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Abstract  
The global burden of Tuberculosis (TB) is aggravated by the continuously increasing 
emergence of drug resistance, urging for innovative therapeutic options. The concept 
of host-directed therapy (HDT) as adjunctive to classical antibacterial therapy with 
antibiotics represents a novel and promising approach for treating TB. Here, we have 
focused on repurposing the clinically used anti-cancer drug Tamoxifen, which was 
identified as a molecule with strong host-directed activity against intracellular 
Mycobacterium tuberculosis (Mtb). Using a primary human macrophage Mtb infection 
model, we demonstrate the potential of Tamoxifen against drug sensitive as well as 
drug resistant Mtb bacteria. The therapeutic effect of Tamoxifen was confirmed in an in 
vivo TB model, based on Mycobacterium marinum infection of zebrafish larvae. 
Tamoxifen had no direct antimicrobial effects at the concentrations used, confirming 
that Tamoxifen acted as a HDT drug. Furthermore, we demonstrate that the anti-
mycobacterial effect of Tamoxifen is independent of its well-known target, the estrogen 
receptor (ER) pathway, but instead acts by modulating autophagy and in particular the 
lysosomal pathway. Through RNA sequencing and microscopic colocalization studies, 
we show that Tamoxifen stimulates lysosomal activation and increases the localization 
of mycobacteria in lysosomes both in vitro and in vivo, while inhibition of lysosomal 
activity during Tamoxifen treatment partly restores mycobacterial survival. Thus, our 
work highlights the HDT potential of Tamoxifen and proposes it as a repurposed 
molecule for the treatment of TB. 
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Introduction 
It is estimated that 1.7 billion people are latently infected with Mycobacterium 
tuberculosis (Mtb), the infectious agent causing tuberculosis (TB) [355]. In 2020, there 
were 10 million new cases and 1.4 million people died from the disease [279]. There is 
an alarming contribution of multidrug-resistant (MDR-TB) and extensively drug-
resistant (XDR-TB) infections to the global antimicrobial resistance (AMR) disease 
burden [279]. Currently, there is no effective TB vaccine available, and the only licensed 
vaccine in use, Bacille Calmette-Guérin (BCG) has limited protective efficacy [356]. 
Although in the last decade a few new antibiotics have been approved for the treatment 
of MDR and XDR TB, including Bedaquiline [357], Delamanid [358], Linezolid [359] and 
Pretomanid [158], mutations conferring resistance against these drugs have already 
been found [360]. Therefore, novel tools and strategies are needed to combat this 
global threat, including more effective therapeutics that shorten the prolonged 
regimens of TB treatment (currently 6 months or more) and help preventing de novo 
resistance and TB relapse. 

Intracellular bacteria such as Mtb manipulate cellular signalling pathways to promote 
their own survival in human cells, by creating a replicative niche or by subverting the 
immune system [361, 362]. As a complement to classical antibiotics, host-directed 
therapy (HDT) has recently emerged as a novel concept in TB: HDT aims to enhance 
host defence by modulating processes in the host that restrict growth and survival of 
bacteria in their intracellular niches [290, 363-366]. Large-scale chemical and genetic 
screens of molecular libraries targeting Mtb-infected cells have revealed a variety of 
potential HDT candidates that could be repurposed to combat TB, including groups of 
anti-inflammatory drugs, anti-psychotic drugs, and kinase inhibitors. These 
compounds affecting inflammatory pathways, lipid metabolism, and autophagy could 
be effective against both antibiotic-sensitive and -resistant bacteria, including MDR 
and XDR TB [290, 363-366]. 

Autophagy is an intracellular degradation pathway vital to maintaining homeostasis by 
removing unwanted elements from the cytosol, such as misfolded protein aggregates, 
damaged organelles, and microbial invaders [367]. Due to the pro-homeostatic 
function of autophagy, drugs that modulate this process are currently being 
investigated as novel therapeutics for a wide variety of diseases [368]. Autophagy can 
inhibit intracellular infection by promoting the delivery of pathogens to lysosomes 
[369]. Although virulence mechanisms of pathogens may counteract autophagy to 
different extents [370], several studies have shown that induction of autophagy 
restricts Mtb intracellular growth and promotes its lysosomal degradation [123, 367, 
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371]. For these reasons, autophagy has become a priority target for anti-
(myco)bacterial HDT development [364, 366, 369, 372].  

Tamoxifen, widely known for its use as a breast-cancer therapeutic [373-375], was 
identified as a promising molecule for host-directed inhibition of intracellular Mtb when 
we previously screened an autophagy-modulating compound library in vitro in human 
cells [376]. The main known targets of Tamoxifen are estrogen receptors (ERs). 
Tamoxifen can function either as an agonist or antagonist of the ER, depending on the 
presence of co-regulatory transcription factors [374]. Besides its use in breast-cancer 
therapy or in biomedical research for ER-based inducible gene expression systems, 
Tamoxifen has more recently been studied in the context of various microbial 
infections and was found to possess direct antimicrobial effects against Cryptococcus 
and Leishmania [377, 378]. In addition, it was reported that Tamoxifen had a direct anti-
bacterial effect on Mtb, synergizing with first-line TB-antibiotics [379, 380]. In contrast 
to these reported direct anti-microbial effects, there is evidence that the inhibitory 
effect of Tamoxifen on intracellular Toxoplasma growth is mediated in a host-directed 
manner by inducing autophagic degradation of the parasite-containing vacuole [335]. 
However, the role of Tamoxifen-induced autophagy and possibly other Tamoxifen-
modulated host pathways in controlling Mtb or other bacterial infections remains 
incompletely defined. 

In this study we have used in vitro and in vivo TB models to investigate the anti-bacterial 
and host-directed effects of Tamoxifen, and to elucidate the potential host-directed 
mechanisms involved. Lung-resident macrophages, consisting mainly of alveolar 
macrophages, represent the predominant host cell in the initial stages of Mtb infection 
[381, 382]. The different functional responses of these cells can be represented by 
differentiating primary human macrophages in vitro into pro- and anti-inflammatory 
polarization states [383], which proved an effective approach to explore drug efficacy 
[243, 384, 385]. To investigate the in vivo therapeutic potential of Tamoxifen, we used 
the zebrafish TB model, which reiterates many features of human TB pathogenesis [57, 
386, 387]. Specifically, the infection of zebrafish embryos with Mycobacterium 
marinum (Mm), which shares major virulence factors with Mtb, results in the 
development of granulomatous aggregates of leukocytes, the hallmark pathology of 
TB. Moreover, we have previously demonstrated that autophagy is a critical host 
defence mechanism of zebrafish to Mm infection, which makes this model well suited 
to investigate the autophagy-modulating properties of Tamoxifen in relation to 
mycobacterial pathogenesis [300, 388-390].  

Using in vitro infected human macrophages, we demonstrate a clear HDT effect of 
Tamoxifen against both drug-susceptible and MDR-Mtb strains. Furthermore, we found 
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that Tamoxifen’s HDT effect against intracellular mycobacteria is independent of ER 
signalling, both in vitro and in vivo. Complementary transcriptome profiling of zebrafish 
larvae revealed significant effects of Tamoxifen on pathways related to autophagy and 
lysosomal processes, both in the absence and presence of infection. Colocalization 
analyses of Mtb and Mm with autophagosomal and lysosomal markers showed that the 
HDT effect of Tamoxifen could not be directly attributed to its autophagy-inducing 
properties, but appears linked to modulation of lysosomal function or increased 
delivery of mycobacteria to lysosomes. Indeed, the addition of Bafilomycin, a V-ATPase 
inhibitor that abrogates lysosomal activity, partly inhibited the effect of Tamoxifen on 
mycobacterial survival. In conclusion, our results suggest that Tamoxifen inhibits 
intracellular mycobacteria primarily by promoting the efficacy of the lysosomal 
pathway, which was cross-validated across different hosts and different 
mycobacterial pathogens. Our findings position this clinically approved drug as a 
strong candidate for repurposing as an HDT molecule against TB, especially MDR- and 
XDR-TB. 
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Materials and methods 
Chemicals and antibodies 
Tamoxifen citrate (Tamoxifen) and rifampicin were purchased from Sigma-Aldrich, 
Zwijndrecht, The Netherlands. Isoniazid was purchased from SelleckChem, Munich, 
Germany. Gentamicin sulfate was bought from Lonza BioWhittaker, Basel, Switzerland 
and Hygromycin B was acquired from Life Technologies-Invitrogen, Bleiswijk, The 
Netherlands. Fulvestrant, 17β-estradiol and Hoechst 33342 were bought from Sigma-
Aldrich. Rabbit polyclonal anti-TFEB (RRID:AB_11220225) was bought from Cell 
Signalling Technology, Leiden, The Netherlands.  Phalloidin-iFluor 405 was obtained 
from Abcam, Cambridge, United Kingdom. Goat anti-rabbit IgG (H+L) AlexaFluor647 
conjugate (RRID:AB_2536101) was purchased from ThermoFisher Scientific, Breda, 
The Netherlands. All compounds, except Gentamicin sulfate and Hygromycin B, were 
dissolved in 100% dimethyl sulfoxide (DMSO, Sigma-Aldrich) in stock concentrations 
of 10mM, aliquoted and kept at -80 °C. 

Primary macrophage culture 
Buffy coats were obtained from healthy donors after written informed consent 
(Sanquin Blood Bank, Amsterdam, The Netherlands). Peripheral blood mononuclear 
cells (PBMCs) were purified using density gradient centrifugation over Ficoll-Paque and 
monocytes isolated with subsequent CD14 MACS sorting (Miltenyi Biotec, Bergisch 
Gladsbach, Germany) as described previously [243, 384]. Monocytes were then 
differentiated into pro-inflammatory (Mφ1) or anti-inflammatory (Mφ2) macrophages 
with 5 ng/ml of granulocyte‑macrophage colony‑stimulating factor (GM‑CSF; Life 
Technologies-Invitrogen) or 50 ng/ml macrophage colony‑stimulating factor (M‑CSF; 
R&D Systems, Abingdon, UK), respectively, for 6 days with a cytokine boost at 3 days, 
as previously reported [245]. Cells were cultured at a density of 1x106 cells per ml in 
T75 flasks at 37°C/5% CO2 in Gibco Roswell Park Memorial Institute (RPMI) 1640 
medium or RPMI 1640 (Dutch modified) (Life Technologies-Invitrogen) supplemented 
with 10% FBS from Greiner Bio-One, Alphen a/d Rijn, The Netherlands and 2 mM L-
alanyl-L-glutamine (GlutaMAX) (PAA, Linz, Austria), 100 U/ml penicillin and 100 µg/ml 
streptomycin (both Life Technologies-Invitrogen) (complete RPMI). Macrophages were 
harvested using Trypsin-EDTA 0.05% (ThermoFisher Scientific) and scraping. 
Macrophage differentiation was evaluated by quantification of IL-10 and IL-12p40 
secretion using ELISA in the presence or absence of 24-hour stimulation with 100 ng/ml 
of lipopolysaccharide (LPS; InvivoGen, San Diego, United States). 

Zebrafish culture 
Zebrafish were maintained and handled in compliance with the local animal welfare 
regulations as overseen by the Animal Welfare Body of Leiden University (license 
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number: 10612). All practices involving zebrafish were performed in accordance with 
European laws, guidelines and policies for animal experimentation, housing, and care 
(European Directive 2010/63/EU on the protection of animals used for scientific 
purposes). The present study did not involve any procedures within the meaning of 
Article 3 of Directive 2010/63/EU and as such is not subject to authorization by an 
ethics committee. Zebrafish lines (Supplementary Table S1) were maintained 
according to standard protocols (www.zfin.org). Zebrafish eggs were obtained by 
natural spawning of single crosses to achieve synchronized developmental timing. 
Eggs from at least 5 couples were combined to achieve heterogeneous groups. Eggs 
and embryos were kept in egg water (60 µg/ml sea salt, Sera Marin, Heinsberg, 
Germany) at ~28.5 °C after harvesting and in embryo medium after infection and/or 
treatment (E2, buffered medium, composition: 15 mM NaCl, 0.5mM KCl, 1 mM 
MgSO¬4, 150 µM KH2PO4, 1 mM CaCl2 and 0.7 mM NaHCO3) at ~28.5 °C for the 
duration of experiments. 

Zebrafish genotyping 
Larvae obtained by incrossing heterozygous esr2b mutants (esr2b+/-) zebrafish were 
genotyped at the end point of infection experiments. Larvae were collected individually 
in 100 µl of 50 mM NaOH. Samples were heated to 95 °C for 10 min until the larvae 
dissolved, cooled to 4 °C and then 10 µl of 1 M Tris, pH 7.5, was added to neutralize the 
basic solution and centrifuged to pull down any tissue debris, essentially as described 
[391]. Supernatant was directly used for PCR amplification of the genetic region of 
interest followed by Sanger sequencing to identify the genotype (BaseClear, 
Netherlands). Sequences of the primers are provided in Supplementary Table S1. 

Bacterial cultures 
Mtb (H37Rv), DsRed-expressing H37Rv, mWasabi-or mCherry- expressing Mm M-strain 
[392, 393] were cultured in Difco Middlebrook 7H9 broth (Becton Dickinson, Breda, the 
Netherlands) supplemented with 10% ADC (Becton Dickinson), 0.05% Tween 80 
(Sigma-Aldrich) and 50 µg/ml Hygromycin B (Life Technologies-Invitrogen). Stm strain 
SL1344 was cultured in Difco lysogeny broth (LB) (Becton Dickinson). Mtb and Stm 
were cultured at 37°C while Mm was grown at ~28.5°C 

Bacterial infection of human cells 
Mtb and Mm suspensions were prepared from a running culture, which were one day 
prior to infection diluted to a density corresponding with early log-phase growth (optical 
density at 550 or 600 nm (OD550/600) of 0.25). Stm was grown overnight, subsequently 
diluted 1:33 in fresh LB and used after approximately 3 hours of incubation, when log-
phase growth was achieved (OD600 of 0.5). Bacteria were diluted in complete RPMI or 
complete IMDM without antibiotics for infection of primary cells and MelJuSo cells, 
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respectively, as described previously [243, 384]. We consistently used a multiplicity of 
infection (MOI) of 10 for all in vitro infection experiments. Primary cells and MelJuSo 
cells, seeded at a density of 30,000 and 10,000 cells per well, respectively, in 96-well 
flat-bottom plates 1 day prior to infection, were inoculated with 100 μl of the bacterial 
suspension. Cells were subsequently centrifuged for 3 min at 800 rpm and incubated 
at 37°C/5% CO2 for 20 min in case of Stm infections or 60 min in case of Mtb and Mm 
infections. Extracellular bacteria were then washed away with culture medium 
containing 30 μg/ml Gentamicin sulfate, incubated for 10 min at 37°C/5% CO2, 
followed by replacement with medium containing 5 μg/ml Gentamicin sulfate and, if 
indicated, chemical compounds until readout. MOI of the inoculum was verified by a 
standard colony-forming unit (CFU) assay. 

Bacterial infection of zebrafish embryos 
Fresh Mm inoculum was prepared for every infection experiment as described [394]. 
The final inoculum was resuspended in PBS containing 2% (w/v) polyvinylpyrrolidone 
(PVP40). The injection dose was determined by optical density measurement (OD600 of 
1 corresponds to ~100 CFU/nl). Infection experiments were carried out according to 
previously described procedures [394]. In brief, microinjections were performed using 
borosilicate glass microcapillary injection needles (Harvard Apparatus, 300038, 1mm 
O.D. x 0.78mm I.D.) prepared using a micropipette puller device (Sutter Instruments 
Flaming/Brown P-97). Needles were mounted on a micromanipulator (Sutter 
Instruments MM-33R) positioned under a stereo microscope. Prior to injection at 30 
hours post fertilization (hpf), embryos were anesthetized using 200 µg/ml buffered 3-
aminobenzoid acid (Tricaine, Sigma-Aldrich) in egg water. They were then positioned 
on a 1% agarose plate (in egg water) and injected into the blood island with an 1 nL 
inoculum containing ~200 CFU Mm. For assessment of bacterial burden, larvae were 
anesthetized using tricaine at 4 days post infection (dpi), positioned on a 1% agarose 
(in egg water) plate and imaged using a Leica M205 FA stereo fluorescence microscope 
equipped with a DFC345 FX monochrome camera. Bacterial burden was determined 
based on fluorescent pixel quantification [395]. 

Chemical compound treatments 
Cells were treated with chemical compound or 100% DMSO at equal v/v in medium 
containing 5 μg/ml gentamicin sulfate as described previously [243, 384]. Treatment of 
zebrafish embryos was performed by immersion. Stock concentrations were diluted to 
treatment doses in complete IMDM or embryo medium without antibiotics, for human 
cells and zebrafish embryos, respectively. As a solvent control treatment, 100% DMSO 
was diluted to the same concentration as the compound treatment. If different 
tamoxifen treatment doses were used in the same zebrafish embryo experiment, the 
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solvent control concentration corresponding to the highest tamoxifen treatment dose 
was used. Precise doses of compound treatments and solvent control concentrations 
as well as the durations of treatment are described in the figure legends for each 
individual experiment. 

Colony-forming unit (CFU) assay 
Cells were lysed in H2O containing 0.05% SDS (ThermoFisher Scientific). Lysates of 
Mtb-infected cells were 5-fold serially diluted in 7H9 broth, and 10 μl droplets were 
spotted onto square Middlebrook 7H10 agar plates. Plates were incubated at 37°C for 
12-14 days and bacterial colonies quantified using a microscope with a magnification 
of 2.5 times to enhance early detection of bacterial growth. Lysates of Stm-infected 
cells were serially diluted in 10-fold steps in LB broth, and 10 μl droplets were spotted 
onto square LB agar plates and incubated overnight at 37°C. 

Liquid bacterial growth assay 
Stm or Mtb and Mm culture in logarithmic growth phase was diluted to an OD550 or OD600 
of 0.05 in LB broth or 0.1 in complete 7H9 broth respectively, of which 200 μl per flat-
bottom 96-well was incubated with chemical compound, antibiotic or DMSO at equal 
v/v at indicated concentrations. Stm growth (OD550) was measured after overnight 
incubation at 37°C, while Mm growth was evaluated during 2 days of incubation at 
~28.5°C and Mtb growth for 10 days of incubation at 37°C. 

LDH release assay 
Primary cells, infected and treated as described above, were at experimental endpoint 
centrifuged for 3 min at 800 rpm. 80 µl of supernatant was transferred to a flat-bottom 
96-well plate and 100 µl of freshly prepared reaction mixture (250 µl of reconstituted 
catalyst plus 11.25 mL of dye solution, Cytotoxicity Detection Kit LDH, Roche) was 
added. After 30 minute incubation at RT while protected from light, absorbance at 
OD485 and OD690 was measured using the Envision plate reader (Perkin Elmer, 
Rotterdam, the Netherlands). Toxicity was calculated using the formula ((sample value 
– spontaneous release) / (maximum release value – spontaneous release), where 
spontaneous release indicates untreated cells and maximum release indicates cells 
lysed using 2% Triton X-100). 

Flow cytometry 
Infected cells were at experimental endpoint washed with 100 µl of PBS and detached 
by incubation in 50 µl of Trypsin-EDTA 0.05% for several minutes. Single cell 
suspensions were fixed by adding 100 µl of 1.5% paraformaldehyde with subsequent 
incubation for 60 min at 4°C. Acquisition was performed using a BD FACSCalibur 
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combined with a High Throughput Sampler (HTS) (BD BioSciences). Data were analyzed 
using FlowJo software v9. 

Immunostaining 
Cells were seeded on poly-d-lysine coated glass-bottom (no. 1.5) 96-well plates 
(MatTek, Ashland, Massachusetts, United States) that were pre-washed with PBS, at a 
density of 30,000 per well. After overnight incubation, cells were infected with DsRed-
expressing Mtb at a MOI of 10 as described above. At the indicated experimental 
endpoint, cells were washed three times with PBS and fixed for 60 min at RT using 1% 
methanol-free EM-grade formaldehyde (ThermoFisher Scientific) diluted in PBS. Cells 
were washed with PBS and remaining reactive formaldehyde was quenched using 100 
μl of Glycine solution (1.5 mg/ml in PBS) for 10 min at RT. Fluorescent dyes LysoTracker 
Deep Red (ThermoFisher Scientific) (75nM) and Cyto-ID 2.0 (Enzo LifeSciences) (1:500) 
were added to the cells 30 minutes prior to treatment endpoint and, after the washing 
and fixation procedure described above, counterstained with 50 ul of 2 μg/ml Hoechst 
33342 (Sigma-Aldrich) at RT in the dark. For staining using antibodies, cells were 
permeabilized in 0.1% Triton-X (Sigma-Aldrich) diluted in PBS for 10 min at RT and Fc-
receptors were subsequently blocked using 5% human serum (HS; Sanquin Blood 
bank, Amsterdam, The Netherlands) for 45 min at RT. After removal of the 5% HS, cells 
were stained with 50 ul of primary antibody diluted in 5% HS for 30 min at RT, washed 
three times with 5% HS and incubated with 50 ul of secondary antibody in 5% HS for 30 
min at RT in the dark. After washing three times with 5% HS, cells were counterstained 
with Hoechst 33342 and Phalloidin as described above. Images, at least 3 per well, 
were acquired using a Leica TCS SP8 X WLL confocal system and 63X oil immersion 
objective. Hybrid detectors were used with a time gate to switch off data collection 
during the pulse.  

Colocalization analysis of Mtb-infected cells was performed as follows. Image 
background was subtracted using the rolling ball (20-pixel radius) algorithm with Fiji 
software version 1.53c[312]. CellProfiler 3.0.0 [251] was used to first correct for non-
homogenous illumination if necessary, then for the segmentation of both the 
fluorescent bacteria and marker of interest using global thresholding with intensity-
based declumping [251]. For every experiment, segmentation was performed with both 
a range of thresholds and adaptive three-class Otsu thresholding independently to 
confirm segmentation results. Then per image the overlap of Mtb with marker of 
interest was calculated as percentage of object overlap. To avoid potentially 
confounding results, two donors were excluded from colocalization results (Figures 4A 
and 5B) due to extensive intensity background levels in treated samples. 
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GFP-Lc3 and LysoTracker imaging in zebrafish larvae 
For visualization of Lc3 dynamics, Tg(CMV:EGFP-map1lc3b) larvae were embedded in 
1.5% low melting point agarose (weight per volume, in egg water) and imaged using a 
Leica TCS SPE confocal microscope. Imaging was performed using a 63x oil immersion 
objective (HC PL APO CS2, NA 1.42) in a region of the tail fin to detect EGFP-map1lc3b 
– further referred as GFP-Lc3 – positive vesicles. For quantification of acidic vesicles in 
presence and absence of infection, larvae were immersed in embryo medium 
containing 5 μM LysoTracker Red DND-99 solution (ThermoFisher Scientific) for 1 hour. 
Before mounting and imaging, larvae were washed 3 times with embryo medium. To 
determine colocalization between Mm and GFP-Lc3 or LysoTracker, fixed (GFP-Lc3) or 
live anesthetized (LysoTracker) larvae were embedded in 1.5% low melting agarose (in 
egg water) and imaged in the caudal hematopoietic tissue, using a Leica TCS SP8 
confocal microscope with a 40x water immersion objective (HCX APO L U-V-I, NA 0.8). 
Images were obtained using Leica Las X software. For the quantification of GFP-Lc3 
levels the find maxima algorithm with a noise tolerance of 50 was used in Fiji software 
version 1.53c. To determine association of GFP-Lc3 or LysoTracker with bacteria, 
manual counting was performed on the obtained confocal images using Leica Las X 
software.  

Tail amputation of zebrafish larvae 
Embryos of an Tg(mpeg1:mcherryF)/Tg(mpx;gfp) double transgenic line were 
anesthetized using tricaine at 3 days post fertilization (dpf), positioned on a 1% agarose 
(in egg water) plate and the tails were partially amputated with a 1 mm sapphire blade 
(World Precision Instruments) under a Leica M165C stereomicroscope [396]. After 
amputation larvae were incubated in embryo medium for 4 hours and fixed using 4% 
paraformaldehyde. After fixation, larvae were positioned on a 1% agarose (in egg water) 
plate and imaged using a Leica M205 FA stereofluorescence microscope equipped 
with a DFC345 FX monochrome camera. Macrophages were detected based on the 
fluorescence of their mCherry label and neutrophils were detected based on their GFP 
label. The number of leukocytes recruited to the wounded area were counted as 
described previously [396].  

RNA isolation, cDNA synthesis and qPCR 
Zebrafish larvae (10 per sample) were collected at the experimental endpoint in QIAzol 
lysis reagent (Qiagen, Hilden, Germany). RNA was isolated using miRNeasy mini kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions and the iScript 
cDNA Synthesis Kit (BioRad, Hercules, US) was used for reverse-transcription of the 
extracted total RNA. Quantitative RT-PCR (qPCR) was performed on a BioRad CFX96 
machine following a two-step protocol with 40 cycles with a 95 °C melting temperature 
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for 15s and 60 °C annealing and amplification for 30s. All reactions on the 3 biological 
replicates (3 samples/treatment group) were performed with 3 technical replicates (3 
wells/sample). Analysis of qPCR results was performed using the ΔΔCt method and 
data were normalized to the expression of the housekeeping gene tbp (TATA box 
binding protein). Two ER-target genes were analyzed: cyp19a1b (cytochrome P450, 
family 19, subfamily A, polypeptide 1a) and vtg1 (vitellogenin 1). Sequences of the 
primers are provided in Supplementary Table S1. 

RNA sequencing and data analysis 
Tamoxifen treatment of zebrafish larvae was performed from 1 hour post infection (hpi) 
until 2 dpi (3 dpf). Next, larvae were collected (10 per sample) for RNA isolation as 
described above. RNA integrity was assessed by Bioanalyzer (Agilent, Santa Clara, US) 
and all samples were found to have a RIN ≥ 9.5. Of the total RNA, 3µg was used to create 
RNAseq libraries using the Illumina TruSeq strand-specific mRNA polyA preparation kit 
(Illumina, San Diego, US). The resulting RNAseq library was sequenced for at least 10 
million reads per sample using an Illumina HiSeq2500 with a read length of 1 × 50 
nucleotides (Baseclear, Leiden, The Netherlands). Four biological replicates for each 
treatment and infection regime were sequenced and mapped and quantified against 
the D. rerio GRCzv11 using Salmon v0.14.1 [397]. Downstream analysis of the 
quantified libraries was performed in RStudio 1.2.5001 [398] running R 3.6.1 [399]. 
Libraries were imported using tximport v.1.12.3 [400]. Differential gene expression was 
assessed via pairwise comparisons using DESeq2 v1.24.0 [401] following a linear 
model taking into account possible gene expression differences from the embryo 
parents, drug treatments, infections, and its interaction (design: ~genotype + 
treatment + infection + treatment:infection). Statistical significance was defined by s-
value ≤ 0.005 using apeglm [402]. S-values are aggregate statistics that have been 
recently proposed as an alternative to adjusted p-value and false discovery rate (FDR), 
calculating the probability of getting the sign of an effect wrong in biological contexts 
[403].  

Venn Diagram and enrichment analysis, including pathway and GO analysis as well as 
Gene Set Enrichment Analysis with the C2 "Curated Gene Sets" and C5 “GO Gene Sets” 
collections from the Molecular Signatures Database (MSigDB) were performed as 
previously described [390]. Raw data are deposited into the Gene Expression Omnibus 
under accession number GSE178919. The data and code to recapitulate all figures and 
findings in this manuscript are available at 
https://github.com/gabrifc/analysis_tamox_transcriptome. 
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Data analysis and statistics 
The unpaired T test or One-way ANOVA with Dunnett's or Hold-Sidak’s multiple 
comparison test was applied when assessing differences between 2 or more groups, 
respectively, of unpaired data representing technical replicates. Mann-Whitney U test 
was applied for testing differences between unpaired data representing biological 
replicates. When assessing differences between 2 or more groups with paired 
observations of biological replicates, the Wilcoxon matched-pairs signed rank test was 
used, except for data that was normally distributed according to the Shapiro-Wilk test, 
which was assessed using a (ratio) paired T test. Two-way ANOVA with Dunnett's or 
Tukey’s multiple comparison test was used when the effect of two independent 
variables was tested simultaneously to either a control mean or every other mean of 
data representing technical replicates, respectively. Data were normalized to the mean 
of the control group and independent repeats were combined , unless otherwise 
indicated. The number of experiments combined is indicated in the figure legend for 
each experiment. With exception of the transcriptome profiling analysis, all analyses 
were performed using GraphPad Prism 8 and the statistical test performed for each 
experiment is described in the figure legend. Dot plot graphs of zebrafish experiments 
were made using the raincloud plots application at 
https://gabrifc.shinyapps.io/raincloudplots/ [404]. All data shown has been subjected 
to statistical testing, comparisons that are not significantly different lack any 
indication. 
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Results 
In vitro identification of Tamoxifen as a novel repurposed host-directed 
therapeutic  
For de novo discovery of drugs with potential activity against intracellular Mtb we 
previously screened the Screen-Well Autophagy Library of clinically approved 
molecules by treating infected cells for 24 hours, which identified Tamoxifen as a 
promising candidate [376]. We purposely applied short treatment duration to identify 
the most potent drugs only. To validate this initial screening result we tested Tamoxifen 
in our previously described primary human macrophage model system: we compared 
Tamoxifen’s effects on intracellular infection in two polarized macrophage subsets, 
pro-inflammatory (Mφ1) and anti-inflammatory (Mφ2) macrophages [243, 245, 315]. 
Classical colony forming unit assays (CFU) were used to measure the effect of 24-hour 
treatment on Mtb-infection (Figure 1A and Supplementary Table 1). Tamoxifen 
treatment showed a significant decrease of Mtb outgrowth in both Mφ1 and Mφ2 
(median reduction of detectable bacteria of 29% and 44%, respectively). To test 
whether Tamoxifen could also target another intracellular pathogen, we infected Mφ1 
and Mφ2 with Salmonella enterica serovar Typhimurium (Stm) (Figure 1B and 
Supplementary Table 1). Tamoxifen showed high efficacy against intracellular Stm 
outgrowth (in several donors we observed up to 99% reduction of detectable bacteria). 

To confirm that Tamoxifen acts in a host-directed and not direct antibacterial manner, 
we treated both Mtb and Stm in liquid broth with Tamoxifen at the same concentration 
(10 µM). Mtb growth was only affected by the presence of 10 µM of Tamoxifen after the 
culture was in stationary phase, whereas the positive control anti-Mtb antibiotic 
rifampicin inhibited Mtb growth as expected (Figure 1C). Higher doses of Tamoxifen did 
impact Mtb growth as reported previously [377-380]. 10 µM of Tamoxifen did not affect 
Stm growth, while the control anti-Stm antibiotic gentamicin completely prevented 
bacterial proliferation (Figure 1D). 

Host-directed drugs are expected to work irrespective of the exact mycobacterial sub-
strain targeted, including drug-susceptible and multi-drug resistant (MDR) Mtb strains. 
Since Tamoxifen demonstrated similar efficacy in both Mφ1 and Mφ2 (no significant 
difference was found when comparing the response in Mφ1 versus Mφ2 to Tamoxifen 
using a paired t-test) we decided to focus further on Mφ2 cells. Tamoxifen treatment of 
Mφ2 infected with two MDR-Mtb strains, Mtb Dutch outbreak strain 2003-1128 and Mtb 
Beijing strain 16319, significantly inhibited bacterial outgrowth in both cases (Figure 
1E).  
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Additionally, since HDT molecules and classical antibiotics by definition target 
different molecules, positive interactivity might be anticipated during combined 
treatment. Indeed, Tamoxifen combined with a suboptimal dose of rifampicin (0.05 
µg/ml) inhibited bacterial outgrowth more effectively than either molecule individually 
(Figure 1F). However, this effect was not observed when Tamoxifen was combined with 
a suboptimal dose of Isoniazid (0.4 µg/ml) (Figure 1G), suggesting that the effect of 
interactivity depends on the particular combination of Tamoxifen with antibiotics. 
Lastly, Tamoxifen treatment showed no toxicity towards Mφ1 and Mφ2 (Figure 1H) 
(although a significant difference was found in Mφ1 cells, this difference was deemed 
biologically irrelevant since the average reduction was 3.8%). 

Taken together, we report strong HDT activity of Tamoxifen against both intracellular 
Mtb and Stm, in primary human macrophages regardless of their M1 or M2 polarization 
state. Furthermore, we demonstrate that Tamoxifen shows efficacy against both drug 
sensitive (DS)-Mtb and MDR-bacteria (Mtb), and that it might be used as a safe 
adjunctive to classical antibiotics like Rifampicin. 

In vivo validation of Tamoxifen as HDT 
To investigate the efficacy of Tamoxifen in vivo, we employed the well characterized 
zebrafish TB model, in which embryos are infected with their natural pathogen 
Mycobacterium marinum. We first validated Tamoxifen’s efficacy on Mm employing the 
same flow-cytometry-based assay as used in the initial screen of HDT candidates for 
Mtb. As anticipated, Tamoxifen reduced Mm burden in human cells (Supplementary 
Figure 1). Next, we infected zebrafish embryos with mWasabi-labelled Mm and treated 
the infected embryos for 4 days with an increasing dose (2.5, 5 and 10 µM) of Tamoxifen 
or with vehicle (DMSO) control. Treatment with the highest dose (10 µM) resulted in 
developmental toxicity (e.g. oedema and lethality) in one third of the larvae, while no 
toxicity was observed at the lower doses. Bacterial burden was assessed by quantifying 
the bacterial fluorescence signal of infected larvae at 4 days post infection (dpi). All 
doses of Tamoxifen treatment reduced bacterial burden significantly compared to the 
control treatment in a dose-dependent manner (Figure 2A,B).  
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Figure 1. In vitro identification of Tamoxifen as a novel repurposed host-directed 
therapeutic 

A-B. CFU assay of Mφ1 (left) and Mφ2 (right) infected with H37Rv-Mtb (A) or Stm (B) and treated 
with 10 µM of Tamoxifen or control (DMSO at equal v/v) for 24 hours. Each dot represents a single 
donor (8 and 9 donors for Mφ1 and Mφ2 respectively in A and 6 donors in B) and depicts the mean 
of 3 or 4 replicates. Dotted lines indicate control set at 100% and median + 95% confidence 
intervals are shown for every condition. Statistical significance was tested using Wilcoxon 
matched-pairs signed rank test. C-D. H37Rv-Mtb growth (C) or Stm growth (D) in liquid culture 
during treatment with 10, 20, 40 or 80 μM of Tamoxifen or control (DMSO at equal v/v (10 μM is 
shown)) up to assay endpoint, day 14 (C) or overnight (D). Rifampicin (20 μg/ml) (C) or Gentamicin 
(50 μg/ml) (D) was used as a positive control for growth inhibition. Each line depicts the mean ± 
standard deviation of 3 replicates. Experiment shown is a representative of 2 (C) or 3 (D)  
independent experiments. Statistical significance of treatment versus control treatment was 
tested using a two-way ANOVA with Dunnett’s multiple comparisons test. E. CFU assay of Mφ2 
infected with MDR-Mtb strain Dutch outbreak 2003-1128 (left panel) or Mtb Beijing strain 16319 
(right panel) and treated with 10 µM of Tamoxifen or control (DMSO at equal v/v) for 24 hours. 
Each dot represents a single donor (6 donors in total) and depicts the mean of 3 replicates. 
Dotted lines indicate control treatment set at 100% and median + 95% confidence intervals are 
shown for every condition. Statistical significance was tested using Wilcoxon matched-pairs 

signed rank test. F-G. CFU assay of Mφ2 infected with H37Rv-Mtb and treated for 24 hours with 
10 μM of Tamoxifen or control (DMSO at equal v/v) in combination with suboptimal doses of the 
antibiotics Rifampicin (F, 0.05µg/ml) or Isoniazid (G, 0.4 µg/ml). Each bar depicts the mean ± 
standard deviation of 3 replicates from a representative donor (out of 4 donors tested in F and 3 
donors in G), expressed as a percentage of the control treatment in the absence of antibiotic. 
Bars with solid colors represent Tamoxifen or control treatment only, bars with pattern represent 
the combination with antibiotic. Statistical significance was tested using a two-way ANOVA with 
Tukey’s multiple comparisons test comparing Tamoxifen treatment (in the absence or presence 
of antibiotic) to the corresponding control treatment. H. LDH release assay of Mφ1 (left) and Mφ2 
(right) infected with H37Rv-Mtb and treated with 10 µM of Tamoxifen or control (DMSO at equal 
v/v) for 24 hours. Each dot represents a single donor (5 and 6 donors for Mφ1 and Mφ2 
respectively) and depicts the mean of 3 replicates. Dotted lines indicate control set at 100% and 
median + 95% confidence intervals are shown for every condition. Statistical significance was 
tested using a ratio paired T test. (* = p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.0001). 
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Next, we investigated the infection dynamics during treatment. We infected and 
treated embryos with Tamoxifen (5 and 10 µM) and imaged them daily for 4 days to 
monitor the establishing infection. Tamoxifen treatment reduced bacterial burden 
compared to the control treatment from 2 dpi onward, although it was not able to 
complete block the progression of infection (Figure 2C). While drug-induced mortality 
was observed in the 10 µM group at experimental end point (4 dpi), Tamoxifen 
treatment with 5 µM resulted in an approximately 2-fold lower infection burden 
compared to the control treatment (DMSO) at 4 dpi (Figure 2C). Nonetheless, we 
observed that the infection burden increased between 2 and 4 dpi irrespective of 
treatment, indicating that Tamoxifen limits but does not fully inhibit bacterial growth.  

Although we had found Tamoxifen to work as HDT on Mtb-infected cells in vitro, we 
sought to exclude that its effect in the zebrafish TB model was due to a direct 
antibacterial reduction of Mm growth as opposed to a host-directed effect. Therefore, 
we added Tamoxifen at doses of 5, 10, 20, 40 and 80 µM to a liquid culture of Mm and 
assessed bacterial replication by measuring optical density (OD600) at 5 time points 
starting from 6 hours until experimental endpoint (4 days). 5 µM of Tamoxifen only 
impacted Mm significantly after 4 days of culture, while higher doses affected Mm 
growth after 3 days or earlier (Figure 2D). This supports that the observed reduction of 
bacterial burden in zebrafish larvae after 3 days of 5 µM and 2 days of 10 µM Tamoxifen 
must be primarily due to a host-directed and not a direct anti-bacterial effect of 
Tamoxifen. For further experiments in our in vivo TB model, we used Tamoxifen at 5 µM 
as this dose consistently lowered bacterial burden in zebrafish larvae in a host-directed 
manner, without causing developmental toxicity. 

Tamoxifen alters leukocyte-specific gene expression without affecting 
macrophage or neutrophil migration in vivo 
We decided to use the zebrafish TB model to investigate the host transcriptomic 
response to Tamoxifen treatment at a systemic level to obtain mechanistic insight into 
the observed inhibition of mycobacterial infection. Using RNA sequencing analysis, we 
compared the effects of Tamoxifen or DMSO control treatments on the transcriptomes 
of infected larvae at 2 dpi (3 dpf) and non-infected control larvae. Following quality 
control analysis and data processing (Supplementary Figure 2A-G), we analyzed the 
differential expression of transcripts in infected compared to non-infected larvae, in 
the absence of Tamoxifen. We found 204 genes to be differentially expressed during 
mycobacterial infection at 2 dpi (Supplementary Data File 1), including upregulation 
of the matrix metalloproteinase genes mmp13a and mmp9 (Supplementary Figure 
3A), which is consistent with earlier transcriptomic data of Mm-infected zebrafish at 
the same time point after infection [405]. Tamoxifen treatment of non-infected larvae 
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caused differential expression of 141 genes, including genes involved in ER signalling 
and autophagy and other cellular stress pathways, consistent with known effects of 
Tamoxifen exposure [335, 374, 375, 406-408] (Supplementary Data File 1) 

Next, we analyzed the genes that showed interaction between Tamoxifen treatment 
and infection – that is genes whose expression during infection was altered by 
Tamoxifen treatment – and found 28 significant up- or down-regulated genes 
(Supplementary Table S2). These differential transcriptomic responses could be due 
to the lower bacterial burden in Tamoxifen-treated larvae during infection compared to 
the control group. For example, the lower upregulation of mmp9 and mmp13a during 
Tamoxifen treatment is in line with a reduced inflammatory response in larvae with 
lower infection burden (Supplementary Figure 3A). However, we also found 
alterations in leukocyte-specific marker genes that were dependent on Tamoxifen 
treatment, such as marco and mfap4, suggesting that the number of leukocytes or their 
behavior during infection could be altered due to Tamoxifen treatment 
(Supplementary Figure 3B). Furthermore, we found 14 genes that were differentially 
regulated (s-value ≤ 0.005) by both Tamoxifen treatment and infection compared to 
their respective control larvae (Supplementary Figure 3C and Supplementary Table 
S3). Interestingly, several of these 14 genes were related to immune processes (cp, 
ccl34a) (Supplementary Figure 3D) or highly expressed in leukocytes (mpx, grna, 
mfap4) (Supplementary Figure 3E). This indicated that Tamoxifen treatment could 
modulate the cellular immune response even in the absence of infection. Together, 
these data correlate the decrease in bacterial burden in Tamoxifen-treated larvae with 
modulation of inflammatory responses and leukocyte development or behavior. 

The development of Mm infection in zebrafish larvae depends strongly on migratory 
responses of macrophages and neutrophils, which aggregate to form the initial stages 
of TB granulomas [100, 409, 410]. In addition to transcriptional effects on leukocyte 
markers detected in our study, Tamoxifen has been reported to both inhibit and 
stimulate neutrophil migration [411-413]. Therefore, we asked if leukocyte migration 
was altered upon Tamoxifen treatment in our model. To this end we used an 
established injury-based migration assay, the tail amputation assay [414] in a double 
transgenic neutrophil and macrophage marker line and assessed the number of 
neutrophils and macrophages that migrated to the wound-induced site of 
inflammation. We did not find a significant difference between control or Tamoxifen 
treated groups in both neutrophil and macrophage numbers that migrated towards the 
injury (Supplementary Figure 3F-H). In conclusion, despite transcriptional changes in 
leukocyte-specific genes caused by Tamoxifen treatment, we did not detect altered 
leukocyte behavior in response to an inflammatory stimulus. Therefore, we decided to 
focus next on analysing the broad systemic effects of Tamoxifen treatment detected in  
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the RNA sequencing analysis, specifically in relation to ER-signalling and autophagy, 
processes both known to be modulated by Tamoxifen. 

The host-directed effect of Tamoxifen is independent of ER signalling 
The ER is the most well-characterized target of Tamoxifen. Tamoxifen is known to have 
a dual role, and can act both as an agonist and as an antagonist of ER signalling [374]. 
We therefore investigated whether modulating ER signalling by selective ER-agonistic 
and antagonistic compounds would affect bacterial burden, and in which direction. 
Having shown that Tamoxifen reduced bacterial burden in MelJuSo cells, primary Mφ1 
and Mφ2 cells and in vivo, we decided to focus our mechanistic studies in one of the 
primary macrophage cell types, while using the in vivo model for complementary 
analyses. . For this purpose, we selected Mφ2 cells, because these are easier to infect 
than Mφ1and better resemble the alveolar macrophages that are the target of Mtb 
during clinical infection [311, 315]. Human Mφ2 cells were infected with Mtb and 
treated with the ER agonists 17α-estradiol or 17β-estradiol, and bacterial outgrowth 

Figure 2. In vivo validation of Tamoxifen as HDT 

A. Bacterial burden assay of mWasabi-expressing Mm-infected zebrafish larvae treated with 
increasing doses of Tamoxifen (2.5, 5 and 10 µM) or control (DMSO at 0.1% v/v). Treatment was 
started at 1 hpi and larvae anesthetized at 4dpi for imaging. Representative stereo fluorescent 
images of whole larvae infected with mWasabi-expressing Mm. Magenta shows Mm. Scale bar 
annotates 1 mm. B. Quantification of bacterial burden shown in A. Bacterial burden was 
normalized to mean of the control, set at 100% and indicated with the dotted line. Data of 4 
experimental repeats were combined (n = 132-139 per group). Each dot represents a single larva. 
Boxplots with 95% confidence intervals are shown and the black line in the boxplots indicates 
the group median, while the black line in the dot plot indicates the group mean. Statistical 
analysis was performed using a Kruskal-Wallis with Dunn’s multiple comparisons test. C. 
Bacterial burden assay of mWasabi-expressing Mm-infected zebrafish larvae treated with 5 and 
10 µM of Tamoxifen or control (DMSO at 0.1% v/v). Treatment was started at 1 hpi and larvae 
were anesthetized at 1, 2, 3 and 4 dpi for imaging. Bacterial burden was normalized to the control 
(DMSO at 1dpi) and data of 2 experimental repeats were combined (n = 65-70 per group). All 
larvae in the 10 µM group died between 3-4 dpi. Boxplots with 95% confidence intervals are 
shown and the black line in the boxplots indicates the group median, while the dotted line 
indicates the group mean. Statistical analysis was performed between treatment groups per 
timepoint using a Kruskal-Wallis with Dunn’s multiple comparisons test. D. Mm growth in liquid 
culture during treatment with 5 or 10 μM of Tamoxifen or control (DMSO at equal v/v) up to assay 
endpoint, day 2. Lines depict mean ± standard deviation of 2 experiments. Statistical 
significance of treatment versus control treatment was tested using a two-way ANOVA with 
Dunnett’s multiple comparisons test. (* = p<0.05, ** = p<0.01, *** = p<0.001 and **** = 
p<0.0001). 
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was measured by CFU. While Tamoxifen reduced Mtb growth by approximately 50% 
compared to control DMSO, neither ER agonist consistently affected Mtb growth, 
regardless of the concentration used (Figure 3A). Since Tamoxifen effects may depend 
on sex differences [415], and macrophage ER receptor levels differ between sexes 
[416], we investigated whether human donor sex influenced Tamoxifen HDT activity in 
primary macrophages from male vs. female donors. No significant differences in 
Tamoxifen’s efficacy against intracellular bacteria were observed between male and 
female primary macrophages (Figure 3B). 

Next, we studied if ER signalling is responsible for the effect of Tamoxifen on Mm 
infection in vivo. First, we used our zebrafish transcriptome data to identify classes of 
differentially expressed genes associated with Tamoxifen treatment by performing 
Gene Set Enrichment Analysis (GSEA) [417]. Tamoxifen-treated larvae showed 
downregulation of genes normally upregulated by 17β-estradiol, while genes that are 
normally downregulated by this ER agonist were upregulated after Tamoxifen 
treatment (Figure 3C). Considering this large effect of Tamoxifen on ER target genes, 
we investigated whether activating or blocking ER signalling in vivo would result in a 
similar reduction of bacterial burden as Tamoxifen treatment. We first used 17β-
estradiol to activate ER signalling during Mm infection. To verify the effect of this 
agonist, we analyzed the expression level of two ER target genes, vtg1 and cyp19a1b, 
by qPCR. After 17β-estradiol treatment (0.1, 1 and 5 µM), both infected and non-
infected larvae showed markedly increased expression levels of cyp19a1b (reaching 
approx. 10-fold at the highest 17β-estradiol dose) and vtg1 (approx. 100-fold at the 1 
µM dose), while upregulation of these genes was not detected following treatment with 
Tamoxifen compared to the control treatment (Figure 3D). Despite activation of ER 
signalling, no reduction in bacterial burden could be observed following 17β-estradiol 
treatment, while treatment with Tamoxifen reduced bacterial burden significantly 
compared to the control (Figure 3E). These results led us to consider the possibility 
that the effect on bacterial burden after Tamoxifen treatment might be due to the ER 
antagonistic role of Tamoxifen. Therefore, we investigated whether we could reproduce 
the effect of Tamoxifen using the ER antagonist Fulvestrant. However, we did not detect 
an effect on bacterial burden using two different doses of Fulvestrant (Figure 3F). In 
contrast, we even observed a trend towards an increase of bacterial burden with the 
higher dose of Fulvestrant (10 µM). These data indicate that even though Tamoxifen 
treatment alters the host transcriptome related to ER signalling, activating or blocking 
ER signalling does not enhance the host-response to mycobacterial infection, 
suggesting Tamoxifen controls bacterial burden via alternative mechanisms than ER 
signalling.  
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To provide further evidence that Tamoxifen indeed functions independently of ER 
signalling, we followed a genetic approach. Two ER subtypes, ER and ER, are 
conserved in vertebrate evolution. In zebrafish, esr1 encodes for the ER subtype, 
while due to a gene duplication event, two ER-genes; esr2a and esr2b, encode for ER 
[418, 419]. For our study, we took advantage of an available esr2b loss-of-function 
mutant, which previously has been shown to be impaired in its response to viral 
infection [420]. We observed reduced Mm bacterial burdens in all Tamoxifen treated 
groups compared to the DMSO control treated groups independently of the esr2b+/+, 
esr2b+/- or esr2b-/- genotype (Figure 3G). Together, the pharmacological and genetic 
data show that neither activating nor blocking ER signalling in zebrafish leads to 
reduction of bacterial burden, and that Esr2b is not required for the effect of Tamoxifen 
on bacterial burden. 

Collectively, these data suggest that Tamoxifen’s HDT-effect against intracellular 
bacteria is likely independent from ER signalling. In line with this result, ER agonists do 
not consistently affect intracellular Mtb growth, the activity of the ER pathway in 
zebrafish is not required for Tamoxifen’s HDT-effect and its efficacy in primary 
macrophages is not affected by the sex of the donor. 

Tamoxifen treatment modulates autophagy in infected human 
macrophages and zebrafish  
Because Tamoxifen induces and modulates autophagy, and because autophagy 
contributes to host defence against TB, we next investigated the role of Tamoxifen-
induced autophagy in inhibiting bacterial outgrowth [335, 408, 421]. We first employed 
CYTO-ID, a tracer for autophagy related vesicles offering the advantage of staining all 
intracellular autophagy-related vesicles independent of proteins such as LC3. Mφ2 
were infected with Mtb, subsequently treated for 4 hours with Tamoxifen, stained with 
the CYTO-ID tracer and visualized using confocal microscopy (Figure 4A). Although 
differences did not reach the statistical significance threshold due to well-known 
variation between human donors, a clearly increasing trend in both area of Cyto-ID 
vesicles and the colocalization of Mtb with these vesicles was observed in response to 
Tamoxifen (Figure 4B). 

We further explored the role of autophagy using a fluorescent zebrafish reporter line for 
Lc3 [422]. Zebrafish larvae (3dpf) were treated with Tamoxifen for 24 hours and theGFP-
Lc3 response was visualized in the thin tissue of the larval tail fin, which is well suited 
for using confocal microscopy (Figure 4C) [388]. We observed a significant increase in 
GFP-Lc3 positive structures in the Tamoxifen treated group compared to control 
treatment (Figure 4D), consistent with an autophagy modulating effect of Tamoxifen.  



 

220 

Figure 3. The host-directed effect of Tamoxifen is independent of ER-signalling 

A. CFU assay of Mφ2 infected with H37Rv-Mtb and treated with Tamoxifen (10 µM), 17β-Estradiol 
(1 or 5 µM), 17α-Estradiol (1 or 5 µM) or control (DMSO at equal v/v) for 24 hours. Each dot 
represents a single donor (4 to 5 donors were tested) and depicts the mean of 3 replicates 
normalized to control. Dotted line indicates control set at 100% and median + 95% confidence 
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In contrast, neither the ER agonist 17-estradiol nor the ER antagonist Fulvestrant 

intervals are shown for every condition. Statistical significance was tested using Wilcoxon 
matched-pairs signed rank test with post-hoc Benjamini-Hochberg correction. B. CFU assay of 
Mφ2 infected with H37Rv-Mtb and treated with 10 µM of Tamoxifen for 24 hours, separated for 
donor sex. The graph includes data points from Figure 1A and Figure 3A. Each dot represents a 
single donor (9 in male group, 7 in female group) and depicts the mean of 3 replicates normalized 
to control. Dotted line indicates control set at 100% and median + 95% confidence intervals are 
shown for every condition. Statistical significance was tested using a Mann-Whitney U test. C. 
GSEA enrichment plots of downregulated (left panel) and upregulated (right panel) estradiol-
responding genes in zebrafish larvae treated with 5 µM of Tamoxifen for 2 days (3 dpf). All 
estradiol-responding genes in the Tamoxifen-treated larval transcriptome were ranked 
according to their statistical significance and direction of regulation, from left (most significant, 
upregulated in yellow) to right (most significant, downregulated in blue). Each column depicts 
the position of an individual gene belonging to the gene set of estradiol-responding genes in the 
ranked list. D. Non-infected and mWasabi-expressing Mm-infected zebrafish larvae were 
treated with 5 µM of Tamoxifen, increasing doses of ER agonist 17-estradiol (0.1, 1 and 5 µM) or 
control (DMSO at 0.05% v/v) starting 1 hpi. Transcript levels of two β-estradiol-responsive genes, 
vtg1 (left graph) and cyp19a1b (right graph) were determined by qPCR analysis at 4 dpi. Data were 
normalized to the expression of the housekeeping gene TATA box binding protein (tbp) and data 
of 3 biological replicates were combined (n = 10 larvae per replicate). Each bar depicts the 
average fold change (FC) of transcript levels relative to non-infected or infected control treated 
zebrafish larvae and the error bar indicates SEM. Statistical analysis was performed using a 
Kruskal-Wallis with Dunn’s multiple comparisons test. Effect of treatment compared to control 
was analyzed within the non-infected and infected group separately. E. Bacterial burden assay 
of mWasabi-expressing Mm-infected zebrafish larvae treated as in D. Treatment was started at 
1 hpi and larvae anesthetized at 4 dpi for imaging. Bacterial burden was normalized to the control 
and data of 3 experimental repeats were combined (n = 93-95 per group). Each dot represents a 
single larva. Boxplots with 95% confidence intervals are shown and the black line in the boxplots 
indicates the group median, while the black line in the dot plot indicates the group mean. Dotted 
line indicates control mean set at 100%. Statistical analysis was performed using a Kruskal-
Wallis with Dunn’s multiple comparisons test. F. Bacterial burden assay of mWasabi-expressing 
Mm-infected zebrafish larvae treated with of 5 µM of Tamoxifen, increasing doses of ER 
antagonist Fulvestrant (5 and 10 µM) or control (DMSO at 0.05% v/v). Treatment was started at 1 
hpi and larvae were anesthetized at 4 dpi for imaging. Bacterial burden was normalized to control 
and data of 2 experimental repeats were combined (n = 53-63 per group). Each dot represents a 
single larva. Boxplots with 95% confidence intervals are shown and the black line in the boxplots 
indicates the group median, while the black line in the dot plot indicates the group mean. Dotted 
line indicates control mean set at 100%. Statistical analysis was performed using a Kruskal-
Wallis with Dunn’s multiple comparisons test. G Bacterial burden assay of mWasabi-expressing 
Mm-infected esr2b+/+, esr2b+/- and esr2b-/- zebrafish larvae treated with 5 µM of Tamoxifen or 
control (DMSO at equal v/v). Treatment was started at 1 hpi and larvae anesthetized at 4 dpi for 
imaging. Bacterial burden was normalized to the control and data of 2 experimental repeats were 
combined (n = 25-55 per group). Each dot represents a single larva. Boxplots with 95% 
confidence intervals are shown and the black line in the boxplots indicates the group median, 
while the black line in the dot plot indicates the group mean. Dotted line indicates mean of 
control treated esr2b+/+ zebrafish larvae set at 100%. Statistical significance of the difference 
between the control and Tamoxifen-treated groups was determined using a two-way ANOVA. (* 
= p<0.05, ** = p<0.01 and *** = p<0.001).  
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showed an increase in GFP-Lc3 positive structures (Supplementary Figure 4A and 4B). 
Therefore, we conclude that Tamoxifen modulates autophagy in the zebrafish model by 
an ER-independent mechanism. Next, to study whether Tamoxifen increased co-
localization between GFP-Lc3 structures and Mm, we infected 1 dpf embryos of the 
GFP-Lc3 reporter line and imaged them at 2 dpi in their caudal hematopoietic tissue 
(CHT), a preferred location for aggregation of infected macrophages, the initial step in 
tuberculous granuloma formation [100]. We observed Mm clusters distributed from the 
injection site to the end of the tail and various GFP-Lc3 positive structures colocalized 
with these clusters (Figure 4E-4G). However, we found no significant differences in the 
percentage of Mm clusters positive for GFP-Lc3 structures between control and 
Tamoxifen treatment (Figure 4H).  

In summary, Tamoxifen treatment increased the abundance of autophagy vesicles 
both in vitro and in vivo, but the effects on colocalization of these vesicles with 
mycobacteria were modest or undetectable. This suggests that the autophagy 
induction by Tamoxifen might play a secondary or temporary role in decreasing 
mycobacterial infection. 

Tamoxifen treatment alters lysosomal function and increases 
mycobacterial lysosomal localization in vitro and in vivo 
Since mycobacteria can be targeted to lysosomes both dependent and independent of 
autophagy, we investigated whether vesicle maturation was affected by Tamoxifen. 
Therefore, a tracer for lysosomes, LysoTracker, was used to quantify acidic vesicles. 
Mφ2 were infected with Mtb, subsequently treated for 4 hours with Tamoxifen, stained 
with LysoTracker, and visualized using confocal microscopy (Figure 5A). Tamoxifen 
consistently and significantly increased both LysoTracker area and the colocalization 
of Mtb with LysoTracker (Figure 5B), suggesting that Tamoxifen’s effect on the 
lysosomal response is relevant for Mtb infection. To confirm that Tamoxifen increased 
lysosomal activity, nuclear accumulation of transcription factor EB (TFEB), a master 
regulator of the coordinated lysosomal expression and regulation (CLEAR) gene 
network, as well as autophagy [319, 423], was visualized using confocal microscopy 
after 4 hours of treatment (Figure 5C). Tamoxifen significantly increased nuclear 
accumulation of TFEB (Figure 5D). 
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To investigate whether Tamoxifen’s induction of the lysosomal response is (partly) 
responsible for decreased bacterial survival, the lysosomal activity inhibitor 
Bafilomycin was used. Mφ2 were infected with Mtb and treated for 24 hours with 
Tamoxifen or Tamoxifen supplemented with 10 nM Bafilomycin (Figure 5E). Tamoxifen 
treatment showed a decrease of Mtb outgrowth as expected, while this decrease was 

Figure 4. Tamoxifen treatment modulates autophagy in infected human macrophages and 
zebrafish  

A. Confocal microscopy of DsRed-expressing H37Rv-Mtb-infected Mφ2 treated with 10 µM of 
Tamoxifen or control (DMSO at equal v/v) for 4 hours. 30 min prior to the experimental endpoint 
cells were incubated with CYTO-ID to stain for autophagy related vesicles, fixed with 1% 
paraformaldehyde and counterstained for the nucleus using Hoechst 33342. In the 
representative images, yellow shows the nucleus, magenta shows Mtb, cyan shows autophagy 
related vesicles and the scale bar annotates 5 µm. B. Quantification of Cyto-ID signals in A. The 
left panel displays Cyto-ID positive area, while the right panel displays Mtb colocalization with 
Cyto-ID positive vesicles. Each dot displays the mean of 3 or 4 replicates and represents a single 
donor (4 donors in total) with median indicated by coloured bars. Statistical significance was 
tested using Wilcoxon matched-pairs signed rank test. C. Confocal microscopy of transgenic 
GFP-Lc3 zebrafish larvae treated with 5 µM of Tamoxifen or control (DMSO at equal v/v). 
Treatment was started at 3 dpf and larvae were fixed with 4% paraformaldehyde at 4 dpf for 
imaging. Representative max projection images of GFP-Lc3 positive vesicles in the indicated 
region of imaging (ROI) in the tail fin are shown. Cyan shows GFP-Lc3 positive vesicles. Scale bar 
annotates 10 µm. D. Quantification of GFP-Lc3 structures shown in C. Data were normalized to 
the control and data of 2 experimental repeats were combined (n = 16-18 per group). Each dot 
represents a single larva. Boxplots with 95% confidence intervals are shown and the black line 
in the boxplots indicates the group median, while the black line in the dot plot indicates the group 
mean. Statistical analysis was performed using a Mann Whitney test. E. Confocal microscopy of 
mCherry-expressing Mm-infected transgenic GFP-Lc3 zebrafish larvae treated with 5 µM of 
Tamoxifen or control (DMSO at equal v/v). Treatment was started at 1 hpi and at 2 dpi larvae were 
fixed with 4% paraformaldehyde for imaging. Representative max projection images of the ROI in 
the caudal hematopoietic tissue (CHT) region are shown. Cyan shows GFP-Lc3 positive vesicles 
and magenta shows Mm. Scale bar annotates 50 µm. F-G. Enlargement of areas indicated in E. 
Cyan shows GFP-Lc3 positive vesicles and magenta shows Mm. Arrowheads indicate GFP-Lc3-
positive Mm clusters. Scale bar annotates 10 µm. H. Quantification of GFP-Lc3 positive Mm 
clusters in the CHT region shown in E normalized to the control (n = 8 per group). Each dot 
represents a single larva. Boxplots with 95% confidence intervals are shown and the black line 
in the boxplots indicates the group median, while the black line in the dot plot indicates the group 
mean. Statistical analysis was performed using a Mann Whitney test. (**** = p<0.0001). 
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impacted significantly by the addition of Bafilomycin, implicating the lysosomal 
response in Tamoxifen’s mechanism of action. 

In line with these results, further analysis of our zebrafish transcriptome data by means 
of pathway enrichment against the KEGG database revealed phagosome and lysosome 
pathways as strongly enriched in response to Tamoxifen treatment (Supplementary 
Table S4). In addition, Gene Ontology and Gene Set Enrichment Analysis (GSEA) 
highlighted that genes with molecular functions such as hydrolase and peptidase 
activity, biological processes such as proteolysis, and genes belonging to the lysosome 
compartment were enriched in response to Tamoxifen treatment (Supplementary 
Table S4). In fact, lysosomal genes such as vATPases, cathepsins and lamp1 were all 
upregulated in the transcriptome of Tamoxifen treated larvae (Supplementary Data 
File 1). We therefore asked whether Tamoxifen treatment could also increase the 
localization of Mm clusters in lysosomes in vivo. Thus, we treated embryos with 
Tamoxifen or DMSO starting at 1 dpf (1 hpi) for 2 days and performed LysoTracker 
staining at 2 dpi (3 dpf). A strong increase in LysoTracker signal intensity was observed 
independent of infection (Figure 5F). Furthermore, imaging of the CHT region of 
infected larvae (Figure 5G-I) showed an increase in the colocalization between 
LysoTracker signal and Mm clusters from 50% in the control group to 65% in Tamoxifen-
treated larvae (Figure 5J), corroborating the transcriptome results that Tamoxifen 
modulates lysosomal activity. While results in Mtb-infected macrophages had shown 
that inhibiting lysosomal function interfered with the effect of Tamoxifen (Figure 5E), 
toxicity of the Bafilomycin-Tamoxifen combination to zebrafish embryos prevented us 
from confirming this in vivo.  

Taken together, both in primary human macrophages and in zebrafish we observed 
increased LysoTracker signal intensity following treatment with Tamoxifen. Tamoxifen 
led to enhanced targeting of Mtb and Mm to LysoTracker positive vesicles in these in 
vitro and in vivo infection models. Additionally, this effect of Tamoxifen treatment was 
associated with modulated lysosomal gene expression. Importantly, using the in vitro 
model, we showed that Bafilomycin cotreatment inhibited Tamoxifen’s efficacy on 
bacterial survival. These data lead us to propose that Tamoxifen treatment reduces 
infection burden during mycobacterial infection by a host-dependent increase of 
lysosomal activity. 
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Figure 5. Tamoxifen treatment alters lysosomal function and increases mycobacterial 
lysosomal localization in vitro and in vivo 

A. Confocal microscopy of DsRed-expressing H37Rv-Mtb-infected Mφ2 treated with 10 
µM of Tamoxifen or DMSO at equal v/v for 4 hours. 30 min prior to the experimental 
endpoint cells were incubated with LysoTracker Deep Red to stain for acidic vesicles, 
fixed with 1% paraformaldehyde and counterstained for the nucleus using Hoechst 
33342. In the representative images, yellow shows the nucleus, magenta shows Mtb, 
cyan shows acidic vesicles and the scale bar annotates 5 µm. B. Quantification of 
LysoTracker signal in A. The left panel displays Lysotracker positive area, while the right 
panel displays Mtb colocalization with Lysotracker positive vesicles. Each dot displays 
the mean of 3 or 4 replicates and represents a single donor (4 donors in total) with 
median indicated by coloured bars. Statistical significance was tested using a paired T 
test. C Confocal microscopy of DsRed-expressing Mtb-infected Mφ2 treated with 10 
µM of Tamoxifen or DMSO at equal v/v for 4 hours. Cells were fixed at the experimental 
endpoint, permeabilized using 0.1% Triton-X, stained for TFEB and counterstained for 
the nucleus and F-actin using Hoechst 33342 and Phalloidin, respectively. D. 
Quantification of nuclear TFEB intensity in C. Each dot displays the log2FC of median 
nuclear TFEB intensity per donor normalized to DMSO (5 donors in total) and 95% 
confidence intervals indicated. Statistical significance was tested using a paired T test. 
E. CFU assay of Mφ2 infected with H37Rv-Mtb and treated for 24 hours with 10 μM of 
Tamoxifen, with 10 μM of Tamoxifen in combination with 10 nM of Bafilomycin or 
control (DMSO at equal v/v). Each dot represents a single donor (6 donors in total) and 
depicts the mean of 3 replicates. Dotted line indicates DMSO. Statistical significance 
was tested using a ratio paired T test. F. Confocal microscopy max projection of the 
indicated ROI in zebrafish larvae treated with 5 µM of Tamoxifen or control (DMSO at 
equal v/v). Treatment was started at 31 hpf and at 3 dpf larvae were immersed in 5 µM 
of LysoTracker Red DND-99 for 1 hour and subsequently anesthetized for imaging. 
Cyan shows acidic vesicles. Scale bar annotates 10 µm. G. Confocal microscopy max 
projection of mWasabi-expressing Mm-infected zebrafish larvae treated with 5 µM of 
Tamoxifen or control (DMSO at equal v/v). Treatment was started at 1 hpi and at 2 dpi 
larvae were immersed in 5 µM of LysoTracker Red DND-99 for 1 hour and subsequently 
anesthetized for imaging. Representative max projection images of LysoTracker 
positive Mm clusters in the CHT region are shown. Cyan shows acidic vesicles and 
magenta shows Mm. Scale bar annotates 50 µm. H-I. Enlargement of areas indicated 
in D. Cyan shows acidic vesicles and magenta shows Mm. Arrowheads indicate 
LysoTracker positive Mm clusters. Scale bar annotates 10 µm. J. Quantification of 
LysoTracker-positive Mm clusters normalized to the control and data of 3 experimental 
repeats were combined (n = 18 per group). Each dot represents a single larva. Boxplots 
with 95% confidence intervals are shown and the black line in the boxplots indicates 
the group median, while the black line in the dot plot indicates the group mean. 
Statistical analysis was performed using a Mann Whitney test. (* = p<0.05). 
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Discussion 
The concept of HDT, combatting infection with drugs that empower the immune 
system, is increasingly explored as alternative or adjunctive therapeutic approaches 
against Mtb strains that are unresponsive to classical antibiotics [364-366, 372]. We 
demonstrate that the breast-cancer therapy drug Tamoxifen, restricts bacterial 
outgrowth of Mtb in primary human macrophages of different inflammatory states and 
differentiation stages. Furthermore, Tamoxifen shows high efficacy against clinical 
isolates of MDR-TB and is also active against Stm. Importantly, using Mm-infected 
zebrafish larvae as an in vivo TB model, we further substantiated the repurposing 
potential of Tamoxifen as an HDT for TB. Furthermore, we showed that Tamoxifen 
reduces bacterial burden independent of ER signalling and propose that the HDT effect 
of Tamoxifen is mediated primarily by enhancing lysosomal degradation pathways. 

Tamoxifen has been proposed as a new antibiotic, because it was found to have direct 
antibacterial effects against intracellular pathogens [377-379]. Tamoxifen 
antimicrobial activity against Mtb was found at doses ranging from 16.7 to 26.8 µM, 
whereas lower doses similar to the ones used in our study lacked significant effects 
[379, 380]. In agreement with this, when using Tamoxifen in low doses up to 10 µM, we 
only observed direct effects on either Mtb or Mm growth in liquid cultures after 
incubation times longer than the treatment times used in the experimental settings, 
while importantly, both Mtb and Stm outgrowth and Mm burden in infected human 
macrophages and zebrafish larvae, respectively, were inhibited effectively by 
Tamoxifen at these doses (5-10 µM). This is additionally strengthened by the finding 
that inhibition of host lysosomal activity decreases the efficacy of Tamoxifen in Mtb-
infected macrophages. Therefore, we propose Tamoxifen as a potential new HDT 
against (myco-)bacterial infection. Recently, a structurally and functionally related 
breast-cancer drug, Bazedoxifene, has also been proposed as an HDT for TB, 
supporting the therapeutic potential of this class of chemicals [168]. The therapeutic 
potential of these drugs may extend to a wide range of bacterial pathogens, as 
Tamoxifen was recently found to have an immunomodulatory effect against MDR gram-
negative bacilli, including Acetinobacter baumannii, Pseudomonas aeruginosa, and 
Escherichia coli [424]. 

The best-known target of drugs like Tamoxifen and Bazedoxifene is the ER [374, 375]. 
However, our data do not support a role for the ER in mediating the anti-mycobacterial 
function of Tamoxifen. ER agonists did not significantly affect bacterial outgrowth in 
vitro and donor sex did not affect Tamoxifen restricted Mtb outgrowth in our model, 
despite that sex-based differences both in macrophage ER receptor amounts and 
differential effects of Tamoxifen treatment have been reported [415, 416]. Furthermore, 
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although zebrafish transcriptome analysis showed that Tamoxifen antagonized ER-
signalling, Tamoxifen reduced Mm burden in esr2b mutants, indicating that its HDT 
effect is independent of the Esr2b receptor. Although we cannot exclude the 
involvement of other zebrafish ER receptors (esr2a and esr1), we considered the Esr2b 
receptor a prime candidate for mediating a potential HDT effect of Tamoxifen because 
an esr2b loss-of-function mutant has previously been linked to a host defence 
phenotype [420]. Finally, chemical activation and inhibition of ER-signalling using 17-
estradiol and Fulvestrant, respectively, did not affect mycobacterial burden while they 
are known to affect ER signalling in zebrafish [425, 426]. Of note, we show several other 
host pathways, including autophagy and lysosome function to be modulated by 
Tamoxifen, in addition to ER-signalling. Thus, we propose that ER-independent host-
directed effects of Tamoxifen are responsible for the reduction of bacterial burden. It 
will require further investigation to understand how these ER-independent pathways 
might be implicated in Tamoxifen-based cancer therapy or may affect the outcome of 
experiments using Tamoxifen-inducible gene expression systems.  

The autophagy-inducing function of Tamoxifen, demonstrated in several previous 
studies [335, 408], could be a plausible explanation for its anti-mycobacterial effect, 
considering that activating autophagy reduces mycobacterial burden both in vitro and 
in vivo [123, 300]. Furthermore, Mtb expresses several autophagy-inhibiting virulence 
factors, which is a clear indication that this pathogen must defend itself against 
autophagy [427]. However, the interaction between mycobacteria and autophagy is not 
well understood and therefore the potential therapeutic effects that may be expected 
from autophagy-inducing therapies remain unclear [370]. While several studies found 
impaired autophagy during mycobacterial infection to be detrimental to the host, it has 
also been found that mutation of a number of autophagy-related genes did not affect 
the outcome of infection in a mouse TB model [389, 428-430]. Of note, the anti-TB 
effect of the related drug Bazedoxifene was attributed to its autophagy inducing 
properties, dependent on AKT/mTOR signalling and the production of mitochondrial 
reactive oxygen (ROS) species [168]. The authors proposed that Bazedoxifene 
suppresses Mtb outgrowth in macrophages by enhancing autophagosome formation, 
as chemical or genetic inhibition of autophagy reduced the antibacterial effect. 
Likewise, we also observed autophagy increasing effects of Tamoxifen both in vitro and 
in vivo, which might similarly be related to mitochondrial ROS production, as our 
transcriptome data indicated a mitochondrial stress response, which is a well-known 
effect of Tamoxifen [406, 407]. However, while our results suggested increased Mtb 
localization in Cyto-ID positive vesicles in vitro, we were unable to demonstrate an 
increase in the colocalization of Mm with the autophagy marker GFP-Lc3 in vivo. This 
might be explained by both the transient nature of GFP-Lc3-Mm associations and the 
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properties of the tracer Cyto-ID, which stains not just Lc3-positive vesicles but a 
broader range of autophagy-related vesicles as well as autophagolysosomes [431], 
thus possibly reflecting mature lysosomes with degraded LC3. Taken together, it 
remains possible that increased autophagosome formation contributes to the HDT 
effect of Tamoxifen but, based on our data on autophagy and on the lysosomal 
responses we favour the hypothesis that Tamoxifen restricts mycobacterial growth 
primarily by augmenting the lysosomal defence. 

The clearance of (auto)phagosomes, as well as the delivery of neo-antimicrobial 
peptides, depends on the fusion with lysosomes resulting in autophagolysosomes or 
phagolysomes [367, 432, 433]. Even in the absence of infection, the transcriptome of 
Tamoxifen-treated zebrafish showed major modulation of lysosomal function. 
Although studies in breast cancer cells have shown that Tamoxifen inhibits lysosomal 
acidification early during treatment due to its lysosomotrophic behavior [434-436], 
importantly, this rapidly triggers lysosomal activation that within hours restores pH and 
increases lysosomal volume to a level higher than prior to treatment [436]. In 
agreement, LysoTracker signal increased after Tamoxifen treatment in both human 
macrophages and zebrafish larvae. This appears to have a positive effect on infection 
control, as we observed increased colocalization between LysoTracker signal and both 
Mtb in vitro and Mm clusters in vivo. Additionally, we showed that in vitro 4 hours of 
Tamoxifen-treatment induced nuclear accumulation of TFEB, which is a master 
transcriptional regulator of the lysosomal response, but interestingly also induced 
autophagosome formation [437]. Finally, the lysosomal activity inhibitor Bafilomycin 
was shown to partly abrogate the effect of Tamoxifen on bacterial burden. Based on 
these results, we hypothesize that in Tamoxifen-treated cells, mycobacteria are 
sequestrated more easily to lysosomes due to their higher abundance or activity, or 
that the mycobacteria are less likely to escape the lysosome or arrest lysosomal 
maturation. Further work could investigate the role of other potential mechanisms 
involved, such as the ones described in the recently published exhaustive review of 
Tamoxifen’s ER-independent effects in macrophages and Tamoxifen’s mechanism of 
action in the treatment of Leishmaniasis infection [438, 439]. 

Taken together, our results support that the increase in lysosomal activation by the 
lysosomotrophic drug Tamoxifen empowers the host to better control intracellular 
infection with various intracellular pathogens, including Mtb and Stm, and that this 
underlies the host-mediated therapeutic effect observed in mycobacterial in vitro and 
in vivo infection models. This therapeutic effect, which enhances the killing capacity of 
macrophages, may be augmented by other immunomodulatory functions of 
Tamoxifen, recently described, including the reduction of inflammatory cytokine 
release and the stimulation of neutrophil extracellular trap formation [424, 440]. 
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Treatment with Tamoxifen vastly reduced Mtb outgrowth in primary human 
macrophages, while in combination with a low dose of Rifampicin affected Mtb 
outgrowth with close to a 2-log reduction. Importantly, 4 days of Tamoxifen 
monotherapy in the zebrafish model for TB achieved an average reduction of the overall 
infection load by 30%. Tamoxifen is therefore a prime candidate for further evaluation 
as an adjunctive therapy to classical antibiotics, particularly for MDR- and XDR-TB.   
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Supplementary Figures 
 

 
 

 

 

 

  

Supplementary Figure 1. Tamoxifen inhibits Mm burden in an in vitro infection model 

A. Flow cytometric dot-plots of mCherry-expressing Mm-infected MelJuSo cells 
treated with 10 µM of Tamoxifen or control (DMSO at equal v/v) for 24 hours. Dot plots 
consist of 3 concatenated replicates and the experiment shown is a representative of 
2 independent experiments. B. Quantification of infected population shown in A. Each 
bar depicts the mean with standard deviation of 3 replicates. Statistical significance 
was tested an unpaired T test. (** = p<0.01). 
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Supplementary Figure 2. Processing and quality control of zebrafish RNA sequencing data 

A. Principal component analysis (PCA) of transcriptomes of non-infected and Mm-infected 
zebrafish larvae treated with 5 µM of Tamoxifen or control (DMSO at equal v/v). Treatment was 
started at 1 hpi and isolation of RNA for RNA sequencing was performed at 2 dpi. Clustering of 
the different samples was driven by parent-pairs, over treatment or infection. Groups A-D 
indicate parent-pairs, each dot indicates a sample. Based on this result, we added the variable 
genotype to reflect that the major differences between samples are driven by parent-pairs in our 
analysis. B. P-value histogram of the differential expression analysis of zebrafish larvae treated 
with 5 µM of Tamoxifen compared to treatment with control (DMSO at equal v/v), as in A. 
Histogram shape, which before adjusting for false discovery rates reveals test performance, 
showed a hill-shaped as opposed to a uniform distribution implying that the data does not fit the 
test assumption. C. Volcano plot of the differential expression analysis of zebrafish larvae 
treated with 5 µM compared of Tamoxifen to treatment with control (DMSO at equal v/v), as in A. 
Red dots indicate significantly regulated genes (FDR-adjusted p-value (p.adj) ≤ 0.05), while black 
dots indicate non-significantly regulated genes. The subset of genes in the wings of the plot have 
low read counts, high inter-sample variation, and high calculated fold changes. Further analysis 
determined these genes as artifacts. D. Volcano plot of the differential expression analysis as in 
C using apeglm to reduce variance for genes with little information while preserving large 
differences. The more conservative analysis method apeglm shrinks the fold-change to 0 for 
genes that contain insufficient information to accurately predict their fold-change. The genes 
with a fold change of 0 form a vertical line. Red dots indicate significantly regulated genes (p.adj) 
≤ 0.05), while black dots indicate non-significantly regulated genes. E. Volcano plot of the 
differential expression analysis as in D using s-values. Red dots indicate significantly regulated 
genes (s-value ≤ 0.005), while black dots indicate non-significantly regulated genes. By using s-
values as opposed to FDR-adjusted p-values, the wings as depicted in C or vertical line as 
depicted in D are no longer present. Based on their s-values, these subsets of genes are deemed 
artifacts. F. Correlation of transcriptome data analyzed using FDR-corrected p-values (as in D) 
compared to s-values (as in E). Each dot indicates a gene, the dashed lines indicate significance 
cut-offs. In the top left, there is a cluster of genes with low, significant adjusted p-value but high, 
non-significant s-value. G. Zoom of area boxed in F, indicating the genes that are significant by 
both p-value (p.adj ≤ 0.05) and s-value (s ≤ 0.005). 
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Supplementary Figure 3. Tamoxifen alters leukocyte-specific gene expression without 
affecting macrophage or neutrophil migration in vivo 

A-B. Interaction between Tamoxifen treatment and infection in genes that are differentially 
regulated (s-value ≤ 0.005, as in supplementary Figure 2E) and whose expression during infection 
was found to be dependent on Tamoxifen treatment. Panel A shows genes related to 
inflammation and B shows genes related to leukocyte function. Each dot represents the 
normalized gene read count of a single biological replicate (n = 10 larvae), while the line connects 
the means. C. Venn diagram showing the total number of genes differentially regulated by 
Tamoxifen treatment in the absence of infection and by Mm infection in the absence of 
Tamoxifen treatment. D-E. Normalized gene read counts of genes whose expression was 
regulated (s-value ≤ 0.005) by both Tamoxifen treatment and Mm infection individually. D shows 
genes related to immune function and E shows genes related to leukocyte function. Each dot 
represents the normalized gene read count of a single group of larvae (n = 10), while the line 
connects the means. F. Leukocyte migration assay of mpeg1:mcherryF/mpx;GFP double 
transgenic zebrafish larvae treated with 5 µM of Tamoxifen or control (DMSO at equal v/v). 
Treatment was started at 1 dpf and larvae were anesthetized and leukocyte migration was 
induced by tail amputation at 3 dpf. Representative stereo fluorescence images of leukocyte 
migration towards the injury (4 hours post amputation) are shown. Cyan shows neutrophils 
(mpx:GFP) and magenta shows macrophages (mpeg1:mCherryF). The region of interest (ROI) 
indicates the area for quantification of leukocyte migration. Scale bar annotates 220 µm. G-H. 
Quantification of F, showing the number of migrated neutrophils (G) or macrophages (H). Each 
dot represents a single larva. Boxplots with 95% confidence intervals are shown and the black 
line in the boxplots indicates the group median, while the black line in the dot plot indicates the 
group mean. Statistical analysis was performed using a Mann-Whitney test.  

 

Supplementary Figure 4. Autophagy is not modulated by ER ligands in zebrafish 

A. Confocal microscopy of transgenic GFP-Lc3 zebrafish larvae treated with 5 µM of Tamoxifen, 
5 µM of ER agonist 17-estradiol, 5 µM of ER antagonist Fulvestrant or control (DMSO at v/v). 
Treatment was started at 3 dpf and larvae were fixed with 4% paraformaldehyde at 4 dpf. 
Representative images of GFP-Lc3 positive vesicles in the tail fin are shown. Cyan shows GFP-
Lc3 positive vesicles. Scale bar annotates 10 µm. B. Quantification of GFP-Lc3 signal in A. Data 
were normalized to the control and data of 2 experimental repeats were combined (n = 14-16 per 
group). Each dot represents a single larva. Boxplots with 95% confidence intervals are shown 
and the black line in the boxplots indicates the group median, while the black line in the dot plot 
indicates the group mean. Dotted line indicates control mean. Statistical analysis was 
performed using a Kruskal-Wallis with Dunn’s multiple comparisons test. (** = p<0.01). 
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