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Mycobacterium tuberculosis induces delayed lipid droplet
accumulation in dendritic cells depending on bacterial viability
and virulence
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Tuberculosis remains a global health threat with high morbidity. Dendritic cells (DCs)

berculosis (Mtb) by directing the adaptive immune response and are present in lung

containing phagosomes is central to host-pathogen interactions. However, the data

derived DCs (BMDCs) were susceptible to Mtb infection and replication at similar

that Mtb infection induced a delayed increase in lipid droplet-related genes and pro-

imaging in late periods. Infection of BMDCs with killed H37Rv demonstrated that
LD accumulation depends on Mtb viability. Moreover, infection with the attenuated
strains H37Ra and Mycobacterium bovis-BCG induced only an early transient increase
in LDs, whereas virulent Mtb also induced delayed LD accumulation. In addition, infec-
tion with the BCG strain with the reintroduced virulence RD1 locus induced higher LD
accumulation and bacterial replication when compared to parental BCG. Collectively,
our data suggest that delayed LD accumulation in DCs is dependent on mycobacterial

viability and virulence.
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1 | INTRODUCTION

Tuberculosis is an airborne disease caused by Mycobacterium tuber-
culosis (Mtb) that presents high morbidity rates. It is estimated that
one-third of the world's population is latently infected with Mtb and
that 10 million people developed the disease in 2021, resulting in
more than 1.6 million deaths (World Health Organization, 2022). The
host immune response is usually sufficient to contain the infection
but may not fully eradicate dormant bacteria (Kilin¢ et al., 2021).
There is only one vaccine named Bacillus Calmette-Guérin (BCG),
an attenuated strain of Mycobacterium bovis widely used worldwide.
However, studies suggest that although BCG has effect on limiting
disease dissemination in children, it fails to prevent adult pulmo-
nary infection. The current therapy for tuberculosis requires long
treatment with multiple antibiotics, which presents several side
effects. This treatment has reduced effects on dormant bacilli and
increased risks of failure due to emerging drug resistance (Dartois
& Rubin, 2022). Therefore, elucidating the molecular mechanisms
involved in the immune response to mycobacterial infection could
provide important insights into further developing new therapies
and vaccines.

DCs play a crucial role in initiating and determining the type of
immune response produced against the pathogen through the secre-
tion of cytokines and expression of costimulatory molecules (Tian
et al.,, 2005; Tzelepis et al., 2015; Zhang et al., 2013). During virulent
Mtb infection, DCs present reduced antigenic presentation capacity
and a tolerogenic phenotype, which limits T-cell proliferation and
Th1 differentiation (Kim et al., 2016; Morris et al., 2013; Rodrigues
et al., 2020; Wolf et al., 2007). Interestingly, Tailleux and cowork-
ers (2003) showed that Mtb presented a lower replication rate in
human dendritic cells than in macrophages through a bacteriostasis
mechanism.

DCs participate in the acute and chronic inflammatory response
to Mtb and are present in both mouse and human lung granulomas
(Schreiber et al., 2011; Uehira et al., 2002). Published data demon-
strate that some of the foamy cells in Mtb-induced mouse granulo-
mas and lung biopsies of tuberculosis patients express DC markers
(Hunter et al., 2011; Ordway et al., 2005). The foamy phenotype
occurs through the accumulation of lipid droplets (LDs), which are
neutral lipid-rich, specialized organelles that play a wide range of
roles in cell signaling and activation, regulation of lipid metabolism,
membrane trafficking, and control of the synthesis and secretion
of inflammatory and anti-inflammatory mediators (Pereira-Dutra
et al., 2019). LD accumulation is correlated with granuloma for-
mation and seems to be the prerequisite for the transition of Mtb
from active replication to dormancy (Kapoor et al., 2013; Mattos
et al,, 2011; Santucci et al., 2016).

Mtb-infected macrophages present an increase in size and in the
number of LDs (Brandenburg et al., 2021; Caire-Brandli et al., 2014;

Knight et al., 2018; Laval et al., 2021; Neyrolles, 2014). Host lipids
are shown to serve as a carbon source for Mtb and other mycobac-
terial species during infection. Reports in the M. marinum-infected
Dictyostelium discoideum model demonstrate that host LDs are di-
rected to Mycobacterium-containing vacuoles, where lipids are
captured by the bacteria (Barisch et al., 2015). LD-phagosome in-
teractions are controlled by mycobacterial cell wall components
and host Rab7, which enables the exchange of contents between
LDs and phagosomes (Roque et al., 2020). Indeed, Mtb is found
close to LDs, and the utilization of fatty acids by Mtb was shown
to facilitate Mtb intracellular survival and persistence in vivo
(Brandenburg et al., 2021; Munoz-Elias & McKinney, 2005; Pandey
& Sassetti, 2008; Peyron et al., 2008). On the other hand, host fac-
tors induce LD formation in mycobacterial-infected macrophages,
contributing to host immune defense by supporting the production
of eicosanoids, in addition to bacterial factors (D'Avila et al., 2006;
Knight et al., 2018; Mattos et al., 2011).

Despite studies on the mechanisms of LD formation during my-
cobacterial infection in macrophages, there are few studies in the
literature describing this phenomenon in DCs using other disease
models (Gao et al., 2015; Herber et al., 2010; Lecoeur et al., 2013;
Meester et al., 2014). The role of LDs in DC biology is still unclear
and contradictory in the literature. It has been shown in DCs that
LPS-induced LD accumulation is required for phagosome matura-
tion and cross-presentation of antigens via MHC class | (Bougnéres
et al., 2009). Conversely, a reduced capacity in the processing and
presentation of antigens by lipid-rich DCs was demonstrated (Gao
et al., 2015; Herber et al., 2010). Thus, it is important to determine
whether this process occurs differently in DCs than in macrophages,
providing a better knowledge of DC and Mtb interactions. Herein,
we demonstrate that LD accumulation in DCs during Mtb infection
occurs at a later time point than in macrophages and that this phe-

nomenon depends on bacterial viability and virulence.

2 | RESULTS
2.1 | Mtbreplicatesin BMDCs

Primarily, we assessed the susceptibility of mouse bone marrow-
derived DCs (BMDCs) to Mtb infection. Therefore, we performed
a cellular fluorescence-based high-content assay previously de-
veloped by our group (Christophe et al., 2009; Song et al., 2017).
Using this pipeline, we were able to detect different cell popu-
lations, such as dendritic cells, bacteria, and infected cells, by
quantitative analysis of confocal microscopy images (Figures S1
and S2). Automated confocal microscopy allowed us to track the
increase in the intracellular bacterial area per cell through analysis
of the same field of view in kinetics (Figure 1a). Then, we evaluated
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FIGURE 1 Mtb replicates in mouse BMDCs. BMDCs were infected with Mtb RFP-H37Rv (MOI of 1) for 2 h. (a) Representative
pictures (63X) of H37Rv (red) growth in BMDCs stained with Hoechst (blue) at 0 and 5 days postinfection obtained by confocal
fluorescence microscopy. (b) Kinetics of Mtb growth measured by H37Rv area per well, (c) percentage of infected, and (d) the number
of dendritic cells/well. (¢) BMDCs, bone marrow-derived macrophages (BMDMs), and cells were infected with Mtb H37Rv (MOI of

1) for 2 h. Kinetics of Mtb growth measured by (f) bacterial area/well and multiplication factor of total bacterial area (g) from day O
postinfection. Data were obtained by quantitative analysis of confocal fluorescence microscopy images and are represented as the
average + SEM for at least five replicated wells. Intracellular bacterial CFU enumeration in BMDCs and BMDMs infected with H37Rv
at 0 dpi and 3 dpi (h). Intracellular bacterial CFU fold change (3 dpi/O dpi) within BMDCs and BMDM s (j). Data from one representative
experiment are represented as the average + SEM for at least four replicates. *Indicates statistically significant differences (p <0.05)
between nonstimulated and infected groups; + indicates statistically significant differences (p <0.05) between 0 dpi and 3 dpi, as
determined by Student's t-test

the growth kinetics of Mtb H37Rv expressing RFP in mouse bone and the increase in the percentage of infected cells from 1 to
marrow-derived DCs (BMDCs). We observed the growth of Mtb 5days postinfection (dpi) (Figure 1b,c). Moreover, H37Rv infection
in mouse BMDCs, as illustrated by the increase in the H37Rv area significantly reduced the number of cells per well (approximately
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30-40%) from 4 dpi to 5 dpi compared to the noninfected group
(Figure 1d). In addition, we compared H37Rv replication kinetics
between BMDCs and well-described bone marrow-derived mac-
rophages (BMDMs). We observed that at all time points, the total
area of intracellular bacteria in infected cells was higher in BMDMs
than in BMDCs (Figure 1e). Indeed, BMDMs presented increased
bacterial area and colony-forming units (CFU) 3 h postinfection
(hpi) compared to BMDCs (Figure S3). However, the rate of in-
crease in the bacterial area from O to day 4 dpi was similar in both
cell types (Figure 1f). To validate these results, bacterial viability
was assessed by CFU enumeration. We observed an increase in
H37Rv-CFU enumeration from O dpi to 3 dpi for both BMDCs and
BMDMs (Figure 1g), with a similar fold increase (Figure 1h). These
results reinforce that Mtb replicates inside BMDCs at a similar rate
to BMDMs.

2.2 | Mtb infection induced delayed
immunometabolic reprogramming in BMDCs

To better understand the BMDC response to Mtb infection, we ana-
lyzed the expression of pro- and anti-inflammatory genes. We ob-
served that H37Rv infection induced a proinflammatory response in
BMDCs on the first day of infection (1 dpi), characterized by an increase
in inducible nitric oxide synthase (inos/nox2), cyclooxygenase-2 (cox-2/
ptgs2), and major histocompatibility complex class I-related (mr1) gene
expression (Figure 2a). Despite the increase in interleukin-10 (il-10)
expression in Mtb-infected BMDCs at 3 dpi, we observed a predomi-
nant proinflammatory response characterized by the upregulation of
interleukin-1 B (il-1p), inos, cox-2,5-lipoxygenase (5-lo), and mrl genes
at 3 dpi (Figure 2b) and the downregulation of the anti-inflammatory
macrophage marker chitinase-3-like protein 3 (chi3I3/ym1).

Therefore, we compared the BMDC and BMDM responses
to Mtb infection. In BMDMs, H37Rv infection induced an early
mixed response in which both proinflammatory (il-18, inos) and anti-
inflammatory (il-10, Arginase-1 - arg-1) genes were upregulated
(Figure 2c). In addition, we observed that Mtb infection in BMDMs
induced an increase in cox-2 expression and downregulation of 5-lo
expression at 1 dpi (Figure 2c). This mixed inflammatory response
seems to induce a late M2-related response, exemplified by the up-
regulation of chi3I3, arg-1,il-10, and cox-2 in H37Rv-infected BMDMs
(Figure 2d).

Metabolic reprogramming is critical for dendritic cell and macro-
phage immune function (O'Neill & Pearce, 2016). Our next step was
to compare how lipid metabolism is modulated by Mtb infection in
BMDCs and BMDMs. We observed that Mtb triggered the overex-
pression of the main genes associated with neutral lipid metabolism
and lipid droplet formation in both BMDMs and BMDCs (Figure 2e-
h). However, the time course of this modulation was temporally
different between BMDCs and BMDMs. In BMDCs, we observed

that H37Rv infection induced a delayed upregulation of fatty acid
synthase (fasn), enzymes of neutral lipid synthesis (dgat1, dgat2, and
acat1), LD-structural proteins (plin2 and plin3), and the major tri-
glyceride lipase (atgl) genes (Figure 2f). Notably, Mtb infection did
not affect the expression of the analyzed genes at 1 dpi (Figure 2e).
In contrast, Mtb-infected BMDMs presented an early change in the
expression of enzymes of neutral lipid synthesis (dgat1 and acat1),
lipid uptake (cd36), one of the main LD-structural proteins perilip-
ins (plin2), and lipase ATGL (atgl) (Figure 2g). At 3 dpi, we observed
that only perilipins (plin 2 and plin 3) mRNA remained increased and
that dgat1 and acat1 genes were repressed in infected macrophages
(Figure 2h).

2.3 | Mtbinduces lipid droplet accumulation
in BMDCs

We next evaluated whether Mtb infection could induce lipid droplet
accumulation in BMDCs. We assessed LD accumulation using the
neutral lipid probe LipidTOX™ Deep Red neutral lipid and quanti-
fied it by fluorescence-based high-content analysis. At 4 dpi, we
observed an increase in LD accumulation in BMDCs (Figure 3a), de-
termined by the increase in LD number per cell (Figure 3b), LD area
per cell (Figure 3c), and LipidTOX fluorescence intensity (Figure 3d)
when compared to the unstimulated control. The level of LD ac-
cumulation induced by Mtb infection in BMDCs was similar to that
induced by lipopolysaccharide (LPS), a well-known inductor of LD
accumulation in leukocytes (Figure 3a-d). To support these results,
we extracted lipids from BMDCs, and we observed that Mtb induced
mainly the accumulation of cholesterol ester (CE) with a low pres-
ence of triglycerides by thin-layer chromatography (TLC) at 3 dpi
(Figures 3e and S4).

Then, we evaluated whether the presence of bacteriain BMDCs
could influence the number of LDs per cell. Interestingly, the number
of LDs per cell was significantly higher in BMDCs containing H37Rv
than in bystander cells that did not contain bacteria (Figure 3f).
Nevertheless, noninfected cells presented an increase in LD accu-
mulation, probably due to host mediators present in the supernatant,
suggesting that LD accumulation in BMDCs during Mtb infection
may not be restricted to direct cell interaction with Mtb. We also
observed the proximity between Mtb and LDs, which suggested
an interaction between them in BMDCs (Figure 3g) that should be
further confirmed. To determine whether bacterial viability was re-
quired for LD accumulation, we infected DCs with formalin-killed
(FK)-H37Rv. We observed that FK-H37Rv induced a slight increase
in LD accumulation in BMDCs (Figure 3h), suggesting that bacterial
interaction and internalization could be sufficient to induce LD accu-
mulation. However, the stimulation remained below that observed
with live H37Rv, indicating that bacterial replication (Figure 3i) is
central to LD accumulation.
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FIGURE 2 Mtb infection induces delayed immunometabolic reprogramming in mouse BMDCs. BMDCs were infected with Mtb H37Rv
(MOl of 1) for 2 h. (a-d) relative mRNA expression of immune response genes (il-1p, il-10, cox-2, 5-lo, inos, arg1, chi3I3, mr1) from BMDCs at
1 dpi (a) or 3 dpi (b) and BMDMs at 1 dpi (c) or 3 dpi (d) measured by gPCR analysis. (e-h) Relative mRNA expression of lipid metabolism-
related genes (fasn, dgat1, dgat2, acat1, plin2, plin3, atgl, and cd36) in BMDCs at 1 dpi (e) or 3 dpi (f) and BMDMs at 1 dpi (g) or 3 dpi (h)
measured by gPCR analysis. Bars are the mean 2788Ct L SEM; n = 6; *p<0.05, Student's t-test test compared to control. Data from one
representative experiment are represented as the average + SEM for at least four replicates
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FIGURE 3 Mtbinfection induces LD accumulation in mouse BMDCs. Cells were infected with GFP-H37Rv at an MOl of 1:1 or treated
with LPS (10 ng/ml). At day 4 dpi, fixed BMDCs were stained with neutral lipids HCS LipidTOX dye. (a) Representative images (63X) of
LD (red) accumulation induced by H37Rv (green) infection or LPS stimulation (10 ng/ml) in BMDCs stained with Hoechst (blue). (b-d)

LD accumulation in BMDCs was evaluated by (b) LD number per cell, (c) LD area per cell, and (d) mean fluorescence intensity (MFI) per
cell. (e) Representative thin layer chromatography (TLC) of neutral lipids from DCs at 3 dpi. Standards: Cholesterol ester (CE), cholesterol
(C), triacylglycerol (TG), and diacylglycerol (DG). (f) Differential analysis of LD number in infected and bystander cells within 4 dpi. (g)
Representative image of LD and H37Rv interaction (arrows) in infected BMDCs. Comparison of (h) LD accumulation and (i) bacterial
replication in BMDCs infected with H37Rv and formalin-killed (FK) bacteria. Data were obtained by quantitative analysis of confocal
fluorescence microscopy images and are represented as the average + SEM for at least five replicated wells from one representative
experiment. *Indicates statistically significant differences (p <0.05) between nonstimulated and stimulated groups; +indicates statistically
significant differences (p <0.05) between live H37Rv- and FK-killed H37Rv-infected groups, as determined by Student's t-test
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2.4 | Delayed lipid droplet accumulation in infected
BMDCs depends on Mtb virulence genes

Since our results indicated that Mtb-triggered LD accumulation
in BMDCs is strongly dependent on bacterial viability, we further
evaluated whether this process is related to Mtb virulence by infecting
cells with H37Ra and M. bovis BCG (Figure 4a-d). Interestingly, we
observed early and transient LD accumulation 3h after mycobacterial
infection, which returned close to baseline levels at 1 dpi and was not
related tovirulence factors. At 1 dpi, H37Rv-infected BMDCs presented
the same LD numbers (Figure 4a) and LD area (Figure 4b) as BMDCs
infected with H37Ra and BCG. Moreover, all three groups presented
the same bacterial area at this time point (Figure 4d). Nevertheless,
at late time points, H37Rv induced LD accumulation starting at 2 dpi,
reaching higher levels at 3 dpi that were not observed in DCs infected
with attenuated strains (Figure 4a,b), suggesting a correlation of LD
induction with strain virulence. Notably, the H37Ra and BCG bacterial
areas did not increase, whereas virulent Mtb replicated in BMDCs
(Figure 4c,d). The inability of BCG to replicate inside BMDCs was also
observed through CFU fold change analysis (Figure 4e).

The principal genetic basis for BCG attenuation is the loss of the
region of difference 1 (RD1), which encodes several components
of the ESX-1 type IV secretion system (Majlessi et al., 2005; Pym
et al., 2002; Simeone et al., 2015). On the other hand, H37Ra pres-
ents a similar genome structure to virulent H37Rv with few single
nucleotide polymorphisms (SNPs) essential for bacterial virulence,
including the ESX-1 secretion-associated protein (EspK) gene (Jia
et al., 2017). Then, to assess the role of mycobacterial virulence
factors in LD accumulation in BMDCs, we evaluated the effect of
RD1 region reintroduction in BCG (BCG::RD1) (Figure 4f-i). We
observed that BCG::RD1 induced a higher LD area per cell after 4
dpi (Figure 4f,i), mainly on infected cells (Figure 4g), and that this
bacteria could replicate inside BMDCs (Figure 4h) when compared
to BCG-infected cells. Taken together, these results reinforced that
mycobacterial viability and replication are strongly associated with
LD accumulation in DCs.

3 | DISCUSSION

In the present work, we evaluated LD accumulation and lipid
metabolism reprogramming in BMDCs during Mtb infection.
Metabolic reprogramming is related to immune cell functions,
including cytokine production, phagocytosis, and antigen
presentation (O'Neill & Pearce, 2016). LDs are associated with
bacterial survival and host-cell immune response (Brandenburg
et al., 2021; Caire-Brandli et al., 2014; Knight et al., 2018; Laval
et al., 2021; Neyrolles, 2014). Although many data demonstrate LD
accumulation in macrophages (Almeida et al., 2009; Brandenburg
etal.,2021; Daniel etal.,2011; D'Avilaetal.,2006; Knight et al., 2018;
Laval et al., 2021; Mahajan et al., 2012; Peyron et al., 2008; Singh
et al., 2012), very few data concerning their accumulation in DCs
during mycobacterial infection are available (Machelart et al., 2022).

Herein, we report that Mtb infection induced delayed metabolic
reprogramming by inducing fatty acid synthesis and LD accumulation
in BMDCs depending on mycobacterial viability and virulence
factors. Recent studies have shown that lipid metabolism is a
suitable target for host-directed adjunctive treatment of pulmonary
TB (Bosch et al., 2020; Brandenburg et al., 2021). Therefore, our
findings may provide new insights for developing new host-directed
therapies and vaccines.

The ability of Mtb to proliferate inside DCs is still controversial in
different in vitro models based on CFU counts. Herein, we followed
bacterial growth in DCs by quantitative analysis of confocal fluores-
cence microscopy images and CFU. Our results confirmed that Mtb
could replicate in murine BMDCs to the same extent as in macro-
phages. Accordingly, in vitro studies have demonstrated the uptake
and growth of mycobacteria in human and murine DCs (Buettner
et al., 2005; Fortsch et al., 2000; Olakanmi et al., 2013; Rivero-
Lezcano et al., 2010). On the other hand, Tailleux and coworkers
(2003) described reduced Mtb replication in human monocyte-
derived DCs in the presence of IL-4 and GM-CSF. In addition, it has
been shown that the total intracellular Mtb loads in human infected-
DCs were compatible with limited bacterial growth. However, when
these numbers were normalized to the number of live DCs, the num-
ber of bacteria per cell increased due to a massive reduction in cell
number in the first 3days of infection (Mendum et al., 2015).

LD accumulation has been demonstrated in murine DCs infected
with Leishmania amazonensis or Nocardia brasiliensis or taken from
cancer mouse models (Gao et al., 2015; Herber et al., 2010; Lecoeur
et al.,, 2013; Meester et al., 2014). Changes in metabolism may de-
fine the phenotype of immune cells. DC activation preferentially in-
duces a metabolic shift to glycolysis and de novo synthesis of fatty
acids, which are involved in cytokine production. Moreover, DCs with
high lipid content are associated with immunogenic cells, while cells
with lower lipid concentrations seem to be more tolerogenic (Kelly
& O'Neill, 2015). Consistent with this, we showed that mycobacte-
rial infection also induced LDs and the upregulation of fatty acid en-
zymes in parallel with a major proinflammatory phenotype in BMDCs.
Fatty acids, triglycerides, and cholesterol stored by host cells are vital
sources of energy for mycobacteria and are important during latent-
phase infection (Brandenburg et al., 2021; Brzostek et al., 2009;
Dawa et al., 2021; Pandey & Sassetti, 2008; Peyron et al., 2008).
We observed that Mtb infection increased the expression of the tri-
glyceride synthesis enzymes dgatl and dgat2, and acat1, which are
responsible for cholesterol ester formation; however, infected DCs
mainly accumulated cholesterol esters at 3 dpi.

Furthermore, we observed that DC infection with virulent
(H37Rv) and attenuated strains (H37Ra or M. bovis-BCG) induced an
early transient increase in LDs per cell. In contrast, virulent H37Rv
also induced delayed LD accumulation. Accordingly, H37Ra induces
lower LD accumulation than H37Rv in macrophages, a phenom-
enon dependent on ESAT-6 secretion (Mahajan et al., 2012; Singh
et al., 2012). Moreover, Mycobacterium smegmatis, another avirulent
strain, is not able to induce LD accumulation in these cells (Almeida
etal., 2009; Daniel et al., 2011). In agreement, virulent mycobacteria
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FIGURE 4 LD accumulation in mouse BMDCs during mycobacterial infection is dependent on virulence. Cells were infected with Mtb
GFP-H37Rv, Mtb GFP-H37Ra GFP, Mycobacterium bovis-BCG GFP, or M. bovis BCG::RD1 GFP at an MOI of 1. At the indicated time points,
cells were fixed and stained with Hoechst and neutral lipids HCS LipidTOX dye. Kinetics of LD accumulation by (a) number and (b) area
after infection with the different mycobacterial strains. (c) Representative images (63X) of LD (red) accumulation induced by H37Rv, H37Ra,
or BCG (green) infection in BMDCs stained with Hoechst (blue) at 3 dpi. (d) Kinetics of bacterial growth after infection with the different
mycobacterial strains. *Indicates statistically significant differences (p <0.05) between H37Rv-infected and BCG-infected groups; +indicates
statistically significant differences (p <0.05) between H37Rv-infected and H37Ra-infected groups, as determined by Student's t-test. (e)
Intracellular bacterial CFU fold change (3 dpi/O dpi) within Mtb- or BCG-infected BMDCs. (f-i) cells were infected with M. bovis-BCG GFP or
M. bovis-BCG::RD1 GFP at an MOI of 1:1. (f) LD area per cell analysis at days 0 and 4 postinfection and (g) comparison between noninfected
and infected cells at day 4. (h) Representative images (63X) of LD (red) accumulation induced by BCG or BCG::RD1 (green) infection in
BMDCs stained with Hoechst (blue) at 3 dpi. (i) Bacterial growth was determined by the fold increase in the bacterial area from day O to 4.
Data were obtained by quantitative analysis of confocal fluorescence microscopy images and are represented as the average + SEM for at
least five replicated wells from one representative experiment. *Indicates statistically significant differences (p <0.05), as determined by

Student's t-test or ANOVA

interact with host LDs and incorporate their lipids as a carbon
source, facilitating intracellular survival (Barisch & Soldati, 2017;
Brandenburg et al., 2021).

On the other hand, Knight et al. (2018) demonstrated that
mycobacteria-induced LD accumulation in BMDMs was not driven
by bacterial virulence factors, suggesting that it is a process de-
pendent on the activation of the host immune defense. Recently,
IL-17 was discovered to induce LD accumulation in DCs by stimu-

lating the capture of extracellular lipids (Salvatore et al., 2015). In

fact, we observed in our model that DCs that do not contain Mtb
presented an increased number of LDs, which was lower than that
of H37Rv* DCs, suggesting that both bacterial and host immune fac-
tors may induce lipid accumulation in DCs. Indeed, the regulation of
LDs through mycobacterial cell wall components by LD association
with phagosomes containing beads coated with Mtb lipids, LAM and
PIM, has been demonstrated in macrophages (Roque et al., 2020).
Whether LD accumulation represents a benefit or disadvantage to

the host immune response remains to be investigated. FK-H37Rv
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induced only mild LD accumulation, suggesting that other factors,
such as active protein secretion or bacterial replication, are import-
ant for LD accumulation. Nevertheless, the participation of host im-
mune factors in LD accumulation cannot be excluded and will need
to be investigated further. In addition, BMDCs containing bacteria
presented higher LD numbers, which interact with the bacilli. Thus,
the late accumulation of these organelles may provide nutrients for
Mtb. However, further studies are needed to confirm the participa-
tion of LDs in bacterial fitness within host cells.

The active secretion of bacterial virulence factors may also be
involved in LD induction in DCs, as we showed that bacterial viability
is important for LD accumulation. Furthermore, our results demon-
strate the contribution of virulence factors to LD accumulation in
BMDCs. Compared to virulent H37Rv, H37Ra presents few SNPs,
including the EspK gene (Jia et al., 2017). BCG's most important de-
leted region is RD1, which encodes the (Majlessi et al., 2005; Pym
et al., 2002; Simeone et al., 2015). Both attenuated strains H37Ra
and M. bovis-BCG lack the expression of ESX-1-secreted virulence
factors, including CFP-10 and ESAT-6 (Mostowy et al., 2004). RD1
gene products are related to an increase in Mtb virulence and fit-
ness inside DCs and the biosynthesis of lipids from the bacterial cell
wall (Mendum et al., 2015). Furthermore, RD1-encoded virulence
proteins are also related to DC activation, inducing a tolerogenic
phenotype in mycobacteria-infected DCs (Etna et al., 2015; Kim
et al., 2016). Accordingly, the reintroduction of the RD1 locus in the
BCG strain increased LD accumulation and bacterial replication.

Mtb survives and proliferates in host cells by inhibiting phago-
somal acidification, altering cell metabolism, and manipulating cell
signaling and antigen presentation (Srivastava et al., 2014). Among
the cell populations infected in vivo, myeloid DCs are predominant in
the lungs and lymph nodes at later time points. Those infected DCs
are poorly effective in stimulating Th1 responses while showing sus-
tained surface expression of MHC-II (Wolf et al., 2007). In vitro stud-
ies also show that virulent Mtb infection reduces the DC capacity of
antigen presentation by inducing a tolerogenic phenotype that limits
T-cell proliferation and Th1 differentiation (Kim et al., 2016; Morris
et al., 2013; Rodrigues et al., 2020). During Mtb infection, MHC-I
and MHC-Il molecules are retained on phagosomes containing live
bacteria (Clemens & Horwitz, 1995). The role of LDs in DC biology
is still unclear and contradictory in the literature. It has been shown
in DCs that LDs are necessary for phagosome maturation and cross-
presentation of antigens via MHC class | (Bougnéres et al., 2009).
Conversely, lipid-rich DCs present dysfunctions in antigen presen-
tation, such as the lower expression of costimulatory molecules and
cytokines, and cannot induce CD4 T lymphocyte proliferation (Gao
etal., 2015; Herber et al., 2010). Therefore, LD accumulation in DCs
during Mtb infection may be correlated with antigen presentation
and activation of the adaptive immune response; however, studies
are still needed to prove this phenomenon's beneficial or deleterious
effects on host immunity.

The cellular response of DCs to Mtb is an underexplored subject,
and most studies have only evaluated T cell responses (Rodrigues
et al., 2020). In conclusion, we demonstrate that Mtb replicates

inside BMDCs, inducing LD accumulation, which is correlated with
strain virulence and bacterial replication. Further studies are re-
quired to elucidate the role of LD accumulation and lipid metabolism
during tuberculosis and the molecular pathways controlling this phe-
nomenon in DCs.

4 | EXPERIMENTAL PROCEDURES
41 | Animals

Six- to eight-week-old female C57BL/6 mice were purchased from
Janvier (France) and bred at the Institut Pasteur de Lille experimental
animal facility. All mice were maintained and bred in the animal facil-
ity of the Pasteur Institute of Lille, France (agreement C59-350009).
All experimental procedures received ethical approval from the
French Committee on Animal Experimentation and the Ministry of
Education and Research (APAFIS#10232-2017061411305485 vé,
approved on September 14, 2018).

4.2 | Dendritic cell and macrophage differentiation

Murine bone marrow-derived dendritic cells (BMDCs) or
macrophages (BMDMs) were generated from tibia and femur
hematopoietic precursors of C57BL/6 mice. BMDCs were
differentiated in the presence of GM-CSF as previously described
(Lecoeur et al., 2013). Tibia and femurs of C57BL/6 mice were
recovered and flushed to obtain the bone marrow. Cells were
seeded at a density of 4x10° cells per cell culture-treated petri
dish (90mm diameter) in 10 ml of Iscove's modified Dulbecco's
medium (IMDM, Lonza) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Invitrogen), 1.5% supernatant from the
GM-CSF-producing J558 cell line (kindly provided by Dr. Trottein)
and 50puM 2-mercaptoethanol. Cultures were incubated at 37°C
with 5% CO,. Fresh medium was added every 3-4days. On day
10, loosely adherent cells were harvested using DPBS containing
2mM EDTA. The percentages of CD11c" positive cells (=90%)
were determined by flow cytometry (Figure S5; FACSFortessa,
BD Bioscience). BMDMs were obtained by seeding 1x 10’ bone
marrow cells in 20ml of RPMI1640 GlutaMAX (Gibco) medium
supplemented with 10% FBS and 10% L929-derived M-CSF
conditioned medium per 75cm?-tissue culture flasks (Deboosere
et al., 2021). Cells were incubated at 37°C with 5% CO, for 6 days.

The fresh medium was replaced after 3days.

4.3 | Mycobacterial strains and growth conditions

Mtb H37Rv, H37Ra, M. bovis BCG, and M. bovis BCG::RD1 (previ-
ously described by Pym et al., 2002) expressing RFP or GFP used
in the present study were from stocks held at the Institut Pasteur
de Lille, France. Mtb H37Rv, H37Ra, and M. bovis BCG::RD1 were
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cultured at 37°C in Middlebrook 7H9 medium supplemented with
10% oleic acid/albumin/dextrose/catalase supplement, 0.05%
Tween-80 and Hygromycin B (50 ug/ml). M. bovis BCG Pasteur ex-
pressing GFP was cultured in Sauton medium containing kanamycin
(25pg/ml) and streptomycin (20 ug/ml). All mycobacterial cultures
were maintained for up to 14 days before being used for the infec-
tion assay to reach the exponential phase of bacterial growth. Before
infection, mycobacteria were washed three times with Dulbecco's
phosphate-buffered saline (DPBS, Gibco) and resuspended in DPBS.
For the assays performed with formalin-killed H37Rv, we incubated
bacteria with 10% neutral buffered formalin (Sigma-Aldrich) for 1 h
before washing them in DPBS.

4.4 | Mycobacterial infection and cell-based
fluorescence assay

BMDCs (4x10* cells/well) and BMDMs (2x10* cells/well)
were seeded in 384-well plates (Greiner) and infected with
Mycobacterium sp. strains at an MOI of 1:1 in IMDM or RPMI
medium supplemented with 10% heat-inactivated FCS for 2 h at
37°C (Deboosere et al., 2021) After two washes, the remaining
extracellular bacilli in the infected cell suspension were killed by a
1-h treatment with amikacin (50 ug/ml, Sigma Aldrich). Cells were
washed with the medium. Noninfected cells were also stimulated
with LPS (100ng/ml, InvivoGen) as a positive control for lipid
droplet accumulation. Plates were incubated at 37°C and 5% CO,
for 1 day up to 5days.

At different time points, BMDCs were fixed with 10% neutral
buffered formalin (Sigma-Aldrich) for 30min, stained with 10 pg/
ml Hoechst 33342 solution (Sigma) for 30min, and washed twice
with DPBS. Intracellular LDs were stained with a 2000-fold diluted
HCS LipidTOX™ deep Red neutral lipid probe (Invitrogen) in DPBS
for 30min at RT. For kinetics of mycobacterial replication, cells were
stained with 300ng/ml Hoechst 33342 on the day of the infection,
and image acquisition was performed daily for up to 3days. All as-
says presented in this article were performed in the Biosafety Level
3 facility (BSL3).

4.5 | Image acquisition

Image acquisitions were performed using an automated confocal
microscope Opera™ (PerkinElmer) equipped with 20X and 63X
water objectives and with excitation lasers and cameras associated
with a set of filters covering a detection wavelength ranging from
450 to 690nm. Hoechst 33342-stained nuclei were detected using a
405-nm laser with a 450/50-nm emission filter. Green or red signals
corresponding to BCG-GFP, H37Ra-GFP, H37Rv-GFP, or H37Rv-
RFP were recorded using 488- or 561-nm lasers with 540/75- or
600/40-nm emission filters, respectively. The LipidTOX signal was
detected using 630nm excitation and 690 nm emission wavelengths.
At least nine fields were recorded for each well, and each image

was processed and analyzed using the Columbus™ 2.7.0 system
(PerkinElmer). Data are represented as the mean from one biological
replicate of at least 4 replicated wells. Image segmentation was

performed as indicated in Figures S1 and S2.

4.6 | General image analysis pipeline

At least three fields for each well were acquired. Images from
384-well plates were analyzed as described previously (Song
et al., 2017). Briefly, to detect the intracellular bacteria and lipid
droplets, each field was analyzed using the image-based analysis
software Acapella 2.6 (Perkin Elmer). For each field, three chan-
nels were recorded: one for the green fluorescent bacteria (green),
one for LipidTox/Lipid droplets (red), and one for the Hoechst/cell
nuclei (blue channel). Three-color images were then segmented
(Figure S1) using the following implementation procedures: (i) nu-
clei detection was performed using a built-in Acapella procedure;
(i) cytoplasm detection, based on the nuclei population, was per-
formed using a built-in Acapella procedure; (iii) exclusion of cells
on the edge of the image was performed using a built-in Acapella
procedure; (iv) bacteria detection was performed by retaining
only pixels whose intensities were higher than a manually defined
threshold; (v) lipid droplet detection was performed by retaining
only pixels whose intensities were higher than a manually defined
threshold; and (vi) to identify infected cells, the positions of cells,
and those of bacteria were merged (Figure S2). The results are ex-
pressed as the averages of the corresponding fields, including the
total bacterial area, the total number of cells, the percentage of in-
fected cells, and lipid droplets per cell (number, area, and/or mean

of fluorescence intensity).

4.7 | CFU determination

At the indicated time points, cells were washed three times with
DPBS and lysed with 0.1% sodium dodecyl sulfate (SDS) solution
for bacterial counting. Serial dilutions (107* - 107%) were performed
in DPBS, and 10 pl of each dilution was plated onto 7H11 agar
plates supplemented with 10% OADC. Mtb colony numbers
were determined, and the average of three plates of at least two
dilutions was considered to determine the intracellular CFU per
well. The average colony counts for each well were normalized to

CFUs per ml.

4.8 | Quantitative PCR (qPCR)

RNA was extracted with QlAamp Viral RNA (Qiagen®) from cells
seeded (10° cells/well) in 24-well plates, following the directions of
the reagent. Quantitative RT-PCR was performed using a dye-based
GoTaq® 1-Step RT-gPCR System (Promega, Fitchburg, WI, USA) in
a StepOne™ Real-Time PCR System (Thermo Fisher, Carlsbad, CA,
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USA). Amplifications were carried out in 15 pl reaction mixtures con-
taining 2x reaction mix buffer, 1x of probe-based oligos from prede-
signed TagMan Gene Expression Assays (Thermo Fisher, Carlsbad,
CA, USA), and 5ul of RNA template. The program for probe-based
amplifications was 10 min at 95°C followed by 50cycles of 15s at
95°C and 1 min at 60°C. The relative mRNA expression was calcu-
lated by the 2- AACt method. p-actin (actb) expression was used
as a reference gene. The probe-based oligos were all Predesigned
Tagman Gene Expression Assays: il-15 (ref: Mm00434228_m1,
FAM), il-10 (ref: MmO00439614_m1, FAM), cox-2/ptgs2 (ref:
MmO00478374_m1, FAM), 5-lo/alox5 (ref: Mm01182747_m1, FAM),
inos/nox2 (ref: Mm00440502_m1, FAM), argl (ref: Mm00475988_
mi, FAM), chi3l3/ym1 (ref: Mm00657889_m1, FAM), mrl (ref:
MmO00468487_m1, FAM), fasn (ref: Mm00662322, g1, FAM), dgat1
(ref: Mm00515643_m1, FAM), dgat2 (ref: Mm00499536_m1, FAM),
acatl (ref: Mm00507463_m1, FAM), plin2 (ref: Mm00475794_m1,
FAM), plin3 (ref: Mm04208646_g1), atgl/pnpla2 (ref: Mm00503040_
ml, FAM), cd36 (ref: Mm01135198_m1, FAM), pg-actin/actb (ref:
MmO02619580_g1, FAM).

4.9 | Thin-layer chromatography (TLC)

The lipid fractions from 10° DMDCs were extracted by applying
the Bligh and Dyer (1959). TLC was performed on silica gel 60
plates (Merck) according to Horwitz and Perlman (1987) (Horwitz
& Perlman, 1987). Plates were developed in hexane/ethyl ether/
acetic acid solution (60:40:1, v/v) until the solvent front reached
the upper line. Neutral lipids were identified by comparison with
standard lipids (1 mg/ml): cholesterol (CHO), cholesterol ester
(CE), fatty acid (FA), monoacylglycerol (MAG), diacylglycerol
(DAG), and triacylglycerol (TAG), obtained from Sigma. For visu-
alization of lipids, the TLC plates were stained by spraying with
Charring reagent (3% CuSO, and 8% H,PO, v/v) and heating at
110°C for 10 min.

4,10 | Statistical analysis

Data from one representative experiment of three independent
experiments are reported as the mean+SEM and were analyzed
statistically using analysis of variance (ANOVA) followed by

Student's t-test. Values of p <0.05 were regarded as significant.
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