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Summary statement:  13 

Using a zebrafish tuberculosis model, we show that glucocorticoids decrease phagocytosis by 14 

macrophages, thereby increasing the bacterial burden. This may explain the glucocorticoid-induced 15 

increase in susceptibility to tuberculosis in humans.  16 
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Abstract 17 

Glucocorticoids are effective drugs for treating immune-related diseases, but prolonged therapy is 18 

associated with an increased risk of various infectious diseases, including tuberculosis. In this study, 19 

we have used a larval zebrafish model for tuberculosis, based on Mycobacterium marinum (Mm) 20 

infection, to study the effect of glucocorticoids. Our results show that the synthetic glucocorticoid 21 

beclomethasone increases the bacterial burden and the dissemination of a systemic Mm infection. 22 

The exacerbated Mm infection was associated with a decreased phagocytic activity of macrophages, 23 

higher percentages of extracellular bacteria, and a reduced rate of infected cell death, whereas the 24 

bactericidal capacity of the macrophages was not affected. The inhibited phagocytic capacity of 25 

macrophages was associated with suppression of the transcription of genes involved in phagocytosis 26 

in these cells. The decreased bacterial phagocytosis by macrophages was not specific for Mm, since it 27 

was also observed upon infection with Salmonella Typhimurium. In conclusion, our results show that 28 

glucocorticoids inhibit the phagocytic activity of macrophages, which may increase the severity of 29 

bacterial infections like tuberculosis.   30 
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Introduction 31 

Glucocorticoids (GCs) are a class of steroid hormones that are secreted upon stress. The main 32 

endogenous GC in our body, cortisol, helps our bodies adapt to stressful situations and for this 33 

purpose it regulates a wide variety of systems, like the immune, metabolic, reproductive, 34 

cardiovascular and central nervous system. These effects are mediated by an intracellular receptor, 35 

the glucocorticoid receptor (GR), which acts as a ligand-activated transcription factor. Synthetic GCs 36 

are widely prescribed to treat various immune-related diseases due to their potent suppressive 37 

effects on the immune system. However, prolonged therapy with these pleiotropic steroids evokes 38 

severe side effects, such as osteoporosis and diabetes mellitus (Buckley and Humphrey, 2018; Suh 39 

and Park, 2017). Importantly, the therapeutic immunosuppressive effect of GCs may lead to 40 

infectious complications because of the compromised immune system (Caplan et al., 2017; Dixon et 41 

al., 2011; Fardet et al., 2016). Similarly, after chronic stress an increased susceptibility to infectious 42 

diseases has been observed, due to the high circulating levels of cortisol. In order to better 43 

understand these complex effects of GCs, more research is required into how GCs influence the 44 

susceptibility to infections and the course of infectious diseases. 45 

Tuberculosis (TB) is the most prevalent bacterial infectious disease in the world, caused by the 46 

pathogen Mycobacterium tuberculosis (Mtb). Despite the efforts made to reach the <End TB Strategy= 47 

of the World Health Organization, Mtb still infects approximately one-quarter of the world's 48 

population and caused an estimated 1.5 million deaths in 2018, which makes it one of the top 10 49 

causes of death globally (Houben and Dodd, 2016; World Health Organization, 2019). The major 50 

characteristic of Mtb infection is the formation of granulomas containing infected and non-infected 51 

immune cells (Furin et al., 2019). Most Mtb-infected people develop a latent, noncontagious 52 

infection and do not show any symptoms, with the bacteria remaining inactive, while contained 53 

within granulomas (Drain et al., 2018; Lin and Flynn, 2010). About 5-10% of the carriers develop a 54 

clinically active TB disease associated with a loss of granuloma integrity (Lin and Flynn, 2010; Parikka 55 

et al., 2012). Among those TB patients, the majority manifest a lung infection and around 20% shows 56 

infection in other organs like the central nervous system, pleura, urogenital tracts, bones and joints, 57 

and lymph nodes (Kulchavenya, 2014). Antibiotics are currently the mainstay for TB treatment, but 58 

since antibiotic resistance is rising and an effective vaccine against latent or reactivated TB is still 59 

lacking, alternative therapies to control TB are needed (Hawn et al., 2013). 60 

GCs are known to modulate the pathogenesis of TB, but their effects are highly complicated. The use 61 

of GCs is considered as a risk factor for TB. Patients who are being treated with GCs have an 62 

approximately 5-fold increased risk for developing new TB (Jick et al., 2006), and treatment with a 63 
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moderate or high dose of GCs is associated with an increased risk of activation of latent TB 64 

(Bovornkitti et al., 1960; Kim et al., 1998; Schatz et al., 1976). Consequently, a tuberculin skin test 65 

(TST) for screening latent TB is recommended before starting GC therapy (Jick et al., 2006). Moreover, 66 

chronic stress which is associated with increased circulating levels of the endogenous GC cortisol, has 67 

been shown to be associated with a higher incidence of TB (Lerner, 1996). 68 

Despite the generally detrimental effects of GCs on TB susceptibility and progression, certain types of 69 

TB patients are treated with GCs. Chronic TB patients may require GCs for treatment of other 70 

disorders, and it has been shown that adjunctive GC therapy may have beneficial effects. 71 

Traditionally, adjunctive GC with standard anti-TB therapy has been used for prevention of 72 

inflammatory complications in patients with tuberculous meningitis, pericarditis, and pleurisy (Alzeer 73 

and FitzGerald, 1993; Evans, 2008; Kadhiravan and Deepanjali, 2010; Singh and Tiwari, 2017). It has 74 

been reported that adjunctive GC therapy could improve the probability of survival in tuberculous 75 

meningitis and pericarditis (Strang et al., 2004; Thwaites et al., 2004; Torok et al., 2011; Wiysonge et 76 

al., 2017). In case of pulmonary TB, the most common form of TB, adjunctive GC therapy is 77 

recommended in advanced tuberculosis since broad and significant clinical benefits have been 78 

demonstrated (Muthuswamy et al., 1995; Smego and Ahmed, 2003). 79 

Although GCs are being used for adjunctive therapy, the beneficial effects of GC treatment are still 80 

under debate. For tuberculous pleurisy TB, the efficacy of GCs is still controversial and for meningitis 81 

and pericarditis, information on the GC effects is still incomplete (Prasad et al., 2016; Ryan et al., 82 

2017; Singh and Tiwari, 2017; Wiysonge et al., 2017). A review regarding clinical trials for pulmonary 83 

TB showed that, although adjunctive GC therapy appears to have short-term benefits, it is not 84 

maintained in the long-term (Critchley et al., 2014). An explanation for the complexity of the effects 85 

of GC therapy in TB has been offered by Tobin et al. (2012). They showed that patients suffer from TB 86 

as a result of either a failed or an excessive immune response to the mycobacterial infection, and 87 

that only the subset of TB meningitis patients with an excessive response, showing a 88 

hyperinflammatory phenotype (in their study as a result of a polymorphism in the LTA4H gene), 89 

benefited from adjunctive GC therapy. It was suggested that GCs may also be beneficial for similar 90 

subgroups of patients suffering from other forms of TB (Tobin et al., 2012). 91 

The complex interplay between GC actions and TB underscores the need for a better understanding 92 

of the effects of GCs on mycobacterial infection. In the present study we have studied these effects 93 

using Mycobacterium marinum (Mm) infection in zebrafish as a model system. Mm is a species 94 

closely related to Mtb that can infect zebrafish and other cold-blooded animals naturally, causing a 95 

TB-like disease (Tobin and Ramakrishnan, 2008). Infection of zebrafish larvae with Mm provides an 96 
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animal model system that mimics hallmark aspects of Mtb infection in humans and is widely used for 97 

research into mechanisms underlying the course of this disease (Cronan and Tobin, 2014; Meijer, 98 

2016; Ramakrishnan, 2013). Like Mtb, Mm is able to survive and replicate within macrophages and, 99 

in later stages of infection, induces the formation of granulomas (Davis et al., 2002). The 100 

transparency of zebrafish at early life stages makes it possible to perform non-invasive long-term live 101 

imaging, which has been used to reveal the earliest stages of granuloma formation (Davis and 102 

Ramakrishnan, 2009). In addition, the availability of different transgenic and mutant zebrafish lines 103 

and the efficient application of molecular techniques allow us to exploit this zebrafish Mm infection 104 

model optimally to study both the host factors and bacterial factors involved in mycobacterial 105 

infection processes (Meijer, 2016; Tobin and Ramakrishnan, 2008; van Leeuwen et al., 2015). For 106 

example, zebrafish studies revealed that infected macrophages can detach from a granuloma and 107 

facilitate dissemination to new locations (Davis and Ramakrishnan, 2009). Moreover, the study of an 108 

lta4h mutant zebrafish line showed that the polymorphism in the LTA4H gene is associated with the 109 

susceptibility to mycobacterial diseases and the response to adjunctive GC therapy in human, 110 

representing a prime example of translational research (Tobin et al., 2012; Tobin et al., 2010). 111 

The zebrafish has proven to be a suitable model for studying the effects of GCs, since the GC 112 

signaling pathway is very well conserved between zebrafish and humans. Both humans and zebrafish 113 

have a single gene encoding the GR, and the organization of these genes is highly similar (Alsop and 114 

Vijayan, 2008; Schaaf et al., 2009; Stolte et al., 2006). Both the human and the zebrafish gene 115 

encodes two splice variants, the α-isoform, the canonical receptor, and the β-isoform, which has no 116 

transcriptional activity (Schaaf et al., 2009). The DNA binding domain (DBD) and ligand binding 117 

domain (LBD) of the canonical α-isoform of the human and zebrafish GR share similarities of 98.4% 118 

and 86.5% respectively (Schaaf et al., 2009). The zebrafish GR -isoform, hereafter referred to as Gr, 119 

mediates GC effects that have traditionally been observed in humans and other mammals as well, 120 

like the effects on metabolism (Chatzopoulou et al., 2015) and the suppression of the immune 121 

system (Chatzopoulou et al., 2016). This makes the zebrafish an ideal model to study the mechanisms 122 

of GC action in vivo (Facchinello et al., 2017; Faught and Vijayan, 2019). In a recent study, we have 123 

demonstrated that GC treatment inhibits the activation of the immune system in zebrafish larvae 124 

upon wounding (Xie et al., 2019). The migration of the neutrophils and the differentiation of 125 

macrophages was attenuated upon treatment with the synthetic GC. 126 

In the present study, to investigate the functional consequences of the previously observed GC 127 

effects on immune cells, we have investigated how GCs modulate the course of an Mm infection in 128 

zebrafish larvae. We demonstrate that beclomethasone increases the level of Mm infection and 129 

tissue dissemination. This increased Mm infection can be explained by an inhibition of the phagocytic 130 
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activity of macrophages by beclomethasone, which did not affect the microbicidal capacity of these 131 

cells. The inhibitory effect of beclomethasone on phagocytosis, which most likely results from Gr 132 

interfering with the transcription of genes required for phagocytosis, results in a higher percentage 133 

of extracellular bacteria, which eventually leads to an exacerbation of the Mm infection. 134 

 135 

Results 136 

Beclomethasone increases mycobacterial infection through Glucocorticoid receptor (Gr) 137 

activation 138 

To study the effect of GC treatment on Mm infection in zebrafish, we pretreated zebrafish embryos 139 

with beclomethasone and infected them intravenously with fluorescently labelled Mm. At 4 days 140 

post infection (dpi), the bacterial burden was assessed by quantification of pixel intensities of 141 

fluorescence microscopy images. We found that the bacterial burden increased by 2.3 fold when 142 

embryos were treated with 25 μM beclomethasone compared with the vehicle-treated group (Figure 143 

1 A, C). Beclomethasone treatment at lower concentrations of 0.04, 0.2, 1 and 5 μM  did not affect 144 

the bacterial burden. Therefore, a concentration of 25 μM beclomethasone was used in subsequent 145 

experiments. We have previously shown that this concentration effectively reduces wound-induced 146 

leukocyte migration in zebrafish as well (Xie et al., 2019). 147 

To demonstrate that the beclomethasone-induced increase in bacterial burden was not due to a 148 

general toxicity of beclomethasone but mediated specifically by the Gr, we used the GR antagonist 149 

RU-486. The results of these experiments showed that the beclomethasone-induced increase in 150 

bacterial burden at 4 dpi was abolished when co-treatment with RU-486 was applied (Figure 1 B, D), 151 

which indicates that the effect of beclomethasone requires activation of Gr. No significant difference 152 

was observed when the RU-486-treated larvae were compared to the vehicle-treated group. In 153 

conclusion, beclomethasone increases the level of Mm infection in zebrafish larvae and this effect is 154 

mediated by Gr. 155 

Beclomethasone treatment leads to a higher infection and dissemination level without 156 

influencing the microbicidal capacity of macrophages 157 

Subsequently, we analyzed the effect of beclomethasone on Mm infection in more detail. The total 158 

bacterial burden (Figure 2 A), the number of bacterial clusters per individual (Figure 2 B) and the 159 

average size of the bacterial clusters (Figure 2 C) were quantified at 1, 2, 3 and 4 dpi. The results 160 
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showed that the difference in bacterial burden between the beclomethasone-treated group and the 161 

vehicle group was not significant at 1-3 dpi, but that a significant difference was observed at 4 dpi 162 

(6186.1±626.5 vs 2870.5±235.0). However, a significant increase in the number of bacterial clusters 163 

in the beclomethasone-treated group was already detected at 3 dpi (28.3±1.9 vs 18.1±1.5 in the 164 

vehicle group) which was sustained at 4 dpi (64.2±3.5 vs 35.4±2.6). The size of the bacterial clusters 165 

at 4 dpi was also increased in the beclomethasone-treated group compared to the cluster size in the 166 

vehicle-treated group (741.6±58.3 vs 498.3±45.7). The increase in the number of bacterial clusters 167 

indicates an increased dissemination of the infection due to beclomethasone treatment. We 168 

confirmed this effect of beclomethasone on bacterial dissemination using hindbrain infection (Figure 169 

2 D, E). Following Mm injection into the hindbrain ventricle, 66.1±2.0% of embryos in the vehicle-170 

treated group showed disseminated infection in tissues of the head and tail at 24 hours post 171 

infection (hpi), while a significantly higher number (76.4±2.6%) showed this dissemination in the 172 

beclomethasone-treated group. 173 

To study whether the increased infection and dissemination was related to the microbicidal capacity 174 

of macrophages, we injected Mm Δerp bacteria which are deficient for growth inside macrophages   175 

(Clay et al., 2008). No significant difference was observed for the number of Mm clusters (Figure 3A) 176 

and the percentage of Mm inside macrophage (Figure 3B) between the beclomethasone-treated 177 

group and the vehicle-treated group. To assess the ability of macrophages to kill bacteria, we 178 

quantitated the percentage of bacteria-containing macrophages that contained only 1-10 bacteria in 179 

the tail region at 44 hpi (Sommer et al., 2020). There was no significant difference in this percentage 180 

between the vehicle-treated group (82.0±4.9%) and the beclomethasone-treated group (81.6±5.0%) 181 

(Figure 3C-E). Taken together, these findings indicate that beclomethasone treatment leads to a 182 

higher overall Mm infection level and increased dissemination, and that these effects are not related 183 

to an altered microbicidal capacity of macrophages. 184 

Beclomethasone activation of Gr inhibits macrophage phagocytic activity 185 

Since previous studies showed that increased Mm infection could be related to decreased phagocytic 186 

activity of macrophages in zebrafish (Benard et al., 2014), we studied the effect of beclomethasone 187 

on phagocytosis. We used the Tg(mpeg1:mCherry-F) line in which macrophages are fluorescently 188 

labeled, and assessed phagocytic activity of macrophages by determining the percentage of Mm that 189 

were internalized by macrophages in the yolk sac area (Benard et al., 2014) (Figure 4 A-C). In the 190 

vehicle-treated group, the percentage of phagocytosed Mm was 17.4±3.5% at 5 minutes post 191 

infection (mpi) and gradually increased to 41.9±4.9% and 52.8±5.2% at 15 and 25 mpi respectively. At 192 

each of these time points, a lower percentage of Mm were phagocytosed in the beclomethasone-193 
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treated group (4.6±1.6% at 5 mpi, 25.7±4.7% at 15 mpi and 34.0±5.2% at 25 mpi). In addition, we 194 

studied the involvement of Gr in the beclomethasone-induced inhibition of phagocytosis at 5 mpi, by 195 

co-treatment with the GR antagonist RU-486 (Figure 4 D). We found that the decreased phagocytic 196 

activity that was observed upon beclomethasone treatment was abolished when larvae were co-197 

treated with RU-486, indicating that the inhibition of phagocytosis by beclomethasone is mediated 198 

by Gr. 199 

Gr generally acts as a transcription factor, modulating the transcription rate of a wide variety of 200 

genes. To study whether phagocytosis could be modulated by altering the process of protein 201 

synthesis, we blocked de novo protein synthesis by treatment with cycloheximide (Figure 4 D). We 202 

observed that the phagocytic activity of macrophages at 5 mpi was decreased by the cycloheximide 203 

treatment (3.4±1.0% vs 11.1±1.8% in the vehicle group). These data demonstrate that phagocytosis 204 

depends on de novo protein synthesis, and suggest that modulating transcription could be the 205 

mechanism underlying the inhibition of phagocytosis by Gr. 206 

Beclomethasone treatment results in fewer intracellular bacteria and limits infected cell 207 

death 208 

To further analyze the possible mechanisms underlying the beclomethasone-induced increase in the 209 

Mm infection level, we assessed the percentage of bacteria that are present inside and outside 210 

macrophages in the caudal hematopoietic tissue (CHT) at 48 hpi using Mm infection in the 211 

Tg(mpeg1:GFP) line. The results showed that beclomethasone treatment resulted in a decreased 212 

percentage of intracellular bacteria (23.8±3.0%) compared to the percentage in the vehicle-treated 213 

group (36.5±3.6%) (Figure 5 A, C). This result was in line with the observed decrease in phagocytosis 214 

at earlier stages of infection. Finally, we used terminal deoxynucleotidyl transferase dUTP nick end 215 

labelling (TUNEL) staining to detect cell death, and we performed this staining at 48 hpi (Zhang et al., 216 

2019). In the beclomethasone-treated group, the percentage of Mm that were colocalized with 217 

TUNEL staining (9.4±1.6%) was significantly lower compared to the percentage of the vehicle group 218 

(17.2±2.3%) (Figure 5 B, D). These data suggest that the observed inhibition of phagocytosis upon 219 

beclomethasone treatment causes a decrease in the percentage of intracellular bacteria, which 220 

underlies the lower numbers of macrophages undergoing cell death as a result of the Mm infection. 221 

Beclomethasone inhibits phagocytosis-related gene expression in macrophages 222 

To unravel the molecular mechanisms underlying the beclomethasone-induced inhibition of the 223 

phagocytic activity of macrophages, we performed qPCR analysis on FACS-sorted macrophages 224 

derived from 28 hpf larvae after 2 h of beclomethasone treatment. To determine the phenotype of 225 
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the sorted macrophages, the expression of a classic pro-inflammatory gene, tnfa, was measured 226 

(Martinez and Gordon, 2014; Nguyen-Chi et al., 2015). The levels of tnfa expression were significantly 227 

lower after beclomethasone treatment (Figure 6 A), in agreement with previously reported 228 

transcriptome analysis (Xie et al., 2019). In addition, we measured the expression levels of seven 229 

phagocytosis-related genes, sparcl1, uchl1, ube2v1, marcksa, marcksb, bsg and tubb5 (Banerjee et al., 230 

2019; Carballo et al., 1999; Jeon et al., 2010) (Figure 6 B-H). The expression levels of four of these 231 

genes, sparcl1, uchl1, marcksa and marcksb, were inhibited by beclomethasone treatment, while the 232 

levels of the other three (ube2v1, bsg and tubb5) were not affected. These data suggest that 233 

beclomethasone inhibits the phagocytic activity of macrophages by suppressing the transcription of 234 

phagocytosis-related genes in these cells. 235 

Effect of Beclomethasone on the phagocytosis of Salmonella Typhimurium 236 

To study whether the beclomethasone-induced inhibitory effect on macrophage phagocytosis of Mm 237 

can be generalized to other bacterial infections, we analyzed the effect of beclomethasone on 238 

infection with Salmonella Typhimurium, which is also an intracellular pathogen, but belongs to the 239 

gram-negative class. We quantified the percentages of bacteria phagocytosed by macrophages at 240 

different time points after infection in the Tg(mpeg1:GFP) fish line (Figure 7). In the vehicle group, 241 

the percentage of phagocytosed Salmonella Typhimurium increased from 5.7±0.7% at 10 mpi to 242 

9.0±1.2% at 30 mpi and 17.9±1.7% at 60 mpi, and these percentages were significantly lower in the 243 

beclomethasone-treated group at all time points (3.1±0.5% at 10 mpi, 6.5±1.0% at 30 mpi and 244 

10.0±1.4% at 60 mpi). These data demonstrate that the inhibitory effect of beclomethasone on the 245 

phagocytic activity of macrophages is not specific for Mm, but can also be observed for a distantly 246 

related Salmonella species. 247 

 248 

Discussion 249 

Synthetic GCs are widely prescribed to treat various immune-related diseases, but their clinical use is 250 

limited by the severe side effects evoked by prolonged therapy, including a higher susceptibility to TB 251 

(Caplan et al., 2017; Jick et al., 2006). In order to gain more insight into the mechanism underlying 252 

this GC effect, we used the zebrafish Mm infection model, which mimics human TB, and studied the 253 

effect of GC treatment on the development of the infection. We showed that GC treatment 254 

increased the level of Mm infection, which was reflected in the overall bacterial burden, the size and 255 

number of bacterial clusters and the level of dissemination. Since we found that GC treatment 256 
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inhibited the phagocytic activity but not the microbicidal capacity of macrophages, we propose that 257 

the GC-induced increase in infection susceptibility is due to the inhibition on phagocytosis. Analysis 258 

of the transcription level of phagocytosis-related genes in macrophages suggested that the inhibition 259 

of phagocytic activity by GCs is mediated by Gr interfering with phagocytosis-related gene 260 

transcription. As a result of the lower phagocytic activity of the macrophages, the percentage of 261 

intracellular bacteria is decreased, which results in a lower level of cell death due to the Mm 262 

infection and exacerbated growth of the extracellular bacterial fraction. Finally, we showed that GC 263 

treatment not only limited phagocytosis of mycobacteria, but also of a Salmonella species, which 264 

suggests that the decrease in phagocytic activity may also explain the increased susceptibility to 265 

other bacterial infections that is commonly observed in patients receiving GC therapy (Caplan et al., 266 

2017; Dixon et al., 2011; Fardet et al., 2016). 267 

Upon bacterial infections, macrophages are the first responders of the immune system. In humans, 268 

Mtb generally infects lungs due to its air transmission properties and in the lungs it is taken up by 269 

alveolar macrophages within the first few days. In later stages, Mtb replicates, translocates to 270 

secondary loci and aggregates into granulomas with other attracted immune cells (Cambier et al., 271 

2014; Russell, 2011; Srivastava et al., 2014). Consistently, in the zebrafish model, Mm is 272 

predominantly phagocytosed by macrophages within 30-60 min after intravenous infection in 273 

embryos, leading to initial stages of granuloma formation in the next few days (Benard et al., 2014; 274 

Davis et al., 2002). The phagocytosis activity and microbicidal capacity of macrophages have both 275 

been shown to be important for dealing with Mm infection (Benard et al., 2014; Clay et al., 2007). 276 

Interestingly, in our study we found that the microbicidal capacity of macrophages was not affected 277 

by GC treatment, which suggests that the inhibition of macrophage phagocytosis is a specific effect 278 

of GCs targeted at the uptake of pathogens rather than a global suppression of anti-microbial 279 

processes in macrophages. 280 

Our study in the zebrafish model provides in vivo evidence for GC interference with macrophage 281 

phagocytosis that confirms results from various other studies. In line with our results, it has 282 

previously been shown that GCs decrease the phagocytosis of several Escherichia coli strains by 283 

human monocyte-derived (THP-1) macrophages  and by murine bone marrow-derived macrophages 284 

(BMDMs) (Olivares-Morales et al., 2018). Similarly to our results, in this study the reduced 285 

phagocytosis activity was accompanied by a decreased expression of genes involved in phagosome 286 

formation including MARCKS and pro-inflammatory genes like TNF (Olivares-Morales et al., 2018). In 287 

earlier studies, decreased macrophage phagocytosis of carbon particles was observed in vivo, in GC-288 

treated rats and rheumatoid arthritis patients (Jessop et al., 1973; Vernon-Roberts et al., 1973).  289 
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In contrast to our results on phagocytosis of mycobacteria, in other studies GC treatment has been 290 

shown to enhance the phagocytosis activity of macrophages. Upon GC exposure, increased 291 

phagocytosis of human monocyte-derived macrophages was observed for Haemophillus influenzae 292 

and Streptococcus pneumoniae (Taylor et al., 2010), and Staphylococcus aureus (van der Goes et al., 293 

2000). This increased phagocytic activity would be in line with the well-established GC-induced 294 

enhancement of the phagocytosis of apoptotic neutrophils, which has been observed in, 295 

differentiated THP-1 macrophages, through stimulation of a protein S/Mer tyrosine kinase 296 

dependent pathway (Liu et al., 1999; McColl et al., 2009; Zahuczky et al., 2011), and in mouse 297 

alveolar macrophages (McCubbrey et al., 2012). This effect is considered to play an important role in 298 

GCs actively promoting the resolution of inflammation and reflects the GC-enhanced differentiation 299 

of macrophages to an anti-inflammatory phenotype (Busillo and Cidlowski, 2013; Ehrchen et al., 300 

2019). Interestingly, GC treatment does not enhance the phagocytosis capacity in differentiated THP-301 

1 macrophages of latex beads or apoptotic cells (Zahuczky et al., 2011). Most likely, the effects of GCs 302 

on the phagocytic activity of macrophages are highly dependent on the differentiation status of the 303 

cells, the particles they encounter and the tissue environment. 304 

Our study revealed an inhibitory effect of GCs on four phagocytosis-related genes in FACS-sorted 305 

macrophages: sparcl-1, uchl-1, marcksa and marcksb. Among those genes, the human and mouse 306 

homologs of sparcl-1 and uchl-1 were reported to have a phagocytosis-promoting activity (Banerjee 307 

et al., 2019; Jeon et al., 2010). In human THP-1-derived macrophages, MARCKS plays a role in 308 

cytoskeletal remodeling and phagosome formation, and in line with our study the MARCKS gene 309 

expression was found to be inhibited by dexamethasone treatment (Carballo et al., 1999; Olivares-310 

Morales et al., 2018). Together with our observation that phagocytosis is dependent on de novo 311 

protein synthesis, these results support the idea that GC treatment inhibits the phagocytosis activity 312 

of macrophages through interfering with transcription of genes that stimulate the phagocytic activity. 313 

After internalization by macrophages, Mm are exposed to a bactericidal environment (Lesley and 314 

Ramakrishnan, 2008). Some bacteria may be killed by macrophages, while others may proliferate 315 

mediated by virulence determinants like Erp and RD1 (Clay et al., 2008; Lesley and Ramakrishnan, 316 

2008; Lewis et al., 2003). When the macrophages are incapable of containing the bacteria, they 317 

undergo cell death leading to recruitment of more macrophages (Davis and Ramakrishnan, 2009). In 318 

our study, GC treatment led to a lower percentage of intracellular Mm at later stages, consistent with 319 

the decreased phagocytosis at early time points, and consequently less Mm-related cell death. The 320 

GC treatment may also directly affect cell death, since in a recent study it was demonstrated that GCs 321 

inhibit necrosis of various Mtb infected mouse and human cell types by activating MKP-1, which 322 

suppresses a pathway involving p38 MAPK activation ultimately leading to a loss of mitochondrial 323 
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integrity (Gräb et al., 2019). The increased numbers of extracellular bacteria could traverse 324 

endothelial barriers directly and grow more rapidly in a less restrictive environment outside 325 

macrophages, which may explain our observation of a higher bacterial burden induced by GC 326 

treatment.  327 

Based on our results, it may seem surprising that adjunctive GC therapy is often beneficial to TB 328 

patients, and even increases survival among tuberculous meningitis and pericarditis patients (Strang 329 

et al., 2004; Thwaites et al., 2004; Wiysonge et al., 2017). However, many of these observed 330 

beneficial effects are either minor or under debate. This may be due to GC therapy benefiting only a 331 

subset of patients whose disease has mainly progressed as a result of an excessive inflammatory 332 

response (which can be controlled with GC therapy), rather than a failed reaction to the infection, 333 

which was demonstrated for GC-treated TB meningitis patients with specific polymorphisms in the 334 

LTA4H gene (Tobin et al., 2012). We therefore suggest that in a subset of patients at later stages of 335 

infection, the anti-inflammatory effects of a GC treatment may outweigh a possible inhibitory effect 336 

on the phagocytic activity of the macrophages. Further research using the zebrafish model may shed 337 

light on a possible interplay between these effects, since the Mm infection model has been shown to 338 

have excellent translational value for human TB, including the effects of GC treatment (Tobin 2010, 339 

Tobin 2012). 340 

In conclusion, our in vivo study on the effect of GC treatment in the zebrafish Mm infection model 341 

shows that GCs, through activation of Gr, inhibit the phagocytic activity of macrophages, which 342 

results in more extracellular bacterial growth and a higher infection level. These results may explain 343 

why clinically prolonged GC treatment is associated with an increased risk of TB and other bacterial 344 

infections. 345 

 346 

Materials and methods 347 

Zebrafish lines and maintenance 348 

Zebrafish were maintained and handled according to the guidelines from the Zebrafish Model 349 

Organism Database (http://zfin.org) and in compliance with the directives of the local animal welfare 350 

body of Leiden University. They were exposed to a 14 hours light and 10 hours dark cycle to maintain 351 

circadian rhythmicity. Fertilization was performed by natural spawning at the beginning of the light 352 

period. Eggs were collected and raised at 28°C in egg water (60 µg/ml Instant Ocean sea salts and 353 

0.0025% methylene blue). The following fish lines were used: wild type strain AB/TL, and the 354 
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transgenic lines Tg(mpeg1:mCherry-FumsF001) (Bernut et al., 2014) and Tg(mpeg1:eGFPgl22) (Ellett et al., 355 

2011). 356 

Bacterial culture and infection through intravenous injections 357 

Bacteria used for this study were Mycobacteria marinum, strain M, constitutively fluorescently 358 

labelled with Wasabi or mCrimson (Ramakrishnan and Falkow, 1994; Takaki et al., 2013), Mm mutant 359 

Δerp labelled with Wasabi (Cosma et al., 2006), and Salmonella enterica serovar Typhimurium (S. 360 

Typhimurium) wild type (wt) strain SL1344 labelled with mCherry (Burton et al., 2014; Hoiseth and 361 

Stocker, 1981). The Mm strain M and S. Typhimurium wt strain were cultured at 28°C and 37°C 362 

respectively and the bacterial suspensions were prepared with phosphate buffered saline (PBS) with 363 

2% (w/v) polyvinylpyrrolidone-40 (PVP40, Sigma-Aldrich), as previously described (Benard et al., 364 

2012). The suspension of Mm Δerp-Wasabi was prepared directly from -80°C frozen aliquots. 365 

After anesthesia with 0.02% aminobenzoic acid ethyl ester (tricaine, Sigma-Aldrich), 28 hours post 366 

fertilization (hpf) embryos were injected with Mm or S. Typhimurium into the blood island (or 367 

hindbrain if specified) under a Leica M165C stereomicroscope, as previously described (Benard et al., 368 

2012). The injection dose was 200 CFU for Mm and 50 CFU for S. Typhimurium.  369 

Chemical treatments and bacterial burden quantification 370 

The embryos were treated with 25 μM (or different if specified) beclomethasone (Sigma-Aldrich) or 371 

vehicle (0.05% dimethyl sulfoxide (DMSO)) in egg water from 2 hours before injection to the end of 372 

an experiment. RU-486 (Sigma-Aldrich) was administered at a concentration of 5 μM (0.02% DMSO), 373 

and cycloheximide (Sigma-Aldrich) at 100 μg/ml (0.04% DMSO). If the treatment lasted longer than 1 374 

day, the medium was refreshed every day. 375 

For bacterial burden quantification, the embryos from the vehicle- and beclomethasone-treated 376 

groups were imaged alive using a Leica M205FA fluorescence stereomicroscope equipped with a 377 

Leica DFC 345FX camera (Leica Microsystems). The images were analyzed using custom-designed  378 

pixel quantification software (previously described by Benard et al. (2015)), and Image J (plugin 379 

8Analyze Particles9). 380 

Hindbrain infection and analysis of dissemination 381 

To assess the dissemination efficiency, the embryos were injected with 50 CFU Mm into the 382 

hindbrain at 28 hpf. At 2 dpi, the embryos were imaged with a Leica M205FA fluorescence 383 

stereomicroscope equipped with a Leica DFC 345FX camera. The embryos were classified into two 384 
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categories: with or without disseminated infection. An embryo was considered without disseminated 385 

infection if all the bacteria were still contained in the hindbrain ventricle and considered with 386 

dissemination if bacteria were present in any other part of the embryo. 387 

Analysis of microbicidal activity 388 

After infection at 28 hpf with Mm Δerp-Wasabi, Tg(mpeg1:mCherry-F) embryos were fixed at 44 hpi 389 

with 4% paraformaldehyde (PFA, Sigma-Aldrich) and imaged using a Leica TCS SP8 confocal 390 

microscope with 40X objective (NA 1.3). All macrophages that contained Mm Δerp-Wasabi in the tail 391 

region were analyzed. The level of infection inside macrophages was classified into two categories 392 

based on the number of bacteria: 1-10 bacteria or >10 bacteria, following established protocols (Clay 393 

et al., 2008; Sommer et al., 2020). 394 

Analysis of phagocytic activity  395 

After infection at 28 hpf with Mm-Wasabi or S. Typhimurium-mCherry, Tg(mpeg1:mCherry-F) or 396 

Tg(mpeg1:GFP) embryos were fixed with 4% PFA at different time points and imaged using a Leica 397 

TCS SP8 confocal microscope with 20X objective (NA 0.75). The yolk sac area was selected as the 398 

quantification area (Figure 4A). The number of fluorescently labelled Mm or S. Typhimurium in this 399 

area, and those present inside a macrophage, were counted in a manual and blinded way. 400 

TUNEL assay 401 

After infection at 28 hpf, Tg(mpeg1:mCherry-F) embryos were fixed with 4% PFA at 48 hpi and 402 

stained using terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) with the In Situ 403 

Cell Death Detection Kit, TMR red (Sigma-Aldrich), as previously described by Zhang et al. (2019). For 404 

this TUNEL staining, the embryos were first dehydrated and then rehydrated gradually with 405 

methanol in PBS, and permeabilized with 10 μg/ml Proteinase K (Roche). The embryos were 406 

subsequently fixed with 4% PFA for another 20 min and stained with reagent mixture overnight at 407 

37°C. After the reaction was stopped by washing with PBS containing 0.05% Tween-20 (PBST), the 408 

CHT region of the embryos was imaged using a Leica TCS SP8 confocal microscope with 40X objective 409 

(NA 1.3). The total number of fluorescently labelled Mm clusters and the number of these clusters 410 

overlapping with TUNEL staining were counted in a manual and blinded way. 411 

Fluorescence-Activated Cell Sorting (FACS) of macrophages 412 

Macrophages were sorted from Tg(mpeg1:mCherry-F) embryos as previously described (Rougeot et 413 

al., 2014; Zakrzewska et al., 2010). Dissociation was performed with 150-200 embryos for each 414 
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sample after 2 hours beclomethasone or vehicle treatment (started at 28 hpf) using Liberase TL 415 

(Roche) and stopped by adding Fetal Calf Serum (FCS) to a final concentration of 10%. Isolated cells 416 

were resuspended in Dulbecco9s PBS (DPBS), and filtered through a 40 μm cell strainer. Actinomycin 417 

D (Sigma-Aldrich) was added (final concentration of 1 µg/ml) to each step to inhibit transcription. 418 

Macrophages were sorted based on their red fluorescent signal using a FACSAria III cell sorter (BD 419 

Biosciences). The sorted cells were collected in QIAzol lysis reagent (Qiagen) for RNA isolation.  420 

RNA isolation, cDNA synthesis and quantitative PCR (qPCR) analysis 421 

RNA isolation from FACS-sorted cells was performed using the miRNeasy mini kit (Qiagen), according 422 

to the manufacturer9s instructions. Extracted total RNA was reverse-transcribed using the iScript# 423 

cDNA Synthesis Kit (Bio-Rad). QPCR was performed on a MyiQ Single-Color Real-Time PCR Detection 424 

System (Bio-Rad) using iTaq# Universal SYBR® Green Supermix (Bio-Rad). The sequences of the 425 

primers used are provided in Supplementary Table 1. Cycling conditions were pre-denaturation for 3 426 

min at 95°C, followed by 40 cycles of denaturation for 15 s at 95°C, annealing for 30 s at 60°C, and 427 

elongation for 30 s at 72°C. Fluorescent signals were measured at the end of each cycle. Cycle 428 

threshold values (Ct values, i.e. the cycle numbers at which a threshold value of the fluorescence 429 

intensity was reached) were determined for each sample. To determine the gene regulation due to 430 

beclomethasone treatment in each experiment, the average Ct value of the beclomethasone treated 431 

samples was subtracted from the average Ct value of the vehicle-treated samples, and the fold 432 

change of gene expression was calculated, which was subsequently adjusted to the expression levels 433 

of a reference gene (peptidylprolyl isomerase Ab (ppiab)). 434 

Statistical analysis 435 

Statistical analysis was performed using GraphPad Prism by one-way ANOVA with Bonferroni9s post 436 

hoc test (Figure 1A) or two-way ANOVA with Tukey9s post hoc test (Figure 1B, Figure 2 A-C) or two-437 

tailed t-test (Figure 2D, Figure 3, 5, 6) or using R Statistical Software by fitting data to a beta inflated 438 

regression (from 8gamlss9 package) (Stasinopoulos and Rigby, 2007) with Tukey9s post hoc test (Figure 439 

4, 7). 440 
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 677 

Figure 1. Effect of beclomethasone on Mm infection burden in zebrafish. A. Bacterial burden of 678 

zebrafish larvae at four days after intravenous injection (at 28 hpf) of Mm and treatment with vehicle 679 

or different concentrations of beclomethasone (beclo), started at 2 h before infection. Statistical 680 

analysis by one-way ANOVA with Bonferroni9s post hoc test revealed that the bacterial burden was 681 

significantly increased in the group treated with 25 M beclomethasone, compared to the burden of 682 

the vehicle-treated group. B. Effect of the GR antagonist RU-486 on the beclomethasone-induced 683 

increase of the bacterial burden at 4 dpi. The bacterial burden was significantly increased by 684 

beclomethasone (25 M) treatment and this increase was abolished in the presence of RU-486. 685 

Statistical analysis was performed by two-way ANOVA with Tukey9s post hoc test. In panels A and B, 686 

each data point represents a single larva and the means ± s.e.m. of data accumulated from three 687 

independent experiments are shown in red. Statistical significance is indicated by: ns, non-significant; 688 

* P<0.05; *** P<0.001; **** P<0.0001. C-D. Representative fluorescence microscopy images of Mm-689 

infected larvae at 4 days post infection (dpi), representing experimental groups presented in panels A 690 

and B. Bacteria are shown in green. Scale bar = 200 μm. 691 
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 692 

Figure 2.  Beclomethasone effects on Mm infection progression and bacterial dissemination. A-C. 693 

Bacterial burden (A), number of bacterial clusters (B) and the average size of bacterial clusters (C) 694 

were determined at 1, 2, 3 and 4 dpi following intravenous Mm injection (28 hpf) and treatment with  695 

vehicle or 25 M beclomethasone, started at 2 h before infection. Significant increases due to the 696 

beclomethasone treatment were observed for all parameters at 4 dpi. For the number of bacterial 697 

clusters, the increase was also significant at 3 dpi. Statistical analysis was performed by two-way 698 

ANOVA with Tukey9s post hoc test. Each data point represents a single larva and the means ± s.e.m. 699 

of data accumulated from three independent experiments are shown in red.  Statistical significance is 700 

indicated by: *** P<0.001; **** P<0.0001. D. Effect of beclomethasone on dissemination of Mm by 701 

hindbrain ventricle injection. Hindbrain infections were performed at 28 hpf, and at 24 hours post 702 

infection (hpi), a significantly increased percentage of larvae with disseminated Mm infection was 703 

detected in the beclomethasone-treated group compared to the vehicle group. Statistical analysis 704 

was performed by two-tailed t-test. Values shown are the means ± s.e.m. of three independent 705 

experiments with a total sample size of 27 in the vehicle-treated group and 31 in the 706 

beclomethasone-treated group. Statistical significance is indicated by: * P<0.05. E. Representative 707 

images of embryos with and without dissemination of the infection upon hindbrain injection of Mm. 708 

Scale bar = 200 μm.  709 
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 710 

Figure 3. Effect of beclomethasone on Mm Δerp mutant bacterial growth. A-C. The Mm Δerp 711 

mutant strain was injected intravenously at 28 hpf, and at 44 hpi the number of Mm clusters (A) and 712 

the percentage of Mm inside macrophages (B), and the percentage of macrophages that contained 1-713 

10 or more than 10 bacteria (of all macrophages containing bacteria) (C) were determined. No 714 

significant difference was observed between the vehicle- and beclomethasone-treated groups. 715 

Statistical analysis was performed using two-tailed t-tests. Values shown are the means ± s.e.m. of 716 

three independent experiments, with each data point representing a single embryo. Statistical 717 

significance is indicated by: ns, non-significant. D. Representative confocal microscopy image of Mm 718 

Δerp bacterial clusters (bacteria in green), indicated are clusters containing 1-10 bacteria and clusters 719 

containing more than 10 bacteria. Scale bar = 20 μm. E. Representative images of the tail regions of a 720 

vehicle- and a beclomethasone-treated embryo infected with Mm Δerp bacteria. Scale bar = 100 μm. 721 
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 722 

Figure 4. Effect of beclomethasone on phagocytic activity of macrophages and its dependency on 723 

Gr and de novo protein synthesis. A. Schematic drawing of a zebrafish embryos at 28 hpf indicating 724 

the areas of imaging (purple dashed box, used for representative images) and quantification (green 725 

dashed circle) of Mm phagocytosis. B. Representative confocal microscopy images of embryos of the 726 

Tg(mpeg1:GFP) line injected with Mm at 28 hpf. Images were taken of infected embryos that were 727 

vehicle- or beclomethasone-treated at 5 minutes post infection (mpi). Macrophages are shown in 728 

magenta, bacteria in green. Scale bar = 100 μm. Arrowheads indicate bacterial clusters phagocytosed 729 

by macrophages. C. Percentages of phagocytosed Mm clusters (of total number of Mm clusters) at 5, 730 

15 and 25 mpi. Statistical analysis, performed by fitting data to a beta inflated regression with 731 

Tukey9s post hoc test, showed that beclomethasone decreased this percentage at all three time 732 

points. D. Effects of RU-486 and cycloheximide on the beclomethasone-inhibited phagocytic activity. 733 

Embryos were treated with vehicle or beclomethasone and received either a vehicle, RU-486 or 734 

cycloheximide co-treatment two hours before injection of Mm at 28 hpf, and phagocytic activity was 735 

determined at 5 mpi. The significant inhibitory effect of beclomethasone on phagocytosis was not 736 

observed in the presence of RU-486. Cycloheximide, just like beclomethasone, significantly inhibited 737 
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the phagocytic activity, and the combined cycloheximide /beclomethasone treatment showed the 738 

same level of inhibition. Statistical analysis was performed by fitting data to a beta inflated 739 

regression with Tukey9s post hoc test. In panels C and D, each data point represents a single embryo 740 

and the means ± s.e.m. of data accumulated from three independent experiments are shown in red. 741 

Statistical significance is indicated by: ns, non-significant; * P<0.05; ** P<0.01.  742 
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 743 

Figure 5. Effect of beclomethasone on intracellular bacterial growth and cell death. Infection was 744 

performed in Tg(mpeg1:mCherry-F) embryos at 28 hpf, a TUNEL assay was performed at 48 hpi , and 745 

the CHT region of the embryos was imaged using confocal microscopy. A. The percentage of Mm 746 

clusters that were inside macrophages based on colocalization with the red fluorescent signal from 747 

mCherry. Statistical analysis was performed by two-tailed t-test. In the beclomethasone-treated 748 

group, the percentage of Mm clusters inside macrophages was significantly lower compared to the 749 

vehicle-treated group. B. The percentage of TUNEL-positive Mm clusters. Statistical analysis by two-750 

tailed t-test showed that the beclomethasone-treated group had a significantly lower percentage of 751 

TUNEL+ Mm clusters. In panels A and B, each data point represents a single embryo and the means ± 752 

s.e.m. of data accumulated from three independent experiments are shown in red. Statistical 753 

significance is indicated by: ** P<0.01. C. Representative confocal microscopy images of macrophage 754 

phagocytosis. Bacteria are shown in blue and macrophages in red. Arrowheads indicate intracellular 755 

bacterial clusters. Scale bar = 100 μm. D. Representative confocal microscopy images of cell death 756 

(TUNEL+ cells in magenta) and Mm infection (bacteria in blue). Arrowheads indicate bacterial clusters 757 

overlapping with TUNEL+ cells. Scale bar = 100 μm.  758 
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 759 

Figure 6. Effect of beclomethasone on gene expression levels in FACS-sorted macrophages. At 28 760 

hpf, Tg(mpeg1:mCherry-F) embryos were treated with vehicle or beclomethasone for two hours, 761 

after which macrophages were isolated by FACS sorting. Gene expression levels were determined in 762 

the sorted cells by qPCR for tnfa (A), sparcl1 (B), uchl1 (C), ube2v1 (D), marcksa (E), marcksb (F), bsg 763 

(G) and tubb5 (H). Statistical analysis by two-tailed t-test showed that the levels of tnfa, sparcl1, 764 

uchl1, marcksa and marcksb expression were significantly inhibited by beclomethasone treatment. 765 

Data shown are the means ± s.e.m. of three or four independent experiments, and markers show 766 

averages of individual experiments. Statistical significance is indicated by: ns, non-significant; * 767 

P<0.05; *** P<0.001.  768 
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  769 

Figure 7. Effect of beclomethasone on phagocytosis of Salmonella Typhimurium. At 28 hpf 770 

Tg(mpeg1:GFP) embryos (vehicle- or beclomethasone-treated) were infected with S. Typhimurium 771 

through intravenous injection. At 10, 30, and 60 mpi, confocal microscopy images were taken of the 772 

yolk area, as indicated in Figure 4A, and the macrophage phagocytic capacity was determined. A. 773 

Percentage of phagocytosed S. Typhimurium at 10, 30 and 60 mpi.  Statistical analysis, performed by 774 

fitting data to a beta inflated regression with Tukey9s post hoc test, showed that the phagocytic 775 

activity of macrophages was significantly inhibited by beclomethasone treatment at 60 mpi, and not 776 

at other time points. Each data point represents a single embryo and the means ± s.e.m. of data 777 

accumulated from three independent experiments are shown in red. Statistical significance is 778 

indicated by: ns, non-significant; **** P<0.0001. B. Representative confocal microscopy images of 779 

infected vehicle- and beclomethasone-treated individuals at 60 mpi. Bacteria are shown in magenta, 780 

macrophages in green. Arrowheads indicate bacteria phagocytosed by macrophages. Scale bar = 100 781 

μm. 782 
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