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Abstract

Mycobacterium avium (Mav) complex is the leading cause of pulmonary diseases
associated with non-tuberculous mycobacterial (NTM) infections worldwide. The
inherent and increasing acquired antibiotic resistance of Mav hampers the treatment
of Mav infections and emphasizes the urgent need for alternative treatment
strategies. A promising approach is host-directed therapy (HDT), which aims to
boost the host’s immune defenses to combat infections. In this study, we show
that phenothiazines, particularly trifluoperazine (TFP) and chlorproethazine (CPE),
restricted Mav survival in primary human macrophages. Notably, TFP and CPE did
not directly inhibit mycobacterial growth at used concentrations, confirming these
drugs function through host-dependent mechanisms. TFP and CPE induced a mild,
albeit not statistically significant, increase in autophagic flux along with the nuclear
intensity of transcription factor EB (TFEB), the master transcriptional regulator of
autophagy. Inhibition of autophagic flux with bafilomycin, however, did not impair
the improved host infection control by TFP and CPE, suggesting that the host (auto)
phagolysosomal pathway is not causally involved in the mechanism of action of TFP
and CPE. Additionally, TFP and CPE increased the production of both cellular and
mitochondrial reactive oxygen species (ROS). Scavenging mitochondrial ROS did
not impact, whereas inhibition of NADPH oxidase (NOX)-mediated ROS production
partially impaired the HDT activity of TFP and CPE, indicating that oxidative burst
may play a limited role in the improved host control of Mav infection by these drugs.
Overall, our study demonstrates that phenothiazines are promising HDT candidates
that enhance the antimicrobial response of macrophages against Mav, through
mechanism(s) that were partially elucidated.

Graphical abstract
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e TFPenhances host-directed control of Mav and Mtb in macrophages.

e TFPand CPE enhance macrophage control of Mavindependently of autophagy.

e TFP and CPE strongly induce both NOX-derived and mitochondrial ROS
production.

e NOX-derived ROS partially aids intracellular Mavinfection control by TFP and CPE

e Phenothiazines are promising candidates for HDT against Mav infections.
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1. Introduction

Nontuberculous mycobacteria (NTM), which comprise all mycobacterial species
other than Mycobacterium tuberculosis (Mtb) and Mycobacterium leprae, are
environmental microorganisms that have been isolated worldwide. The prevalence of
diseases caused by NTMinfectionsisincreasing, exceedingthat of tuberculosis (TB)in
certain geographicalregions (1-4). NTM most commonly cause lung disease, but can
also lead to lymphadenitis, skin and soft tissue infections, and invasive disseminated
disease (5). The Mycobacterium avium (Mav) complexis the most frequently causative
pathogen of NTM infections in humans. Moreover, Mav is responsible for the majority
of the chronic lung disease cases associated with NTM (6-8). Lung disease by Mav
(Mav-LD) primarily occurs in individuals with predisposing (genetic) lung disorders
(e.g. cystic fibrosis or chronic obstructive pulmonary disease) (9, 10), but Mav-LD also
occurs in those without any known predisposing conditions (11).

The treatment of Mav-LD consists of a three-drug regimen comprising a macrolide,
ethambutol, and a rifamycin that should be administered for at least 12 months after
negative sputum conversion (5, 12). Despite this, the estimated pooled treatment
success rate is only around 40% (13, 14). Furthermore, prolonged treatment duration
with multiple drugs could cause adverse effects which hamper treatment adherence,
contributing to the suboptimal treatment outcomes for Mav-LD (15). In addition, the
resistance of mycobacteria to antibiotics, either intrinsic by their impermeable cell
wall and localization in biofilms or cells or acquired due to suboptimal treatment
further hampers successful treatment (16). Therefore, there is a pressing need for
innovative approaches that improve the therapeutic response and shorten treatment
duration, since this will reduce the probability of de novo drug resistance.

Innate immunity plays a critical role in the activation of the host response to
mycobacterial infection. Upon inhalation, aerosols containing Mav reach the
lower airways where alveolar macrophages provide the first line of defense (17,
18). Recognition of Mav by macrophage pattern recognition receptors, including
Toll-like receptors (TLRs) and C-type lectins receptors, induces phagocytosis.
Following phagocytosis, the early-forming Mav-containing phagosomes mature
and fuse with lysosomes containing hydrolytic enzymes to form phagolysosomes
capable of eliminating the mycobacteria (19, 20). In addition, TLR activation induces
the production of bactericidal reactive oxygen species (ROS) (21, 22). However,
mycobacteria are notorious for their capacity to impair host defense mechanisms,
enabling them to persist in macrophages. For example, Mav protein MAV_2941
inhibits phagosome maturation, which thus prevents intracellular Mav killing (23, 24).
In addition, predisposing host susceptibility factors, including inherited or acquired
defects in the production and signaling of interleukin-12/interleukin-23/interferon-y
cascade (25), affect macrophage function, leading to an increased susceptibility to
Mav-LD. Enhancing the antimycobacterial response of macrophages by host-directed
therapy (HDT) may therefore improve the clinical outcome of Mav infection and is a
promising adjunctive therapy to antibiotic therapy. By targeting host immunity, HDT
may also helpto eliminate non-replicatingand drug-resistantbacteriathatare tolerant
or resistant to antibiotic therapy. In addition, adjunctive HDT confers the potential
advantages of shortening the duration of current treatment regimens, which may
reduce adverse drug effects, and reducing the likelihood of inducing mycobacterial
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drug resistance since host rather than bacterial pathways are targeted. Although
the development of HDT is an active area of investigation in the context of TB, this is
largely lacking for Mav infections, and it remains unknown whether TB-directed HDT
acts also on Mav infections.

An approach that has proved to be effective in relatively rapid identification of novel
therapeutics against Mtb and other bacterial pathogens is drug repurposing (26, 27).
Previous screening efforts with different FDA-approved drug libraries have identified
several potential HDTs which could restrict intracellular mycobacterial growth (28,
29). Afirst step towards the identification of HDT candidates for Mav may be to employ
the findings of the broad screening efforts for Mtb. Previously reported screenings of
drugs on Mtb-infected human cells showed efficacy for severalcompounds annotated
as autophagy-modulators, including trifluoperazine (TFP), in improving host control
of infection (29). In this study, we aimed to assess the potential of TFP and related
compounds as HDT against Mav and unravel the underlying host immune responses
involved.

We identified phenothiazines as potential HDT candidates to control Mav bacteria
in primary human macrophages. Importantly, these compounds did not show a
direct antibacterial effect at the concentration in which they enhanced clearance of
intracellular May, showing that phenothiazines must act via host signaling pathways.
To unravel the mechanism of action, we investigated potential host antimicrobial
mechanisms that have been associated with TFP.

2. Results

2.1 In vitro identification of phenothiazines as potential HDT for Mav infection
Based on previous screening efforts to identify new drugs with HDT activity against
intracellular Mtb, trifluoperazine (TFP) was identified as a promising candidate (29).
Before evaluatingits potentialto enhance clearance of intracellular Mavinfection, the
antimycobacterial effect of TFP on Mtb was first validated in a more physiologically
relevant model. Screening of TFP decreased survival of Mtb in two polarized
macrophages subsets, pro-inflammatory M1 and anti-inflammatory M2 macrophages
(30), as determined by the MGIT system after treatment of 24 hours with 10 uM of the
drug, identifying the phenothiazine-class of antipsychotic drugs as potential HDT
candidates (Fig. 1A-B). To identify the most potent phenothiazine drug for Mav, we
expanded the screeningtoinclude TFP and 15 additional (total 16) structurally related
phenothiazines using the primary human macrophage model (31). The results showed
a higher activity of phenothiazines in M1 compared to M2 macrophages (Fig. 1C). Five
compounds showed significant impairment of bacterial survival in M1 macrophages:
trifluoperazine (TFP), chlorproethazine (CPE), ZINC2187528 (ZINC), fluphenazine
(FPZ) and chlorprothixene (CPT) (Fig. 1C-D). This effect was dose-dependent, as
the drugs rapidly lost their ability to significantly impair intracellular bacteria at
concentrations below 1 uM (Supp Fig. 1). In M2 macrophages, only CPE was able to
significantly reduce the bacterial load (Fig. 1C and 1E). Importantly, treatment with
TFP, CPE, ZINC, FPZ, and CPT did not affect the cell viability of Mav-infected M1 or M2
macrophages (Fig. 1F-G).

120



Phenothiazines boost host control of Mycobacterium avium infection in primary human

macrophages
Mtb-M1
5 150 ~
g 150 ]
= =
a *% a
k] s
R 100{-pooq-.- l ..... <
E . E
2 o 2
@ 50 H
K] K]
£ £
8 £
o o
s ol s o
DMSO TFP DMSO TFP
150 : Mav-M2
: . 5 175 0 175
31257 1 . 2 2 °
£ 0 * S 150 3 150
] o ‘s ‘s
S ] © 125 © 125
k] ® s s
100 e - X S—— 00 < 100d;
~ of 2 2
g e 0 ., 1 e 75 e 75
S 3 3
S 2 s0 2 50
S 754 .CPE = K]
£ £
g 25 s 25
[ o
g ol UL U UL e o U UL I
] DMSO TFP CPE ZINC FPZ CPT DMSO TFP CPE ZINC FPZ CPT
w T T T 1
50 75 100 125 150
Mav-M1 (% of control)
Mav-M1 Mav-M2
__ 200 __ 200
o 9
2 g
4 150 8 150
- -
o o
* X
< 100 < 100
2 2z
2 3
S 50 s 50
3 3
© 0 o 0
A T T T T T T = T T T T T T
DMSO TFP CPE ZINC FPZ CPT DMSO TFP CPE ZINC FPZ CPT
Mav
0.8
_ ©o- DMSO
3
g . -o- TFP
g o6 =%
o -+ CPE
Zz » o ZINC
2 04
g O - FPZ
2 o CPT
% 0.2 -0~ Kanamycin
o
0.0+ r T T T T
0 2 4 6 8 10
Time (days)

Figure 1. Identification of phenothiazines as host-directed therapeutics
against Mav and Mtb in primary human macrophages. (A-B) Bacterial survival of Mtb within
M1 and M2 macrophages after treatment with 10 yM TFP or DMSO for 24 hours, as determined
by the MGIT assay (n=4 or 5). Statistical significance was tested using a repeated-measures
one-way ANOVA with Dunnett’s multiple comparisons test. (C) Bacterial survival of Mav within
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M1and M2 macrophages aftertreatmentwith 10 pM of 16 phenothiazines or DMSO for 24 hours,
as determined by the MGIT assay (n=4). Dots indicated with name represent compounds
that reduced intracellular bacterial survival in either M1 or M2 macrophages. (D-E) Bacterial
survival of Mav within M1 and M2 macrophages after treatment with 10 pM of the five effective
compounds from A or DMSO for 24 hours, as determined by the MGIT assay (n=10 or 12).
Statistical significance was tested using a repeated-measures one-way ANOVA with Dunnett’s
multiple comparisons test. (F-G) Percentage of viable Mav-infected M1 and M2 macrophages
after treatment with 10 pM of the five effective phenothiazines or DMSO for 24 hours (n=2).
(H) Growth of Mav in liquid broth up to 10 days after exposure to positive control 100 pg/mL
kanamycin, 10pyM of phenothiazines, or DMSO. Data represent the mean £SD of triplicate
wells from three independent experiments.

Dots represent the mean from triplicate wells of a single donor. Data represent the mean
+standard deviation (SD) from different donors and is expressed as a percentage of vehicle
control DMSO (=100%, indicated with the dotted line) per donor. TFP; trifluoperazine, CPE;
chlorproethazine, ZINC; ZINC2187528, FPZ; fluphenazine, CPT; chlorprothixene. *= p<0.05,
**=p<0.01 and ***=p<0.001.

To confirm that the TFP analogs reduced bacterial loads in a host-mediated manner,
Mav in liquid medium was exposed to 10 uM of the drugs, the same concentration used
as in the above Mav intracellular screenings. The TFP compounds did not affect the
growth of Mav, whereas positive control kanamycin inhibited bacterial growth (Fig. 1H).
Phenothiazine-derived molecules are cationic amphiphilic drugs (CADs), which have
both lipophilic properties (logP > 1), enabling them to passively diffuse across cell and
organelle membranes, and a weak base character (pKa > 8) that cause them to become
positively charged under acidic conditions (Supp Fig. 2A) (32). These characteristics
cause the drugs to become trapped within acidic compartments such as lysosomes,
leading to increased intracellular drug concentrations. Therefore, we correlated
the supposed ability of the drugs to reduce intracellular bacterial load with their
tendency to accumulate intracellularly. After exposure of planktonic bacteria to 100
UM, growth (i.e., extracellular survival) was inhibited by the majority of phenothiazines
whereas the ability of the compounds to impair intracellular bacteria, however,
strongly varied between structural analogs (Supp Fig. 2B). The discrepancy between
intra- and extracellular activity between compounds could not be explained by their
tendency to accumulate intracellularly and direct inhibition of bacterial growth at
higher concentrations (Fig. 2A-B). Thus, mere accumulation is an unlikely cause of the
intracellular activity of phenothiazines, and host-directed mechanisms are more likely
at play. Taken together, we identified host-directed therapy with phenothiazines that
impaired the survival of intracellular Mav in M1 macrophages, and to a lesser extent in
M2 macrophages.

To investigate the mechanism by which phenothiazines eliminated intracellular
mycobacteria, we focused on TFP and CPE in M1 macrophages (in which more analogs
were effective, Fig. 1A-B). The foremostfunction of phenothiazinesistheirantagonistic
effect on D2 dopamine receptors (33, 34), receptors that are also expressed by
macrophages (35). We, therefore, investigated if dopamine receptors were involved in
the improved control of Mav infection by CPE. The addition of dopamine or quinpirole
(D2 receptor agonist) did not affect bacterial survival in Mav-infected macrophages
treated with CPE (Supp Fig. 3A-B). Of note, dopamine agonists in the absence
of phenothiazines, in particular quinpirole, enhanced intracellular Mav Kkilling,
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suggesting that antagonism of dopamine D2 receptors by phenothiazines is unlikely
the cause for the enhanced macrophage response to Mav infection. Consequently,
we examined the contribution of additional intracellular host antibacterial pathways.

2.2 Improved host macrophage antimicrobial response by TFP and CPE is
independent of autophagy induction

As described above, TFP and CPE are CADs, which are also known to induce
phospholipidosis, a cellular phenotype caused by impaired degradation of
phospholipids. To overcome phospholipidosis, cells can upregulate autophagy
by enhancing the activation of transcription factor EB (TFEB), a major regulator
of autophagy. Recently, CAD amiodarone was shown to impair the intracellular
survival of mycobacteria by inducing autophagy via TFEB activation (36). We
therefore determined whether TFP and CPE compounds induced the accumulation
of phospholipids as well as activation of TFEB in Mav-infected macrophages.
Macrophages treated with TFP or CPE showed increased accumulation of fluorescent
phospholipid phosphatidylethanolamine (NBD-PE) (Fig. 2A). In addition, the nuclear
intensity of TFEB was increased in macrophages treated with TFP or CPE, albeit not
significant (p=0.051 or p=0.178, respectively) (Fig. 2B-C), supporting the notion that
autophagy might be induced.

To further determine whether the induction of phospholipidosis could be associated
with the induction of actual autophagy, the effect of TFP and CPE on autophagy
markers during Mav infection was assessed by western blot (Fig. 2D). The levels of
autophagosome component LC3-Il were measured in the presence or absence of the
(auto-)lysosomalinhibitor bafilomycin A1 (Baf); LC3-Il levels indicate the formation of
autophagosomes and the extent of LC3-Il accumulation in presence of bafilomycin
corresponds to autophagic flux. Both TFP and CPE treatment tended to increase
protein levels of LC3-1l, both in the absence and presence of bafilomycin (Fig. 2E).
The autophagy response to intracellular pathogens can occur as a receptor-mediated
process (selective autophagy or xenophagy) or more generally as a stress response
(non-selective autophagy). To discriminate between these forms of autophagy, we
examined p62, which selectively recruits polyubiquitinated cytoplasmic substrates
to autophagosomes where p62 and the substrates are degraded (37, 38). Levels of p62
tended to be decreased in macrophages treated with TFP, while p62 flux remained
unaffected by CPE (Fig. 2F). Furthermore, levels of lysosomal marker LAMP1 were
not affected upon treatment with TFP and CPE (Fig. 2G). To determine whether the
autophagy pathway was causally involved in the elimination of intracellular Mav, HDT
activity of TFPand CPE was evaluated in Mav-infected macrophages whilstautophagy-
mediated degradation was blocked using bafilomycin. Treatment with TFP and CPE
reduced bacterial survival irrespective of inhibition of autophagy with bafilomycin
(Fig. 2H). Collectively, these results show that while autophagy is affected by TFP and
CPE treatment, the enhanced macrophage antimicrobial response upon treatment is
independent of the induction of autophagy.
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Figure 2. TFP and CPE do not require the host autophagy pathway to control Mav infection
in primary human macrophages. (A) Mav-infected M1 macrophages were treated with 10yM
TFP, CPE, or DMSO and 5 pyM NBD-PE for 24 hours to assess phospholipidosis induction (n=4).
Statistical significance was tested using a repeated-measures one-way ANOVA with Dunnett’s
multiple comparisons test. (B) Confocal microscopy of Mav-infected M1 macrophages treated
with 10 uM TFP, CPE, or DMSO for 4 hours, stained for TFEB (yellow) and Hoechst 33342 (blue).
Shown are images of one representative donor out of four donors tested. (C) Quantification of
TFEB intensity within the mark of the cell nucleus. Dots represent the mean from three wells
(three images/well) per condition of a single donor (n=4). Statistical significance was tested
using a repeated-measures one-way ANOVA with Dunnett’s multiple comparisons test. (D-
G) Western blot analysis of autophagy markers in M1 macrophages treated with 10 uM TFP,
CPE DMSO with or without 10 nM bafilomycin A1 (Baf) for 4 hours during Mav infection. Shown
are blots from one representative donor (D). Quantified protein levels of LC3-Il (E), p62 (F), or
LAMP1 (G) were normalized to actin (n=4). Statistical significance was tested using arepeated-
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measures one-way ANOVA with Bonferroni’s (E-F) or Dunnett’s (G) multiple comparisons
test. (H) Bacterial survival of Mav within M1 macrophages treated with TFP, CPE or DMSO
with or without 10nM Baf for 24 hours, as determined by the MGIT assay (n=5). Statistical
significance was tested using a repeated-measures one-way ANOVA with Bonferroni’s
multiple comparisons test. Dots represent the mean from triplicate wells of a single donor.
Data represent the mean = standard deviation (SD) from different donors and is expressed as
a percentage of vehicle control DMSO (=100 %, indicated with the dotted line) per donor. TFP;

trifluoperazine, CPE; chlorproethazine. *=p<0.05, ** =p<0.01 and ***=p<0.001.

2.3 NOX-derived ROS might play a limited role in TFP and CPE-enhanced host
control of Mav infection

In addition to the autophagy pathway, the production of reactive oxygen species
(ROS) has also been reported to be affected by TFP (39, 40). ROS represents another
important host antimicrobial mechanism for the eradication of intracellular bacteria
(41), leading us to investigate the role of ROS in the mechanism of action of both TFP
and CPE. Two major sources of ROS are NADPH oxidases (NOX), located at the cell- or
phagosomal- membrane, and complex | of the respiratory electron transport chain
(ETC) of mitochondria (Fig. 3A). Using the fluorescent probe CellROX, total cellular
ROS in Mav-infected macrophages treated with TFP or CPE was measured while the
production of ROS by mitochondria was determined using the fluorescent probe
MitoSOX. Both TFP and CPE significantly induced total ROS production (Fig. 3B). Also
levels of mitochondrialROSwere significantlyincreasedin Mav-infected macrophages
after treatment with TFP or CPE (Fig. 3C). Even in the absence of infection, TFP and
CPE enhanced both cellular and mitochondrial ROS in macrophages (Supp Fig. 4A-
B). To determine whether the induction of (mitochondrial) ROS mediates TFP and CPE-
enhanced host control of Mav infection, Mav-infected macrophages were treated
with TFP or CPE in the presence of a variety of ROS scavengers. Known scavengers
of cellular ROS, N-acetyl-cysteine (NAC) and reduced L-glutathione, failed to reduce
ROS production during treatment with TFP and CPE and/or posed cell toxicity at
concentrations used (Supp Fig. 4C-F) (42). While NAC is commonly depicted as a
broad-spectrum ROS scavenger, NAC is unable to scavenge all types of ROS (43-45),
and was unable to scavenge the types of ROS induced by TFP and CPE. Also MnTBAP
(a superoxide dismutase mimic) did not inhibit cellular ROS production (Supp Fig. 4G)
(46). In contrast, VAS2870, a pan-NOX inhibitor (47, 48), partially reduced cellular ROS
production in controland induced by TFP and CPE (median percentage ROS induction
compared to control reduced from 72% to 17% and from 134% to 72%, respectively)
(Fig. 3D). Whilst these differences were not statistically significant, the addition of
VAS2870 impaired the ability of TFP and CPE to reduce intracellular survival of Mav
(inhibition of bacterial survival decreased from 21% to +12% and from 33% to 4%,
respectively, compared to controls) (Fig. 3E). Thus, NOX-mediated ROS production
is involved, at least to some extent, in the macrophage response to Mav improved by
TFP and CPE.

To assess the role of mitochondrial ROS in the mode of action of TFP and CPE,
MitoTEMPO (a mitochondria-targeted scavenger), rotenone (an inhibitor of complex
| of the ETC) and MnTBAP were used. MitoTEMPO was ineffective in reducing TFP and
CPE-induced mitochondrial ROS production (Supp Fig. 5A-B). If mitochondrial ROS

125

(@]
=
Q
T
=+
]
=
(4]




Chapter 5

A

MnTBAP

‘\
Activation of
mitoROS

. Phagocytosis
Mav-containing

phagosome

SERN

Cellular ROS production

(scavenger)
-

o)

500

CellROX fluorescence
(AgMFI) (% of DMSO)

rotenone
(inhibitor)

VAS2870

— (inhibitor)

Bacterial survival

MitoSOX fluorescence
(AgMFI) (%of DMSO)

DMSO TFP CPE

Mitochondrial ROS production

w)

600 *

400

°

200

CellROX fluorescence
(AgMFI) (% of DMSO)

m

Bacterial survival
(% of DMSO)
g

F

600 .

»
S
o

(AgMF1) (%of DMSO)
»n
o
8

MitoSOX fluorescence

0 T T T T T T
DMSO TFP CPE DMSO TFP CPE
+ VAS2870

Bacterial survival

T T T T T T
DMSO TFP CPE DMSO TFP CPE
+ VAS2870

Mitochondrial ROS production

T T T T T T
DMSO TFP CPE DMSO TFP CPE
+ rotenone

Bacterial survival

150

(% of DMSO)
g

Bacterial survival
o
o

T T T T T T
DMSO TFP CPE DMSO TFP CPE
+ rotenone

H

@
=3
£y

200

100

MitoSOX fluorescence
(AgMFI) (%of DMSO)

DMSO TFP CPE DMSO TFP CPE

+MnTBAP

150

(% of DMSO)
§

Bacterial survival
o
o

ﬂm

DMSO TFP CPE DMSO TFP CPE
T +mMnTBAP

Figure 3. Induction of NOX-derived ROS by TFP and CPE might have a limited role in
their enhanced macrophage response against Mav. (A) Schematic overview of the two
major sources of ROS production in macrophages: NADPH oxidases (NOX) at (phagosomal)
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(NOX inhibitor), MNTBAP mitochondrial superoxide scavenger (dotted inhibition arrow), and
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rotenone (ETC complex | inhibitor). (B-C) Mav-infected M1 macrophages were treated with
10uM TFP, CPE or DMSO for 4 hours. Total cellular ROS production (B) or mitochondrial ROS
(C) production was measured by flow cytometry. The geometric mean fluorescence intensity
(AgMFI) was determined. Data represent the median *interquartile range (B, n=13) or mean
+SD from (C, n=9). Statistical significance was tested using a Friedman test with Dunn’s
multiple comparisons test (B) or a repeated-measures one-way ANOVA with Dunnett’s
multiple comparisons test (C). (D-E) M1 macrophages were treated with 10uM TFP, CPE,
or DMSO with or without 10 uM VAS2870 for 4 (D) or 24 (E) hours after Mav infection. Total
cellular ROS production was detected by flow cytometry. The geometric mean fluorescence
intensity (AgMFI) (D) or bacterial survival by CFU assay (E) were determined. Data represent
the median *interquartile (D) or the mean £SD (E) from different donors (n=5). Statistical
significance was tested using a Friedman test with Dunn’s multiple comparisons test (D) or a
repeated-measures one-way ANOVA with Bonferroni’s multiple comparisons test (E). (F-G) M1
macrophages were treated with 10 yM TFP, CPE, or DMSO with or without 5 M rotenone for 4
(F) or 24 (G) hours after Mav infection. Total mitochondrial ROS production was detected by
flow cytometry. The geometric mean fluorescence intensity (AgMFI) (F) or bacterial survival
by CFU assay (G) were determined. Data represent the mean £SD from different donors
(n=6). Statistical significance was tested using a repeated-measures one-way ANOVA with
Bonferroni’s multiple comparisons test. (H-1) M1 macrophages were treated with 10pM TFP,
CPE, or DMSO with or without 100 uM MnTBAP for 4 (H) or 24 (I) hours after Mav infection.
Total mitochondrial ROS production was detected by flow cytometry. The geometric mean
fluorescence intensity (AgMFI) (H) or bacterial survival by CFU assay (I) were determined. Data
represent the mean £SD from different donors (n=5). Statistical significance was tested using
a repeated-measures one-way ANOVA with Bonferroni’s multiple comparisons test. Dots
represent the mean from duplicate wells of a single donor. Data is expressed as a percentage
of vehicle control DMSO (=100 %, indicated with the dotted line) per donor. TFP; trifluoperazine,

CPE; chlorproethazine. *=p<0.05, ** =p<0.01, ***=p<0.001 and **** =p<0.0001.

is produced by complex | of the ETC via the engagement of reverse electron transport
(RET), rotenonewilldecrease ROS production, howeverif RET doesnotoccur, rotenone
willincrease ROS production (49, 50). Here, rotenone mildly enhanced the induction
of mitochondrial ROS, but did not affect the intracellular control of Mav by TFP and
CPE (Fig. 3F-G). Moreover, MnTBAP significantly reduced levels of mitochondrial ROS
induced by TFP or CPE in Mav-infected macrophages (mean percentage ROSinduction
comparedto controlreduced from 43% to 5% and from 65% to -11%, respectively) (Fig.
3H). Despite this substantial reduction in mitochondrial ROS, MnTBAP had a negligible
effect on the intracellular control of Mav after TFP and CPE treatment (inhibition of
bacterial survival decreased from 33% to 14% and from 50% to 33%, respectively,
compared to controls) (Fig. 3l). Thus, while TFP and CPE induce mitochondrial ROS
production, this is not causally involved in the reduced intracellular survival of Mav.

To exclude any false positive results caused by direct inhibition of bacterial growth
by the ROS modulators, the effects of VAS2870, MnTBAP, and rotenone on bacterial
growth were assessed inthe absence of macrophages. Neither of the ROS modulators
directlyinhibited bacterialgrowth (SuppFig.5C). Moreover, celldeath could alsoresult
in decreased intracellular bacterial load and falsely indicate that TFP and CPE actvia
HDT activity despite ROS modulation. VAS2870, MnTBAP, and rotenone, however, did
not induce cell toxicity to Mav-infected macrophages (Supp Fig. 4H and Supp Fig.
5D-E). Taken together, these findings show that ROS production, particularly from
NOX, seems to be involved in the improved host control of intracellular Mav induced
by TFP and CPE.
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3. Discussion

In this study, we identified phenothiazines, a class of antipsychotic drugs, as novel
HDT candidates for the elimination of intracellular Mav. TFP, CPE, ZINC, FPZ, and CPT
enhanced host control of Mav in primary human M1 macrophages at concentrations
that did not directly impair bacterial growth, indicating that intracellular host rather
than bacterial processes are modulated that resulted in reduced intracellular
survival of Mav. To identify the mechanism of action, we evaluated two well-known
host antibacterial pathways that are reported to be affected by TFP: autophagy and
ROS production. While TFP and CPE treatments showed a trend toward induction of
autophagy, this pathway was not mechanistically involved in the HDT effect of both
compounds. In addition, TFP and CPE strongly induced the production of ROS without
impairing cell viability. Reducing ROS production in mitochondria had no impact on
bacterial survival, while inhibiting ROS from NOX partially restored the survival of
intracellular Mav after TFP and CPE treatment. Hence, as reducing (NOX-mediated)
ROS production did not fully restore the impaired bacterial survival after TFP and CPE
treatment, we hypothesize that other mechanisms yet to be discovered are also at

play.

Phenothiazines have been shown to have antimicrobial activity against a wide range of
bacteria, including Staphylococcus aureus (51, 52), Mtb and Mav (53-59), by affecting
multiple essential bacterial functions. At concentrations that effectively reduced
intracellular Mav levels, both TFP and CPE did not have direct antimycobacterial
activity, in line with previous observations that showed phenothiazines eradicated
intracellular Mtb and Mav by macrophages (55, 60, 61), although the specific host
cellular pathways involved were not addressed. Being CADs, which can accumulate
intracellularly, the possibility remained that TFP and CPE might accumulate in acidic
compartments in macrophages to reach antibacterial concentration levels. However,
the ability of different phenothiazines to impair intracellular mycobacterial survival
did not correlate with its antibiotic potency related to intracellular drug accumulation,
suggesting that mere accumulation is unlikely the cause of the HDT effect and rather
host-dependent mechanisms are at play. This finding aligns with previous research
that shows that phenothiazine derivatives decrease bacterial burden within the host
without directly affecting bacteria themselves, suggesting that these drugs modulate
host cell pathways necessary to control infection (62-64).

Activation of the host autophagy pathway has been shown to reduce intracellular
Mav burden (65), yet Mav has also evolved strategies to counteract this by interfering
with phagosome-lysosome fusion to survive intracellularly (66, 67). Depending on the
cell lines and drug concentrations used, phenothiazines have been shown to either
suppress or induce autophagy (68). Suppression of autophagy may be the result of
calmodulin inhibition by phenothiazines (69-71). Calmodulin is a cytosolic binding
protein that is recruited and activated following increased cytosolic calcium levels
in macrophages encountering mycobacteria (72, 73). The Ca?'-Calmodulin complex
promotes the maturation of phagosomes required for autophagy (73). In contrast,
TFP is also described to promote autophagic flux in cells, including lung cell lines,
and zebrafish (71, 74). Other phenothiazines than TFP promoted acidification of the
phagolysosome, thereby improving intracellular killing of mycobacteria (61, 75).
Previously, TFPwas showntoinduce autophagyin HelLa cellsinfected with Salmonella
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Typhimurium and to improve clearance of intracellular infection, although it remains
unclear whether these effects are causally linked (76). In the current study, TFP and
CPE mildly enhanced autophagic flux and a noticeable trend in TFEB activation, in line
with previous observations (77). Nevertheless, blocking autophagy and acidification
did not impair the antimycobacterial HDT effect of TFP and CPE on intracellular
bacteria, which indicates that lysosomal degradation is likely not essential for the
host-protective effect of phenothiazines.

Anotherhost pathwaythatis knownto be fundamentalfor macrophagestokillinvasive
pathogens is ROS production (78). TFP has been shown to increase both cellular and
mitochondrial ROS levels in our as well as other studies (39, 79). Two major sources
of ROS are NADPH oxidases (NOX) and the mitochondrial electron transport chain
(ETC) (41). NOX enzymes, primarily located on the plasma membrane, produce
cytosolic ROS. During phagocytosis, the plasma membrane forms the interior wall
of the phagocytic vesicle, releasing ROS into the vesicle to kill pathogens (78). ROS
production induced by TFP and CPE was in part derived from NOX, as NOX inhibition
only partially impaired ROS production. NOX-inhibition also restored bacterial
survival after TFP and CPE treatment to a certain extent, suggesting that NOX plays
a role in eliminating intracellular Mav by TFP and CPE. Furthermore, mitochondrial
ROS, traditionally seen as a by-product of respiration and indicative of oxidative stress
(41), is now also recognized as an important antibacterial response in innate immune
cells (78, 80). In addition, mitochondrial ROS production via RET from complex Il
to complex | of the ETC was shown to promote intracellular killing of Mav (81). Our
finding that TFP and CPE induced mitochondrial ROS production seemingly without
involvement of RET, therefore, may explain why mitochondrial ROS is not involved in
enhanced macrophage response induced by TFP and CPE against intracellular Mav.
The discrepancy in the occurrence of RET within Mav-infected macrophages between
this and the study by Rgst et al. might be attributed to variations in the experimental
setup (81), including the longer infection and shorter treatment duration until the
readout of ROS in our study. Taken together, these findings suggest that while both
NOX-mediated and mitochondrial ETC-mediated ROS production are induced, only
the ROS production driven by NOX to a limited extent can account for the enhanced
host control of Mav by TFP and CPE.

Phenothiazines are approved as drugs for the treatment of neurological disorders
such as schizophrenia by inhibiting dopamine receptors (82, 83). While dopamine
has been extensively studied for its role in the central nervous system, emerging
evidence indicates its role as an immunomodulator in innate immunity (35).
Treatment of macrophages with dopamine showed activation of NF-Kb leading to
increased secretion of pro-inflammatory cytokines and chemokines (84-86), which
are associated with macrophage activation and control of mycobacterial infections
(87-89). Similarly, we show that dopamine receptor agonists improved control of
intracellular Mav infection regardless of the presence of phenothiazines. Therefore,
TFP and CPE, being dopamine receptor antagonists, reduce intracellular Mav loads
likely by a mechanism independent of dopamine receptor antagonism. Moreover, TFP
inhibits dopamine receptors at nanomolar concentrations (90), yet its host-directed
effects against Mav were only evident at micromolar concentrations. The notion that
TFP and CPE control Mav infection independent of dopamine receptors is supported
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by the finding that structural modifications abolishing dopamine receptor binding
did not affect phenothiazines’ ability to inhibit intracellular Mtb growth (91). Hence,
eliminatingthe dopaminereceptor-dependent psychotropic effects of phenothiazines
while maintaining their HDT activity against intracellular bacteria seems feasible.

Limitations of our study may be that, although HDT would likely be used as adjunctive
therapy in clinical settings, the efficacy of phenothiazines in combination with
conventional antibiotics was not assessed, as the primary focus was to discover
the mechanism of action of phenothiazines. Future studies should explore drug
interactions and effects on the efficacy of phenothiazines when combined with
antibiotics, to design shorter, more effective, and safer drug regimens. In addition,
when deciphering the mechanisms of phenothiazines, the focus was on M1
macrophages without examining the mechanistic effects on M2 macrophages.
M1 macrophages are critical for immediate pathogen clearance, whereas M2
macrophages may involve different cellular pathways potentially linked to drug
efficacy. Furthermore, while we investigated major sources of ROS production, the
role of other ROS sources such as peroxisomes or cytochrome P450 enzymes was
not explored (41). Although limited information exists on how these sources impact
macrophage-mediated immunity, these minor ROS sources could play a role in the
HDT activity of TFP and CPE which warrants further research. Moreover, although we
suggest that TFP and CPE likely act independently of dopamine receptors, we cannot
rule out receptor involvement entirely. Irrespectively, as these compounds are known
to interact with dopamine receptors, concerns about (e.g., cognitive) side effects
could limit their use for treating mycobacterial infections. Additionally, the effective
concentration of TFP (and CPE) in our study exceeds the peak plasma levels (1.3-
7.6 nM) following oral administration of a 5 mg TFP tablet (initial twice-daily dosing
for the treatment of schizophrenia) (92). Ideally, phenothiazines will be chemically
modified to reduce their binding to dopamine receptors while enhancing their
antimycobacterial activity, which may improve the therapeutic window during clinical
application. Another approach to address this issue may be alternative drug delivery
strategies such as nanoencapsulation of TFP and CPE (93), which may limit systemic
exposure and reduce toxicity risks while enabling localized drug delivery to infected
macrophages. While we aimed to identify the mechanism of action, phenothiazines
may improve host control of intracellular Mav by acting on multiple pathways. The
pleiotropy of phenothiazines makes it extremely challenging to detect significant
effects when only one pathway is analyzed at a time. Although the exact mechanisms
of action of phenothiazines remain unidentified, our study rules out host autophagy
and suggests that cellular ROS production plays a moderate role, thereby guiding the
focus for future research. Given that Mav exploits various antioxidative strategies to
evade host defenses (94-97), investigating by which mechanisms phenothiazines
induce (NOX-derived) ROS production could provide valuable insights into how these
bacterial defenses can be counteracted and how these drugs enhance macrophage
activity against mycobacteria. By highlighting the potential of phenothiazines as
novel HDT candidates, our study may contribute to the development of more effective
therapeutic strategies to combat mycobacterial infection.

Our findings show that phenothiazines act via host-dependent mechanisms to
promote the clearance of Mav within macrophages. Nevertheless, the precise
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mechanisms underlying their therapeutic effects were only partially unraveled and
require further investigation. Elucidating these mechanisms will not only deepen
our understanding of host-pathogen interactions during Mav infection but will also
facilitate the development of targeted therapeutic strategies utilizing phenothiazine-
derived compounds as HDT for intracellular bacterial infections.

4. Materials and methods

4.1 Reagents and antibodies

Anti-human CD163-PE, CD14-PE-Cy7, and CD1a-Alexa Fluor 647 (1:20) were
purchased from Biolegend (Amsterdam, the Netherlands), and anti-human CD11b-
BB515 (1:20) from BD Biosciences. For confocal microscopy, rabbit anti-human TFEB
(1:200) from Cell Signaling Technology (Leiden, the Netherlands), and donkey anti-
rabbit IgG (H + L)-Alexa Fluor 555 (1:200) from Abcam (Amsterdam, the Netherlands)
were used. Hoechst 33342 (1:2,000) was obtained from Sigma-Aldrich (Zwijndrecht,
the Netherlands). For western blot, rabbit anti-human LC3B (1:500) from Novus
Biologicals/Bio-Techne (Abingdon, UK), mouse anti-human SQSTM1/p62 (1:500) from
Santa Cruz Biotechnology (Heidelberg, Germany), rabbit anti-human LAMP1 (1:500)
from Abcam and mouse anti-human B-actin (1:1,000) from Sigma-Aldrich were
used. Horseradish peroxidase-conjugated goat anti-rabbit IgG (H + L) and goat anti-
mouse IgG (H + L) (1:5,000) were purchased from Invitrogen, ThermoFisher Scientific
(Landsmeer, the Netherlands).

N-4-nitrobenzo-2-oxa-1,3-diazole-phosphatidylethanolamine (NBD-PE), CellROX,
and MitoSOX probes were purchased from Invitrogen, ThermoFisher Scientific.
Trifluoperazine dihydrochloride was obtained from Enzo Life Sciences (Brussels,
Belgium), chlorproethazine hydrochloride from Toronto Research Chemical,
chlorprothixene from Vitas-M Laboratory (Apeldoorn, the Netherlands), fluphenazine
dihydrochloride from Sigma-Aldrich and ZINC218752 from Specs (Zoetermeer,
the Netherlands). Dimethyl sulfoxide (DMSO), bafilomycin A1, kanamycin sulfate,
dopaminehydrochloride, quinpirole hydrochloride, N-acetyl-L-cysteine, L-glutathione
reduced, MitoTEMPO, MnTBAP, VAS2870, and rotenone were purchased from Sigma-
Aldrich.

4.2 Cell culture

Buffy coats were collected from healthy anonymous Dutch adult donors who provided
written informed consent (Sanquin Blood Bank, Amsterdam, the Netherlands), to
isolate primary monocyte-derived macrophages as previously described (45). In
summary, CD14+ monocytes were isolated from peripheral blood mononuclear cells
using density gradient centrifugation with Ficoll (Pharmacy, LUMC, the Netherlands)
and subsequently using magnetic-activated cell sorting with anti-CD14-coated
microbeads (Miltenyi Biotec, Auburn, CA, USA). Purified CD14+ monocytes were
cultured for 6 days at 37°C/5% CO, using Gibco Dutch modified Roswell Park
Memorial Institute (RPMI) 1640 medium (ThermoFisher Scientific, Landsmeer,
the Netherlands), which was supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine (PAA, Linz, Austria), 100 units/mL penicillin, 100 pg/mL streptomycin,
and either 5 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF,
ThermoFisher Scientific) for pro-inflammatory M1 macrophage differentiation or 50
ng/mL macrophage colony-stimulating factor (M-CSF, R&D Systems, Abingdon, UK)
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for anti-inflammatory M2 macrophage differentiation. One day prior to experiments,
macrophages were harvested and seeded into flat-bottom 96-well plates (30,000
cells/well), if not indicated otherwise, in RPMI+10% FCS + 2 mM L-glutamine (without
antibiotics or cytokines). Macrophage differentiation was quality controlled by
quantifying cell surface marker expression (CD11b, CD1a, CD14, and CD163) using
flow cytometry and secretion of cytokines (IL-10 and IL-12) following a 24-hour
stimulation with 100 ng/mL lipopolysaccharide (InvivoGen, San Diego, USA).

4.3 Bacterial cultures

The Mav laboratory strain 101 (700898, ATCC, VA, USA) was transformed to express
Wasabi, as previously described (31). Both Mavand Mav-Wasabi strains were cultured
in Difco Middlebrook 7H9 broth, supplemented with 10% ADC (albumin, dextrose,
and catalase) enrichment, (both from Becton Dickinson, Breda, the Netherlands),
0.2% glycerol (Merck Life Science, Amsterdam, the Netherlands), 0.05% Tween-80
(Merck Life Science), and in case of Mav-Wasabi, also with 100 pg/ml of Hygromycin
B (Life Technologies). Bacteria were diluted twice weekly based on optical density at
600 nm (OD_ ) measurements. Prior to experiments, bacterial concentrations were
determined by measuring the OD, . The Wasabi-expressing Mav strain was used for
all experiments, except for the ROS production assays.

4.4 Cell-free bacterial growth assay

To determine any effect of compounds on bacterial growth, Mav cultures were diluted
to OD,,=0.1. These cultures were mixed 1:1 with chemical compounds or DMSO
control at indicated concentrations and subsequently incubated at 37°C/5% CO,.
Bacterial growth was monitored every other day, up to day 10 of incubation using

OD,,, measurements (Envision Multimode Plate Reader, Perkin Elmer).

4.5 Bacterial infection and treatment of cells

One day before infection, Mav culture was diluted to OD, =0.25, corresponding to
early log-phase growth. On the day of macrophage infection, bacteria were diluted
in antibiotic-free cell culture medium to achieve a multiplicity of infection (MOI)
of 10. The accuracy of the MOI was verified using a standard CFU assay (31). After
adding bacteria to the cells, plates were centrifuged shortly (3 minutes at 130 rcf).
After 1 hour of infection at 37°C/5% CO,, the supernatant was removed, and cells
were washed with RPMI 1640 medium containing 30 pg/mL gentamicin to inactivate
the remaining extracellular bacteria. Cells were then treated with compounds at
the indicated concentration or an equal volume of vehicle control (DMSO 0.1%, vol/
vol), in the presence of 5 pg/mL gentamicin and incubated at 37°C/5% CO, until the
experimental readout. After treatment, the supernatant was either harvested for
lactate dehydrogenase (LDH) assay or discarded, and cells were lysed using either
100 or 125 pL of lysis buffer (H20 + 0.05% sodium dodecyl sulfate (SDS)) to assess the
intracellular bacterial burden using a CFU assay or the MGIT system (31) respectively,
or they were processed for further analysis. The activity of phenothiazines on the
elimination of bacteria was determined by calculating the fraction of intracellular
bacteria post-treatment in comparison to the control.

4.6 Lactate dehydrogenase (LDH) release assay
Cells (30,000 cells/well) were infected and treated as described for the appropriate
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experiments. Supernatants were transferred to a new plate and used to quantify LDH
release by reacting with the substrate mix from the Cytotoxicity Detection kit (LDH)
(Merck Life Science) for 30 minutes at RT in the dark. LDH release was quantified by
measuringthe absorbance (A) at 485 nm using the SpectraMaxi3x (Molecular Devices,
San Jose, CA, USA). For the calculation of the cell viability, LDH release by samples
treated with DMSO was used as the lower limit, and release by samples treated with
2% triton X-100 was used as the upper limit: ((1-(A -A A A L) F100%.

sample

4.7 Western blot analysis

After infection and treatment, cells (300,000 cells/well in 24-well plates) were lysed
with EBSB buffer (10% v/v glycerol, 3% SDS, 100 mM Tris-HCL, pH 6.8, supplemented
with cOmplete™ EDTA-free protease inhibitor cocktail) (Sigma-Aldrich). Protein
concentrations of cell lysates were measured using the Pierce™ BCA protein assay
kit (ThermoFisher Scientific), as described previously (98). Protein levels of LC3-
Il, p62, or LAMP1 were assessed as described previously (99). In short, cell lysates
were prepared and loaded on 15-well 4%-20% Mini-PROTEAN TGX Precast Protein
Gel (Bio-Rad Laboratories, Veenendaal, the Netherlands). After transferring
proteins to Immun-Blot PVDF membranes (Bio-Rad), the membranes were blocked
with PBS containing 5% non-fat dry milk (PBS/5% milk) (Campina, Amersfoort, the
Netherlands) for 45 minutes and incubated with primary antibodies for 90 minutes
at RT. After two washing steps with PBS containing 0.75% Tween-20 (PBST), the
membranes were incubated with secondary antibodies for 45 minutes at RT. Finally,
the membranes underwent two washes with PBST before revelation using the
enhanced chemiluminescence SuperSignal West Dura extended duration substrate
(ThermoFisher Scientific). Protein bands were analyzed and quantified using ImagelJ/
Fiji software (NIH, Bethesda, MD, USA) and normalized against actin levels

4.8 Confocal microscopy

For confocal microscopy, poly-d-lysine-coated glass-bottom 96-well plates (no. 1.5,
MatTek Corporation, Ashland, MA, USA) were washed using cell culture medium, after
which macrophages (30,000 cells/well) were seeded one day prior to experiments.
Following infection and treatment, cells were stained for TFEB as described before
(99).Inshort, cellswere fixed using 1% (wt/vol) formaldehyde for 1 hour, permeabilized
using 0.1% Triton X-100 for 10 minutes, blocked with 5% human serum diluted in PBS
(PBS/5% HS) for 45 minutes, and subsequently stained with primary antibodies for
30 minutes at RT. After two washing steps with PBS/5% HS, cells were incubated
with secondary antibodies for 30 minutes at RT in the dark. Finally, cells were stained
with Hoechst 33342 for 10 minutes at RT in the dark. Samples were cured overnight
using ProLong Glass Antifade Mountant (Invitrogen, ThermoFisher Scientific). Each
well was imaged with three images using a Leica SP8BWLL Confocal microscope
(Leica, Amsterdam, the Netherlands) equipped with a 63x oil immersion objective.
CellProfiler 3.0.0. was used for the assessment of the integrated/mean intensity of
TFEB per single nucleus, followed by the calculation of the median of the images per
condition to determine the nuclear presence of TFEB.

4.9 Phospholipidosis induction assay
For the assessment of phospholipidosis induction, cells (30,000 cells/well) were
cultured in black 96-well plates. Following infection, cells were treated with
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compounds and 5 uM of the fluorescent phospholipid probe NBD-PE. Afterwards,
cells were washed once with PBS and fluorescence was measured on the Envision
Multimode Plate Reader.

4.10 ROS production assay

Cells (30,000 cells/well) were cultured in 96-well plates. Following infection, cells
were treated for four hours until readout. Prior to readout, cells were incubated with
3 pM of CellROX or 5 pM MitoSOX probes for 30 minutes at 37°C/5% CO,. Next, cells
were washed thrice with PBS, trypsinized with 0.05% trypsin-EDTA, and scraped
for collection. Fluorescence intensity was assessed by fixating samples with 1%
paraformaldehyde before measuring samples at wavelength 533/30 nm (CellROX)
or 585/40 nm (MitoSOX) on the BD Accuri C6 Plus flow cytometer (BD Biosciences).
Fluorescence intensity was corrected for autofluorescence of cells. The analysis was
performed using FlowJo v10 Software (BD Biosciences).

4.11 Statistics

Fornormally distributed paired datasets of morethantwo groups and oneindependent
variable, repeated measures one-way ANOVA was used, and for multiple variables
two-way ANOVA was used. In non-normally distributed paired data of more than two
groups, the Friedman test was used to evaluate the statistical relevance of observed
differences. Statistical differences were considered significant if p-values were <
0.05. Data analyses and graphical representation were performed using GraphPad
Prism 9.0 (GraphPad Software, San Diego, CA, USA).
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Supplementary material
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Supplementary Figure 1. Identification of phenothiazines as host-directed therapeutics
against Mav in primary human macrophages.

Bacterial survival of Mav within M1 macrophages after treatment with 10, 3.2, 1, 0.32, or 0.1 uM
of five phenothiazines or DMSO for 24 hours, as determined by the MGIT assay. Data represent
the mean * standard deviation (SD) from minimally four donors. Dots represent the mean from
triplicate wells of a single donor. Bacterial survivalis expressed as a percentage of DMSO (=100%)
per donor. Statistical significance was tested using a two-way ANOVA with Dunnett’s multiple
comparisons test. Asterisks depict the significance of treatments.

TFP; trifluoperazine, CPE; chlorproethazine, ZINC; ZINC2187528, FPZ; fluphenazine, CPT;
chlorprothixene.

*=p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.0001.
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Supplementary Figure 2. Physical properties of 16 phenothiazines associated with
intracellular drug accumulation.

(A) The 16 phenothiazines are graphed in relation to pKa (basic) and logP. The exclusion limits
of the Ploemen models are delineated by the dotted lines. Blue dots represent the analogs that
impaired the survival of Mav in primary human macrophages, whereas the black dots represent
compounds that were not effective. (B) Bacterial survival in Mav-infected macrophages after
treatment with 10 uM of the phenothiazines or DMSO for 24 hours (Figure 1A) in comparison to
bacterial survival in planktonic culture (absent of macrophages) after treatment with 100 pM of
the drugs or DMSO.

TFP; trifluoperazine, CPE; chlorproethazine, ZINC; ZINC2187528, FPZ; fluphenazine and CPT;
chlorprothixene.
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Supplementary Figure 3. Effect of dopamine agonists on intracellular Mav control with or
without phenothiazines.

(A-B) Bacterial survival of Mav within M1 macrophages, where dopamine (A) or quinpirole (B)
was applied alone for the first hour, followed by the addition of 10 uM of CPE or DMSO for the
remainder of the treatment. After 24 hours of treatment, bacterial survival was determined by the
CFU assay. Data represents the mean + SD (n=3), and dots represent the mean from duplicate
wells of a single donor. Bacterial survivalis expressed as a percentage of DMSO (=100%, indicated
with the dotted line) per donor. Statistical significance was tested using a repeated-measures
one-way ANOVA with Bonferroni’s multiple comparisons test.

CPE; chlorproethazine.

* =p<0.05.
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Supplementary Figure 4. Induction of NOX-derived ROS by TFP and CPE might have a
limited role in their enhanced macrophage response against Mav.

(A-B) M1 macrophages were treated with 10 uM TFP, CPE, or DMSO for 4 hours. Total cellular
ROS production (A) or mitochondrial ROS (B) production was measured by flow cytometry. Data
represent the median * interquartile range from 8 donors (A) or mean + SD from 7 donors (B).
Statistical significance was tested using a Friedman test with Dunn’s multiple comparisons

142



Phenothiazines boost host control of Mycobacterium avium infection in primary human
macrophages

test (A) or a repeated-measures one-way ANOVA with Dunnett’s multiple comparisons test (B).
(C-D) M1 macrophages were treated for 4 (C) or 24 (D) hours with 10 uM TFP, CPE, or DMSO
with or without 5 mM N-acetyl-cysteine (NAC). Total cellular ROS production was detected by
flow cytometry. The geometric mean fluorescence intensity (AgMFI) (C) or cell viability (D) were
determined. Data represent the median * interquartile range from 6 donors (C) or mean = SD
from 5 donors (D). Statistical significance was tested using a Friedman test with Dunn’s multiple
comparisons test (C). (E-F) M1 macrophages were treated with 10 uM TFP, CPE, or DMSO with or
without 100 pM L-glutathione for 4 (E) or 24 (F) hours. Total cellular ROS production was detected
by flow cytometry. The geometric mean fluorescence intensity (AgMFI) (E) or cell viability (F) were
determined. Data represent the median * interquartile range from 3 donors (E) or mean = SD
from 3 donors (F). Statistical significance was tested using a Friedman test with Dunn’s multiple
comparisons test (E). (G-H) M1 macrophages were treated with 10 pM TFP, CPE, or DMSO with
or without 100 pM MnTBAP for 4 (G) or 24 (H) hours. Total cellular ROS production was detected
by flow cytometry. The geometric mean fluorescence intensity (AgMFI) (E) or cell viability (F) were
determined. Data represent the median * interquartile range from 5 donors (G) or mean = SD
from 5 donors (H). Statistical significance was tested using a Friedman test with Dunn’s multiple
comparisons test (G). Dots represent the mean from duplicate wells of a single donor. Data is
expressed as a percentage of vehicle control DMSO (=100%, indicated with the dotted line) per
donor.

TFP; trifluoperazine, CPE; chlorproethazine. * = p<0.05, ** = p<0.01 and **** = p<0.0001.
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Supplementary Figure 5. Induction of NOX-derived ROS by TFP and CPE might have a limited
role in their enhanced macrophage response against Mav.

(A-B) M1 macrophages were treated with 10 uM TFP, CPE, or DMSO with or without 10 pM
MitoTEMPO for 4 (A) or 24 (B) hours after Mav infection. Total mitochondrial ROS production
was detected by flow cytometry. The geometric mean fluorescence intensity (AgMFI) (A) or
cell viability (B) were determined. Data represent the mean = SD from different donors (n=4).
Statistical significance was tested using a repeated-measures one-way ANOVA with Bonferroni’s
multiple comparisons test (A). (C) Growth of Mav in liquid broth up to 10 days after exposure to
100 uM MnTBAP, 5 pM rotenone, 10 uM VAS2870, or DMSO. Data represent the mean * SD of
triplicate wells from two independent experiments. (D-E) Percentage of viable M1 macrophages
after treatment with 5 yM rotenone (D), 10 uM VAS2870 (E), or DMSO 24 hours. Data represent
the mean = SD from 5 (D). Dots represent the mean from duplicate wells of a single donor. Data
is expressed as a percentage of vehicle control DMSO (=100%, indicated with the dotted line) per
donor.

TFP; trifluoperazine, CPE; chlorproethazine.
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