting, and spread 

717 on a GMM plate. Plates were incubated at 37ºC for 3 days and the number of colonies were 

718 counted. For survival experiments, 8 larvae for each condition were collected and euthanized 

719 immediately after injections, and were plated the next day to enumerate the actual injection dose. 

720 To monitor the fungal burden across multiple days, 8 larvae/condition/day were plated and CFU 

721 counts were normalized to the initial injection dose for each condition.
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722

723 RNA extraction and RT-qPCR

724 To quantify cytokine gene expression, larvae were infected with TFYL49.1 spores and exposed 

725 to dexamethasone or DMSO. At 1 or 2 dpi, infected larvae were anesthetized and screened using 

726 a Zeiss Cell Observer Spinning Disk confocal microscope to split larvae into groups based on the 

727 presence of germinated spores. From this screening, the pooled no germination group contained 

728 20 larvae and the pooled germination group contained 1-3 larvae per replicate. 500 ng of RNA 

729 was used for cDNA synthesis. To quantify ikbkb expression in wild-type larvae, larvae were 

730 injected with CEA10 spores or PBS and were exposed to dexamethasone or DMSO. 20 pooled 

731 larvae for each condition per replicate at 1 or 2 dpi were used for RNA extraction. 1000 ng of 

732 RNA was used for cDNA synthesis. To test ikbkb expression in glucocorticoid receptor targeted 

733 larvae, nr3c1 crispant or control larvae were exposed to dexamethasone or DMSO at 2 dpf. At 1 

734 day post treatment (dpt), 20 pooled larvae from each condition per replicate were used for RNA 

735 extraction. 1000 ng of RNA was used for cDNA synthesis.

736

737 For RNA extraction, anesthetized larvae were transferred to a 1.7 mL microcentrifuge tube 

738 homogenized in 500 μL TRIzol (Invitrogen) on a disruptor genie for 10 minutes. RNA was 

739 extracted following the manufacturer’s instructions, using 4 μg of glycogen as a carrier. cDNA 

740 synthesis was done with iScript RT Supermix with oligo dT (Bio-Rad). cDNA was diluted 1:10 

741 and 4 μL of diluted cDNA was used for qPCR in a 10 μL reaction, using SYBR Green Supermix 

742 (Bio-Rad) and primers listed in S1 Table. Fold change was calculated with the ΔΔCq method, 

743 using rps11 as the house-keeping gene [84] and three independent replicates were performed for 

744 each RT-qPCR.
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745

746 Live imaging

747 Fluorescent positive larvae were screened on using a fluorescent zoomscope (Zeiss SteREO 

748 Discovery.V12 PentaFluar with Achromat S 1.0x objective) prior to A. fumigatus infections. 

749 Larvae were imaged using a Zeiss Cell Observer Spinning Disk confocal microscope on a Axio 

750 Observer 7 microscope stand with a confocal scanhead (Yokogawa CSU-X) and a Photometrics 

751 Evolve 512 EMCCD camera. A Plan-Apochromat 20X (0.8 NA) or an EC Plan-Neofluar 40X 

752 (0.75 NA) objective and ZEN software were used to acquire Z-stack images of the hindbrain area 

753 with 2.5 or 5 μm distance between slices. For daily imaging experiments, larvae were pipetted 

754 out of 48-well plates one at a time, anesthetized in tricaine, and transferred to a zWEDGI device 

755 [85, 86]. After imaging, larvae were rinsed in E3 with 200 µM PTU and transferred back into the 

756 original wells into the same drug solution. For single time point imaging, larvae were 

757 anesthetized in 6-well plates and were transferred to and imaged in a zWEDGI device [85, 86]. 

758 For experiments in the irf8 mutant line, genomic DNA was isolated from whole larvae in 50 mM 

759 NaOH for genotyping when larvae were euthanized due to increased fungal growth or 

760 immediately after completion of imaging. 

761

762 Image analysis

763 All image analysis was performed blinded and with Image J/Fiji [87]. For any analysis where 

764 fluorescent intensity was quantified, images were not processed prior to analysis. To quantify the 

765 GFP signal from the NF-κB RE:GFP zebrafish line, the hindbrain area was manually identified 

766 using the polygon selection tool from the corresponding bright field image. The GFP signal was 

767 quantified within the identified area using maximum intensity projection of six z-slices 
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768 containing A. fumigatus spores or hyphae. The displayed images show signal intensity with the 

769 16 colors lookup table. To quantify phagocyte recruitment, images were processed with bilinear 

770 interpolation to increase pixel density two-fold prior to counting and the number of phagocytes 

771 and/or the phagocyte cluster area were quantified. Phagocyte numbers were manually counted 

772 across z-stacks using the Cell Counter plugin. Macrophage cluster area was measured in 

773 maximum intensity projections using the polygon selection tool. Displayed images were 

774 processed with bilinear interpolation to increase pixel density two-fold and maximum intensity 

775 projections of merged z-stacks were used. For live-dead staining, images were processed with 

776 bilinear interpolation to increase pixel density two-fold and live versus dead spores were counted 

777 using the Cell Counter plugin. The displayed images of live versus dead spores show a merged z-

778 projection of 3 slices and were processed with gaussian blur (radius = 1) in Fiji to reduce noise. 

779 Fungal growth was manually categorized as germination or invasive hyphae. Any hyphal growth 

780 (branched or not) was considered an incidence of germination and the presence of branched 

781 hyphae was considered an incidence of invasive growth. 2D fungal area was measured by 

782 thresholding the fluorescent intensity from maximum intensity projections. To generate the 

783 heatmap of fungal growth, the severity was scored using pre-determined categories [39]. The 

784 scoring was: 0 – no germination, 1 – at least one event of germination, 2 – at least one event of 

785 branched hyphae, but hyphae restricted to the infection site, 3 – at least one event of branched 

786 hyphae, but hyphae spreading in the hindbrain ventricle, 4 – hyphae invading into nearby tissue, 

787 and 5 – lethal. Representative images of each category are shown in S4 Fig. Maximum intensity 

788 projection of z-stacks was used for the displayed images. The same experiment and the same 

789 images were used to enumerate the number of phagocytes and fungal growth. For irf8-/- larvae 

790 imaging experiments, neutrophil cluster area was measured from maximum intensity projections 
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791 using the polygon selection tool. Maximum intensity projections of z-stacks were used for the 

792 displayed images. For the in vitro assay images, the fungal area was measured by quantifying 

793 GFP signal by thresholding the fluorescent intensity from the maximum intensity projection of 

794 all slices. The number of nodes/branching points were manually counted using the Cell Counter 

795 plugin. 

796

797 Statistical analysis

798 For all experiments, unless stated otherwise, pooled data from at least three independent 

799 replicates were generated and the total Ns are given in each figure. R version 4.1.0 was used for 

800 statistical analysis and GraphPad Prism version 10 (GraphPad Software) was used to generate 

801 graphs. Larval survival data and the cumulative percentage of larvae with fungal germination or 

802 invasive hyphae were analyzed by Cox proportional hazard regression to calculate P values and 

803 hazard ratios (HR). HR reports the likelihood of larvae succumbing to the infection in a 

804 particular condition as compared to the control. The statistical analysis considers variability 

805 within and between replicates to calculate the P values. Fluorescent intensity, phagocyte numbers 

806 and cluster area, fungal area, CFU counts, live-dead imaging analysis, and day of germination or 

807 invasive hyphae were analyzed with analysis of variance (ANOVA). For each condition, 

808 estimated marginal means (emmeans) and standard error (SEM) were calculated and pairwise 

809 comparisons were performed with Tukey’s adjustment. The statistical analysis considers 

810 variability within and between replicates to calculate the P values. The graphs for these analyses 

811 show values from individual larvae over time as individual lines or points in dot plots, and bars 

812 represent pooled emmeans ± SEM. The points in dot plots are color-coded by replicate. For RT-

813 qPCR, the fold change was analyzed by t-test in Excel. For in vitro data, the radius of the 
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814 colonies and the number of nodes normalized to the fungal area were compared by t-test in 

815 Excel. In the dot plot, each dot represents an individual plate, and the dots are color-coded by 

816 replicate. 
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1062

1063 Figure legends

1064 Figure 1. Dexamethasone suppresses NF-κB activation and increases susceptibility to 

1065 Aspergillus fumigatus via the glucocorticoid receptor. (A) Survival of wild-type larvae 

1066 injected at 2 dpf with CEA10 A. fumigatus spores or PBS mock-infection in the presence of 10 

1067 μM dexamethasone or DMSO vehicle control. At least 24 larvae per condition, per replicate 

1068 were used and the total larval N per condition is indicated. Cox proportional hazard regression 
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1069 analysis was used to calculate P values and hazard ratio (HR). Average injection CFUs: 

1070 dexamethasone = 15, DMSO = 12. (B, C) Larvae of NF-κB reporter line (Tg(NF-κB RE:GFP)) 

1071 were injected with CEA10 A. fumigatus spores and were exposed to 10 μM dexamethasone or 

1072 DMSO. Larvae were imaged at 1 dpi. (B) Representative images showing relative GFP 

1073 expression from z projection of 6 slices. Scale bar = 50 μm. (C) Quantification of fluorescent 

1074 expression in the hindbrain ventricle at 1 dpi is shown with emmeans ± SEM from three 

1075 independent replicates and the total larval N per condition is indicated. Each data point 

1076 represents an individual larva, color-coded by replicate. P values were calculated by ANOVA. 

1077 (D) Larvae were injected with GFP-expressing TFYL49.1 (CEA10) spores and exposed to 10 

1078 μM dexamethasone or DMSO. At 1 and 2 dpi, larvae were screened for germination and total 

1079 RNA was extracted from each pooled group. RT-qPCR analysis of cytokine expression in pooled 

1080 larvae is shown. Data are normalized to DMSO no germination control group. P values were 

1081 calculated by Student’s t-test. Data are from three independent replicates. (E) NF-κB inhibitor 

1082 ikbkb expression in larvae injected with CEA10 spores or PBS mock-infection and exposed to 10 

1083 μM dexamethasone or DMSO is shown. Total RNA was extracted at 1 and 2 dpi from 20 pooled 

1084 larvae per condition per day. Data are normalized to DMSO PBS mock-infection at each day 

1085 post injection. P values were calculated by Student’s t-test. Data are from three independent 

1086 replicates. (F) Embryos at 1 cell stage were injected with gRNAs targeting glucocorticoid 

1087 receptor gene nr3c1 or luciferase control together with Cas9 protein. At 2 dpf, larvae were 

1088 treated with 10 μM dexamethasone or DMSO. Total RNA from 20 pooled larvae per condition 

1089 was extracted at 1 day post treatment (dpt) and ikbkb expression was quantified using RT-qPCR. 

1090 Data are normalized to luciferase gRNA + DMSO group. P values were calculated by Student’s 

1091 t-test. Data are from three independent replicates. (G) Survival of nr3c1 mutant larvae injected 
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1092 with CEA10 spores and exposed to 10 μM dexamethasone or DMSO. Data are pooled from three 

1093 independent replicates, at least 23 larvae per condition, per replicate and the total larval N per 

1094 condition is indicated. Cox proportional hazard regression analysis was used to calculate P 

1095 values and hazard ratios (HR). Average injection CFUs: nr3c1 = 25 or luciferase = 26.

1096

1097 Figure 2. Dexamethasone moderately suppresses macrophage recruitment but not 

1098 neutrophil recruitment. Larvae with labeled macrophages (Tg(mpeg1:H2B-mCherry)) and 

1099 neutrophils (Tg(lyz:BFP)) were injected with GFP-expressing TFYL49.1 (CEA10) spores at 2 

1100 dpf, exposed to 10 μM dexamethasone or DMSO vehicle control and live imaged at 1, 2, 3, and 5 

1101 dpi. Data are pooled from three independent replicates, at least 10 larvae per condition, per 

1102 replicate. (A) Representative images show different patterns of phagocyte recruitment across 

1103 multiple days in larvae exposed to dexamethasone or DMSO. Scale bar = 50 μm. (B) Number of 

1104 macrophages recruited, (C) macrophage cluster area, and (D) number of neutrophils recruited 

1105 were quantified from the images. (B-D) Bars represent emmeans ± SEM and P values were 

1106 calculated by ANOVA. Each line represents an individual larva. (E, F) Number of recruited 

1107 macrophages (E) and neutrophils (F) one day before germination occurred, on the day of 

1108 germination, and on the day invasive hyphae occurred were plotted for larvae that experienced 

1109 fungal growth. Bars represent emmeans ± SEM and P values were calculated by ANOVA. Each 

1110 data point represents an individual larva, color-coded by replicate. 

1111

1112 Figure 3. Dexamethasone does not affect spore killing. (A, B) Macrophage-labeled larvae 

1113 (Tg(mfap4:BFP)) were injected with GFP-expressing A. fumigatus TFYL49.1 (CEA10) spores 

1114 coated with AlexaFluor546 at 2 dpf, exposed to 10 μM dexamethasone or DMSO vehicle 
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1115 control, and live imaged at 2 dpi. (A) Representative images of z projection of 3 slices showing 

1116 live (filled arrow) and dead (open arrow) spores within a macrophage. Scale bar = 10 μm. (B) 

1117 The percentage of live spores in the hindbrain per larvae is shown with bars representing 

1118 emmeans ± SEM from three independent replicates, and the total larval N per condition is 

1119 indicated. Each data point represents an individual larva, color-coded by replicate. P values were 

1120 calculated by ANOVA. (C) Wild-type larvae were injected with CEA10 spores at 2 dpf, exposed 

1121 to 10 μM dexamethasone or DMSO vehicle control, and fungal burden was quantified by 

1122 homogenizing and plating individual larvae for CFUs at multiple days post injection. Eight 

1123 larvae per condition, per dpi, per replicate were quantified, and the number of CFUs at each dpi 

1124 is represented as a percentage of the initial spore burden. Bars represent emmeans ± SEM from 

1125 three independent replicates, P values calculated by ANOVA. Average injection CFU: 32.

1126

1127 Figure 4. Dexamethasone suppresses immune control of A. fumigatus invasive hyphal 

1128 growth. Wild-type larvae were injected with GFP-expressing TFYL49.1 (CEA10) spores at 2 

1129 dpf, exposed to 10 μM dexamethasone or DMSO vehicle control and imaged at 1, 2, 3, and 5 dpi. 

1130 Data are pooled from three independent replicates, at least 10 larvae per condition, per replicate. 

1131 (A) Representative images show hyphal growth differences in larvae exposed to dexamethasone 

1132 or DMSO. Insets show a germinated spore and branched invasive hyphae (open arrow). Scale bar 

1133 = 50 μm (5 and 10 μm in insets). (B) Cumulative percentage of larvae with germination (dotted 

1134 line) and invasive hyphae (solid line) through 5 dpi. Cox proportional hazard regression analysis 

1135 was used to calculate P values and hazard ratios (HR). (C) In larvae with fungal germination, 

1136 fungal area was quantified from maximum intensity projection images. Each line represents an 

1137 individual larva and bars represent emmeans ± SEM. (D) Severity of fungal growth was scored 
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1138 for all larvae and displayed as a heatmap. Representative images for each score can be found in 

1139 S4 Fig. 

1140

1141 Figure 5. Dexamethasone primarily suppresses neutrophil-mediated host protection. 

1142 Survival of larvae injected at 2 dpf with CEA10 A. fumigatus spores and exposed to 10 μM 

1143 dexamethasone or DMSO vehicle control. Data are pooled from three independent replicates, at 

1144 least 12 larvae per condition, per replicate and the total larval N per condition is indicated in each 

1145 figure. Cox proportional hazard regression analysis was used to calculate P values and hazard 

1146 ratios (HR). (A) Survival of neutrophil-defective larvae (mpx:rac2D57N) and wild-type larvae. 

1147 Average injection CFUs: wild-type = 26, mpx:rac2D57N = 29. (B) Survival of macrophage-

1148 deficient or control larvae. Development of macrophages was inhibited by 0.05 mM pu.1 

1149 morpholino (MO). Control larvae received standard control MO. Average injection CFUs: 

1150 control MO = 31, pu.1 MO = 25. (C) Survival of macrophage-deficient irf8-/- or control (irf8+/+ 

1151 or irf8+/-) larvae. Average injection CFUs: irf8+/+ or irf8+/-= 71, irf8-/- = 50. 

1152

1153 Figure 6. Dexamethasone suppresses neutrophil-mediated control of A. fumigatus invasive 

1154 hyphal growth. Macrophage-deficient irf8-/- larvae with labeled neutrophils (Tg(lyz:BFP)) were 

1155 injected with GFP-expressing TFYL49.1 (CEA10) spores at 2 dpf, exposed to 10 μM 

1156 dexamethasone or DMSO vehicle control and live imaged at 1, 2, 3, and 5 dpi. Data are pooled 

1157 from three independent replicates, at least 10 larvae per condition, per replicate. (A) 

1158 Representative images show hyphal growth differences and neutrophil recruitment in larvae 

1159 exposed to dexamethasone or DMSO. Inset shows a germinated spore. Scale bar = 50 μm (inset 

1160 5 μm). (B) Cumulative percentage of larvae with germination (dotted line) and invasive hyphae 
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1161 (solid line) through 5 dpi. Cox proportional hazard regression analysis was used to calculate P 

1162 values and hazard ratios (HR). (C) Severity of fungal growth was scored for all larvae and 

1163 displayed as a heatmap. Representative images for each score can be found in S4 Fig. (D-F) In 

1164 larvae in which fungal growth occurred, the day on which germination (D) and invasive hyphae 

1165 (E) was first observed and the number of days between germination and invasive hyphae (F) are 

1166 plotted. Bars represent emmeans ± SEM and P values were calculated by ANOVA. Each data 

1167 point represents an individual larva, color-coded by replicate. 

1168

1169 Figure 7. Neutrophils fail to control invasive hyphal growth in IKKγ crispant larvae. 

1170 Macrophage-sufficient (irf8+/+ or irf8+/-) and macrophage-deficient (irf8-/-) embryos at 1 cell 

1171 stage were injected with Cas9 protein and 2 gRNAs targeting the IKKγ gene ikbkg or control 

1172 gRNAs targeting luciferase. (A) Survival of larvae after injection with CEA10 spores at 2 dpf. 

1173 Data are pooled from three independent replicates and the total larval N per condition is 

1174 indicated. Cox proportional hazard regression analysis was used to calculate P values and hazard 

1175 ratios (HR). Average injection CFUs: control + luciferase gRNA = 32, control + ikbkg gRNA = 

1176 30, irf8-/- + luciferase gRNA = 31, irf8-/- + ikbkg gRNA = 29. (B-H) irf8-/- embryos with labeled 

1177 neutrophils (Tg(lyz:BFP)), injected with ikbkg or control gRNAs, were injected at 2 dpf with 

1178 GFP-expressing TFYL49.1 spores and live imaged at 1, 2, 3, and 5 dpi. Data are pooled from 

1179 three independent replicates, at least 10 larvae per condition, per replicate. (B) Representative 

1180 images show hyphal growth differences in larvae injected with ikbkg or control gRNAs. Scale 

1181 bar = 50 μm. (C) Cumulative percentage of larvae with germination (dotted line) and invasive 

1182 hyphae (solid line) through 5 dpi. Cox proportional hazard regression analysis was used to 

1183 calculate P values and hazard ratios (HR). (D) Fungal area was quantified from maximum 
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1184 intensity projection images. Bars represent emmeans ± SEM and P values were calculated by 

1185 ANOVA. Each line represents an individual larva. (E) Severity of fungal growth was scored for 

1186 all larvae and displayed as a heatmap. Representative images for each score can be found in S4 

1187 Fig. (F-H) In larvae in which fungal growth occurred, the day on which germination (F) and 

1188 invasive hyphae (G) was first observed and the number of days between germination and 

1189 invasive hyphae (H) are plotted. Bars represent emmeans ± SEM and P values calculated by 

1190 ANOVA. Each data point represents an individual larva, color-coded by replicate. (I) irf8-/- 

1191 larvae injected with ikbkg or control gRNAs were injected at 2 dpf with GFP-expressing 

1192 TFYL49.1 spores, treated with 10 μM dexamethasone or DMSO, and live imaged at 1 and 2 dpi. 

1193 The cumulative percentage of larvae with germination (dotted line) and invasive hyphae (solid 

1194 line) through 2 dpi is shown. Data are pooled from three independent replicates, 12 larvae per 

1195 condition, per replicate. Cox proportional hazard regression analysis was used to calculate P 

1196 values and hazard ratios (HR). 

1197 Supporting Information

1198 S1 Fig. Dexamethasone suppresses NF-κB activation. (A) Larvae of NF-κB reporter line 

1199 (Tg(NF-κB RE:GFP)) were injected with CEA10 spores and were exposed to 10 μM 

1200 dexamethasone or DMSO vehicle control. Fluorescent expression was quantified in the hindbrain 

1201 ventricle from z projections at 2 dpi. Quantification data are shown with emmeans ± SEM from 

1202 three independent replicates and the total larval N per condition is indicated. Each data point 

1203 represents an individual larvae, color-coded by replicate. P values were calculated by ANOVA. 

1204 (B) Larvae were injected with GFP-expressing TFYL49.1 (CEA10) spores and exposed to 10 

1205 μM dexamethasone or DMSO. At 1 and 2 dpi, larvae were screened for germination and total 
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1206 RNA was extracted from each pooled group. RT-qPCR analysis of cytokine expression in larvae 

1207 is shown. Data are normalized to DMSO no germination control group. P values were calculated 

1208 by Student’s t-test. Data are from three independent replicates.

1209

1210 S2 Fig. Generation of glucocorticoid receptor crispant larvae. (A-B) Design and efficiency of 

1211 nr3c1 gRNAs. (A) Zebrafish glucocorticoid receptor (nr3c1) gene structure and the target sites 

1212 for the two gRNAs and primers used for PCR. (B) 1 cell stage embryos were injected with 

1213 gRNAs targeting nr3c1 or control gRNAs targeting luciferase together with Cas9 protein. At 2 

1214 dpf, genomic DNA was extracted from individual larvae. Successful targeting of DNA was 

1215 confirmed by PCR using primer pairs illustrated in (A). Gel electrophoresis indicates clean bands 

1216 for control larvae with F1R1 and F2R2 primers, while for the gRNA-injected larvae, the bands 

1217 are blurry indicating random mosaic insertions and deletions. F1R2 primer pair indicates that 

1218 ~36 kb piece of DNA can be excised in larvae injected with both target gRNAs. No PCR band is 

1219 detected in control larvae due to the large amplicon size. (C) Survival of nr3c1 mutant or control 

1220 larvae injected with PBS and exposed to 10 μM dexamethasone or DMSO. Data are pooled from 

1221 three independent replicates, at least 22 larvae per condition, per replicate and the total larval N 

1222 per condition is indicated in each figure. Cox proportional hazard regression analysis was used to 

1223 calculate P values and hazard ratios (HR).

1224

1225 S3. Fig. Dexamethasone does not affect A. fumigatus spore germination in vitro. GFP-

1226 expressing TFYL49.1 (CEA10) spores were inoculated into the middle of solid GMM plates 

1227 containing 10 μM dexamethasone or DMSO vehicle control. (A) The diameter of the colony was 

1228 measured after 1-4 days. (B-C) At 2 days post culture, a sample from the edge of the colony of 
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1229 each plate was transferred to a glass slide and imaged with a confocal microscope. Four fields 

1230 were imaged for each slide. Data are pooled from two independent replicates, and three plates 

1231 per condition, per replicate were used. (B) A representative image showing branched hyphae; 

1232 yellow arrows point to nodes. Scale bar = 100 μm. (C) Per field of view, the number of nodes 

1233 were counted and normalized to the total fungal area. Fungal area was quantified from maximum 

1234 intensity projection images. Bars represent means ± SEM and P values calculated by Student’s 

1235 T-test. Each data point represents the average value from individual plates, color-coded by 

1236 replicate. 

1237

1238 S4 Fig. Representative images of categories of A. fumigatus hyphal growth. Wild-type larvae 

1239 were injected with GFP-expressing TFYL49.1 (CEA10) spores at 2 dpf, exposed to 10 μM 

1240 dexamethasone or DMSO vehicle control and live imaged at 1, 2, 3, and 5 dpi. Incidences of 

1241 hyphal growth were scored depending on the extent of hyphal growth. Category 1: presence of a 

1242 germ tube. Category 2: presence of branched hyphae (filled arrow), yet small fungal bolus. 

1243 Category 3: presence of spread-out invasive hyphae. Category 4: presence of severe invasive 

1244 hyphae and tissue damage. Scale bar: 50 μm or 25 μm.

1245

1246 S5 Fig. Survival of phagocyte-deficient larvae and validation of macrophage depletion with 

1247 low concentration pu.1 morpholino. (A-D) Survival of larvae injected at 2 dpf with CEA10 A. 

1248 fumigatus spores or PBS mock-infection in the presence of 10 μM dexamethasone or DMSO 

1249 vehicle control. (A) Survival of phagocyte-depleted or control larvae injected with CEA10 

1250 spores. Development of all phagocytes was inhibited by 0.5 mM of pu.1 morpholino (MO). 

1251 Control larvae received standard control MO. Data are pooled from two independent replicates, 
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1252 at least 23 larvae per condition, per replicate and the total larval N per condition is indicated in 

1253 the figure. Average injection CFUs: control MO = 55, pu.1 MO = 65. (B) Survival of neutrophil-

1254 defective larvae (mpx:rac2D57N) and wild-type larvae after PBS-mock infection. (C, D) 

1255 Macrophages were depleted via clodronate liposome i.v. injection at 1 dpf. Control larvae 

1256 received PBS liposomes. Survival of macrophage-depleted larvae injected with (C) CEA10 

1257 spored or (D) PBS mock-infection. Average injection CFUs: PBS liposomes = 23, clodronate 

1258 liposomes = 20. (E-H) Development of macrophages was inhibited by 0.05 mM pu.1 MO. 

1259 Control larvae received standard control MO. (E) Low dose pu.1 MO or control larvae 

1260 expressing fluorescent markers in macrophages (Tg(mpeg1:H2B-GFP)) or neutrophils 

1261 (Tg(mpx:mCherry)) were imaged around the caudal hematopoietic area to visualize phagocytes 

1262 at 2 dpf. Representative images show a lack of macrophages but intact neutrophils. Scale bar = 

1263 100 μm. (F, G) Low dose pu.1 MO or control larvae with fluorescent neutrophils 

1264 (Tg(mpx:mCherry)) were wounded by tail transection and were imaged at 2 hours post injury 

1265 (hpi). (F) Representative images showing neutrophil recruitment to the wounding site. Scale bar 

1266 = 50 μm. (G) Quantification of the number of neutrophils at the wound site is shown with means 

1267 ± SEM from one replicate and the total larval N per condition is indicated. Each data point 

1268 represents an individual larva. (H) Survival of low dose pu.1 MO macrophage-deficient or 

1269 control larvae after PBS mock-infection is shown. (B-D, H) Data are pooled from three 

1270 independent replicates, at least 9 larvae per condition, per replicate and the total larval N per 

1271 condition is indicated in each figure. Cox proportional hazard regression analysis was used to 

1272 calculate P values and hazard ratios (HR). 

1273
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1274 S6 Fig. Dexamethasone does not significantly affect neutrophil recruitment to the infection 

1275 site in irf8-/- larvae. irf8-/- larvae with labeled neutrophils (Tg(lyz:BFP)) were injected with GFP-

1276 expressing TFYL49.1 (CEA10) spores at 2 dpf, exposed to 10 μM dexamethasone or DMSO 

1277 vehicle control and live imaged at 1, 2, 3, and 5 dpi. Data are pooled from three independent 

1278 replicates, at least 10 larvae per condition, per replicate. (A) Fungal area was quantified from 

1279 maximum intensity projection images. (B) Neutrophil cluster area was quantified from maximum 

1280 intensity projection images. (A, B) Bars represent emmeans ± SEM and P values were calculated 

1281 by ANOVA. Each line represents an individual larva. (C) Neutrophil cluster area one day before 

1282 germination occurred, on the day of germination, and on the day invasive hyphae occurred were 

1283 quantified for larvae that experienced fungal growth. Bars represent emmeans ± SEM and P 

1284 values were calculated by ANOVA. Each data point represents an individual larva, color-coded 

1285 by replicate. (D) The correlation of neutrophil cluster area to fungal area was plotted for larvae 

1286 that had germination and invasive hyphae. All larvae have had neutrophil clusters at some point 

1287 during infection. 

1288

1289 S7 Fig. Generation and validation of IKKγ-deficient ikbkg crispant larvae. (A) Zebrafish 

1290 IKKγ (ikbkg) gene structure and the target sites for gRNAs and primers used for PCR. (B) 1 cell 

1291 stage embryos were injected with gRNAs targeting nr3c1 or control gRNAs targeting luciferase 

1292 together with Cas9 protein. At 2 dpf, genomic DNA was extracted from individual larvae. 

1293 Successful targeting of DNA was demonstrated by PCR using primer pairs in (A). Gel 

1294 electrophoresis indicates clean bands for control larvae with F1R1 and F2R2 primers, while for 

1295 the target gRNA-injected larvae, the bands are blurry indicating random mosaic insertions and 

1296 deletions. F1R2 primer pair indicates that ~1.6 kb piece of DNA can be excised in larvae injected 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 22, 2023. ; https://doi.org/10.1101/2023.12.21.572739doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.21.572739
http://creativecommons.org/licenses/by/4.0/


1297 with both target gRNAs. No PCR band is detected in control larvae due to the large amplicon 

1298 size. 

1299

1300 S8 Fig. IKKγ targeting does not significantly inhibit neutrophil recruitment to A. fumigatus 

1301 infection. irf8-/- embryos with labeled neutrophils (Tg(lyz:BFP)) were injected with ikbkg or 

1302 control gRNAs. At 2 dpf, larvae were injected with GFP-expressing TFYL49.1 spores and live 

1303 imaged at 1, 2, 3, and 5 dpi. Data are pooled from three independent replicates, at least 10 larvae 

1304 per condition, per replicate. (A) Neutrophil cluster area was quantified from maximum intensity 

1305 projection images. Bars represent emmeans ± SEM and P values were calculated by ANOVA. 

1306 Each line represents an individual larva. (B) Neutrophil cluster area one day before germination 

1307 occurred, on the day of germination, and on the day invasive hyphae occurred were plotted for 

1308 larvae that experienced fungal growth. Bars represent emmeans ± SEM and P values were 

1309 calculated by ANOVA. Each data point represents an individual larva, color-coded by replicate. 

1310 (C) The correlation between neutrophil cluster area and fungal area was plotted for larvae that 

1311 had germination and invasive hyphae. All larvae had neutrophil clusters at some point during 

1312 infection. 

1313

1314 S1 Table. Primers used for RT-qPCR and references.

Name Sequence (5’-3’) Reference

qrps11_F TAAGAAATGCCCCTTCACTG

qrps11_R GTCTCTTCTCAAAACGGTTG

 [84]

qtnfa_F AGGCAATTTCACTTCCAAGG This study
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qtnfa_R CAAGCCACCTGAAGAAAAGG

qil1b_F GCCTGTGTGTTTGGGAATCT

qil1b_R TGATAAACCAACCGGGACA

 [84, 88]

qirg1_F ACTGCTGGCTTTCAATGTGG

qirg1_R AGACGCAGGAGTTTAGCTGT

This study

qarg1_F GCCGATGTCTTACCTCATCC

qarg1_R CATCCTGAGCTGCTATGCAA

This study

qil10_F AGCACTCCACAACCCCAAT

qil10_R TTCAAAGGGATTTTGGCAAG

This study

qtgfb1a_F AACTACTGCATGGGGTCCTG

qtgfb1a_R ACCAGGGTTGTGGTGTTTGT

This study

1315
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