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Abstract 12 

The emergence of antimicrobial resistance has created an urgent need for alternative 13 

treatment strategies against deadly bacterial species. In this study, we investigated the 14 

potential of kinase inhibitors as host-directed therapies (HDTs) for combating infectious 15 

diseases caused by intracellular bacteria, specifically Salmonella Typhimurium (Stm) and 16 

Mycobacterium tuberculosis (Mtb). We screened 827 ATP-competitive kinase inhibitors with 17 

known target profiles from two Published Kinase Inhibitor Sets (PKIS1 and PKIS2) using 18 

intracellular infection models for Stm and Mtb, based on human cell lines and primary 19 

macrophages. Additionally, the in vivo efficacy of the compounds was assessed using 20 

zebrafish embryo infection models. Our kinase inhibitor screen identified 14 hit compounds 21 

for Stm and 19 hit compounds for Mtb that were effective against intracellular bacteria and 22 

non-toxic for host cells. Further validation experiments showed the high efficacy of most 23 

Stm hit compounds and their ability to fully clear the intracellular infection both in cell lines 24 

and primary human macrophages. From these, two structurally related Stm hit compounds, 25 

GSK1379738A and GSK1379760A, exhibited significant effectiveness against Stm in infected 26 

zebrafish embryos. Compounds that were active against intracellular Mtb included 27 

morpholino-imidazo/triazolo-pyrimidinones that specifically target the kinases PIK3CB and 28 

PIK3CD as well as 2-aminobenzimidazoles targeting BLK, ABL1 and TRKA. Overall, this study 29 

provided insight into critical kinase targets acting at the host-pathogen interface and 30 

identified novel kinase inhibitors as potential HDTs for intracellular bacterial infections.  31 

 32 
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Introduction 34 

Infectious diseases caused by intracellular bacteria such as Salmonella species and Mycobacterium 35 

tuberculosis (Mtb) significantly impact global health. Salmonella serotypes are categorized into two 36 

main groups based on their clinical symptoms: (para)typhoid and non-typhoid, which are associated 37 

with (para)typhoid fever and gastroenteritis, respectively. These pathogens result in over 100 million 38 

cases of Salmonella-related diseases worldwide, with approximately 250,000 deaths annually [1,2]. 39 

Mtb is estimated to be latently present in almost a quarter of the world's population, with around 10 40 

million new cases of tuberculosis (TB) each year, and around 1.5 million deaths [2–4]. Despite a 41 

previous decline in TB cases, the COVID-19 pandemic has had an impact on the management of TB 42 

diagnosis and treatment, resulting in a recent increase in TB cases [4]. Another significant challenge 43 

in both Salmonella and Mtb infections is the rise of antimicrobial resistance, which highlights the 44 

need for alternative therapeutic approaches [1,4,5].  45 

As both Salmonella species and Mtb are intracellular pathogens that depend on host cells for 46 

survival and replication, host-directed therapy (HDT) may be a promising avenue to treat these 47 

infections. HDT aims to target the host response against infection rather than the pathogen itself 48 

and may be used as an adjunctive or alternative treatment to classical antibiotics. Importantly, HDTs 49 

have the potential to target antibiotic resistant strains. Due to their involvement in many host-50 

pathogen interaction mechanisms, kinase inhibitors have previously gained attention as HDT 51 

candidates against intracellular bacteria. Both Salmonella enterica serovar Typhimurium (Stm) and 52 

Mtb activate the PI3K/Akt signaling pathway through their virulence factors to stimulate host cell 53 

survival. Consequently, chemical inhibition (e.g. H-89 and AR-12) or genetic inhibition of kinases that 54 

are part of this signaling pathway impairs bacterial growth [6–8]. Furthermore, chemical or genetic 55 

inhibition of several receptor tyrosine kinases stimulates host cell control of intracellular Mtb [9]. For 56 

instance, inhibition of ABL1 by imatinib consistently reduces intracellular Mtb burden, most likely by 57 

overcoming pathogen-driven suppression of lysosomal acidification [6,9–13]. Currently, ABL1 58 

inhibitor imatinib is being tested in clinical trials as adjunctive therapy together with an antibiotic 59 

regimen of rifabutin and isoniazid against drug-sensitive TB [14].  60 

In this study, we explored the potential of very well characterized kinase inhibitors as candidates for 61 

HDT by screening 827 ATP-competitive kinase inhibitors of two Published Kinase Inhibitor Sets, PKIS1 62 

and PKIS2, in intracellular infection models for Stm and Mtb [15,16]. Moreover, we evaluated the 63 

most promising compounds in vivo in zebrafish embryo models. The findings of this study resulted in 64 

the identification of novel HDTs and well as HDT targets critical for host-pathogen-interactions that 65 

will help to overcome the challenges posed by emerging antibiotic resistance. 66 

  67 

.CC-BY-ND 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 August 28, 2023. ; https://doi.org/10.1101/2023.08.28.555045doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.28.555045
http://creativecommons.org/licenses/by-nd/4.0/


Materials and Methods 68 

Ethical statements 69 

Human blood samples were isolated from buffy coats obtained from healthy donors after written 70 

informed consent (Sanquin, Amsterdam, the Netherlands). The biological samples were sourced 71 

ethically and their research use was in accordance with the terms of the informed consents under an 72 

IRB/EC approved protocol. The husbandry of adult zebrafish lines described in this study was in 73 

accordance with guidelines from the local animal welfare committee (DEC) of Leiden University 74 

(License number: protocol 14,198), and in compliance with the international guidelines specified by 75 

the EU Animal Protection Directive 2010/63/EU. Experiments with zebrafish embryos were 76 

performed within 5 days post fertilization and therefore did not involve any procedures within the 77 

meaning of Article 3 of Directive 2010/63/EU.  78 

Reagents 79 

Kinase inhibitor H-89 dihydrochloride was purchased from Sigma-Aldrich (Merck, Darmstadt, 80 

Germany). The H-89 analogue 97i was a gift from prof. dr. M. van der Stelt and prepared in house 81 

according to a previous publication [17,18]. Rifampicin, moxifloxacin hydrochloride, gentamycin 82 

sulfate, dimethyl sulfoxide (DMSO) and Triton X-100 were all purchased from Sigma-Aldrich. A total 83 

of 827 kinase inhibitors from the published kinase inhibitor sets (PKIS)1 [15] and PKIS2 [16] was 84 

obtained from GlaxoSmithKline (GSK) and the Structural Genomics Consortium of the University of 85 

North Carolina at Chapel Hill (SGC-UNC). All kinase inhibitors, including H-89 and 97i, were dissolved 86 

at 10 mM concentration in DMSO. Mouse anti-human antibodies CD14-FITC (clone 63D3), CD163-PE 87 

(clone GHI/61), CD14-PE/Cy7 (clone 63D3) and CD1a-AF647 (clone HI149) were purchased from 88 

Biolegend (San Diego, CA, USA). Mouse anti-human CD11b-BB515 (clone ICRF44) was purchased 89 

from BD Biosciences (Franklin Lakes, NJ, USA). 90 

Cell culture 91 

HeLa epithelial cells and MelJuSo human melanoma cells were cultured in Gibco Iscove’s Modified 92 

Dulbecco’s Medium (IMDM; ThermoFisher Scientific, the Netherlands) supplemented with 10% fetal 93 

bovine serum (FBS; Greiner Bio-One, Alphen a/d Rijn, the Netherlands), 100 units/ml Gibco penicillin 94 

and 100 µg/ml Gibco streptomycin (both from ThermoFisher Scientific) at 37°C/5% CO2.  95 

 96 

Primary human macrophages were generated by differentiating blood-derived CD14
+
 monocytes for 97 

6 days in Roswell Park Memorial Institute (RPMI)-1640 medium (ThermoFisher Scientific) containing 98 

10% HyClone FBS (Cytiva, MA, Marlborough, USA), 100 units/ml penicillin, 100 µg/ml streptomycin 99 

and either 5 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF; R&D Systems, 100 

Abingdon, UK) to promote M1-differentiation or 20 ng/ml macrophage colony-stimulating factor (M-101 

CSF; R&D Systems) to promote M2-differentiation as previously described [9]. Macrophages were 102 

collected by incubation in Gibco Trypsin-EDTA solution (ThermoFisher Scientific) and gentle scraping. 103 

The M1 and M2 macrophage phenotypes were validated based on morphology and surface marker 104 

expression using flow cytometry with M1 macrophages being CD14
low

, CD163
low

 and CD11b
high

, 105 

whereas M2 macrophages were CD14high, CD163high, CD11blow [19].  106 
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Bacterial culture 107 

Stm strain SL1344 with plasmid pMW211[C.10E/DsRed] [20] and strain 12023 with plasmid 108 

pluxCDABE [6] were recovered from frozen glycerol stock and cultured in Difco Luria-Bertani (LB) 109 

Broth (BD Biosciences) containing 100 µg/ml ampicillin (Merck, Darmstadt, Germany) overnight at 110 

37°C in a shaking incubator. Stm was subcultured 1:33 three to four hours prior to infection to obtain 111 

a log-phase bacterial culture. Mtb strain H37Rv with plasmid pSMT3[Phsp60/DsRed] [9] was cultured 112 

at 37°C in complete Difco Middlebrook 7H9 Broth (BD Biosciences), supplemented with 10% ADC (BD 113 

Biosciences), 0.5% Tween-80 (Sigma-Aldrich), 2% glycerol (Sigma-Aldrich) and 50 µg/ml Gibco 114 

hygromycin (ThermoFisher Scientific) in a shaking incubator. Mtb was split once a week to maintain 115 

log-phase bacterial cultures. Mycobacterium marinum (Mmar) strain M with plasmid 116 

pTEC15[mWasabi] [21] was diluted to an OD600 of 0.1 the day before infection and cultured 117 

overnight complete 7H9 medium at 28.5°C in a static incubator. 118 

Stm and Mtb intracellular infection and HDT treatment 119 

HeLa or MelJuSo cells were resuspended in IMDM with 10% FBS without antibiotics and seeded with 120 

10,000 cells/well and 9000 cells/well, respectively, into Costar flat-bottom 96-well plates (Corning, 121 

Amsterdam, the Netherlands). M1 and M2 macrophages were resuspended in RPMI with 10% FBS 122 

without antibiotics and seeded with 30,000 cells/well into Costar flat-bottom 96-well plates. The 123 

cells were incubated overnight at 37°C/5% CO2. The next day, cells were inoculated with log-phase 124 

bacterial suspensions in cell culture medium at an expected multiplicity of infection (MOI) of 10. 125 

Accuracy of the MOI was validated by plating serial dilutions of the Stm and Mtb inoculums on Difco 126 

LB agar plates and Middlebrook 7H10 agar plates supplemented with 10% OADC and 5% glycerol, 127 

respectively (all from BD Biosciences). The observed MOIs were 11.6 (n = 18; range 3.6 - 15.9) and 128 

18.9 (n = 13; range 5.2 - 41.1), respectively. Plates with infected cells were centrifuged for 3 min at 129 

150 g and incubated for 20 min for Stm infection or 1 hour for Mtb infection at 37°C/5% CO2. 130 

Extracellular bacteria were removed by incubation with fresh cell culture medium supplemented 131 

with 30 µg/ml gentamicin sulphate (Lonza BioWhittaker, Basel, Switzerland) for 15 min at 37°C/5% 132 

CO2. Infected cells were incubated overnight at 37°C/5% CO2 in cell culture medium in the presence 133 

of kinase inhibitors at 10 µM concentration and 5 µg/ml gentamycin sulphate-containing medium to 134 

prevent growth of extracellular bacteria. Kinase inhibitors H-89 and its derivative 97i were used at 10 135 

µM concentrations as HDT positive controls for Stm and Mtb, respectively, and an equal amount of 136 

DMSO (% v/v), used as solvent for all compounds, was used as a negative control. Rifampicin and 137 

gentamycin were used at 1 µM and 30 µg/ml, respectively.  138 

Compound screens by flow cytometry 139 

HeLa and MelJuSo cells were harvested by trypsinization and fixed with 1% paraformaldehyde. 140 

Samples from the primary screen were measured on a FACSCalibur with high-throughput samples 141 

(HTS) extension and samples from the rescreen were measured on a FACSLyric (BD Biosciences) with 142 

HTS extension (all from BD Biosciences). Flow cytometry data was analysed using FlowJo version 10 143 

(TreeStar, Ashland, OR, USA). Each plate contained H-89 and DMSO as positive and negative 144 

controls, and each plate was tested in triplicate. In addition, the rescreens included H89-derivative 145 

97i as a more suitable positive control for intracellular Mtb, since 97i was recently shown to be more 146 

effective than H89 [18].  Mtb-infected MelJuSo cells positive for DsRed were gated to calculate the 147 

percentage of infected cells. For Stm-infected HeLa cells, a DsRed-bright population could be 148 

distinguished from a DsRed-dim population (Supplementary Figure 1a). Both the total Stm-DsRed+ 149 
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population and the DsRed-bright population were initially used as readouts for the primary screen, 150 

but eventually the DsRed-bright population was used for selection of hit compounds since this 151 

population was found to contain nearly all intracellular bacteria after FACS sorting (see methods 152 

below; Supplementary Figure 2). The cell count was used as readout of cell viability.  153 

Data analysis of flow cytometry screens 154 

Standard z-scores were calculated from the flow cytometry data to identify candidate ‘hit’ 155 

compounds by z = (x-μ)/σ – zneg, where x is total event count or the percent of DsRed-bright cells or 156 

DsRed+ cells from a single well, μ is the mean from wells of the plate, σ is the standard deviation of 157 

the plate and zneg is the mean z-score of the negative control of the plate (i.e. DMSO). The 158 

subtraction of zneg was used to correct z-scores for plate-to-plate variations in baseline infections 159 

rates or cell viability. Values that deviated two-fold from the plate mean were excluded to calculate 160 

the plate mean and standard deviation as used in the aforementioned formula, to minimize the 161 

possibility that the presence of extreme values on a plate affected the plate mean and standard 162 

deviation compared to the other plates. Compounds that had a Z-score < -3 for cell count were 163 

considered cytotoxic and were therefore excluded as hit compounds. Compounds with a z-score 164 

below or above the critical value of respectively -2 or 2 for DsRed+ and/or DsRed-bright events and a 165 

z-score above the critical value of -3 for cell count were considered ‘hit’ compounds. However, after 166 

the rescreen only compounds with a DsRed z-score below the critical value of -2 were further 167 

analysed.  168 

Identification of kinase targets 169 

Kinase inhibition data of PKIS compounds at 1 µM concentration has previously been determined in 170 

biochemical assays by others [15,16]. KinMap phylogenetic trees of protein kinase families were 171 

generated at https://kinhub.org/kinmap/ for visual representation of kinase inhibition data [22]. A 172 

phylogenetic tree of phosphatidylinositol kinases was created by multiple sequence alignment using 173 

Clustal Omega at https://www.ebi.ac.uk/Tools/msa/clustalo/, based on the PROSITE-predicted 174 

kinase catalytic domains, and neighbor-joining at https://icytree.org/ [23]. Most PKIS compounds 175 

target multiple kinases. The contribution of individual kinases to host-pathogen interactions was 176 

determined by genetic kinase inhibition data from a previous publication in which siKinome screens 177 

were performed on the HeLa-Stm and MelJuSo-Mtb intracellular infection models [9]. 178 

Colony-forming unit assay 179 

Infected cells were lysed in sterile water + 0.05% Invitrogen UltraPure SDS solution (ThermoFisher 180 

Scientific) to release bacteria. Bacterial suspensions and lysates of cells infected with Stm and Mtb 181 

were 5-fold serially diluted and 10-μl drops were plated on square agar plates, using Difco LB agar 182 

plates for Stm and Middlebrook 7H10 agar plates for Mtb. The plates were left to dry and incubated 183 

overnight at 37°C/5% CO2 for Stm and approximately two weeks for Mtb, after which colony forming 184 

units (CFUs) were counted manually. 185 

FACS sorting 186 

Stm-infected HeLa cells were FACS-sorted in DsRed-dim and DsRed populations using the CytoFLEX 187 

SRT II cell sorter (Beckman Coulter Fullerton, CA, USA) of the Flow Cytometry Core Facility of the 188 

Leiden University Medical Centre to determine the intracellular bacterial burden of both 189 

populations. After sorting, the cells were lysed and the lysate was plated out on LB agar plates to 190 

determine the CFU count as described above. 191 
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Bacterial growth assay 192 

Stm or Mtb cultures at a concentration corresponding to an absorbance of 0.1 at 600 nm wavelength 193 

were incubated with the kinase inhibitors at 10 μM in flat-bottom 96-well plates. The absorbance 194 

was measured using an EnVision plate reader (PerkinElmer, Waltham, MA, USA). The plates were 195 

incubated at 37 °C overnight for Stm and for a period of 15 days for Mtb. The absorbance was 196 

measured again the next day for Stm and every two days for Mtb. 197 

Lactate dehydrogenase release cytotoxicity assay 198 

Before harvesting or lysing cells of intracellular infection assays, supernatant from the cells was 199 

collected and used to quantify LDH release using the LDH cytotoxicity detection kit (Roche, Merck, 200 

Darmstadt, Germany) according to the manufacturer’s instructions. Quantification was performed 201 

with an EnVision plate reader or SpectraMax i3x (Molecular Devices, San Jose, CA, USA) plate reader 202 

by using the absorbance at 485 nm as signal and the absorbance at 690 nm as reference wavelength 203 

for background subtraction. The DMSO solvent control was used as negative control. Triton X-100 204 

results in maximum LDH release by permeabilizing the cells and was used as positive control. The cell 205 

viability was calculated using the following formula: �1 � �����������	


���
��� ���������	

� � 100% with A for 206 

absorbance at 485 nm after subtraction of the absorbance at 690 nm. 207 

Bioluminescent bacterial growth assay 208 

Upon infection of HeLa cells with Stm-lux, bacterial growth was followed over time by incubating the 209 

cells in the SpectraMax i3x plate reader at 37°C and measuring the bioluminescence every 15 210 

minutes for 18 hours. 211 

Zebrafish husbandry 212 

Zebrafish were handled in compliance with animal welfare regulations and maintained according to 213 

standard protocols (http://zfin.org). Fertilized embryos were maintained at 28°C and kept in egg 214 

water containing 60 μg/ml Instant Ocean Sea Salt (Sera, Heinsberg Germany). Zebrafish larvae were 215 

anesthetized with egg water containing 0.02% buffered 3-aminobenzoic acid ethyl ester (Tricaine, 216 

Sigma-Aldrich, Netherlands) for bacterial infection and imaging experiments. 217 

Zebrafish embryo toxicity test 218 

Zebrafish embryos were manually dechorionated around 24 hours post fertilization (hpf) to exclude 219 

any protective effects from the egg shells. At 28 hpf, the compounds were added to the egg at 220 

concentrations ranging between 0.1-10 µM. At 120 hpf, the embryos were visually inspected using a 221 

Leica M205 FA stereo fluorescence microscope. The health of the embryos was scored with a 222 

maximum score of 5 (i.e., healthy), 1 point redrawn for no reaction to mechanical stimulation, 223 

oedema, tail curvature malformation, or cranial malformation, and a score of 0 for dead embryos 224 

without a heartbeat.  225 

Zebrafish embryo infection models 226 

To test Stm compounds for efficacy in vivo, embryos that had already hatched from the egg at 48 hpf 227 

were collected and systemically infected with Stm-DsRed at 52 hpf by injecting 200 CFUs in the Duct 228 

of Cuvier as previously described [24]. Infected zebrafish embryos were given compounds at 54 hpf. 229 

The bacterial burden was quantified at 72 hpf by measuring fluorescence using the Leica M205 FA 230 

microscope. To test Mtb compounds for efficacy in vivo, dechorionated zebrafish embryos were 231 

systemically infected with Mmar-mWasabi at 28 hpf by injecting approximately 200 CFUs in the 232 
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blood island (i.e., caudal vein area), as previously described [24]. The compounds were added to the 233 

egg water at 30 hpf. The bacterial burden was determined at 144 hpf by fluorescence using the Leica 234 

M205 FA microscope and quantified using Fiji software [25]. 235 

Statistical analyses 236 

Statistical testing was performed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). 237 

Differences in the level of kinase inhibition between hit compounds and non-hit compounds were 238 

tested for statistically significant differences using Mann-Whitney tests. The results of intracellular 239 

infection and bacterial growth assays were tested for statistically significant differences between 240 

treatment and DMSO groups by performing Friedman tests for matched samples and Dunn’s 241 

multiple comparisons tests for post-hoc analysis. The results of zebrafish experiments were tested 242 

for statistically significant differences between treatment and control groups (either DMSO or 243 

untreated) by performing Kruskal-Wallis tests for independent samples and Dunn’s multiple 244 

comparisons tests for post-hoc analysis. Differences between groups resulting in p-values < 0.05 245 

were considered statistically significant.  246 
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Results 247 

Screening the PKIS library against intracellular Stm and Mtb identifies novel kinase inhibitors as 248 

candidates for host-directed therapy 249 

In this study, a library of 827 PKIS kinase inhibitors was subjected to two consecutive screens to 250 

identify novel host-directed therapeutics with antimicrobial activity against intracellular Stm and 251 

Mtb. The results of the screen with Stm-DsRed-infected HeLa cells showed that two populations of 252 

infected cells could be discerned by flow cytometry, namely DsRed-dim and DsRed-bright 253 

(Supplementary Figure 1a). For Mtb, only one DsRed+ population was observed (Supplementary 254 

Figure 1b). As previously reported, the positive control H89, a PKA and Akt/PKB inhibitor known to 255 

reduce intracellular Stm bacterial burden, was found to diminish mainly the DsRed-bright population 256 

[9]. Since we observed the same phenomenon for several PKIS compounds, we set out to determine 257 

the contribution of the DsRed-dim and DsRed-bright populations of Stm-infected HeLa cells to the 258 

actual bacterial burden in order to choose the best outcome parameter. First, the presence of both 259 

populations was determined 1 h post infection and the DsRed-bright population was absent at this 260 

early timepoint (Supplementary Figure 2a). Next, after overnight incubation the DsRed-dim and 261 

DsRed-bright Stm-infected HeLa populations were sorted by FACS and lysed to determine the 262 

average CFUs/cell. DsRed-bright cells contained 142-times more viable bacteria than DsRed-dim cells 263 

(Supplementary Figure 2b and c). Combined, these results show that the DsRed-bright population 264 

comprises HeLa cells with replicating Stm, thus being most relevant as outcome parameter. The 265 

primary screen conducted with Stm-infected HeLa cells identified 82 inhibitors resulting in smaller 266 

DsRed-bright populations (z-score DsRed-bright < -2; Supplementary Figure 1c and Supplementary 267 

Table 1), of which 56 were not cytotoxic as determined by cellular counts by flow cytometry (z-score 268 

cell count > -3; Supplementary Figure 1d). The screen conducted with Mtb-infected MelJuSo cells 269 

identified 66 inhibitors (z-score DsRed+ < -2; Supplementary Figure 1e), of which 44 compounds did 270 

not result in cytotoxicity (z-score cell count > -3; Supplementary Figure 1f). From the 56 and 44 271 

inhibitors of intracellular Stm and Mtb, respectively, 7 compounds were effective against both 272 

pathogens (Supplementary Figure 1g).  273 

Rescreens were performed in order to select for compounds that consistently reduced the 274 

intracellular bacterial burden. For the rescreen a smaller set of PKIS compounds was used, 275 

comprising 201 compounds that were non-cytotoxic in the primary screen and found to be active, 276 

affecting the bacterial burden either positively or negatively (z-scores < -2 or > 2; Supplementary 277 

Figures 1c and e). For Stm, 14 PKIS hit compounds were identified in the rescreen, 11 of which also 278 

inhibited Stm in the primary screen and these were selected for further experiments (Figure 1a-c). 279 

For Mtb, 19 unique compounds were found to reduce the intracellular burden in the rescreen, 17 of 280 

which also inhibited Mtb in the primary screen. (Figure 1d-f). As one Mtb compound (i.e., 281 

GSK2289044B) could not be included in subsequent experiments because additional quantities were 282 

not available, 16 Mtb-effective compounds were selected for further experiments. In line with the 283 

cytotoxicity data from the primary screen, none of the Stm and Mtb hit compounds significantly 284 

affected the cell count (Supplementary Table 1). Ultimately, the screen resulted in 11 hit 285 

compounds against intracellular Stm and 16 hit compounds against intracellular Mtb that were 286 

further evaluated. 287 

Kinase profiling and structural analysis of Stm hit compounds identifies AAK1 as frequent target 288 
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Based on the published kinase inhibition profiles of the PKIS compounds, we determined which host 289 

kinases are likely important for host-pathogen interactions of Stm-infected cells [15,16]. The Stm hit 290 

compounds comprised 2 PKIS1 compounds and 9 PKIS2 compounds that have been profiled at 1 µM 291 

concentration against 203 and 392 wildtype kinases, respectively. For each kinase, compounds with 292 

> 50% kinase inhibition were counted. Commonly targeted kinases included MAP2K5 (6/9), PDGFRb 293 

(5/11), EphB6 (4/9) and AAK1 (5/9), which were also previously identified in a kinase gene silencing 294 

screen using Stm-infected HeLa cells [9] (Figure 2a). To ensure that the kinases were not simply 295 

common targets in the PKIS library (i.e., association bias),  we compared the degree of inhibition of 296 

identified kinases between hit compounds and non-hit compounds (Figure 2b). The hit compounds 297 

exhibited greater inhibition in all identified targets, although this difference was only statistically 298 

significant for AAK1. Two pairs of Stm hit compounds were structurally related. The 2-anilino-4-299 

pyrrolidinopyrimidines GSK1379760A and GSK1379738A only differed in their 2-anilino group, with 300 

GSK1379760A possessing two additional 3-, and 5- methoxyl groups), and while the compounds 301 

show limited overlap in their targets, both target JAK2 and AAK1 (Figure 2c). In addition, 4-anilino-302 

quinolines GW557777X and GW560116X only differed in their 4-anilino group, with GW557777X 303 

possessing 2-methyl and 5-hydroxyl groups and GW560116X possessing 2-fluorine and 4-chlorine 304 

groups, and both target SRC, BLK, EphB6, KIT, PDGFRa, PDGFRb, RIPK2, ACTR2B, MAP2K5 and RSK4 305 

(Figure 2d). Furthermore, compound GSK507358A is an inhibitor of all Akt isoforms and may 306 

therefore act in a similar way as H-89 [26]. Of note, two similar Akt-targeting compounds, 307 

GSK682037B and GSK562689A, also strongly reduced the Stm-bright population, but were excluded 308 

due to cytotoxicity (Supplementary Table 1). 309 

Morpholino-imidazo/triazolo-pyrimidinones targeting phosphatidylinositol 3-kinases and 2-310 

aminobenzimidazoles targeting receptor tyrosine kinases are effective against intracellular Mtb 311 

The Mtb hit compounds comprised 1 PKIS1 compound, 15 PKIS2 compounds and 1 compound that is 312 

part of both sets. Commonly targeted kinases were ABL1 (7/17), EphA1 (6/15), EphB6 (6/15), RET 313 

(9/17), MAP3K19 (7/15), MAP2K5 (6/15), CRIK (6/15), PIK3CB (8/15), PIK3CD (7/17) and VPS34 (8/15) 314 

(Figure 3a). Genetic inhibition of ABL1, PIK3CB, PIK3CD and VPS34 was previously found to reduce 315 

bacterial burden in the MelJuSo-Mtb intracellular infection model [9]. Again, we compared the 316 

degree of inhibition of the identified kinase targets between the hit compounds and other 317 

compounds of the PKIS library and found that RET, PIK3CB, PIK3CD and VPS34 were inhibited 318 

significantly more by hit compounds (Figure 3b). Among compounds that inhibited 319 

phosphatidylinositol 3-kinases PIK3CB, PIK3CD and VPS34, there was a large group of structurally 320 

related morpholino-imidazo/triazolo-pyrimidinones (Figure 3c). These compounds were specific for 321 

PIK3CB, PIK3CD and VPS34 and did not target other phosphatidylinositol kinases (Figure 3d). In 322 

addition, a group of 2-aminobenzimidazoles was found to target receptor tyrosine kinases ABL1, 323 

RET, TRKA, and to a lesser extent BLK. RET is inhibited by all 2-aminobenzimidazoles included in the 324 

PKIS library, regardless of their effect on Mtb bacterial burden, and might therefore be a false-325 

positive target (Supplementary Table 1) [16].  326 

All Stm hit compounds and the majority of Mtb hit compounds reduce bacterial counts, acting 327 

through a host-directed manner 328 

Validation of the efficacy of hit compounds in CFU assays showed that all Stm hit compounds 329 

effectively reduced the intracellular bacterial burden of Stm-infected HeLa cells, with 8 out of 11 330 
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compounds that showed > 90% inhibition (Figure 4a). The Mtb hit compounds showed a more 331 

modest reduction in intracellular bacterial load with 11 compounds reducing Mtb bacterial load > 332 

25% and 2 compounds (i.e., GW560109X and GW635815X) leading to a reduction greater than the 333 

97i positive control (Figure 4b). The safety of the compounds was validated further by an LDH-334 

release cytotoxicity assay. Stm compound GW301888X (Figure 4c) and Mtb compound GW560109X 335 

(Figure 4d) reduced HeLa and MelJuSo cell viability by 15% and 17%, respectively, while no 336 

noteworthy loss in viability was observed for the other compounds. Finally, we assessed whether the 337 

selected Stm and Mtb hit compounds exerted any direct antibacterial effects on planktonic bacteria 338 

to confirm that the compounds act as HDTs. For Stm, none of the compounds showed direct effects 339 

in planktonic Stm culture (Figure 4e). For Mtb, compounds GW560109X and SB-684387-B showed 340 

some direct effect and reduced the bacterial concentration in planktonic cultures by 27% and 18%, 341 

respectively, after 13 days of incubation (Figure 4f). 342 

Many identified hit compounds are also effective against Stm or Mtb infected primary human 343 

macrophages, while phosphatidylinositol 3-kinase inhibitors are only effective against Mtb-344 

infected MelJuSo cells 345 

Macrophages play a critical role during Stm and Mtb infections, both as part of the immune response 346 

and as the preferred host cell type for the bacteria. Therefore, hit compounds were tested in Stm-347 

infected and Mtb-infected primary human macrophages. CD14+ monocytes were isolated from 348 

PBMCs of healthy human donors and the cells were cultured in the presence of GM-CSF and M-CSF 349 

to generate M1 and M2 macrophages, respectively (Supplementary Figure 4a-c). The two types of 350 

macrophages were clearly distinguishable by expression of CD11b, CD163 and CD14, in accordance 351 

with previous publications (Supplementary Figures 4d-e) [19]. The majority of the compounds that 352 

were effective in Stm-infected HeLa cells were also highly effective in both types of Stm-infected 353 

macrophages (Figures 4g). However, compounds GW296115X, GW301888X and GW557777X 354 

showed reduced effectiveness in Stm-infected macrophages. In contrast to HeLa cells, in which none 355 

of the compounds were found to be cytotoxic, compounds GW284543A (M1: 58.4%; M2: 64.3%), 356 

GW301888X (M1: 68.8%; M2: 47.9%) and GW560116X (M1: 34.4%; M2: 41.3%) reduced cell viability 357 

of primary human macrophages (Figure 4h). Testing the Mtb hit compounds on Mtb-infected 358 

macrophages showed that many compounds were as effective as in Mtb-infected MelJuSo cells, with 359 

compound GW560109X being most effective in both cell types (Figures 4i). In addition, the 360 

moderate cytotoxicity of compound GW560109X observed in MelJuSo cells was also observed in 361 

primary human macrophages (Figure 4j). In contrast, the group of morpholino-imidazo/triazolo-362 

pyrimidinones acting on PI3K/VPS34 and compound GW681170A were effective in Mtb-infected 363 

MelJuSo cells, but not in primary human macrophages (Figures 4b and 4i).  364 

Stm hit compounds act readily by inhibiting intracellular bacterial growth and several display a 365 

high therapeutic index in vitro 366 

After having validated the effectiveness of many Stm hit compounds in infected primary human 367 

macrophages, we performed dose-titration experiments on Stm-infected HeLa cells for the seven 368 

most efficacious compounds to determine their therapeutic index, which is important for their 369 

potential for further progression. In order to follow bacterial growth over time for 18 hours, we 370 

performed dose-titration experiments using a bioluminescent Stm-lux strain (Figure 5a). After a 371 

short lag phase during which the bacteria were controlled by the host cells, Stm started to grow 372 
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exponentially. At their effective concentration, all compounds acted readily by inhibiting the 373 

bacterial growth rate. The minimal inhibitory concentration (MIC)-values of the compounds ranged 374 

from 1.8-14 µM (Table 1). Dose-response curves were created to determine the in vitro potency and 375 

safety of the compounds (Figure 5b). The IC50-values ranged from 1.0-6.5 µM and selectivity indexes 376 

from 6.5 - 107 (Table 1). Some compounds showed some cytotoxicity at the tested concentrations, 377 

with GW284543A being the most cytotoxic compound with an LD50-value of 24 µM. Interestingly, 378 

compound GW560116X showed no cytotoxicity in HeLa cells, in contrast to primary human 379 

macrophages for which significant cytotoxicity was observed at 10 µM concentration (Figure 4h).  380 

Structurally related Stm hit compounds GSK1379738A and GSK1379760A exhibited significant 381 

effectiveness in infected zebrafish embryos. 382 

Finally, we determined whether the seven most effective Stm compounds and six most effective Mtb 383 

compounds were safe and efficacious in vivo using zebrafish embryo models. In vivo toxicity was 384 

determined by administrating the compounds directly to the water of dechorionated zebrafish 385 

embryos (Figure 6a). After 4 days the health of the embryos was scored based on their mortality rate 386 

and drug-induced side effects (Figure 6b). For the Stm compounds, only GSK1379738A resulted in 387 

some toxicity, causing oedema (4/20) at 10 µM concentration (Figure 6c). Mtb compound 388 

GW683134A caused oedema and cranial malformations in the majority of embryos starting at 0.3 389 

µM and 1 µM, respectively (Figure 6d). In addition, GW697465A caused oedema in a large 390 

proportion of the embryos starting at 1 µM. The other Mtb compounds were considered non-toxic in 391 

vivo. Overall, mortality was low even for the toxic compounds at the tested concentrations.  392 

The efficacy of the compounds was tested in zebrafish embryo infection models. Zebrafish embryos 393 

were injected with 200 CFUs Stm, treated with the Stm compounds, and the bacterial burden was 394 

quantified 20 hours later (Figures 6e-f). Of note, compound GSK1379738A was used at 3 µM instead 395 

of 10 µM, as used for the other compounds, to prevent toxicity. Compounds GSK1379738A, 396 

GSK1379760A and GSK507358A were highly effective, resulting in 870, 77 and 21-times lower 397 

median bacterial burdens, respectively, as compared to DMSO-treated controls (Figure 6g). Due to 398 

variation between individuals, only GSK1379760A led to a statistically significant reduction. Next, 399 

zebrafish embryos were injected with approximately 200 CFUs Mmar, an established model of 400 

human Mtb infections [27,28], to test the in vivo effectiveness of the non-toxic Mtb compounds 401 

GSK1379722A, GW560109X, GW576924A and GW635815X upon 4 days of treatment (Figure 6h). 402 

Granuloma formation was clearly observed in infected embryos (Figure 6i). Rifampicin was used as a 403 

positive control and resulted in a 29-times lower median bacterial burden compared to the DMSO 404 

control (Figure 6j). However, none of the Mtb compounds were able to reduce the Mmar bacterial 405 

burden significantly. Taken together, most PKIS compounds with activity against intracellular Stm 406 

and Mtb in vitro were found safe in vivo, and two structurally related 2-anilino-4-407 

pyrrolidinopyrimidines, GSK1379738A and GSK1379760A, were highly effective at reducing the Stm 408 

bacterial burden in vivo, showing the potential of this chemotype to use as HDT during Stm 409 

infections. 410 

Discussion 411 

In response to the ongoing rise in antimicrobial resistance and limited effectiveness of antibiotics 412 

against intracellular bacterial species, we aimed to identify new HDTs that may be used as adjunctive 413 
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or alternative treatments to classical antibiotics. Starting with 827 ATP-competitive kinase inhibitors 414 

from the PKIS library, we performed two consecutive screens in intracellular HeLa-Stm and MelJuSo-415 

Mtb infection models. This resulted in 11 hit compounds that stimulate killing of intracellular Stm 416 

and 16 hit compounds that target intracellular Mtb, all of which were non-cytotoxic and acted in a 417 

host-directed manner. There was no overlap between Stm and Mtb hit compounds or their kinase 418 

targets, suggesting that these intracellular pathogens likely depend on very different signaling 419 

pathways to persist intracellularly. Importantly, all Stm and multiple Mtb hit compounds were also 420 

effective in primary human macrophages, which play a key role in the pathogenesis of these 421 

bacteria, both as host cells and effector immune cells [29,30]. Moreover, we were able to 422 

demonstrate that two related Stm compounds, GSK1379738A and GSK1379760A, effectively 423 

reduced the Stm bacterial burden in infected zebrafish embryos. 424 

When studying kinase inhibition profiles of the PKIS hit compounds, those directed against Mtb were 425 

clearly dominated by a group of morpholino-imidazo/triazolo-pyrimidinones targeting PIK3CB, 426 

PIK3CD and VPS34. From these, PIK3CB and PIK3CD are most likely to be important for intracellular 427 

Mtb persistence in MelJuSo cells based on previously published genetic kinase inhibition data [9], in 428 

which knockdown of PIK3CB and PIK3CD, but not VPS34 reduced the intracellular bacterial burden of 429 

Mtb-infected MelJuSo cells. The higher efficacy of the morpholino-imidazo/triazolo-pyrimidinones in 430 

MelJuSo cells as compared to primary human macrophages may be explained by presence of a gain-431 

of-function mutation of the NRAS gene at c.182A>T in MelJuSo cells, resulting in constitutively 432 

increased activity of PI3K [31]. PIK3CB and PIK3CD phosphorylate phosphatidylinositol 4,5-433 

bisphosphate to create phosphatidylinositol 3,4,5-trisphosphate at the plasma membrane, which 434 

provides a binding site for many cytosolic proteins including Akt. Previous studies have shown that 435 

the PI3K/Akt pathway is important for intracellular persistence of both Stm and Mtb [6–8]. In this 436 

study, PI3K activity clearly facilitated persistence of Mtb in infected MelJuSo cells, but seemingly had 437 

no effect in Mtb-infected primary human macrophages or Stm-infected HeLa cells. Vice versa, 438 

inhibition of Akt by H-89 and GSK507358A had limited effect on Mtb-infected MelJuSo cells, but 439 

potently inhibited Stm in infected HeLa cells or primary human macrophages. Thus our results show 440 

that while PI3K/Akt kinases are important in both Stm and Mtb infection, the exact kinases involved 441 

in bacterial persistence are specific to both pathogen and host cell.  442 

In addition to compounds that target the PI3K/Akt pathway, we identified Mtb hit compounds 443 

targeting receptor kinase receptors BLK, ABL1 and TRKA (also known as NTRK1), all of which have 444 

previously been identified as HDT targets against Mtb [6, 9–13,32]. Best known in this regards is 445 

ABL1 as the main target of imatinib, which is currently tested in clinical trials as adjunctive therapy 446 

together with an antibiotic regiment of rifabutin and isoniazid against drug-sensitive TB [14]. 447 

Compound GW560109X, although structurally unrelated to imatinib, is a strong ABL1 inhibitor and 448 

was most effective against intracellular Mtb from all PKIS compounds tested, both in infected 449 

MelJuSo cells and primary human macrophages [16]. The Stm hit compounds were part of diverse 450 

chemotypes with only a few targets in common, including AAK1, an enzyme involved in clathrin-451 

mediated endocytosis. Inhibitors of AAK1 have been pursued as broad-spectrum antivirals that block 452 

viral entry. In addition, a recent paper has demonstrated that AAK1 mediates internalization of LPS, 453 

and blocking AAK1 prevents lethality during bacterial sepsis in mice [33]. 454 

Seven Stm lead compounds and six Mtb lead compounds were tested in vivo in zebrafish embryo 455 

models, of which Stm compounds GSK1379738A and GSK1379760A were highly effective. These 456 
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compounds are structurally closely related, showing that this chemotype is interesting to further 457 

optimize for use as HDT. Possibly, GSK1379738A and GSK1379760A act by targeting JAK2 or AAK1, 458 

which are shared kinase targets. In addition, the Akt inhibitor GSK507358A also reduced the Stm 459 

bacterial burden by 20-fold, but this did not reach statistical significance due to the interindividual 460 

variation.  461 

While the zebrafish model was successfully employed to confirm Stm compounds, none of the Mtb 462 

compounds showed effectiveness in the zebrafish TB model. One explanation could be that a closely 463 

related but different pathogen, Mmar, is used in this model. In addition, there may have been 464 

limitations in the way the in vivo experiments were performed. All compounds were given to 465 

zebrafish embryos by immersion in compound-supplemented egg water, which is the most 466 

commonly used method. However, recent studies have shown that some drugs may show limited 467 

absorption by the embryos depending on their lipophilicity [34,35]. This may also explain why the in 468 

vitro cytotoxicity data based on LDH-release assay was not found predictive for in vivo toxicity. For 469 

example, 10 µM Stm lead compound GW560116X and 10 µM Mtb lead compound GW560109X 470 

caused cell death when administered to primary human macrophages in vitro, but did not result in 471 

any side effects in zebrafish embryos. In future experiments, the route of administration of HDTs in 472 

may have to be optimized depending on their lipophilicity . 473 

In summary, we identified morpholino-imidazo/triazolo-pyrimidinones targeting PIK3CB and PIK3CD 474 

as interesting compounds against intracellular Mtb and found that their effect was cell type-specific, 475 

showing reduced activity in primary human macrophages as compared to the MelJuSo cell line. 476 

Moreover, we identified 2-aminobenzimidazoles targeting receptor tyrosine kinases BLK, ABL1 and 477 

TRKA as effective against intracellular Mtb. Interestingly, these kinases were previously found as 478 

targets for HDT against Mtb [9]. For Stm, we identified 7 compounds that were highly potent in both 479 

Stm-infected HeLa cells and primary human macrophages, resulting in near clearance of the 480 

intracellular bacterial burden. Compound GSK1379760A, a 2-anilino-4-pyrrolidinopyrimidine, was 481 

found to be the most potent kinase inhibitor against intracellular Stm, showing a therapeutic index 482 

of >107-fold in vitro and reducing the bacterial burden by 77-fold in zebrafish embryos in vivo. 483 

Another 2-anilino-4-pyrrolidinopyrimidine, compound GSK1379738A, was effective against Stm, 484 

both in vitro and in vivo, which demonstrates the potential of this chemotype for use as HDT. This 485 

study furthermore demonstrates the capacity of the exploited pipelines to identify potent HDTs that 486 

are translatable and well tolerated in vivo. Further studies are required to demonstrate the potential 487 

of GSK1379760A as adjunctive or alternative treatment to antibiotics, including its ability to treat 488 

bacterial infection in vivo in mammals and humans. 489 
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614 

Figure legends 615 

Figure 1 Identification of PKIS compounds inhibiting intracellular growth of Stm and Mtb. (a) Gating 616 

strategy for DsRed-bright Stm-infected HeLa cells to determine the percentage of infected cells. The 617 

negative control treated with DMSO and positive controls treated with H89 and 97i are depicted. (b) 618 

Rescreen of 201 PKIS compounds, 30 of which appear twice, to assess their impact on Stm bacterial 619 

burden, expressed as average z-scores of the DsRed-bright population. (c) Hit compounds with z-620 

scores < -2. PKIS compounds that also reduced the bacterial burden in the primary screen are shown 621 

in green and others in black. (d) Gating strategy for DsRed+ Mtb-infected MelJuSo cells. (e) Re-622 

screen on Mtb-infected MelJuSo cells. (f) Hit compounds with z-scores < -2 for Mtb. The screens 623 

were performed with three technical replicates, and error bars show standard deviations.  624 

Figure 2 Kinase target profiling of Stm hit compounds. (a) The phylogenetic tree depicts host kinases 625 

that are relevant for HDT against intracellular Stm by combining data on chemical and genetic kinase 626 

inhibition. The size of each circle indicates the frequency at which a kinase was targeted by Stm hit 627 

compounds, while the color of the circle represents the effect of genetic inhibition on Stm burden in 628 
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the HeLa-Stm model, as determined previously by our research group [9]. (b) Comparison of kinase 629 

inhibition between PKIS compounds that reduced intracellular Stm (hit) and compounds that did not 630 

(no hit). Statistically significant differences are indicated by *p < 0.05. (c) Target comparison 631 

between two structurally related 2-anilino-4-pyrrolidinopyrimidine hit compounds. (d) Target 632 

comparison between two structurally related 4-anilino-quinoline hit compounds. 633 

Figure 3 Kinase target profile of Mtb hit compounds. (a) The phylogenetic tree depicts host kinases 634 

that are relevant for HDT against intracellular Mtb by combining data on chemical and genetic kinase 635 

inhibition. The size of each circle indicates the frequency at which a kinase was targeted by Mtb hit 636 

compounds, while the color of the circle represents the effect of genetic inhibition on Mtb burden in 637 

the MelJuSo-Mtb model, as determined previously by our research group [9] (b) Comparison of 638 

kinase inhibition between PKIS compounds that reduced intracellular Mtb (hit) and compounds that 639 

did not (no hit). Statistically significant differences are indicated by **p < 0.01 and ***p < 0.001. (c) 640 

Chemical structures of structurally-related morpholino-imidazo/triazolo-pyrimidinones with shared 641 

phosphatidylinositol 3-kinase targets. (d) Inhibition of phosphatidyl inositol kinases by PKIS2 642 

compounds [16]. Red square indicates targets of morpholino-imidazo/triazolo-pyrimidinones. (e) 643 

Inhibition of selected protein kinases that were previously identified as HDT targets for Mtb [9,32]. 644 

Red square indicates targets of 2- aminobenzimidazoles. 645 

Figure 4 Validation of PKIS hit compounds in cell lines and primary human macrophages. (a-b) The 646 

efficacy of the hit compounds was validated in CFU assays using lysates from Stm-infected HeLa cells 647 

(a) and Mtb-infected MelJuSo cells (b). The bacterial burden is expressed as a percentage of CFUs 648 

compared to the DMSO control. (c-d) Compound safety was assessed using an LDH-release assay 649 

using supernatant from Stm-infected HeLa cells (c) and Mtb-infected MelJuSo cells (d), with cell 650 

viability expressed as a percentage of the DMSO control and with 1% Triton-X100-treated cells 651 

corresponding to 0%. (e-f) To assess whether hit compounds act as antibiotics or host-directed 652 

therapeutics, direct antimicrobial effects were evaluated in cell-free cultures of Stm (e) and Mtb (f). 653 

The turbidity of the bacterial suspensions, as measured by absorbance at OD600, is given as a 654 

percentage of the DMSO control. (g) The efficacy of the hit compounds was validated in CFU assays 655 

using lysates from Stm-infected M1 (black circles, grey bars) and M2 (white circles, open bars) 656 

primary human macrophages. (h) An LDH-release assay was performed using supernatant from Stm-657 

infected macrophages. (i) The efficacy of the hit compounds was validated in CFU assays using 658 

lysates from Mtb-infected M1 (black circles) and M2 (white circles) primary human macrophages. (h) 659 

An LDH-release assay was performed using supernatant from Mtb-infected macrophages. 660 

Figure 5 Time kinetics and dose-response relationship Stm lead compounds in Stm-infected HeLa 661 

cells. (a) HeLa cells were infected with bioluminescent Stm-lux, treated with Stm lead compounds or 662 

DMSO at different concentrations and followed over time by measuring emitted light, expressed as 663 

relative light units (RLU). For DMSO, equal %v/v was used for treatment. Gompertz growth curves 664 

were fitted by non-linear regression. (b) Bioluminescence, shown in blue, was measured for HeLa 665 

cells infected with Stm-lux after 18 h of treatment with Stm lead compounds at indicated 666 

concentrations. RLUs were normalized to the untreated control. Four parameter logistic regression 667 

was performed to show the dose-response relationship between compounds and inhibition of Stm 668 

growth and to determine the half maximal inhibitory concentration (IC50) of compounds. In addition, 669 

the cell supernatant was used to determine host cell viability, shown in grey, using LDH-release 670 
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assays. Again, four parameter logistic regression was performed to the determine the half maximal 671 

lethal dose (LD50) of compounds. The data comprises 4 independent technical replicates. 672 

Figure 6 Testing of Stm and Mtb lead compounds in vivo in zebrafish embryo models. (a) Schematic 673 

representation of the zebrafish embryo toxicity model. Embryos were visibly inspected and scored 674 

for the health with a score of 5 representing healthy embryos, 0 representing dead embryos, and 675 

scores in between representing embryos with one to four of the following conditions: malformed tail 676 

curvature, oedema, cranial malformations, no response to physical stimulation. (b) Representative 677 

images of embryos with malformations. (c-d) Zebrafish embryos were treated with Stm (c) and Mtb 678 

(d) lead compounds at different concentrations. Each square of the heat map represents the average 679 

health score of 20 embryos. (e) Schematic representation of the zebrafish embryo Stm-infection 680 

model. Embryos were infected with ~200 CFUs 52 hours post fertilization (hpf). (f) Representative 681 

image of Stm-infected zebrafish embryos treated with DMSO 72 hpf. (g) Stm-infected zebrafish were 682 

treated with 0.1%v/v DMSO, 1 µM moxifloxacin, 3 µM GSK1379738A and other compounds at 10 683 

µM. Each group comprises 38-42 embryos. (h) Schematic representation of the zebrafish embryo 684 

Mmar-infection model. Embryos were infected with ~200 CFUs 28 hpf. (i) Representative image of 685 

Mmar-infected zebrafish embryos treated with DMSO 120 hpf. (j) Mmar-infected embryos were 686 

treated with 0.1% DMSO, 200 µM rifampicin and other compounds at 10 µM. Each group comprises 687 

21-32 embryos. Statistically significant differences are indicated by *p < 0.05 and ***p < 0.001. 688 

Tables 689 

Table 1 In vitro efficacy (Emax), minimal inhibitory concentration (MIC), potency (IC50), safety (LD50) 690 

and therapeutic index (TI; ratio between IC50 and LD50) of Stm lead compounds against intracellular 691 

Stm. Numbers between brackets show the 95% confidence interval. Some values could not be 692 

determined (ND).  693 

Compound Emax (% inh.) MIC (µM) IC50 (µM) LD50 (µM) TI 

GSK1379738A 100 (92-100) 6.7 (3.2-10) 2,5 (2.0-3.1) 450 (34-116) 18 

GSK1379760A 100 (93-100) 6.1 (1.6-11) 1,8 (1.4-2.3) 161 (ND) 107 

GSK507358A 100 (87-100) 14. (6.7-21) 6.5 (4.9-9.1) 490 (ND) 8.6 

GW284543A 098 (85-100) 7.8 (3.8-12) 3,2((2.2-5.9) 240 (21-27 6.5 

GW412617A 099 (91-100) 1.8 (0.1-3.5) 1.1 (0.7-1.2) 330 (28-50) 37 

GW560116X 099 (90-100) 1.9 (0.5-3.4) 1,0((0.9-1.3) ND ND 

SB-284851-BT 100 (93-100) 6.7 (3.2-10) 2.0 (1.5-2.7) 260 (22-32) 14 

Supplementary data 694 

Supplementary Table 1 Raw data and z-scores obtained from flow cytometry screens of PKIS 695 

compounds. 696 

Supplementary Figure 1 Primary screen of PKIS compounds affecting Stm and Mtb intracellular 697 

burden. (a) Gating strategy for DsRed+ and DsRed-bright Stm-infected HeLa cells. H89-treated cells 698 

illustrate that the DsRed-bright population may be reduced without reducing the DsRed+ 699 
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population. (b) Gating strategy for DsRed+ Mtb-infected MelJuSo cells. (c) Primary screen of 827 PKIS 700 

compounds to assess their impact on Stm bacterial burden, expressed both as average z-scores of 701 

the DsRed-bright population. Compounds with z-scores < -2 or > 2 are shown in green and red, 702 

respectively. (d) Cytotoxicity of compounds was determined by determining z-scores of HeLa cell 703 

counts. Compounds with a z-score > -3 were considered non-cytotoxic and included. (e) Similar to 704 

(c), with z-scores representing intracellular Mtb burden. (f) Similar to (d), with z-scores representing 705 

MelJuSo cell counts. The screens comprise three replicates for the PKIS compounds and error bars 706 

show the standard deviations. (g) The VENN diagram shows the overlap between the hit compounds 707 

from the HeLa-Stm and MelJuSo-Mtb screens. 708 

Supplementary Figure 2 Comparison DsRed-dim and DsRed-bright Stm-infected HeLa cells. (a) HeLa 709 

cells were fixed either 1 h or 24 h after infection with Stm-DsRed to determine differences in the 710 

presence of both DsRed populations. (b) HeLa cells were selected for FACS sorting based on gates for 711 

single cells, size and DsRed fluorescence. (c) The DsRed-dim and DsRed-bright populations were 712 

sorted and lysed to determine the intracellular bacterial burden by CFU count.  713 

Supplementary Figure 3 Generation, morphology and phenotype of primary human macrophages. 714 

(a) Representative histograms showing CD14 expression in PBMCs and CD14-MACS sorted 715 

monocytes. (b) Enrichment of CD14+ cells before and after MACS sorting. (c) Morphology of M1 and 716 

M2 macrophages. (d) Representative histograms showing distinct expression patterns of CD11b, 717 

CD163 and CD14 by M1 and M2 macrophages. (e) Expression of CD11b, CD163 and CD14 by M1 and 718 

M2 macrophages was tested for differences using Wilcoxon matched-paired signed rank tests. 719 

Statistically significant differences are shown by **p < 0.01. 720 

 721 
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