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ABSTRACT Host membranes are inherently critical for niche homeostasis of
vacuolar pathogens. Thus, intracellular bacteria frequently encode the capaci-
ty to regulate host lipogenesis as well as to modulate the lipid composition of
host membranes. One membrane component that is often subverted by vac-
uolar bacteria is cholesterol - an abundant lipid that mammalian cells produce
de novo at the endoplasmic reticulum (ER) or acquire exogenously from se-
rum-derived lipoprotein carriers. Legionella pneumophila is an accidental
human bacterial pathogen that infects and replicates within alveolar macro-
phages causing a severe atypical pneumonia known as Legionnaires’ disease.
From within a unique ER-derived vacuole L. pneumophila promotes host lipo-
genesis and experimental evidence indicates that cholesterol production
might be one facet of this response. Here we investigated the link between
cellular cholesterol and L. pneumophila intracellular replication and discov-
ered that disruption of cholesterol biosynthesis or cholesterol trafficking low-
ered bacterial replication in infected cells. These growth defects were rescued
by addition of exogenous cholesterol. Conversely, bacterial growth within
cholesterol-leaden macrophages was enhanced. Importantly, the growth
benefit of cholesterol was observed strictly in cellular infections and L. pneu-
mophila growth kinetics in axenic cultures did not change in the presence of
cholesterol. Microscopy analyses indicate that cholesterol regulates a step in
L. pneumophila intracellular lifecycle that occurs after bacteria begin to repli-
cate within an established intracellular niche. Collectively, we provide exper-
imental evidence that cellular cholesterol promotes L. pneumophila replica-
tion within a membrane bound organelle in infected macrophages.
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Abbreviations:

BMDM — bone marrow-derived
macrophage,

ER — endoplasmic reticulum,

hpi — hours post infection,

LCV - Legionella-containing vacuole,
LDL — low-density lipoprotein,

Lp — Legionella pneumophila,
MFI — mean fluorescens intensity,
MOI — multiplicity of infection,
MTOR — mechanistic target of
rapamycin,

T2SS- type Il secretion system.

INTRODUCTION

Replication within a uniqgue membrane-bound organelle is
a common feature in the lifecycle of many bacterial patho-
gens [1-4]. Often starting as a phagosome in the endocytic
compartment, these bacteria-occupied vacuoles transition
into organelles with novel molecular features via remodel-
ing of host proteins and lipids through the highly coordi-
nated actions of bacterial factors [3, 5]. Maturation of
pathogen-occupied vacuoles into cellular organelles that
support bacterial replication is frequently accomplished via
rewiring of the host cell intracellular transport pathways
for nutrient delivery [5-7]. Coordination of organelle ex-
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pansion and pathogen replication is critical for niche ho-
meostasis; therefore, host lipids and their biosynthesis
pathways have emerged as critical regulators of intracellu-
lar replication for vacuolar pathogens both as organelle
membrane building blocks as well as nutrients [8, 9].

The causative agent of Legionnaires’ disease, Legionella
pneumophila (Lp) is a prototypical intracellular bacterial
pathogen that establishes and replicates within a unique
endoplasmic reticulum (ER)-derived vacuole in amoebae
and in macrophages [10-13]. The Legionella-containing
vacuole (LCV) matures into an organelle that supports bac-
terial replication within four hrs of internalization by a pro-

Microbial Cell | JANUARY 2023 | Vol. 10 No. 1



E. Ondari et al. (2022)

cess that involves recruitment and fusion with early secre-
tory vesicles [14-16]. LCV maturation is orchestrated by
the coordinated action of some of the over 300 Lp effector
proteins translocated within the host cytosol by the Lp
type IVb secretion system (T4bSS), known as the Dot/lcm
apparatus [17, 18]. This translocation nanomachine is es-
sential for intracellular survival and deletion mutants lack-
ing single structural components of the Dot/Icm apparatus
are avirulent because they fail to block endocytic matura-
tion [19-21]. Dot/Icm effectors also regulate LCV integrity
and expansion via distinct mechanisms. During maturation
LCV membrane integrity depends on the rapid removal of
the host endosomal regulator inositol 5-phosphatase
OCRL1 (Oculocerebrorenal syndrome of Lowe 1) by the
Dot/Icm effector SdhA [22]. In macrophage infections, LCVs
containing the sdhA deletion mutant rupture during matu-
ration, release bacteria-derived molecules in the host cyto-
sol and trigger pyroptosis — an inflammatory host cell
death that restricts bacterial replication [23-25]. LCV in-
stability in the absence of SdhA is alleviated by genetic
deletion of a Lp encoded enzyme PIlaA that contains phos-
pholipase as well as cholesterol esterase activities and is
secreted within the LCV lumen by the Lp Type Il secretion
system (T2SS) [23, 26-28]. Additionally, LCV membrane
expansion is controlled in part by de novo lipogenesis [29,
30], triggered by the host master metabolic checkpoint
serine/threonine kinase MTOR (Mechanistic target of ra-
pamycin) that responds to cues from energy and nutrient
sensing pathways [29, 31]. Lp activates MTOR signaling
downstream of the amino-acid sensing pathway [29, 32] in
infected macrophages by injecting Dot/lcm effectors which
cause a selective blockade in host protein translation and
thus increase the amount of free amino acids [32]. Disrup-
tion of de novo lipogenesis through MTOR inhibition can
stifle LCV expansion causing membrane rupture, which can
be overcome by supplementation with exogenous lipids
[29]. Notably, cholesterol-rich LDLs (Low-density lipopro-
tein) but not cholesterol-depleted serum rescue LCV ex-
pansion when MTOR is inhibited in macrophage infections
indicating that cholesterol might play a role in LCV homeo-
stasis [29]. Whether cellular cholesterol homeostasis im-
pinges on Lp intracellular survival has not been directly
investigated and thus, it is unclear whether cholesterol or
another LDL packaged lipid species regulates LCV expan-
sion.

In biological membranes cholesterol regulates packing
and phase separation of phospholipids, thus directly im-
pacting both membrane rigidity and permeability as well as
the formation of lipid microdomains [33]. Cholesterol ho-
meostasis is regulated at the ER membrane where choles-
terol concentration is monitored, de novo production is
carried out, and excess is packaged within lipid droplets
[34]. The cholesterol in the ER membrane remains low at
steady state because sterols are trafficked to peripheral
organelles mainly via non-vesicular transport mechanisms
resulting in a cholesterol concentration gradient within
eukaryotic cells from low (ER) to high (plasma membrane
and the endolysosomal network) [34-37]. Internalized se-
rum-derived LDLs also supply cells with cholesterol and
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cholesteryl esters from which free cholesterol is extracted
by lysosomal lipases, exported by the lysosomal proteins
NPC1 and NPC2 (Niemann—Pick C) and disseminated
throughout cellular membranes [34, 37]. Macrophages can
accumulate and sequester excess cholesterol within lipid
droplets following esterification by ACAT1 (Acyl coenzyme
A:cholesterol acyltransferase-1) or export cholesterol out
of the cell [34, 38].

Bacterial pathogens exploit various aspects of choles-
terol homeostasis (uptake, trafficking, production, storage
and efflux) for different purposes including niche biogene-
sis and intracellular replication [39]. Vacuolar niches har-
boring Anaplasma [40, 41], Chlamydia [42], Coxiella [43] or
Erlichia [44] accumulate cholesterol and all of these patho-
gens with the exception of Coxiella have been found to
incorporate scavenged cholesterol into their cell envelope
as well [42, 45]. Notably, genes encoding cholesterol modi-
fying enzymatic domains have been identified in genomes
of pathogenic and symbiotic bacteria [39, 46]. One exam-
ple of anabolic reprograming is the A24 sterol reductase
CUB1206 produced by Coxiella burnetii which has been
demonstrated to complete the terminal step in ergosterol
biosynthesis in eukaryotic cells [47]. Similarly, Legionella
drancourtii encodes a putative eukaryotic-like A7 sterol
reductase, which is highly expressed during amoeba co-
cultures [46]. Conversely, Lp encodes three cholesterol
acyltransferases — PlaA, PlaC and PlaD — which are secreted
by the T2SS extracellularly or in the lumen of the LCV [26,
48, 49] and have been shown to esterify both cholesterol
and ergosterol with short chain fatty acids in vitro [26].
Acylation generally precedes cholesterol sequestration
within lipid droplets, indicating that Lp might have the ca-
pacity to modify cholesterol and thus alter the lipid com-
position of host membranes. Here, we investigate the role
of cholesterol biosynthesis and trafficking in Lp intracellu-
lar replication within macrophage infections.

RESULTS

Generation of bioluminescent Lp strain for high-
throughput, multivariable analysis of bacterial intracellu-
lar replication

Bioluminescence is an excellent reliable reporter for meas-
uring bacterial growth kinetics in cellular infections, espe-
cially when robust, rigorous, multivariable analyses are
needed [50, 51]. Collective light output from biolumines-
cent bacteria allows for direct measurement of bacterial
cultures growth kinetics. Importantly, bioluminescence
output is reflective of the metabolic state of the bacterium
because the enzymology of light production requires ATP
[52]. We engineered a bioluminescent L. pneumophila Lp01
strain (Lp icmRp-LuxR) by inserting the LuxR operon (/luxC
luxD luxA luxB luxE) from Photorhabdus luminescens on the
Lp chromosome under the constitutive promoter of the Lp
icmR gene using insertion-duplication mutagenesis (Fig. 1a).
Light output by the bioluminescent Lp icmRp-LuxR strain
allowed for quantitation of the bacteria population with a
linear dynamic range of at least four orders of magnitude
(Fig. 1b). In axenic growth culture, the bioluminescence

Microbial Cell | JANUARY 2023 | Vol. 10 No. 1



E. Ondari et al. (2022) Regulation of Legionella replication by cholesterol

signal produced by Lp icmRp-LuxR increased exponentially minescence production on cellular metabolism [51]. As
during log phase and peaked as bacteria entered stationary expected, the addition of the protein synthesis inhibitor
phase (Fig. 1c). In stationary phase, light output decreased chloramphenicol inhibited both bacterial replication and
sharply (Fig. 1c) consistent with the dependency of biolu- bioluminescence production (Fig. 1c). Thus, we conclude
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FIGURE 1: Construction and characterization of L. pneumophila strain encoding the LuxR operon. (a) Construction of the Lp icmRp-LuxR strain
via single homologous recombination event with the suicide plasmid pSR47::icmRp-LuxR, which encodes the LuxR operon cloned downstream
of a 863 nt region of homology containing the icmR promoter region from the Lp01 strain. (b) Luminescence output of the LuxR-encoding Lp as
compared to the parental strain. Simultaneous luminescence and optical density measurements are shown from serial dilutions prepared from
two-day heavy patches grown on CYA plates. (c) Luminescence output of the Lp icmRp-LuxR measured every ten min in axenically grown AYE
liquid cultures in the presence/absence of chloramphenicol over the indicated time period. Each time point represents an average of a tech-
nical triplicate. (d) Bacterial growth of Lp icmRp-LuxR measured from bioluminescence output when bacteria were cultured in the absence or
presence of BMDMs. (e) Growth comparison between in the indicated Lp strains in BMDMs infections measured by a CFU growth assay. (f)
Growth kinetics of Lp icmRp-LuxR is shown for various MOls. A vertical line indicates the peak of the growth curve for each infection. (g) The
peak time and amplitude of the growth curve for each MOI from (f) are shown. (d-g) Each data point represents an average from technical
triplicates + SD. (b-g) Representative data from one of three biological replicates are shown.
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that bioluminescence output from the bacterial cultures
containing Lp icmRp-LuxR adequately reflect the kinetics of
bacterial growth in axenic cultures.

Next, we measured the growth of the Lp icmRp-LuxR
strain in primary bone marrow-derived macrophages
(BMDMs) infections for 120 hours where bioluminescence
was measured at 18 discrete timepoints. After an initial
decrease, bioluminescence increased exponentially peak-
ing at 80 hours post infection (hpi) when bacteria were
cultured with BMDMs (Fig. 1d). In contrast, biolumines-
cence production decreased to ~5% of the light produced
by the inoculum when Lp icmRp-LuxR was cultured in par-
allel without BMDMs, consistent with inability of the bac-
teria to replicate without host cells. Growth kinetics of Lp
icmRp-LuxR in BMDMs infections was indistinguishable
from the parental non-luminescent strain (Fig. 1e). Next,
the ratio between Lp icmRp-LuxR and host cells was varied
in the cell culture infections (Fig. 1f-g). The results showed
that bioluminescence output from the infections peaked at
an earlier timepoint when higher multiplicity of infection
(MOI) was used and at later times when lower MOIs were
used (Fig. 1 f-g). Because availability of host cells dictates
maximum bacterial growth in these infection assays, the
peak fold change in bacterial growth was highest when the
lowest MOI was used which allowed for the most infection
cycles to occur (Fig. 1 f-g). We conclude that kinetic meas-
urements of light productions by Lp icmRp-LuxR during
cellular infections adequately represent bacterial growth in
a closed experimental system where BMDMs support in-
tracellular bacterial replication but themselves do not di-
vide due to absence of macrophage-specific growth factors,
such as MCSF, which allows several sequential infection
cycles to occur until macrophages are depleted. Thus, in-
fections at the lower MOls ultimately produced the highest
amplitude in the growth curve (Fig. 1g) because the great-
est number of infection cycles could occur before the ex-
haustion of viable host cells.

Cholesterol and inhibitors of cholesterol biogene-
sis/trafficking do not alter Lp growth in axenic cultures

Because we sought to investigate how cellular sterols im-
pact Lp intracellular replication using a pharmacological
approach, we wanted to determine if the reagents we
were going to use directly impact bioluminescence produc-
tion or bacterial replication. First, Lp growth in AYE broth
was measured in the presence of different amounts of
cholesterol (from 5 to 50 uM; Fig. 2a) but neither bacterial
replication nor bioluminescence output changed when
cholesterol was added, indicating that cholesterol at the
concentrations used (i) did not confer growth advantage or
disadvantage for Lp and (ii) did not affect bioluminescence
output (Fig. 2a). Next, we tested if U18666A or ketocona-
zole had an off-target effect in Lp that directly affects bac-
terial growth or bioluminescence output. U18666A inhibits
the lysosomal transmembrane transporter NPC1 [53],
whereas ketoconazole blocks cholesterol de novo biosyn-
thesis by inhibiting demethylation of lanosterol [54]. In
axenic growth cultures, U18666A treatment slightly re-
duced Lp replication and slightly enhanced biolumines-
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cence output in late log phase (Fig. 2b), indicating that
during late growth phase the bioluminescence output per
bacterium increased compared to vehicle treated cells.
Conversely, ketoconazole treatment affected neither bac-
terial replication nor bioluminescence output as the data
was indistinguishable from vehicle control treated cells (Fig.
2c¢). We conclude that cholesterol and ketoconazole treat-
ment at the concentrations used would not directly inter-
fere with bacterial replication in the infection assay,
whereas the bioluminescence output from the U18666A
treatment conditions will likely overestimate slightly the
number of viable bacteria.

Perturbations in cellular cholesterol homeostasis leads to
a decrease in Lp replication within BMDMs
Cellular cholesterol in mammalian macrophages is primari-
ly derived from two sources: (i) de novo biosynthesis at the
ER and (ii) internalization of serum-derived dietary choles-
terol [34]. To investigate how cholesterol homeostasis im-
pacts Lp intracellular replication, we first disrupted choles-
terol biosynthesis using ketoconazole. Because uptake of
serum-derived cholesterol complements the loss of de
novo cholesterol production in eukaryotic cells, in these
experiments BMDMs were pre-cultured with serum-free
(SF) RPMI overnight prior to the infection and subsequently
were kept in the same media during the infection. Le-
gionella intracellular growth was measured via biolumines-
cence output at discrete timepoints for 96 hours in the
presence or absence of 3.3 uM ketoconazole, which was
added at 2 hpi. In the absence of ketoconazole, biolumi-
nescence increased ~ 30-fold from the inoculum and the
bacterial population peaked at 48 hpi (Fig. 3a); however,
when cholesterol biosynthesis was inhibited, maximum
bacterial growth was reached at 78 hpi and was reduced by
~73% (Fig. 3a). These data demonstrate that loss of de
novo cholesterol synthesis during infection significantly
decreased Lp replication in macrophages suggesting that a
certain amount of cellular cholesterol is critical for optimal
infectivity. The defect in Lp growth under cholesterol de-
pletion conditions was rescued when an exogenous source
of cholesterol was provided by direct supplementation of
either 5 uM cholesterol or serum (1% FBS v/v) in the cul-
ture media (Fig. 3a), indicating that cholesterol uptake by
macrophages can complement the loss of cholesterol de
novo synthesis. Because neither ketoconazole nor choles-
terol altered bacterial growth in axenic cultures (Fig. 2a
and c), these data are consistent with cholesterol having an
effect on the host cell in a manner that impacts bacterial
replication. We conclude that a certain amount of cellular
cholesterol is important for optimal infectivity and loss of
de novo cholesterol synthesis during infection decreases
the capacity of macrophages to support Lp replication.
Several cellular transport mechanisms shuttle choles-
terol between different membrane organelles in order to
maintain organelle-specific sterol concentrations within
the respective lipid bilayers. NPC1l-mediated cholesterol
export from lysosomes is one key step in cholesterol intra-
cellular trafficking [55, 56]. Loss of NPC1 function results in
accumulation  of  cholesterol  within late  endo-

Microbial Cell | JANUARY 2023 | Vol. 10 No. 1



E. Ondari et al. (2022)

d. 1.5%109+ 2.0
m
>
-
4 1.5+
1.0x106+
@
g %
dJ —
8 o 10
3 (e}
£ 5.0x105+
E 0.5+
3
—
0.0 0.0
0 600 1200 1800 2400 0 600
Time (min)
b 1.5x108 2.0
)
>
-
x 1.5
1.0%105—
(0] o
g 2
8 o "0
3 (e}
£ 5.0%105
£ 0.5
3
-
0.0 0.0
0 600 1200 1800 2400 0 600
Time (min)
C. 1.5%108 2.0+
)
>
-
@ . 1.5
g 1.0%108— o
= 3
[] ]
2 8 1.0
2 5.0x105
E 0.5
3
-
0.0 0.0
0 600 1200 1800 2400 0 600
Time (min)

somes/lysosomes and cholesterol depletion from Golgi
membranes, which can alter membrane transport path-
ways [57]. Therefore, we investigated whether cholesterol
export from lysosomes would impact Lp intracellular repli-
cation. Macrophages treated with U18666A — a NPC1 spe-
cific inhibitor [53] - exhibited a reduced capacity to support
Lp replication (Fig. 3b), which manifested in significant
delay and lower growth curve peak (Fig. 3b). Importantly,
exogenously supplemented cholesterol that can be ab-
sorbed by cells directly via the plasma membrane partially
restored the capacity of U18666A-treated macrophages to
support bacterial replication (Fig. 3b). Conversely, serum-
derived cholesterol packaged in LDLs that is extracted in
lysosomes and exported by NPC1 [34] did not comple-
mented the growth defect phenotype induced by U18666A
treatment (Fig. 3b). These data demonstrate that choles-
terol imbalance caused by a blockade in the NPC1-
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FIGURE 2: Effects of choles-
terol, U18666A and ketocona-
zole on bacterial growth and
luminescence production in
axenic cultures. (a-c) Lumines-
cence output of the Lp icmRp-
LuxR measured every ten min
in axenically grown AYE liquid
cultures in the pres-
ence/absence of different
concentration of cholesterol
(a), U18666A (b), or ketocona-
zole (c) over the indicated time
period. Each timepoint repre-
sents an average of technical
triplicates. Grey panel denotes

W DMSO

¥ Cholesterol 50uM
Cholesterol 25uM
Cholesterol 5uM

I Chloramphenicol

M DMSO entry into stationary phase. (a-
¥ U18666A 10uM c) Representative data from
U18666A 5uM

one of three biological repli-

W Chloramphenicol
cates are shown.

1200 1800 2400
Time (min)

B DMSO

V¥ Ketoconazole 10pM
Ketoconazole 3.3uM

Il Chloramphenicol
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mediated cholesterol export pathway also decreases Lp
replication in BMDMs.

To determine if cholesterol synthesis and NPC1-
mediated export function in parallel to facilitate optimal
bacterial replication in macrophages we treated cells sim-
ultaneously with ketoconazole (3.3 uM) and U18666A
(5 uM). However, the combined treatment was poorly tol-
erated by macrophages under serum-free conditions in the
absence of infection and resulted in significant decrease in
viability which precluded the analysis of Lp intracellular
growth under those conditions (data not shown). We con-
clude that cholesterol imbalance caused by disruption of
either de novo synthesis or lysosomal export decreases the
capacity of macrophages to support Lp intracellular growth.
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FIGURE 3: Impact of cellular cholesterol on Lp intracellular repli-
cation. Intracellular bacterial replication measured by lumines-
cence output over 96 hrs from BMDMs infected with Lp icmRp-
LuxR at MOI of 7.5 in the absence or presence of 3.3 uM ketocona-
zole (a), 5uM U18666A (b), 5uM cholesterol (a-b), 1% (v/v) FBS (a-
b) or DMSO (a-b). Each data point represents an average of tech-
nical triplicates + SD. For statistical analysis, each data series was
compared to the data series obtained from the ketoconazole only-
treated cells (a) or U18666a only-treated cells (b) using two-way
ANOVA analysis. **** p<0.0001; *** p<0.0002; ** p<0.0021; * p<
0.033 (a-b) Representative data from one of three biological repli-
cates are shown.

Cholesterol imbalance reduces the size of the Legionella-
occupied intracellular niche

In cellular infections, maximal bacterial proliferation de-
pends on a number of distinct stages of the Lp intracellular
lifecycle functioning at optimal capacity, anyone of which
might be impacted by imbalance in cellular cholesterol. To
gain insight into the cholesterol-dependent cellular func-
tion(s) that dictate how well macrophages support Le-
gionella replication, we first investigated if Lp uptake by
macrophages was affected under cholesterol imbalance
conditions. To this end, we treated BMDMs with ketocona-
zole or U18666A for 24 hrs to induce cholesterol imbalance
after which Lp internalization was measured for two hpi
using inside/out microscopy approach (Fig. 4 a-b). Neither
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ketoconazole nor U18666A treatment reduced the number
of internalized bacteria by BMDMs, unlike the disruption of
actin polymerization which interfered with phagocytosis
(Fig. 4b). Thus, a defect in bacteria uptake is unlikely the
cause for the reduced Lp growth in BMDMs infections un-
der cholesterol imbalance conditions.

Because macrophages treated with ketoconazole or
U18666A internalized Lp normally, we next investigated
whether cholesterol affects LCV biogenesis and expansion.
To this end, we directly measured LCV dynamics in macro-
phage infections using live-cell microscopy by infecting
BMDMs with GFP-expressing Lp and imaging of the infect-
ed cells every four hours over ~2.5 days (Fig. 5 a-e). The
number of LCVs as well as their respective sizes represent
two parameters that were quantified for every timepoint.
The distribution of LCVs by size clearly showed an increase
in larger organelles as the infection progressed (eight hpi
vs 52 hpi; Fig. 5¢). The number of LCVs also increased over
time and two infection cycles with progressively higher
number of LCVs peaking at ~26 and 50 hpi were observed
(Fig. 5d). For both infection cycles, the average LCV size at
the peaks were comparable (Fig. 5e). Together these data
show detailed population-based analysis of LCV dynamics
in infected BMDMs based on unbiased automated live-cell
imaging.

The maturation of the LCV into a membrane-bound or-
ganelle that supports bacterial replication is completed
within four hours of bacteria internalization at which point
Lp starts dividing [58]. LCV maturation defects should de-
crease either the average LCV size or the overall number of
LCVs that support bacterial replication because of a num-
ber of possible reasons — for example a delay in initiation
of bacterial replication or a decrease in nutrient availability.
To determine if cholesterol imbalance decreased Lp intra-
cellular replication by causing an LCV maturation defect we
directly compared the number of organelles that support
Lp replication as well as their sizes under conditions of
disrupted cholesterol homeostasis at an early timepoint of
infection. The breakdown of LCV sizes at eight hpi - an early
timepoint after initiation of bacterial replication but before
bacterial egress - revealed that LCVs within ketoconazole-
treated as well as U18666A-treated BMDMs were similar
to the ones from vehicle-treated cells (Fig. 5 c), indicating
that LCV maturation occurred normally despite a blockade
in either de novo cholesterol synthesis or trafficking. At a
later timepoint (52 hpi), after several rounds of infections
have occurred, the number and size of the bacteria-
occupied organelles was lower under cholesterol imbal-
ance conditions (Fig. 5¢). Significant differences in the size
and number of LCVs between cholesterol imbalance condi-
tions and vehicle control treatments were observed after
18 hpi (Fig. 5e). These data indicate that cholesterol imbal-
ance lowers macrophage capacity to support Lp intracellu-
lar replication by limiting the number of bacteria each LCV
produces. In principle, lower macrophage viability caused
by cholesterol imbalance could potentially also restrict Lp
replication by limiting the number of available bystander
cells; therefore, the membrane-impermeable fluorescent
dye Cytotox RED was used during the life-cell imaging ex-
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FIGURE 4: Lp uptake by U18666A- and ketoconazole-treated BMDMs. (a) Representative micrographs showing one completely (arrow
head) and one partially internalized (arrow) bacterium. BMDMs were infected with GFP+ Lp AflaA and stained with anti-Lp antibody prior to
permeabilization to distinguish intracellular (green) from surface-associated bacteria (red and green). (b) Phagocytosis of Lp by BMDMs pre-
treated for 24 hrs with either DMSO, 3.3 pM ketoconazole or 5 uM U18666A prior to a two hr infection with GFP+ Lp AflaA. As a control,
some BMDMs were treated with 5 uM cytochalasin D for the duration of the infection. Uptake index is calculated by normalizing the per-
centage of internalized bacteria for each condition to the percentage of internalized bacteria by the DMSO-treated cells in each experiment.
Bars represent average of three biological replicates + SD where > 100 bacteria for each treatment were scored. (n.s) not-significant; one-
way ANOVA. (a-b) Representative data from one of two biological replicates are shown.

periments to identify and quantify host cell death (Fig. 5f).
The analysis of cell viability showed similar kinetics among
all treatment conditions (Fig. 5f), demonstrating that Lp
intracellular growth defects caused by ketoconazole and
U18666A treatments are unlikely a consequence of de-
crease in cell viability.

Taken together, these data demonstrate that inhibition
of either de novo cholesterol biogenesis or NPC1 function
interferes with LCV functionality in a manner that effective-
ly lowers the capacity of the LCV to support optimal Lp
replication resulting in fewer bacteria egressing from the

host cell and participating in the subsequent infection cycle.

The LCV dynamics data are also consistent with the data
from the cellular infection assays that showed a growth
delay rather than a growth restriction phenotype under
cholesterol imbalance conditions (Fig. 3a-b).

Legionella infection increases filipin staining in macro-
phages

Because of the link between cholesterol imbalance and Lp
intracellular replication, we sought to visualize cholesterol
distribution in macrophages during infection using micros-
copy. To this end, we used the polyene macrolide Filipin lll
to visualize sterols and the lipophilic dye NileRed to image
neutral lipids in macrophages. Filipin is a conventional im-
aging probe for cellular cholesterol that binds non-
esterified cholesterol but not cholesterol esters [59]. Be-
cause filipin photobleaches easily, we compared the signal
intensities of infected vs uninfected bystander macrophag-
es which were present side-by-side and were imaged sim-
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ultaneously. For these experiments, BMDMs were infected
with GFP-expressing Lp strains for six hours (Fig. 6a-e). The
sterols content among macrophages varied widely, as in-
ferred by the filipin signal mean fluorescence intensity
(MFI) in each cell (Fig. 6d). Nevertheless, on average filipin
MFI was significantly higher in macrophages harboring
bacteria by ~25% as compared to uninfected neighboring
bystander cells (Fig. 6a-b, d). Noticeable difference in the
filipin signal distribution of infected vs bystander cells was
observed where cholesterol accumulated in broad diffuse
perinuclear regions, which indicates spatial regulation (Fig.
6b). Similar to the results with filipin, Lp-infected macro-
phages had ~12% higher NileRed MFI as compared to by-
stander macrophages (Fig. 6a and e). NileRed is non-
fluorescent in polar solvents but is intensely fluorescent in
hydrophobic solvents and in cells preferentially stains neu-
tral lipids [60, 61]. Collectively, these data indicate that
sterol and neutral lipids concentrations are higher in Lp-
infected BMDMs as compared to bystander uninfected
macrophages.

Because Lp has been shown to stimulate pro-lipogenic
pathways in infected BMDMs in a T4SS-dependent manner
[29, 32], we investigated whether the L.p Dot/Icm appa-
ratus is required for the elevated lipid concentration in
infected cell. To this end, BMDMs were infected with a
clean deletion mutant missing the dotA gene, whose gene
product is an essential component of the Dot/Icm appa-
ratus and therefore lacks a functional T4SS [62]. The aver-
age MFIs of BMDMs harboring L.p AdotA bacteria for both
filipin and NileRed were indistinguishable from the average
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FIGURE 5: Effects of U18666A and ketoconazole on Lp uptake, dissemination and intracellular replication. (a,c-f) Live-cell microscopy anal-
ysis of BMDMs infected with GFP+ Lp AflaA for 62 hr. (a) Representative images (0.85 X 0.63mm, 0.54mm?) acquired at the indicated time
points showing individual LCVs containing GFP-expressing Lp in a monolayer of infected BMDMs (~1,000 cells/image) which were treated
with either DMSO, 3.3 uM ketoconazole or 5 uM U18666A. (b) Micrographs showing representative LCVs that support bacterial replication
in BMDMs infected with GFP+ Lp AflaA at twelve hpi and treated as indicated. (c) Distribution of LCV sizes (um?) harbored by BMDMs at
eight and 52 hpi. Cells were treated as indicated. The size of each bin is 4um?2. Cumulative data from twelve images acquired from three
technical replicates for each treatment and each time-point are graphed as LCV counts/bin. (d) The average number of LCVs per image, (e)
the average LCV size (um?2), and (f) the number of dead BMDMs are shown over the course of the infection. BMDMs were treated as indi-
cated. Averages * SD of data from twelve images from three technical replicates (four images per replicate) for each condition are shown.
For statistical analysis, each data series was compared to the data series obtained from DMSO-treated cells using two-way ANOVA analysis.
*¥*** p<0.0001; *** p<0.0002; ** p<0.0021; * p< 0.033 (f) In control treatments, BMDMs were treated either with 0.2% Triton X-100 to
determine the maximum number of dead cells or with the cytotoxic reagent gemcitabine. (a-f) Representative data from one of three bio-

logical replicates are shown.

MFIs of uninfected bystander cells (Fig. 6¢c-e). We conclude
that the Dot/Ilcm apparatus is required for the elevated
lipid concentration in infected cell. The Dot/Icm dependen-
cy of the phenotype indicates that Lp might directly or indi-
rectly modulate one of more host processes that increase
non-esterified sterols and neutral lipids in infected cells.

Exogen

ous cholesterol potentiates Legionella intracellular repli-
cation in macrophages

Elevated cellular cholesterol in Lp infected cells coupled
with the sub-optimal intracellular bacterial replication un-
der cholesterol-limiting conditions raised the question of
whether higher cellular cholesterol concentration benefits
bacterial growth in macrophages. Thus, we investigated Lp
intracellular growth in BMDMs under high cholesterol con-
ditions by culturing the macrophages with various amounts
of exogenously supplied cholesterol for 24 hrs prior to in-
fection while the infection was carried out without choles-
terol supplementation (Fig. 7a-b). Pre-loading BMDMs with
cholesterol was sufficient to increase their capacity to sup-
port Lp growth over several days in a dose-dependent
manner (Fig. 7a, b). Similarly, enhanced bacterial replica-
tion was observed when cholesterol was supplemented at
the time of infection (Fig. 7c, d). Because cholesterol itself
did not alter Lp replication in axenic cultures (Fig. 2a),
these data indicate that the growth-promoting effects of
cholesterol on Lp intracellular replication likely occur as a
result of alterations in the host cell. Thus, we conclude that
increasing cellular cholesterol enhances the capacity of
BMDMs to support Legionella replication.

DISCUSSION

Our work here identified a link between Lp intracellular
growth and cholesterol homeostasis in the host cell by
demonstrating that cholesterol imbalance induced through
disruption of de novo production or trafficking in infected
macrophages reduced capacity of macrophages to support
Lp growth by decreasing the number of bacteria produced
from each LCV. Several lines of evidence are consistent
with a decreased LCV housing capacity under cholesterol
imbalance as the cause for this phenotype: (1) treatment
with either ketoconazole or U18666A reduced Lp replica-
tion in macrophage infection assays, while Lp uptake and
LCV maturation were not affected by cholesterol imbal-
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ance; (2) exogenous cholesterol complemented the Lp
growth defect induced by ketoconazole or U18666A treat-
ments; (3) macrophages pre-loaded with exogenous cho-
lesterol supported Lp growth better; (4) macrophages un-
der cholesterol imbalance produced on average less bacte-
ria within LCVs over the course of several infection cycles;
(5) after the primary infection cycle, less LCVs were ob-
served under cholesterol imbalance conditions in the sub-
sequent infection cycles. Thus, we propose that one or
more cellular processes that determine optimal Lp replica-
tion within the LCV is regulated directly or indirectly by
cholesterol.

The intracellular replication of several vacuolar bacteri-
al pathogens, such as C. burnetii and Chlamydia tracho-
matis, have been shown to be impacted either positively or
negatively by imbalance in cellular cholesterol [39]. For
instance, U18666A treatment reduced C. trachomatis in-
tracellular replication in HEP-2 cells by interfering with
cholesterol delivery through CD63-positive multivesicular
bodies to the Chlamydia-containing vacuole [63]. C. tra-
chomatis harvests cholesterol from the host cell and incor-
porates it in the bacterial cell envelope and thus depends
on cholesterol for optimal growth [42]. It is unlikely that Lp
acquires cholesterol as a nutrient or for macromolecular
biosynthesis because it is evident from our data that Lp
growth rate in axenic cultures did not increase upon cho-
lesterol supplementation. Indeed, it is well established that
Lp preferentially catabolizes amino acids and carbohy-
drates for macromolecular biosynthesis [64—66]. U18666A
treatment accumulates cholesterol in the late endoso-
mal/lysosomal compartment increasing the sterol content
of C. burnetii-occupied vacuoles, which continuously inter-
cept endocytic and lysosomal vesicular traffic [43, 67, 68].
In this case, cholesterol was shown to be bacteriolytic [67].
We did not detect obvious accumulation of filipin on Lp or
in the direct proximity of the LCV in infected macrophages
as it has been observed for Coxiella [43]and Chlamydia [42],
indicating that cholesterol is unlikely to have been incorpo-
rated in the Lp cell envelope or increased drastically within
the LCV membrane. Therefore, we speculate that the cho-
lesterol-dependent processes which promote Lp replica-
tion might occur at an organelle membrane distinct from
the LCV.

The differences in biogenesis and homeostasis mecha-
nisms that govern the intracellular niches of different bac-
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FIGURE 6: Microscopy analysis of cholesterol and neutral lipids content of BMDMs infected with L. pneumophila. (a-c) Representative
micrographs of 3D projections from infected (O) and bystander (A) BMDMs at six hpi with GFP-expressing Lp01 AflaA (a-b) or Lp0O1
AflaAAdotA. Cells were stained with Filipin and NileRed for visualization of the cellular pools of cholesterol and neural lipids, respectively.
LCVs are indicated with arrow heads (>) (b-c) Show individual channels pseudo-colored with the Kindlmann color map. (d-e) Violin Plots of
Filipin (d) and NileRed (e) mean fluorescent intensity (MFI) in infected and bystander macrophages at six hpi. n- the number of cells included
in each condition. n.s — not significant, *** p<0.0001 (two-tailed unpaired T-test) (a-e) Representative data from one of three biological

replicates are shown.

terial pathogens can explain the distinct cholesterol-
dependent phenotypes observed during infection. Both
C. trachomatis and C. burnetii reside within vacuoles that
intercept trafficking from or are derived from cellular or-
ganelles with high cholesterol content (Golgi apparatus and
lysosomes, respectively), whereas LCVs fuse with the ER, a
low cholesterol content organelle. Cholesterol produced at
the ER is tightly regulated within a narrow range and a
majority of the lipid is rapidly exported through vesicular
and non-vesicular transport mechanisms resulting in signif-
icantly lower cholesterol ER membrane content relative to
other organelles [34, 69]. Minute changes in cholesterol at
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the ER trigger homeostasis mechanism that trap excess
cholesterol within lipid droplets or initiate de novo biogen-
esis under lipid starvation conditions [34]. Lp infected mac-
rophages had a distinct broadly defused perinuclear in-
crease in filipin signal as compared with neighboring by-
stander cells suggesting that Lp may subvert directly or
indirectly cellular processes that control cholesterol home-
ostasis. Indeed, Lp T4SS effectors have been shown to acti-
vate the pro-lipogenic MTOR signaling cascade [29, 32].
Interference with MTOR function decreases the LCV hous-
ing capacity and results in premature LCV rupture [29].
Therefore, the defects in LCV homeostasis induced by cho-
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FIGURE 7: Effects of cholesterol supplementation on Lp intracellular replication. Intracellular bacterial replication measured by biolumines-
cence output over 108 hrs from BMDMs infected with Lp icmRp-LuxR (MOI of 2.5). Cells were either cultured with the indicated amounts of
cholesterol for 24 hrs prior to infection (a-b) and infected in serum-free media (SFM) or were treated as indicated for the duration of infec-
tion starting at 2hpi (c-d). (a and c) Luminescence output from infected BMDMs measured at the indicated times post infection. (b and d)
Ratiometric analysis of Lp intracellular replication in the presence/absence of cholesterol or FBS. For each time point the ratio represents the
bacteria-derived bioluminescence output produced when BMDMs were cultured under the indicated treatments divided by the output pro-
duced when BMDMs were cultured in SFM. (a-d) shown are averages from technical triplicates + SD for each time-point. **** p<0.0001, two-
way ANOVA. (a-d) Representative data from one of three biological replicates are shown.

lesterol imbalance and MTOR inhibition overlap to a cer-
tain extend. Interestingly, the LCV instability caused by
MTOR blockade was complemented by fetal bovine serum
(FBS) containing LDLs but not by FBS depleted of choles-
terol [29]. Perhaps, cholesterol is a positive regulator of
LCV expansion, which would explain the normal Lp uptake
and LCV maturation under cholesterol imbalance as well as
the higher Lp intracellular growth observed in the presence
of exogenous cholesterol.

How does cholesterol imbalance decrease LCV housing
capacity? Cholesterol regulates protein functions by sever-
al mechanisms including membrane recruitment of choles-
terol-binding proteins - such as Syntaxin 6 (Stx6) and Cave-
olin - as well as higher-order clustering and assembly of
protein complexes within lipid-ordered microdomains in
lipid membranes [33]. Large number of Lp T4SS effectors
localize to host organelle membranes [70-72]. For example,
SidC and DrrA/SidM contain Ptdins(4)P- binding domains,
which dictate recruitment to the Ptdins(4)-P enriched LCV
membrane [73, 74], other effectors achieve membrane
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localization through lipidation [71]. The presence of choles-
terol/ergosterol binding domains given the large Dot/lcm
effector repertoire is a possibility, though none have been
discovered yet. Nearly 25% of Lp T4SS effectors encode
one or more transmembrane domains [75]; thus, disrup-
tion of cholesterol-dependent lipid microdomains at the
LCV or at other cellular organelles might interfere with
effector functions by altering membrane fluidity. For ex-
ample, iron transport through the eight transmembrane
domain effector MavN, which is essential for Lp intracellu-
lar replication and resides within a cholesterol-containing
region of the LCV membrane [76] might be affected. Regu-
lation of Lp growth by cholesterol strictly via host specific
factors is also a possibility. The cholesterol-binding
Q-SNARE Stx6 redistributes from the trans-Golgi network
to a Rab11l+ recycling endosomes upon cholesterol accu-
mulation in the endosomal compartment brought by a
blockade in NCP1-mediated cholesterol export resulting in
integrins recycling and cell migration defects [57]. Similarly,
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cholesterol imbalance might alter trafficking pathways
critical for LCV expansion.

Although cellular cholesterol maximizes Lp growth
within LCVs, overabundance of cholesterol can rigidify bio-
logical membranes causing cellular stress and cytotoxicity
unless cholesterol is acylated, extracted and packaged
within lipid droplets [77]. Interestingly, Lp secretes three
GDSL-type esterase/lipases (PlaA, PlaC and PlaD) that have
been shown to acylate ergosterol as well as cholesterol in
vitro [26]. These enzymes are secreted by the T2SS either
in the extracellular milieu or in the lumen of the LCV after
bacteria are internalized and therefore are likely to access
and presumably modulate cholesterol within the plasma
membrane as well as the LCV membrane [28]. Cholesterol
esterification in infected cells by the Lp PlaA/C/D enzymes
has not been demonstrated, however PlaA can destabilize
the LCV membrane when the T4SS effector SdhA is deleted
[23], indicating that overt cholesterol extraction from the
LCV membrane after cholesterol acylation by PlaA could be
a destabilizing event. The precise mechanism(s) by which
cholesterol imbalance regulates LCV housing capacity
clearly warrants further investigation.

MATERIALS AND METHODS

Bacterial Strains

All strain used in this study were derived from the Legionella
pneumophila serogroup 1, strain Lp01 [19]. To avoid NLRC4-
mediated pyroptosis triggered by flagellin when BMDMs from
C57BL/6J mice are infected by Legionella that express flagellin,
strains used in this study have a clean deletion of the flaA
gene. The following strains on the L. pneumophila Lp01 back-
ground were used in this study: (1) Isogenic clean deletions
strain Lp01 AflaA was produced by allelic exchange (in this
study); (2) Isogenic clean deletions strain Lp01 AdotA
pTac::GFP  expressing GFP  under isopropyl-beta-D-
thiogalactoside (IPTG)-inducible promoter; (3) Isogenic clean
deletions strain Lp01 AflaA pTac::GFP expressing GFP under
IPTG-inducible promoter; (4) Lp01 AflaA-LuxR strain, referred
to as Lp icmRp-LuxR in which the LuxR operon (luxCDABE)
from Photorhabdus luminescens was inserted via homologous
recombination on the bacterial chromosome downstream of
the icmR promoter (in this study).

Legionella strains were grown for two days at 37°C on
charcoal yeast extract (CYE) plates (1% yeast extract, 1%N-(2-
acetamido)-2-aminoethanesulphonic acid (ACES; pH 6.9), 3.3
mM I-cysteine, 0.33 mM Fe(NO3);, 1.5% bacto-agar, 0.2%
activated charcoal) [78]. For all infections, Legionella were
harvested from CYE plates and grown in liquid cultures. For
liquid cultures, bacteria from day two heavy patches grown on
CYE plates were suspended to optical densities of 0.1 or 0.3 in
2.5 mL of complete ACES buffered yeast extract (AYE) broth
(10 mg/mL ACES: pH 6.9, 10 mg/mL yeast extract, 400 mg/L L-
cysteine, 135 mg/L) supplemented with 100 ug/mL strepto-
mycin and grown aerobically at 37°C to early stationary phase
(between 18-22 hours, to OD 3.0-4.0). Liquid cultures of the
GFP-expressing strains were supplemented with 10 pg/mL
chloramphenicol.
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Plasmids and strain construction

The GFP-expressing bacterial strains were generated by elec-
troporation with the pAM239 plasmid, which carries chloram-
phenicol resistance and encodes GFP under the IPTG-inducible
Ptac promoter. Transformants were selected on CYE chloram-
phenicol plates and GFP expression was verified by microsco-
py.

The pSR47::Picmr-LUXR plasmid was generated by cloning
875 nt sequence upstream of the icmR gene (Picmg) and the
luxCDABE (LuxR) operon into the pSR47 suicide plasmid. The
875 nt Picmr genomic sequence was amplified with a forward
cloning primer containing an EcoRlI restriction enzyme site (5’-
CGGAATTCGTCCGGGGTATTAACACTTAGG-3’) and a reverse
cloning primer containing a BamHI restriction enzyme site (5’-
CGGGATCCTATTACCACTCCTGAGCTAAATCTC-3’). The LuxR
operon was excised from pXen-13 (Xenogen) by double digest
with BamHI and Notl restriction enzymes. The pSR47::Picmg-
LuxR plasmid was assembled in a three-way ligation reaction
with pSR47 (digested with EcoRI/Notl), Pimr (digested with
EcoRI/BamHI) and LuxR (digested with BamHI/Notl). To inte-
grate the LuxR operon in the Legionella chromosome, the
PSR47::Picmr-LUXR was introduced in Lp via tri-parental mating
and clones that have undergone homologous recombination
were selected on CYE plates containing kanamycin and strep-
tomycin and tested for bioluminescence.

The AflaA allele was generated by ligation of ~1kb regions
upstream and downstream of Ipg1340 (flaA/FliC). To this end,
the upstream region flanked by BamHI and Xhol restriction
sites was PCR amplified using Lp genomic DNA as a template
and the forward primer (5- CGGGATCCTTCGTTGAAA-
GCCTTCTGGC-3’) and the reverse primer (5- CCGCTCGAG-
TCTCCTCAGACCTGAATCC-3’). Similarly, the downstream re-
gion flanked by Xhol and Notl restriction sites was produced
using the forward primer (5- CCGCTCGAGGGATGTCG-
CAATCGAAGTGC-3’) and the reverse primer (5'-
AATGCGGCCGCAGTTAATGAATTCACTCCC-3’). Both fragments
were digested with the respective restriction enzymes and
were ligated in the gene replacement vector pSR47s, which
was digested with BamHI and Notl to create pSR47s-CD1340.
FlaA deletion strains were generated by allelic exchange of
flaA with AflaA after the pSR47s-CD1340 was introduced in Lp
via tri-parental mating, as previously described [79].

Reagents

The following reagents were purchased from Cayman Chemi-
cals - ul8666A (cat #10009085), ketoconazole (cat #15212),
Filipin Ill (cat #70440), NileRed (cat # 30787). Gemcitabine (cat
#G6423) and cholesterol (cat #C8667-1G) were purchased
from Sigma.

Mice

C57BL/6J mice were purchased from Jackson Laboratories and
housed at LSUH-Shreveport animal facility. Ethical approval for
animal procedures for experiments in this study was granted
by the Institutional Animal Care and Use Committee at LSU-
HSC-Shreveport (protocol# P-15-026).

BMDMs derivation and culture

Bone marrow progenitors isolated from C57BL/6J mice were
cultured on 10 cm petri dishes in RPMI 1640 with L-glutamine
(Bl Biologics, cat #01-100-1A) supplemented with FBS (10%
final volume; Atlas Biologics, cat #FS-0500-AD), conditioned
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medium from L929 fibroblast cells (ATCC, CCL-1; 20% final
volume) and penicillin/streptomycin (VWR, cat #K952) at 37°C
with 5% CO,. Additional media was added at days three, five
and seven from the start of differentiation. Macrophages were
collected and seeded for infections at day nine.

Microscopy analysis of cellular cholesterol and neutral lipids
in BMDM infections

For infections, BMDMs were seed on cover slips in re-plating
media (RPMI 1640 with L-glutamine, 10% FBS, 10% M-CSF-
conditioned media) for two hrs at 2.5x10° cells/well seeding
density in 24-well plates. Next, cells were cultured in serum-
free RPMI (SF-RPMI) for 14 hrs prior to infection. BMDMs
were infected with liquid culture grown GFP-expressing Lp01
AdotA or Lp01 AflaA bacteria for six hours at MOI of ten. At 60
min post infection, extracellular bacteria were removed by
washing 5X with warm (37°C) phosphate-buffered saline (PBS)
and the infected BMDMs were cultured in in SF-RPMI supple-
mented with 2 mM IPTG. At the end, cells were washed with
warm PBS (3X) and fixed with 2% paraformaldehyde for 20
min.

For quantitative analysis of cellular cholesterol and neutral
lipids, cells were stained with Filipin Ill (0.5 mg/mL) and
200 nM NileRed in PBS for 16 hrs at 4°C. Coverslips were sub-
sequently washed with PBS (5X) and mounted with ProLong
Gold antifade reagent (ThermoFisher) onto glass slides. Imag-
es were captured with inverted wide-field Nikon Eclipse Ti
microscope controlled by NES Elements v4.3 imaging software
(Nikon) using a 60X/1.40 oil objective (Nikon Plan Apo A), LED
illumination (Lumencor) and CoolSNAP MYO CCD camera.
Image acquisition parameters - Filipin Ill (ExXW 395 / EmW
455); GFP (EXW 470 / EmW 525); NileRed (EXW 555 / EmW
605). The z-axis acquisition was set based on the out-of-focus
boundaries and the distance between individual Z-slices was
kept at 0.3 um. Image analysis was performed with NES Ele-
ments v4.3 imaging software. Only linear image corrections in
brightness or contrast were completed. For all analyses, three-
dimensional images of randomly selected fields were acquired
where image acquisition parameters were identical for all
cover slips from the same experiment. A binary cell outline
mask was created based on NileRed fluorescence from z-axis
image projection and the MFI of Filipin Ill and NileRed for each
cell was calculated. Background MFI for each channel was
individually determined for each acquired field from a cell-size
mask positioned in an unoccupied area, which was subse-
quently subtracted from the MFI of each cell in the field.

Macrophage uptake assay

BMDMs were seeded on cover slips as described in the previ-
ous section. Following attachment, cells were cultured in SF-
RPMI containing either 3.3 puM ketoconazole or 5 uM
U18666A or vehicle volume equivalent (DMSO) for 24 hrs.
Next, BMDMs were infected with liquid culture grown Lp01
AflaA pTac::GFP at MOl = 10 for two hrs in the pres-
ence/absence of the inhibitors. One set of cells were treated
with 5 UM cytochalasin D at 30 min prior to the infection to
block phagocytosis.

After cells were washed with warm PBS (3X), the infection
was stopped by the addition of 2% paraformaldehyde for 60
min at ambient temperature. The surface-associated bacteria
were immunolabeled prior to plasma membrane permeabili-
zation with chicken a-Legionella IgY antibody [29] for 90 min
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in goat serum containing PBS (2% vol/vol). Next, cover slips
were washed with PBS (3X), fixed with 2% PFA for 60 min at
ambient temperature and cells were permeabilized with 0.1%
Triton X-100 for 20 min. Samples were stained with tetrame-
thyl rhodamine conjugated goat a-chicken IgY (ThermofFisher,
cat# A16059) at 1:500 dilution and the high affinity actin
probe Phalloidin-iFluor 633 (Cayman Chemicals, cat# 20554) at
1:3000 dilution for 60 min in goat serum containing PBS (2%
vol/vol). Coverslips were mounted with ProLong Glass Anti-
fade Mountant (ThermoFisher, cat# P36984) onto slides.

Microscopy analyses of infected cells. Images were ac-
quired with inverted wide-field microscope (Nikon Eclipse Ti)
controlled by NES Elements v4.3 imaging software (Nikon)
using a 60X/1.40 oil objective (Nikon Plan Apo A), LED illumina-
tion (Lumencor) and CoolSNAP MYO CCD camera. Image ac-
quisition and analysis was completed with NES Elements v4.3
imaging software. For all analyses, three-dimensional images
of randomly selected fields were acquired, and image acquisi-
tion parameters were kept constant for all cover slips from the
same experiment. The Z depth acquisition was set based on
the out-of-focus boundaries and the distance between indi-
vidual Z-slices was kept at 0.3 um. Only linear image correc-
tions in brightness or contrast were completed. For each con-
dition, over 100 bacteria were imaged and scored as either
intracellular (single positive — green only) or not-internalized
(double positive — green/red). The uptake index for each con-
dition was calculated by dividing the percentage of intracellu-
lar bacteria from inhibitor treated cells by the percentage of
intracellular bacteria from the vehicle treated cells and the
result was multiplied by 100.

Legionella axenic growth assays

Liquid cultures of Lp01 icmRp-LuxR in complete AYE were set-
up at starting ODgoo of 0.4 from plate grown bacteria (day two
heavy patches) and were distributed in white-wall clear-
bottom 96-well plates (Corning, cat# 3610). All conditions in
all assays were performed in technical triplicates. Plates were
incubated in a luminometer (Tecan Spark) at 37°C for 24 hrs.
Luminescence and optical density (OD at 600 nm) data were
automatically collected every five mins after the cultures were
agitated for 180 sec (double orbital rotation, 108 rpms). Bio-
luminescence output from each well was acquired for one sec
and presented as total relative light unit (RLU) counts/s.

Assays for Legionella intracellular replication

For bioluminescence-based intracellular growth assays,
BMDMs were seeded at 1.0x10° cells per well in white-wall
clear-bottom 96-well plates (Corning cat# 3610) in re-plating
media (RPMI 1640 with L-glutamine, 10% FBS, and 10% M-
CSF-conditioned media) for two hours. Next, cells were serum
starved for 18 hours prior to infection with serum-free RPMI
1640 with L-glutamine (SF-RPMI). The cells were then infected
with liquid culture grown Lp01 icmRp-LuxR as stated in the
figure legends. Various inhibitors and/or cholesterol were
added at two hpi in SF-RPMI. In cholesterol pre-loading exper-
iments, BMDMs were seeded for infection (as detailed above)
and treated with cholesterol-containing SF-RPMI for 14 hrs
followed by incubation with SF-RPMI for 14 hrs prior to infec-
tion. Infections of cholesterol pre-loaded cells were carried
out in SF-RPMI. Plates were kept in a tissue culture incubator
at 37°C and 5% CO; and periodically the bioluminescence out-
put from each well was acquired (integration time of five sec)
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and presented as total RLU counts per well (Tecan Spark plate
reader).

For colony forming units (CFUs) growth assay, infections
were carried out in 48-well plates using three technical repli-
cates for each condition. BMDMs were seeded at 2.0x10° cells
per well in re-plating media (RPMI 1640 with L-glutamine, 10%
FBS, and 10% M-CSF-conditioned media) for two hours. Next,
cells were cultured in RPMI 1640 with L-glutamine and 10%
FBS. BMDMs were infected at MOI of two with liquid culture
grown bacteria. The plate was centrifuged for five min at
1,000 rpm to bring the bacteria in contact with the macro-
phages. At discrete timepoints, the media from each well was
collected, macrophages were lysed by adding back sterile wa-
ter for ten min, and the total contents of the well (media +
water) were serially diluted and plated on CYE plates. The
recovered Lp CFUs were enumerated for each condition. For
each timepoint, the data is represented as fold change of CFUs
over the CFUs recovered from the inoculum.

IncuCyte™ S3 automated microscopy analysis of Legionella
intracellular replication

For infections, BMDMs were seeded in 96-well black-wall
clear-bottom plates (Corning cat# 3904) at 8.0x10* cells per
well in re-plating media (RPMI-1640 with L-glutamine, 10%
FBS, and 10% M-CSF-conditioned media) for two hours and
then were serum starved for 14 hrs in serum-free phenol red-
free DMEM (Gen Clone 25-501C; SF-DMEM). All infections
were carried out in SF-DMEM supplemented with 2 mM IPTG
and IncuCyte Cytotox™ live/dead cell RED reagent (according
to the manufacturer’s directions). Inhibitors were added at
the time of infection. Final media volume was 150 uL per well.
In each experiment, all conditions were performed in technical
triplicates. Plates were centrifuged (1,000 rpms, five min) and
were loaded into the IncuCyte S3 housing module. The In-
cuCyte™ S3 HD live-cell imaging platform (Sartorius) is a wide-
filed microscope mounted inside a tissue culture incubator
and is run by the IncuCyte control software. For each well,
four single plane images in bright field, green (ExXW 440-
480nm/EmW 504-544nm) and red (ExW 565-605nm/EmW
625-705nm) channels were automatically acquired with S Plan
Fluor 20X/0.45 objective every four hours. Image were ana-
lyzed with the IncuCyte Analysis software. For LCV analysis,
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