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ABSTRACT
Macrophages act to defend against infection but can fail to completely prevent 
bacterial replication and dissemination in an immunocompetent host. Recent 
studies have shown that activation of a host transcription factor, TFEB, 
a regulator of lysosomal biogenesis, could restrict intramacrophage replication 
of the human pathogen Mycobacterium tuberculosis, and synergise with sub
optimal levels of the antibiotic rifampin to reduce bacterial loads. Currently 
available small molecule TFEB activators lack selectivity and potency but could 
be potentially useful in a variety of pathological conditions with suboptimal 
lysosomal activity. TFEB nuclear translocation and activation depend on its 
phosphorylation status, which is controlled by multiple cellular pathways. We 
devised a whole cell, high throughput screening assay to identify small mole
cules that activate TFEB by establishing a stably transfected HEK293T reporter 
cell line for ATF4, a basic leucine zipper transcription factor induced by stress 
response and activated in parallel to TFEB. We optimised its use in vitro using 
compounds that target endoplasmic reticulum stress and intracellular calcium 
signalling. We report results from screening the commercially available LOPAC 
library and the Selleck Chemicals library modified to include only FDA-approved 
drugs and clinical research compounds. We identified 21 compounds across six 
clinical use categories that activate ATF4 and confirmed that two proteasome 
inhibitors promote TFEB activation. The results of this study provide an assay 
that could be used to screen for small molecules that activate ATF4 and TFEB 
and a potential list of compounds identified as activators of the ATF4 transcrip
tion factor in response to cellular stress.
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Introduction

Tuberculosis is the global leader in infectious disease mortality. Current 
treatments are effective, but lengthy, toxic and lead to the development of 
multi-drug resistant strains, for which treatment options are limited. Host- 
directed therapy (HDT) aims to enhance treatment efficacy by targeting host 
pathways involved in pathogen control and clearance and contribute to 
reducing tissue inflammation and lung pathology to improve patient out
comes [1–3]. Mycobacterium tuberculosis (Mtb) exploits lysosome-poor mono
cyte-derived lung cells for persistence during chronic infection [4] and 
subverts effective immune responses [5]. Some of the mechanisms used by 
Mtb to escape immunity within the macrophage include inhibition of pha
gosomal maturation [6–8] and phagolysosomal fusion [9], modulation of 
cytokine production [10,11] and manipulation of gene expression by non- 
coding RNAs [12,13]. Therapeutic interventions directed at improving the 
lysosomal function of host cells may contribute to better restriction of bac
terial growth and augment conventional antibiotic therapy.

Our previous studies identified TFEB as a potential target for HDT during 
Mtb infection and reported that the compound 2062 [14], which shows no 
direct antimycobacterial activity, promoted activation of TFEB in macro
phages and synergised with suboptimal rifampin to further reduce Mtb 
colony forming units (CFU) in macrophages and in mice, as well as to reduce 
lung pathology in infected mice [14]. C-Abl kinase inhibitors, imatinib and 
nilotinib, were reported to promote TFEB activation and lysosomal activation 
and to reduce bacterial loads in Mtb infected macrophages and mice [4]. 
Recent studies have also demonstrated that bedaquiline, an antibiotic cur
rently used for the treatment of drug-resistant Mtb, activates host TFEB, 
which may contribute to its efficacy in vivo [15]. TFEB activation during 
bacterial infection was also reported to promote the production of itaconate, 
which has antimicrobial properties and could contribute to bacterial clear
ance [16]. Collectively, these data suggest that TFEB activation could be 
beneficial to the host infected with Mtb and may improve treatment out
comes if used as an adjunct HDT along with TB antibiotics.

TFEB activation is controlled by its phosphorylation on multiple serine 
residues [17–21]. TFEB dephosphorylation by the Ca2+/calmodulin- 
dependent phosphatase calcineurin or PP2A or a reduction in phosphoryla
tion through inhibition of upstream kinases (mTOR, ERK, Akt, GSK3b) pro
motes TFEB nuclear translocation and activation. Since TFEB activating 
compounds do not act on the TFEB protein itself, but instead target multiple 
signalling pathways upstream of TFEB, they usually lack specificity. Recent 
interest in TFEB activators and their utility resulted in a few reports [22–24] 
identifying a limited number of small molecules able to activate TFEB, includ
ing natural products such as curcumin analogue C1 [25], celastrol [26],
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resveratrol [27], digoxin [22] and ikarugamycin [22]. However, those mole
cules are not selective, do not robustly activate TFEB, and are reported to 
have many other competing activities.

Identification of new TFEB activators often relies on microscopic evaluation 
of TFEB nuclear translocation, which is limited by its poor robustness, low 
throughput, and heterogeneity in cellular responses. Therefore, our goal was 
to develop a new screening assay in a whole cell high throughput format to 
enable and streamline the identification of small molecule activators of TFEB. 
We decided not to follow TFEB nuclear translocation itself using high content 
imaging as a primary screening platform but to develop a reporter gene 
readout to improve screen robustness and increase throughput. We took 
advantage of the observation that compound 2062, a TFEB small molecule 
activator [14], had an early transcriptional signature of a cellular stress 
response and led to prominent upregulation of the ER stress response 
genes, including the activating transcription factor 4 (ATF4). ATF4 expression 
is regulated by PERK and eIF2alpha phosphorylation, one of the pathways 
that also activates TFEB. TFEB activation was also reported to promote ATF4 
expression [28], demonstrating the interdependence of both signalling 
pathways.

Here, we report the development of a stable ATF4 transcription reporter 
HEK293T cell line and optimisation of the luminescence read-out using the 
SERCA inhibitor thapsigargin and the endoplasmic reticulum (ER) stress indu
cer tunicamycin. We then screened two libraries, totalling more than 3000 
compounds, including a library of clinical research compounds comprised of 
drugs with suitable human use profiles. From the top 48 compounds, 21 
reproducibly activated ATF4 transcription signal in our transfected cell line at 
a concentration of 4 µM after 24 hours. We used secondary microscopy 
evaluation of TFEB nuclear translocation on the hit compounds identified in 
the screen to select the ones that also activated TFEB. The secondary screen 
confirmed that two of the compounds, carfilzomib and bortezomib, strongly 
activate TFEB in mouse bone marrow derived macrophages (BMDM). 
Collectively, our studies provide a method for screening small molecules 
that activate ATF4 transcription and TFEB nuclear translocation in response 
to stress and provide a list of compounds that may represent TFEB activating 
compounds. These results may further justify an expanded screening effort 
for compounds that activate TFEB.

Results

We hypothesised that ATF4 transcription could serve as reporter to identify 
compounds that activate TFEB downstream of cellular stress and also avoid 
identifying compounds downstream of mTOR inhibition, which could immu
nosuppress the host. We confirmed that in response to TFEB activating
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conditions, either starvation or ER stress, we can observe TFEB dephosphor
ylation and ATF4 upregulation at the protein level (Figure 1). Western blots of 
Raw 264.7 cells cultured in either HBSS or cDMEM supplemented with 1 µg/ 
mL tunicamycin for 7 hours demonstrated a reduction in the cytosolic levels 
of TFEB most likely reflecting dephosphorylation and its nuclear transloca
tion. These samples also showed significant upregulation of ATF4 protein 
expression (Figure 1) demonstrating that both ATF4 and TFEB are upregu
lated/activated in a mouse macrophage cell line in response to these stresses.

To develop a high throughput screen, we produced a stably transfected 
HEK293T cell line using a commercially available Promega vector pNL (NlucP/ 
ATF4-RE/Hygro). This vector encodes a NanoLuc luciferase, a genetically

Figure 1. TFEB and ATF4 are activated in parallel in Raw 264.7 cells during starvation and 
ER stress. (A) Triplicate samples were prepared for all conditions, cells were collected 
after 7 h of exposure to select conditions or agents, lysed in RIPA buffer supplemented 
with protease inhibitors, and soluble lysates fractionated on SDS-PAGE and immuno
blotted by WB. (B) TFEB (left) and ATF4 (right) levels in panel A were quantified in Fiji 
(ImageJ), normalised to actin loading in each lane, and compared to control sample (NC) 
designated as “1”. Data shown are means ± SD of triplicate values. Statistical analysis 
was carried out by the Student’s t test, P values are shown in the comparison brackets. 
NC, control; Tunic, tunicamycin.
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optimised luciferase to produce the strongest luminescent signal among the 
currently available luciferase reporters, under the control of the ATF4 response 
element. We selected the HEK293T cell line for the development of the reporter 
cell line for the ease of its transfection and manipulation and optimised transfec
tion conditions with the pNL vector by testing different transfection reagents 
(Lipofectamine 3000 and Lipofectamine LTX), times of transfection, reagent 
volumes, and amounts of DNA transfected (Supplemental Table 1). 
Luminescence after each transfection was measured, normalised to untreated 
cells, and tested for the signal response window after 6.5 − 7.5 hours treatment 
with either 1 µM thapsigargin or 3 µM 2062 [14] (Supplemental Figure 1). We 
selected transfection conditions (#6, Supplemental Table 1) that produced the 
greatest percent increase in signal (150–200%) relative to controls and selected 
transfected populations with either 150 µg/mL or 300 µg/mL hygromycin. Once 
cells had grown to sufficient density for passaging and testing, they were tested 
for their ability to luminesce when stimulated with 1 µM thapsigargin. During 
treatment, cells selected in 300 µg/mL hygromycin displayed a greater response 
to stimulation, and were used in all further experiments. At this concentration of 
hygromycin, the presence of the selection agent during drug treatment or assay 
visualisation did not impact ATF4 transcription at baseline or after stimulation 
(Supplemental Figure 2).

We characterised the cell line by measuring ATF4 transcription response over 
time to select compounds including the SERCA inhibitor thapsigargin, the ER 
stress inducer tunicamycin, the mTOR inhibitor torin 1 and the experimental 
compound 2062, as well as the antitubercular drugs bedaquiline, rifampin, and 
isoniazid. Of these compounds, thapsigargin and tunicamycin, both ER stress 
inducers, produced the greatest signal within 28 hours (Figure 2), as expected. 
Relative to controls, 2062 also produced increased luminescence within 28 hours.

Next, we determined the concentration-response of HEK293T pNL(NlucP/ 
ATF4-RE/Hygro) to thapsigargin and tunicamycin treatment over time 
(Figure 3A–B). Duration and intensity of the luminescent signal were depen
dent on compound concentration. Increasing concentrations of tunicamycin 
produced the greatest signal, while the opposite effect was observed for 
thapsigargin. The effect of thapsigargin on reporter luminescence was not 
associated with toxicity, as microscopic evaluation confirmed that the mono
layers were not affected by treatment. Both thapsigargin and tunicamycin 
produced a significant increase in signal by 26.5 hours at both the lowest and 
highest doses tested. Next, we optimised the cell density for a 384 well plate 
and HTS format by measuring luminescence after 24 hours of treatment with 
thapsigargin (Figure 3C). We optimised the cell seeding to 3 × 104 cells per 
well, which did not result in overgrowth after 24 hours of culture in the base 
medium (cDMEM with 300 µg/mL hygromycin), and produced the maximum 
amount of signal (Figure 3C).
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Assay reproducibility was assessed by using the commercially available 
LOPAC library at the Rockefeller University Fisher Drug Discovery Resource 
Center (DDRC). The LOPAC library was dispensed into a base culture medium 
containing 300 µg/mL hygromycin in 384 well plates, and cells were seeded 
at 3 × 104 cells per well. The final concentration of compounds in each well 
was 4 µM, a concentration previously determined to be sufficient to induce 
significant signal and minimal cytotoxicity observable by microscopy with 
both thapsigargin and tunicamycin. DMSO and 1 µM thapsigargin were 
included in columns 23 and 24, respectively, as negative and positive controls 
for all plates tested. Luminescence was measured with the nano-Glo 
Luciferase Assay after 24 h of exposure to test compounds. Data were 
uploaded to the Collaborative Drug Discovery website and matched with 
heat maps of signal produced per well (Figure 4A). This assay was then 
repeated 2 days later. Values from the two independent experiments were 
plotted against each other, including positive and negative control wells from 
all plates, and are represented in a scatter plot fitted with a linear best fit line 
(Figure 4B). The calculated R2 was 0.933. The top hits from the LOPAC library 
included calcimycin, a calcium ionophore as well as thapsigargin, the positive 
control used for optimisation of the assay, and diphenyleneiodonium chlor
ide, an NADPH oxidase inhibitor and a generator of oxidative stress.

Next, we screened a modified Selleck Chemicals library of 1800 com
pounds at the Fisher DDRC, which included FDA-approved drugs and clinical 
research compounds. Compounds that produced activation above 50% of 
the signal increase observed with the positive control were selected for 
testing in confirmation and concentration-response assays. The top 35 hits

Figure 2. HEK293T pNL(NlucP/ATF4-RE/Hygro) cells respond to ER stress reagents with 
increase in ATF4 reporter luminescence. Data is mean ± SD of triplicate wells from 
a representative experiment repeated at least twice with similar results.
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Figure 3. HEK293T ATF4 reporter luciferase assay optimisation and characterisation. 
Stably transfected HEK293T cells were treated with either thapsigargin or tunicamycin at 
indicated concentrations. Equal volume of the nano-Glo reagent (Promega) was added 
at indicated times and luminescence recorded. Dose response curves for the lumines
cent signal generated in response to treatment with tunicamycin (A) or thapsigargin (B). 
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are listed side-by-side in Table 1 including the hit compounds from the 
original screen, the cherry-picked hits from the confirmation plate, and the 
results from the 4 µM concentration point within each dose response curve. 
From those listed, 21 drugs were consistently identified across all assays and 
represented six clinical categories of drugs (Supplemental Figure 3).

Dose response curves were assessed by luciferase assay after 24 hours of 
treatment, starting at a maximum dose of 8 µM and including 11 twofold 
serial dilutions and the EC50 values were calculated. The top five most potent 
activators of ATF4 transcription were artemisinin and four of its derivatives 
(Supplemental Figure 4). These results are consistent with a report that 
artesunate is capable of activating stress responses and ATF4 expression in 
cancer cells [29]. Accordingly, our studies demonstrate activation of ATF4 in 
our stably transfected cell line with artemisinin and its derivatives at sub- 
micromolar range, and show calculated EC50 values all less than 0.05 µM. The 
anticancer drug doxorubicin and the antidiarrheal nifuroxazide also exhibit 
EC50 values below 1 µM.

To determine if the compounds identified in the screen activate TFEB, we 
used WB and immunocytochemistry to directly measure TFEB translocation in 
mouse BMDMs in response to treatment with test compounds. BMDM treated 
with bortezomib or carfilzomib robustly activated both, ATF4 and TFEB, as 
detected by WB with anti-TFEB and anti-ATF4 immunoblotting of nuclear 
fractions of cells treated with 4 µM of either compound or an increasing dose 
of bortezomib (Figure 5). Bortezomib at a concentration of 10 nM was able to 
strongly activate TFEB nuclear translocation within 2 h of exposure. 
Artemisinin was also able to activate the TFEB as detected by the WB 
(Figure 5).

Accordingly, immunocytochemistry demonstrated a significant increase in 
intranuclear mean fluorescence intensity relative to untreated controls, indi
cating TFEB translocation, for thapsigargin and torin 1 (Figure 6A), as well as 
proteasome inhibitors bortezomib and carfilzomib (Figure 6B). Given that 
proteasome inhibitors bortezomib and carfilzomib consistently activated 
TFEB and the response was observed early (2 h of exposure) and at low nM 
concentrations, we thought to test if proteasome inhibitors developed 
against Mtb [30,31] will demonstrate any effect on host cells by activating 
TFEB. We selected two different Mtb proteasome inhibitors with comparable

(C) Cells were seeded at the indicated densities and treated with 1 µM thapsigargin for 
24 hours before measuring luminescence. Results are expressed as percent increase in 
signal relative to negative controls (no treatment) in (A), (B) using mean ± SD of 
triplicate wells or as Relative Luminescent Units (RLUs) with individual values per each 
well in (C). Each experiment was repeated at least three times with similar results.
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Figure 4. LOPAC compound library screen using HEK293T pNL(NlucP/ATF4-RE/Hygro) cell 
line. Luminescence was measured with nano-Glo reagent after exposure to 4 µM test 
compound for 24 hours at a cell density of 3 x 104cells/well. (A) Representative heat map 
from a screen, Z’-factor for the plate is indicated. (B) Scatter plot of percent activation from 
separate LOPAC assays on separate days. Plot includes positive and negative control wells 
from all plates screened on each day. Included within the plot are the best fit line equation 
and R2 values calculated in Prism GraphPad 10. Top hits identified in the screen included 
calcimycin, thapsigargin, azacytidine, dequalinium, tryphostin A9, nalbuphine, tryphostin 
AG 879, brefeldin A, AC-93253 iodide, and diphenyleneiodonium.
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potency against the Mtb proteasome but variable, high (>13,000-fold) and 
low (11-fold) selectivity for the Mtb proteasome over human constitutive and 
immunoproteasome and observed that the highly selective proteasome 
inhibitor 6 [31], which does not inhibit human proteasome in vitro, did not 
activate TFEB in BMDM while the less selective inhibitor 11 [31], which 
inhibits human constitutive and immunoproteasome with submicromolar 
potency, promoted TFEB activation and nuclear translocation within 2 h of 
exposure as determined by TFEB WB in nuclear extracts of BMDM exposed to 
1 μM inhibitors for 2 h (Figure 7). These findings are consistent with our prior

Figure 5. Proteasome inhibitors, bortezomib and carfilzomib, promote TFEB and ATF4 
activation in a dose-dependent manner in BMDM. (A) Cells were exposed to indicated 
concentrations of inhibitors for 2 h and cell extracts were separated into cytosolic (top) 
and nuclear (bottom) fractions, fractionated on 10% SDS-PAGE and WB with anti-TFEB 
(1:2500), anti-actin (1:5000), and anti-ATF4 (1:1000). NC, vehicle control; M, MW marker; 
Bort, bortezomib; Carf, carfilzomib; Art, artemisinin. Shown is a representative blot from 
three independent repeats. (B) Nuclear TFEB (left) and ATF4 (right) levels in panel A were 
quantified in Fiji (ImageJ), normalised to histone H3 loading in each lane, and compared 
to control sample (NC) designated as “1”. Data shown are means ± SD of three 
independent experiments using primary cells from three different mice. Statistical 
analysis was carried out by ANOVA, adjusted P values for multiple comparisons were 
obtained from the Dunnett’s test and are shown in the comparison brackets. Numbers at 
the X-axis correspond to the μM bortezomib concentrations (0.01B, 0.1B, 0.3B, 1B, 3B); 
ns, not significant at the confidence level of 95%.
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Figure 6. Proteasome inhibitors carfilzomib and bortezomib activate TFEB in mouse 
BMDM. BMDM were treated for the indicated times before fixation, permeabilization 
and staining. All images shown are 40x magnification. (A) Control compounds, thapsi
gargin and the mTOR inhibitor torin1, promote TFEB nuclear translocation as measured 
by immunocytochemistry. Images shown are 2 hours after treatment. Intranuclear pixel 
intensity was measured and plotted. (B) Carfilzomib and bortezomib treatment pro
motes TFEB nuclear translocation in BMDM.
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observations that proteasome inhibitors promote TFEB activation and sug
gest that less selective Mtb proteasome inhibitors could act on both bacterial 
and host targets to improve Mtb control.

Finally, we tested if the TFEB-activating compounds identified in the 
screen were able to promote cellular activities such as autophagy, known to 
be associated with TFEB activation. Both bortezomib and carfilzomib, which 
identified as the most robust activators of TFEB, promoted autophagy as 
determined by the time-dependent increase in LC3-II in WB of cellular 
extracts prepared from BMDM exposed to bortezomib or carfilzomib for 6 h 
(Figure 8A). Increase in LC3-II upon exposure to bortezomib or carfilzomib 
was also accompanied by an increase in p62 (Figure 8A), a known autophagic 
substrate. While this increase in p62 in the presence of proteasome inhibitors 
is well documented and is associated with an improved autophagy [32,33] it 
could also indicate a block in the autophagic flux. Therefore, we further 
explored the effect of two of our hit compounds, bortezomib and artemisinin, 
on the autophagic flux in BMDM in the presence of bafilomycin A1, 
a V-ATPase inhibitor that prevents autophagosome-lysosome fusion and is 
used to quantify cellular autophagic flux [34]. We exposed the cells to 
bafilomycin A1 (100 nM), bortezomib (3 μM), or artemisinin (3 μM) alone 
and for our two test agents also in combination with bafilomycin A1 and 
compared the levels of LC3-II accumulation by bortezomib and artemisinin in 
the absence and presence of bafilomycin A1 by WB (Figure 8B) and ImageJ 
analysis (Figure 8C) from four independent experiments that used different

Figure 7. BMDM exposed to Mtb proteasome inhibitors activate host TFEB. (A) BMDM 
were treated with 1 μM inhibitors for 2 h and cellular extracts were separated into the 
cytosolic (top) and nuclear (bottom) fractions and WB with anti-TFEB, and anti-actin. 
Shown is a representative blot from three independent repeats. Proteasome inhibitors 6 
and 11 were previously published [31]. (B) TFEB cytoplasmic (left) and nuclear (right) 
levels in panel A were quantified in Fiji (ImageJ), normalised to actin (left) or histone H3 
(right) loading in each lane, and compared to vehicle control (NC) designated as “1”. 
Data shown are means ± SD of three independent experiments using primary cells from 
three different mice. Statistical analysis was carried out by ANOVA, adjusted P values for 
multiple comparisons were obtained from the Dunnett’s test and are shown in the 
comparison brackets.
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Figure 8. BMDM exposed to TFEB activating compounds promote autophagic flux. (A) 
BMDM were treated with indicated test compounds at 3 μM for 90 min (left) or 6 h 
(right), soluble cellular extracts were separated on 15% SDS-PAGE and WB with anti-p62 
(1:1000), anti-actin (1:2000), and anti-LC3 (1:1000). NC, vehicle control; Bort, bortezomib; 
Carf, carfilzomib; 6, proteasome inhibitor previously published [31]; Art, artemisinin. 
Shown is a representative blot from two independent repeats. (B) BMDM were exposed 
to 3 μM Bort, 3 μM Art, or 100 nM Bafilomycin A1 (Baf) alone or in combinations (Bort/ 
Baf and Art/Baf) for 5 h, and soluble cellular extracts were separated on 15% SDS-PAGE 
and WB with anti-actin (1:2000), and anti-LC3 (1:1000). Shown is a representative blot 
from four independent repeats. (C) LC3-II levels were quantified in Fiji (ImageJ), normal
ised to actin and plotted in comparison to vehicle control (NC) (left) or Baf-treated 
samples (right). Data shown are means ± SD of four independent experiments using 
primary cells from four different mice. Statistical analysis was carried out by ANOVA, 
adjusted P values for multiple comparisons were obtained from the Dunnett’s test and 
are shown in the comparison brackets; ns, not significant at the confidence level of 95%.
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mice for primary cell isolation. Our results demonstrate that both bortezomib 
and artemisinin improve autophagic flux (Figure 8C, right panel) albeit to 
a small degree, which could reflect the specific compound concentrations 
and treatment durations chosen for this experiment. We also observed sig
nificant variability between our experiments, which, most likely, reflects the 
variability in biological replicas using different mice to collect our experimen
tal data. Nevertheless, we observed a consistent improvement in the autop
hagic flux of BMDM treated with bortezomib and artemisinin (Figure 8C).

Discussion

Macrophages act as a first line of defence against bacterial infection but can 
also serve as a significant bacterial reservoir within the host [4,35]. Mtb replica
tion in a macrophage is controlled by the host’s intracellular signalling, with 
interferon-γ-dependent effector pathways responsible for most of the restric
tions imposed on Mtb growth. TFEB expression and activation represent one of 
the host’s interferon-γ dependent mechanisms that contribute to Mtb control 
[14]. However, Mtb evolved to resist and evade immune recognition by arrest
ing phagosomal maturation and acidification and adapted to exploit lysosome- 
poor monocyte-derived lung cells to persist during chronic infection [4]. We 
hypothesised that HDTs that activate TFEB, a transcription factor regulating 
genes involved in lysosomal biogenesis and maturation may act to improve 
specific host and organelle-level deficiencies exploited by intracellular patho
gens for survival both in the acute and chronic phases of infection. To develop 
a screening method to identify such small molecules, we established a stably 
transfected, ATF4 transcription reporter cell line, characterised and optimised it 
for an HTS format and validated it by screening two small compound libraries.

The choice of ATF4 induction as a readout in our screening assay stemmed 
from a few observations: i) TFEB activating compound 2062 produced an 
early transcriptional signature of cellular stress response and led to promi
nent upregulation of ER stress response genes, including ATF4 [14]; ii) ATF4 
and TFEB activation occur in parallel as ATF4 expression is regulated by PERK 
and eIF2alpha phosphorylation, one of the pathways that also activates TFEB; 
iii) TFEB activation promotes ATF4 expression [28]; iv) TFEB activation via 
cellular stress response may be sustained longer at a low level for as long as 
the stimuli persists, while the activation via upstream kinase inhibition is 
usually limited to a few hours; v) upstream kinase inhibition may compromise 
normal immune response during infection; vi) luminescence read-outs pro
vide easy detection with excellent signal-to-noise ratio and can be easily 
developed into an HTS format.

The temporal and spatial activation of TFEB inside the cells by small 
molecules could be very heterogeneous, therefore putting limitations on 
current screening approaches that follow TFEB nuclear translocation as
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a readout and restricting hit selection to compounds that activate TFEB 
within a single timepoint and register a strong response. This leads to the 
identification of compounds with pleiotropic activities and immediate inhibi
tion of kinases, channels, or other protein targets upstream of TFEB. We 
reasoned that casting a wider net on the small molecules where response is 
measured within a longer timeframe and with a more robust signal could 
enable identification of potential TFEB activators that act more slowly or in 
a more sustained manner. The ATF4 luciferase reporter cell line we developed 
offered a robust signal-to-noise ratio with a Nano-Glo luciferase biochemical 
assay (Promega), good reproducibility and ease of execution in an HTS 
format. We selected a 24 h timepoint to ensure that hits would include 
compounds that activate TFEB early with subsequent ATF4 induction in 
a TFEB-dependent manner, as well as the compounds that activate ATF4 
first and promote TFEB activation later. The later timepoint also allowed for 
greater accumulation of the reporter to include compounds that may pro
duce milder integrated stress response or activate TFEB to a lesser degree.

We identified 21 compounds that activated the integrated stress response via 
ATF4 and induced ATF4-dependent reporter expression. Of those compounds, at 
least two classes of identified compounds, proteasome inhibitors and anti- 
malarial artemisinin and its endoperoxide derivatives, consistently and potently 
activated TFEB. Another hit, resveratrol, a pleiotropic agent with many biological 
activities, was reported to activate TFEB [27]. The antimalarial hit artesunate has 
also been shown to induce ER stress and increase expression of ATF4 and CHOP 
in cancer cells at concentrations of 5 µM and above [29]. Our results are 
consistent with previous reports and demonstrate significant luminescence 
even at nanomolar concentrations after 24 hours of exposure, suggesting that 
TFEB activation is likely to be observed at lower concentrations as well.

It is likely that out of the identified hits many other compounds activate 
TFEB but the response kinetics, and potency could differ vastly among 
different agents and should be studied individually. We limited our reporter 
luminescence measurements to a 24-h timepoint to minimise the possibility 
of false negatives that result from cytotoxicity when screening thousands of 
compounds. Both thapsigargin and tunicamycin produced a significant lumi
nescent signal by this time point in the assay at concentrations similar to 
those used during screening.

Proteasome inhibitors were identified among the most potent activators 
of TFEB and autophagy in response to stress. This is consistent with protea
some inhibitors exerting proteotoxic stress via accumulation of misfolded 
proteins and ER stress. This observation led us to hypothesise and test if the 
Mtb selective proteasome inhibitors may act with dual activities via targeting 
Mtb proteasome directly as well as promoting host TFEB activation to 
improve lysosomal function. Two different Mtb-active proteasome inhibitors 
with variable selectivity against human proteasomes activated TFEB in BMDM
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within 2 h of exposure depending on the degree of their selectivity for the 
Mtb versus the human proteasome, suggesting that less selective Mtb pro
teasome inhibitors could provide the benefit of dual activities targeting Mtb 
directly as well as promoting host activities to aid clearance. This dual activity 
of Mtb proteasome inhibitors echoes another TB drug, bedaquiline, reported 
to activate host TFEB albeit by a different mechanism [15].

Our data add to previous studies focused on the identification of small 
molecule TFEB activators by offering a different approach, which is easy, 
robust, reproducible and works in an HTS format. The assay can potentially 
identify fast and slow acting TFEB activators which consequently will lead to 
ATF4 induction as well as compounds that act primarily to activate the 
integrated stress response and ATF4 and then promote TFEB activation in 
response to stress. We test screened a small library of FDA-approved drugs 
and other research compounds to validate the assay and demonstrate that 
we were able to identify compounds in several clinical uses, including anti
biotics, anti-parasitics, and anti-cancer drugs as potential ATF4 and TFEB 
activating compounds.

A greater appreciation of host-specific effects may allow for better rationalisa
tion of future anti-infective development efforts. For example, the mycobacterial 
ATP synthase inhibitor bedaquiline has recently been shown to exert host cell- 
specific effects [15]. Drugs that exert both host specific and direct, bactericidal 
actions may be the more efficacious in reducing bacterial burdens and improv
ing outcomes. In summary, we describe the development and methods for an 
ATF4-reporter luciferase HTS assay to identify compounds that activate ATF4 and 
TFEB transcription factors in host cells. These results justify an expanded search 
as well as future testing in models of infection.

Methods

Cell lines and bone marrow derived macrophages

HEK293T and Raw 264.7 cells were cultured in DMEM supplemented with 
10% FBS, 1% HEPES, 1% sodium pyruvate, and 1% L-glutamine (cDMEM). 
Bone marrow-derived macrophages (BMDM) were isolated from femurs of 
female C57BL6 mice and differentiated for 1 week in DMEM supplemented 
with 10% FBS, 1% HEPES, 1% sodium pyruvate, 1% L-glutamine and 20% L929 
cell conditioned media (LCM). All cells were grown at 37 degrees C, 5% CO2. 
After 1 week, cells were lifted with 1 mM EDTA in PBS, collected, and plated in 
DMEM supplemented with 10% FBS, 1% HEPES, 1% sodium pyruvate, 1% 
L-glutamine, and 10% LCM. Hank’s Balanced Salt Solution (HBSS, Gibco 
catalogue number 14175103) was used where indicated. No antibiotics 
were used during BMDM differentiation or BMDM and RAW treatment with 
test compounds.
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pNL(NlucP/ATF4-RE/Hygro) vector preparation

The pNL(NlucP/ATF4-RE/Hygro) vector was purchased from Promega. DNA 
was transformed into Mach1 E. coli and streaked on LB agar plates supple
mented with ampicillin or carbenicillin. Selected colonies were grown in 2 mL 
of 2YT broth for at least 3 hours at 37 degrees C. 20 µL of culture was then 
used to inoculate 20 mL of 2YT broth and incubated overnight at 37 degrees 
C. Bacteria were pelleted and DNA isolated into three separate aliquots using 
the QIAprep Spin Miniprep kit (Qiagen 27106) as per the manufacturer’s 
instructions. DNA was quantified using a NanoDrop One (Thermo Scientific).

pNLUC-ATF4 transfection optimisation in HEK293T cells and selection 
in hygromycin

HEK293T cells were cultured in cDMEM and plated in six well plates at 
a density of 5 × 105 cells/well, allowed to grow overnight and then trans
fected using either Lipofectamine LTX or Lipofectamine 3000 using the 
parameters outlined in Supplemental Table 1 and according to the manufac
turer’s instructions. Transfections were stopped at the indicated time points, 
and cells from all conditions were then plated in 96 well plates (Corning 3903) 
and treated with either thapsigargin (1 µM) or compound 2062 (3 µM). Cells 
were incubated for 6.5 to 7.5 hours and luminescence measured using the 
Nano-Glo Luciferase Assay System (N1130) from Promega as per the manu
facturer’s instructions. Signal was detected on a SpectraMax iD5 microplate 
reader (Molecular Devices) and data expressed as either RLUs or % change vs 
control. For stable transfection, HEK293T cells were plated at a density of 
5 × 105 cells per well in a six well plate, allowed to grow overnight and 
transfected the following morning. Cells were transfected using 
Lipofectamine LTX, 15 µL of transfection reagent and 1 µg plasmid DNA for 
66.5 hours. After 66.5 hours, both transfected and non-transfected control 
cells were washed and passaged to 8 × 104 cells/well in six well plates in 
media containing either 150 µg/mL or 300 µg/mL hygromycin B. A subset of 
cells was treated with thapsigargin immediately after transfection to measure 
the luminescent signal (Supplemental Figure 2). Media was replaced every 
2–3 days, and cells were monitored for viability. After 17 days, all non- 
transfected cells had died and transfected cells exposed to both concentra
tions of hygromycin were passaged for further selection and testing. A subset 
of cells was plated at a density of 5 × 104 cells/well in 96 well plates in media 
that either included or excluded hygromycin at the concentration used for 
selection of that cell population. These conditions were kept consistent 
during treatment with thapsigargin for testing. Luminescence was measured 
using the NanoGlo Luciferase Assay System (N1130) from Promega as per the 
manufacturer’s instructions. Signal was detected on a SpectraMax iD5
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microplate reader (Molecular Devices). Results are expressed as % change vs 
control cells and calculated as follow: ((raw data sample-negative control 
mean)/negative control mean)*100.

Luciferase assays of Tunicamycin and Thapsigargin dose responses 
over time

Dilutions of tunicamycin or thapsigargin were prepared in cell culture media 
and plated in 384 well plates (Corning 3765) at concentrations 2x to indicated 
final dilutions in 25 µL per well. For the tunicamycin time course, cells were 
then plated on top of these dilutions at a concentration of 3 × 104 cells/25 µL/ 
well and incubated for the indicated times. For the thapsigargin time course, 
cells were plated at the Rockefeller University Fisher DDRC using a Thermo 
MultiDrop liquid handling machine at a density of 2.5 × 104 cells/25 µL/well 
and incubated for the indicated times. Luminescence was measured using 
the Nano-Glo Luciferase Assay System (N1130) from Promega as per the 
manufacturer’s instructions by adding 50 µL prepared luciferase assay 
reagent to each well. For the tunicamycin time course, signal was detected 
on a SpectraMax iD5 microplate reader (Molecular Devices). For the thapsi
gargin time course, signal was detected on a BioTek Synergy Neo microplate 
reader at the Rockefeller University Fisher DDRC. Results are expressed as % 
change vs untreated control and calculated as follows: ((raw data sample- 
negative control mean)/negative control mean)*100.

Cell density optimisation, LOPAC library, and modified Selleck 
Chemicals library luciferase assays

Cell density optimisation and all screening were performed at the Rockefeller 
University Fisher DDRC. For cell density optimisation, thapsigargin was pre
pared in cell culture media at 2 µM and plated in 384 well plates (Corning 
3765) in 25 µL per well. Cells were then plated on top of these dilutions using 
a Thermo MultiDrop liquid handling machine at the Rockefeller University 
Fisher DDRC at the cell densities indicated and incubated for 24 hours. 
Luminescence was measured using the Nano-Glo Luciferase Assay System 
(N1130) from Promega as per the manufacturer’s instructions by adding 50 µL 
prepared luciferase assay reagent to each well using the Thermo MultiDrop 
liquid handling machine at the Rockefeller University Fisher DDRC. Signal was 
detected on a BioTek SynergyNeo microplate reader. Results are expressed in 
relative luminescent units (RLUs). For screening the LOPAC library, library 
compounds were diluted in cell culture media and dispensed into 384 well 
plates (Corning 3765) at concentrations 2x to indicated final dilutions in 25 µL 
per well. All plates included negative control DMSO wells and 1 µM thapsi
gargin positive control wells. Cells were then plated on top of these dilutions
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using a Thermo MultiDrop liquid handling machine at the Rockefeller 
University Fisher DDRC at a concentration of 3 × 104 cells/25 µL/well and 
incubated for 24 hours. Luminescence was measured using the Nano-Glo 
Luciferase Assay System (N1130) from Promega as per the manufacturer’s 
instructions by adding 50 µL prepared luciferase assay reagent to each well 
using the Thermo MultiDrop liquid handling machine at the Rockefeller 
University Fisher DDRC. Signal was detected on a BioTek Synergy Neo micro
plate reader. Results are expressed as percent activation and were calculated 
as follows: ((raw data sample value – negative control mean)/(positive control 
mean – negative control mean)) × 100. The screen of the modified Selleck 
Chemicals library was performed exactly as the LOPAC library.

Dose response evaluation of library screen hits luciferase assay

Eleven two-fold dilutions starting at a maximum of 8 µM concentration were 
prepared in cell culture media for the top 48 hit compounds and plated in 384 
well plates (Corning 3765) at the Rockefeller University Fisher DDRC. Cells were 
then plated on top of these dilutions using a Thermo MultiDrop liquid handling 
machine at the Rockefeller University Fisher DDRC at a concentration of 3 × 104 

cells/25 µL/well and incubated for 24 hours. Luminescence was measured using 
the Nano-Glo Luciferase Assay System (N1130) from Promega as per the manu
facturer’s instructions by adding 50 µL prepared luciferase assay reagent to each 
well using the Thermo MultiDrop liquid handling machine at the Rockefeller 
University Fisher DDRC. Signal was detected on a Biotek Synergy Neo microplate 
reader. Results are expressed as % DMSO controls. EC50 values were calculated 
using the Collaborative Drug Discovery website.

Modified Selleck Chemicals library

The library consists of approximately 1800 clinical drug samples selected 
from Selleck Chemicals Inc.’s database of known drugs and clinical 
research compounds. Most compounds from this database have been 
removed, including all topical compounds; compounds legal only in 
India, China, Russia, or other less rigorous jurisdictions; compounds only 
patented or published with no jurisdictional approval; compounds that 
have been grandfathered in due to common use prior to the modern era 
of the FDA; nutraceuticals; and compounds with extreme molecular 
weight, cLogP, or Polar Surface Area or replicate structures with various 
formulations. The remaining drugs are legally marketed in the USA and/or 
Great Britain, the European Union and/or Japan or undergoing legally 
approved clinical trials in at least one of these jurisdictions with good 
medicinal chemical properties.
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Chemical compounds

Chemical compounds tested in the screen were provided by the Rockefeller 
Fisher DDRC. All secondary test compounds used in cell culture and for 
follow-up assays are commercially available and were purchased as follows: 
Hygromycin B (400052) from EMD Millipore. Bortezomib (10008822), carfilzo
mib (17554), thapsigargin (10522), torin1 (10,997), Ikarugamycin (15386) were 
from Cayman Chemical Company. Tunicamycin (T7765), ethambutol (E4630), 
isoniazid (I3377), and rifampin (R3501) were from Sigma. Bedaquiline 
(A12327), and ouabain (A12755) were from AdooQ. Compound 2062 was 
provided by Celgene (BMS).

Antibodies

TFEB (Bethyl Laboratories, Inc., A303673a). ATF4 (Cell Signalling technologies, 
11815). B Actin (Santa Cruz Biotechnology, sc-47778). P62 (Sigma, P0067). LC3 
(Sigma, L8918).

Western blots

Raw 264.7 cells were seeded at 2–5 × 106 cells/well in a six well plate in 2 ml of 
cDMEM. Treatment with tunicamycin or exposure to HBSS starvation was 
carried out for 7 hours, cells washed three times with PBS and cells lysed RIPA 
buffer supplemented with 1 mM PMSF and the protease inhibitor tablet 
(Roche). For ATF4 and actin staining, 40 µg of protein was loaded into 10% 
SDS PAGE gels.

For Figures 5 and 7, mouse bone marrow-derived macrophages 
(BMDMs) were isolated and cultured as described above. BMDMs were 
seeded at a density of 2 × 106 cells/well in six well plates and treated 
with the indicated concentrations of compounds. Separation of nuclear 
and cytoplasmic proteins was accomplished using NE-PER cytosolic and 
nuclear separation kit (Thermo #78833) as per the manufacturer’s 
instructions. Cytoplasmic extraction and nuclear extraction buffers 
were supplemented with 1 mM PMSF and the protease inhibitor tablet 
(Roche). For Figure 8, soluble cellular extracts were prepared in a RIPA 
buffer supplemented with 1 mM PMSF and the protease inhibitor tablet 
(Roche) and separated on a 15% SDS-PAGE. Secondary antibodies were 
IRDye 680 and 800 (Licor). Images were acquired on an Azure 
Biosystems c600 imaging system. WB were analysed by Fiji (ImageJ) 
and normalised to the levels of loading controls (actin for the cytosolic 
proteins and histone H3 for the nuclear proteins) in each lane. For each 
WB panel, a protein band signal in control lanes (NC, vehicle control) 
was designated as “1” and the signal levels in treated samples were
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calculated relative to NC after normalisation to loading control. 
Statistical analysis was performed by one-way ANOVA and multiple 
comparisons were carried out for the treated vs control samples in 
GraphPad Prism 10 with a P value calculation at a confidence level of 
95% (definition of statistical significance between the samples: 
P < 0.05). Adjusted P values for multiple comparisons by the 
Dunnett’s test are displayed under the brackets in each figure.

Immunocytochemistry and confocal microscopy

BMDM were seeded 1 × 105 cells/well in 0.5 mL media supplemented 
with 10% L929 cell conditioned media. Cells were allowed to adhere 
overnight, and the following morning media was aspirated and replaced 
with the specified compounds at the indicated doses and times. Cells 
were then washed once with PBS and fixed with 4% PFA in PBS for 
15 minutes at room temperature. Cells were washed three times with 
PBS, permeabilized with 0.2% TriX100 in PBS for 10 minutes at room 
temperature, washed again three times with 0.1% TriX100 in PBS and 
then incubated in 2% BSA-0.1% TriX100-0.1% NaN3 in PBS for 1 h at 
room temperature. After blocking, cells were incubated with anti-TFEB 
(A303673a, Bethyl Laboratories, Inc.) diluted 1:100 in 2% BSA-0.1% 
TriX100-0.1% NaN3 in PBS at 4 degrees C overnight. The next day, cells 
were washed with 0.1% TriX100 in PBS five times and incubated with the 
secondary goat anti-rabbit IgG (H + L) Alexa Fluor Plus 647 (Invitrogen) 
antibody at 1:200 in 2% BSA-0.1% TriX100-0.1% NaN3 in PBS for 1 h at 
room temperature. Cells were again washed three times in 0.1% TriX100 
in PBS and then DNA stained with Hoechst 33342 DNA dye (Molecular 
Probes) diluted in PBS for 10 minutes at room temperature. Cells were 
washed once with 0.1% TriX100 in PBS and slides mounted. Images were 
taken using a Zeiss 880 laser scanning confocal microscope with an oil 
immersion lens at 40x. Images were processed in ImageJ using a macro 
function provided by the Weill Cornell microscopy and imaging core that 
outlined the perimeter of individual nuclei and then measured red, mean 
fluorescence intensity within the identified boundaries of DNA staining of 
all nuclei within a given image. Partial nuclei on image borders were 
excluded from the analysis.

Statistics

Comparisons for immunocytochemistry experiments between multiple 
groups were performed in Prism using one-way ANOVA with post hoc 
Dunnett’s test. Statistical analysis for ImageJ WB densitometry was done by 
one-way ANOVA, and multiple comparisons were carried out for the treated
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vs control samples in GraphPad Prism 10 with a P value calculation at 
a confidence level of 95% (definition of statistical significance between the 
samples: P < 0.05). Adjusted P values for multiple comparisons were obtained 
by the Dunnett’s test.
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