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Uptake-independent killing of macrophages
by extracellular Mycobacterium tuberculosis
aggregates
Chiara Toniolo1,* , Neeraj Dhar1,2,3,† & John D McKinney1,†

Abstract

Mycobacterium tuberculosis (Mtb) infection is initiated by inhala-
tion of bacteria into lung alveoli, where they are phagocytosed by
resident macrophages. Intracellular Mtb replication induces the
death of the infected macrophages and the release of bacterial
aggregates. Here, we show that these aggregates can evade
phagocytosis by killing macrophages in a contact-dependent but
uptake-independent manner. We use time-lapse fluorescence
microscopy to show that contact with extracellular Mtb aggre-
gates triggers macrophage plasma membrane perturbation, cyto-
solic calcium accumulation, and pyroptotic cell death. These
effects depend on the Mtb ESX-1 secretion system, however, this
system alone cannot induce calcium accumulation and macro-
phage death in the absence of the Mtb surface-exposed lipid
phthiocerol dimycocerosate. Unexpectedly, we found that blocking
ESX-1-mediated secretion of the EsxA/EsxB virulence factors does
not eliminate the uptake-independent killing of macrophages and
that the 50-kDa isoform of the ESX-1-secreted protein EspB can
mediate killing in the absence of EsxA/EsxB secretion. Treatment
with an ESX-1 inhibitor reduces uptake-independent killing of
macrophages by Mtb aggregates, suggesting that novel therapies
targeting this anti-phagocytic mechanism could prevent the prop-
agation of extracellular bacteria within the lung.
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Introduction

The success of Mycobacterium tuberculosis (Mtb) as a human patho-

gen hinges on the ability to survive attacks by the immune cells that

mediate host defenses against lung infections. Tuberculosis infec-

tions are initiated by the inhalation and implantation of small num-

bers of bacteria in the lung alveoli, where they are rapidly

phagocytosed by resident alveolar macrophages (Riley et al, 1995;

Cohen et al, 2018). Upon phagocytosis, Mtb uses different strategies

to adapt to the intracellular milieu, such as prevention of phagolyso-

some acidification (Sturgill-Koszycki et al, 1994), metabolic adapta-

tion (Warner, 2014), lysis of the phagosomal membrane, and escape

into the cytosol (van der Wel et al, 2007; Simeone et al, 2012). Rep-

lication of cytosolic bacteria ultimately leads to lysis of the infected

macrophage, which is a key process in spreading the infection to

other cells (Davis & Ramakrishnan, 2009).

Lysis of infected macrophages in vitro results in rapid replication

of Mtb on the debris of the dead cells and formation of extracellular

bacterial aggregates (Lerner et al, 2017). Formation of Mtb bacterial

aggregates is also observed in vivo in animal models of infection

(Hoff et al, 2011; Repasy et al, 2013; Irwin et al, 2015) and in human

patients (Kaplan et al, 2003; Timm et al, 2006; Hunter, 2011; Lerner

et al, 2020; Dinkele et al, 2021; Rodel et al, 2021; Wells et al, 2021),

and necrotic foci in the lungs are typically associated with a high

burden of extracellular bacteria (Kaplan et al, 2003; Hoff et al, 2011;

Hunter, 2011). Phagocytosis of extracellular Mtb aggregates by

newly-recruited macrophages triggers cycles of intracellular infec-

tion and host-cell lysis, contributing to the progressive propagation

of the bacteria (Dallenga et al, 2017; Mahamed et al, 2017). In the

early stages of tuberculosis, immune cells are recruited to the site of

infection by the pro-inflammatory signaling associated with host-

cell death (Davis & Ramakrishnan, 2009; Repasy et al, 2015). At

later stages, host-cell death in granulomas, the multi-cellular struc-

tures that encapsulate the bacteria and limit their propagation, can

lead to caseation, cavitation, and dissemination of the infection to

the airways, allowing transmission of Mtb to other hosts (Ehlers &

Schaible, 2013). Despite the importance of these processes in tuber-

culosis pathogenesis, the host-cell pathways that mediate cell death

are still controversial and different forms of cell death have been

reported (Mohareer et al, 2018), including apoptosis (Aguilo et al,

2013; Augenstreich et al, 2017), necrosis (Lee et al, 2006; Park et al,

2006), necroptosis (Zhao et al, 2017; Pajuelo et al, 2018), pyroptosis
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(Beckwith et al, 2020), and other non-canonical forms of death

mediated by type I interferon (Zhang et al, 2020) or tumor necrosis

factor signaling (Roca et al, 2019).

Induction of host-cell death by intracellular bacteria requires the

Mtb ESX-1 type VII secretion system (van der Wel et al, 2007;

Simeone et al, 2012). This system secretes several proteins, includ-

ing the EsxA/EsxB heterodimer, EspA, EspB, and EspC, which are

required for Mtb virulence (Gröschel et al, 2016). In particular, the

ESX-1-secreted EsxA protein has been shown to mediate the break-

down of phagolysosomal membrane integrity and translocation of

Mtb into the cytosol (van der Wel et al, 2007; Simeone et al, 2012).

Phagolysosomal membrane rupture also requires the complex lipid

phthiocerol dimycocerosate (PDIM) displayed on the bacterial cell

surface (Gröschel et al, 2016; Augenstreich et al, 2017). Rupture of

the phagolysosome or cytosolic sensing of Mtb DNA can activate

several different death pathways in the host cells (Wassermann

et al, 2015; Zhao et al, 2017; Roca et al, 2019), while physical con-

tact between cytosolic bacteria and the inner face of the host-cell

plasma membrane can lead to plasma membrane damage and death

by pyroptosis (Beckwith et al, 2020). EsxA has also been shown to

be required for the induction of macrophage death after phagocyto-

sis of extracellular Mtb growing on the debris of dead host cells

(Dallenga et al, 2017).

The killing of host cells by intracellular bacteria may promote

tuberculosis pathogenesis by allowing Mtb to evade macrophage

defense mechanisms (MacMicking, 2014) and to grow rapidly on

the debris of dead host cells (Lerner et al, 2017). As an alterna-

tive to killing macrophages by intracellular bacteria, we consid-

ered the possibility that evasion of host-cell defenses might also

be achieved by killing macrophages by extracellular bacteria in

an uptake-independent manner. Previous studies have shown that

intracellular Mtb can induce plasma membrane damage and

inhibit plasma membrane repair in infected macrophages (Divangahi

et al, 2009; Beckwith et al, 2020). Contact with extracellular Mtb

also induces host-cell plasma membrane damage and inflammasome

activation, but it was not reported whether these events resulted in

host-cell death (Beckwith et al, 2020). In an earlier study, contact of

macrophages with extracellular Mtb did not lead to cell death when

uptake was inhibited with cytochalasin D treatment (Lee et al,

2006). In both studies, macrophages were exposed to single-cell bac-

terial suspensions rather than aggregates of Mtb formed after the

death of infected macrophages and extracellular growth on host-cell

debris.

In this study, we use time-lapse fluorescence microscopy to

investigate the dynamic interaction between macrophages and Mtb

at the single-cell level. We show that contact of macrophages with

extracellular aggregates of Mtb results in pyroptotic host-cell death

in an uptake-independent manner. The killing of macrophages by

extracellular Mtb is dependent on aggregation per se because similar

numbers of non-aggregated individual bacteria are less efficient at

inducing macrophage death upon contact. Before dying, macro-

phages exhibit signs of local plasma membrane perturbation at the

site of contact with Mtb aggregates and progressive accumulation of

calcium in the cytosol. These two processes require the Mtb ESX-1

secretion system and the surface-exposed lipid phthiocerol dimyco-

cerosate (PDIM). Unexpectedly, we found that secretion and proteo-

lytic processing of EspB is responsible for driving plasma membrane

perturbation, calcium accumulation, and host-cell death in the

absence of EsxA/EsxB secretion, revealing previously unknown

roles for this protein in Mtb pathogenesis.

Results

Mycobacterium tuberculosis aggregates induce contact-
dependent, uptake-independent killing of macrophages

We used time-lapse fluorescence microscopy to track individual

mouse bone marrow-derived macrophages (BMDMs) infected with

Mtb expressing tdTomato (Movie EV1). After phagocytosis, intracel-

lular Mtb replicates (Fig EV1A) and eventually kills and lyses host

cells (Fig EV1B; Movies EV1 and EV2). Once released from lysed

macrophages, Mtb replicates rapidly on the debris of the dead cells

to form extracellular aggregates (Fig EV1A and C; Movies EV1 and

EV2). As previously described (Dallenga et al, 2017; Mahamed et al,

2017), we observed that macrophages that interact with these bacte-

rial aggregates eventually die (Fig 1A; Appendix Figs S1A and S2A),

leading to uncontrolled bacterial proliferation on the host-cell debris

and formation of large extracellular Mtb aggregates (Movie EV1).

Bacterial aggregates from axenic cultures induce macrophage death

with comparable timing (Fig 1B and C; Movie EV3), demonstrating

that neither a previous intracellular passage of the bacteria in mac-

rophages nor the presence of cellular debris on the aggregates is

required to induce macrophage death. Physical interaction between

bacterial aggregates and macrophages is required to induce death of

the infected cells, as highlighted by the observation that bystander

macrophages near infected cells show the same survival as unin-

fected cells over the course of the infection (Fig 1D; Appendix Fig

S2A).

Time-lapse microscopy reveals two different patterns of long-

term interaction of macrophages with Mtb aggregates. Approxi-

mately 80% of interactions between macrophages and extracellular

Mtb aggregates result in fragmentation of the Mtb aggregate within

2–3 h after first contact and redistribution of the bacteria in a “bull-

seye” pattern around the host-cell nucleus (Fig 1E and N; Movie

EV4). In the remaining ~ 20% of interactions, macrophages remain

in stable contact with extracellular Mtb aggregates for hours without

any sign of fragmentation of the aggregate or perinuclear redistribu-

tion of bacteria (Fig 1F and N; Movie EV5). We hypothesized that

the first pattern follows the uptake of the Mtb aggregate by the mac-

rophage (Fig 1E), whereas the second pattern represents a stable

association of the Mtb aggregate with the macrophage without

uptake (Fig 1F). We tested this hypothesis using correlative single-

cell time-lapse microscopy followed by macrophage plasma mem-

brane immunostaining and confocal imaging or scanning electron

microscopy (SEM). Bacterial aggregates that upon interaction with a

macrophage get fragmented and acquire the “bullseye” pattern (Fig

1G.I–II; Appendix Fig S3A.I–II and C.I–II) are localized inside the

macrophage (Fig 1G.III; Appendix Fig S3A.III and C.III) and are not

visible on the surface of the macrophage in SEM images (Fig 1I and

J; Appendix Fig S4A and C). Conversely, aggregates that do not

undergo fragmentation and perinuclear redistribution (Fig 1H.I–II;

Appendix Fig S3B.I–II and D.I–II) remain extracellular (Fig 1H.III;

Appendix Fig S3B.III and D.III) and readily visible on the surface of

the macrophage by SEM (Fig 1K–M; Appendix Fig S4A and D–I).

Occasionally, some individual bacteria can be detached from the
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main extracellular aggregate visible on the surface of the cell and be

internalized (Fig 1H.II–III and K; Appendix Fig S3B.II–III and D.II–

III). These results are consistent with the notion that the first pattern

represents intracellular bacterial aggregates whereas the second pat-

tern represents extracellular bacterial aggregates.

Both these patterns are observed in macrophages that die upon

interaction with a bacterial aggregate (Fig 1E, F and N). Notably,

macrophages that do not take up and fragment the Mtb aggregates

invariably die within 12 h of first contact with the aggregate (Fig

1O), while macrophages that take up and fragment an Mtb aggregate

survive longer (Fig 1O). We thus asked whether extracellular Mtb

aggregates may induce macrophage death prior to uptake. By

treating macrophages with cytochalasin D, an actin polymerization

inhibitor that blocks phagocytosis without affecting Mtb growth

(Appendix Fig S5), we confirmed that uptake is not required for kill-

ing of macrophages by extracellular Mtb aggregates (Fig 1P; Appen-

dix Figs S1B and S2B; Movies EV6 and EV7). We also observed that

uninfected bystander macrophages treated with cytochalasin D sur-

vive over the same time course (Fig 1Q; Appendix Fig S2B; Movie

EV6), further confirming that killing of macrophages by extracellu-

lar Mtb aggregates needs physical contact despite not requiring

uptake.

Bacterial aggregation is important for the contact-dependent,
uptake-independent killing of macrophages

Phagocytosis of single Mtb bacilli or aggregated Mtb induces macro-

phage death in a dose-dependent manner (Fig EV2A and B)

(Mahamed et al, 2017). Interestingly, as previously reported

(Mahamed et al, 2017), we observe that aggregated bacteria kill

more efficiently than similar amounts of single bacilli (Fig EV2A

and B) leading to faster bacterial propagation (Fig EV2C and D). We

thus asked whether bacterial aggregation per se is also important

for the contact-dependent, uptake-independent killing of macro-

phages by Mtb. We found that macrophages treated with cytochala-

sin D to prevent bacterial uptake and challenged with increasing

numbers of non-aggregated bacteria (Fig 2A-E) are killed in a dose-

dependent manner (Fig 2F). However, comparisons of macrophages

challenged with similar numbers of aggregated or non-aggregated

bacteria (Fig 2A–E; cf. “high” and “aggregate”) show that aggre-

gated bacteria are significantly more toxic than non-aggregated bac-

teria (Fig 2F). We conclude that both uptake-dependent and

contact-dependent (uptake-independent) killing of macrophages by

Mtb depends on both the number of bacteria and their aggregation

status.

◀ Figure 1. Aggregates of Mtb kill macrophages in a contact-dependent but uptake-independent manner.

Mouse bone marrow-derived macrophages (BMDMs) infected with Mtb Erd-tdTomato and imaged by time-lapse microscopy at 1- or 2- intervals for 132 h (A, C, N, O).
BMDMs infected with aggregates of Mtb Erd-tdTomato from axenic culture and imaged by time-lapse microscopy at 1-h intervals for 60 h (B–M, P, Q).
A, B Percentage of macrophages surviving after interaction with an extracellular Mtb aggregate originating from the debris of dead macrophages (A) or from axenic

culture (B). Each line represents an independent experimental replicate (n = 3 replicates with ≥ 100 cells per replicate).
C Percentage of macrophages that die within the first 12 h after stable contact with an Mtb aggregate originating either from a dead macrophage (MΦ) or from an

axenic culture. Each symbol represents the percentage of events for a single experimental replicate (n ≥ 100 events per replicate). Bars represent means and
standard deviations; P-value calculated using a t-test ns, P-values > 0.05.

D Percentage of macrophages that die by the end of the experiment (by 60 h post-infection). Macrophages in “contact” represents the fraction of cells that interact
with an Mtb aggregate during the course of the experiment. “Bystander” (byst.) macrophages are in the same sample as the infected ones but they do not establish
physical contact with an Mtb aggregate during the course of the experiment. “Uninfected” (uninf.) macrophages are not exposed to Mtb. Each symbol represents
the percentage of events for a single experimental replicate (n ≥ 50 events per replicate). Bars represent means and standard deviations; P-value calculated using a
one-way ANOVA test, ns, P-values > 0.05.

E, F (E) Example of a macrophage that interacts with an Mtb aggregate (00:00 h), fragments it (03:00 h), redistributes the bacteria in a “bullseye” pattern around the
nucleus (12:00 h), and dies (16:00 h). (F) Example of a macrophage that stably interacts with an Mtb aggregate without fragmenting it (00:00–09:00 h) and
ultimately dies (12:00 h). In (E and F), Draq7 staining of the nucleus (in blue) is used as a marker for cell death. Scale bars, 20 lm.

G, H BMDMs infected with aggregates of Mtb were imaged by time-lapse microscopy (every 30 min for up to 13.5 h) followed by fixation, immunostaining (nuclei
stained with Hoechst, membrane staining with anti-CD45 antibody), and imaging by confocal microscopy. White arrows indicate intracellular bacteria, cyan arrows
indicate extracellular bacteria. All scale bars, 10 lM. (G.I, H.I) Time-lapse microscopy image series of macrophages that interacts with Mtb aggregates and fragment
(G) or do not fragment (H) them. (G.II, H.II) Max intensity projection of confocal microscopy images of the same macrophages are shown in panels I. (G.III, H.III) 3-D
reconstruction of the cells imaged in panels II, images are cropped in x or y in the position indicated by the white dotted lines in panels II to show the inside of the
cell.

I–M BMDMs infected with aggregates of Mtb were imaged by time-lapse fluorescence microscopy followed by SEM. (I) Example of a macrophage showing the typical
“bullseye” pattern of bacterial redistribution around the cell nucleus. Scale bar, 10 lm. (J) Correlative SEM image of (I). (K) Example of a macrophage interacting
with an extracellular Mtb aggregate without complete fragmentation and redistribution of bacteria. White arrows indicate intracellular bacteria that have been
detached from the main aggregate and internalized. Scale bar, 10 lm. Time-lapse microscopy image series of these macrophages are shown in Appendix Fig S4A.
(L, M) Correlative SEM image of (K). Scale bar, 2 lm (M).

N Percentage of macrophage-Mtb aggregate interactions resulting (“fragm.,” pattern exemplified by panel E) or not resulting in fragmentation (“not fragm.,” pattern
exemplified by panel F) of the Mtb aggregate. Quantification was performed by manual annotation of all the macrophage-Mtb aggregate interactions observed in
the time-lapse microscopy movies. Each symbol represents the percentage of events for a single biological replicate (n ≥ 100 events per replicate). Bars represent
means and standard deviations.

O Percentage of macrophages surviving over time after uptake and fragmentation of Mtb aggregates or after contact without fragmentation. Each line represents an
independent biological replicate. The vertical dotted line marks the 12 h post-interaction time-point.

P, Q BMDMs were treated with cytochalasin D to prevent bacterial uptake, infected with aggregates of Mtb, and imaged by time-lapse microscopy at 1-h intervals for
60 h. (P) Percentage survival over time for macrophages in contact with Mtb aggregates. Time 0 represents the time when stable contact with an aggregate begins.
Each line represents an independent biological replicate (n = 3 replicates with ≥ 100 cells per replicate). (Q) Percentage of cytochalasin D-treated macrophages that
die by the end of the experiment (by 60 h post-infection). Each symbol represents the percentage of events for a single biological replicate (n ≥ 100 events per rep-
licate). Bars represent means and standard deviations; P-value calculated using a one-way ANOVA test; ns, P-values > 0.05.

Source data are available online for this figure.
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Plasma membrane perturbation in macrophages at the site of
contact with extracellular Mtb aggregates

We used single-cell time-lapse fluorescence microscopy to identify

events leading up to the death of macrophages in contact with Mtb

aggregates. Cytochalasin D-treated BMDMs establish stable interac-

tions with extracellular Mtb aggregates despite being unable to inter-

nalize them (Figs 3A and EV3A and B). Staining with fluorescent

Annexin V shows that approximately 75% of these macrophages

(Fig 3B), display Annexin V-positive plasma membrane domains at

the site of contact with an Mtb aggregate, indicating the presence of

exposed phosphatidylserine associated with a local plasma mem-

brane perturbation (Figs 3A and EV3A–C; Movies EV7 and EV8).

Affected macrophages become Annexin V-positive over the entire

plasma membrane only after death (Figs 3A and C, and EV3D;

Movies EV7 and EV8) which happens within 11 � 10 h after mem-

brane perturbation (Fig 3D). Notably, the cells that develop local

Annexin V-positive membrane domains seem to die faster than the

cells that do not show this pattern (Fig 3D). Correlative SEM

revealed that the membrane of cytochalasin D-treated Annexin V-

negative macrophages extends and partially covers the associated

bacterial aggregate (Fig 3E and F). At later stages of the interaction,

when the plasma membrane in contact with the Mtb aggregate

becomes Annexin V-positive, the membrane undergoes fragmenta-

tion and blebbing (Fig 3G). Aggregates that do not contact macro-

phages never become Annexin V-positive (Fig EV3C). However, we

observe Annexin V-positive foci colocalize not only with markers

for the macrophage plasma membrane (Fig EV3A and B) but also

with more distal areas of the bacterial aggregates that do not stain

positive for plasma membrane markers (Fig EV3B). Moreover, we

see that upon macrophage death, aggregates in contact with dead

cells retain some Annexin V-positive material on their surface (Fig

EV3C; Movie EV8). Vesicle budding and shedding is a common

ESCRT III-mediated membrane repair strategy that allows the

removal of damaged portions of the plasma membrane and wound

resealing (Jimenez et al, 2014). We therefore think that Annexin V-

positive foci might represent both areas of the damaged membrane

as well as macrophage plasma membrane vesicles that were

released and which stick to the hydrophobic surface of the bacterial

aggregates. Interestingly, the fluorescence intensity of the Annexin

V-positive domains did not increase over time, but we detected sev-

eral single intensity peaks (Movie EV8), suggesting that multiple dis-

crete damaging events happen upon interaction with an Mtb

aggreate.

These observations suggest that induction of macrophage death

does not require an uptake of the bacteria per se but does involve

intimate contact between the macrophage membrane and the bacte-

rial aggregate followed by local membrane perturbation.

Contact with extracellular Mtb aggregates induces calcium
accumulation in macrophages

After escaping from the phagosome into the cytosol of infected mac-

rophages, intracellular Mtb has been shown to damage the plasma

membrane and affect its permeability to ions (Beckwith et al, 2020).

We therefore asked whether the membrane perturbations observed

at the site of contact between macrophages and extracellular Mtb

aggregates are linked to aberrant ion permeability. We used a Ca2+-

dependent fluorescent dye to monitor intracellular Ca2+ dynamics in

cytochalasin D-treated BMDMs exposed to extracellular Mtb aggre-

gates. Before death, cells interacting with Mtb aggregates accumu-

late significantly more cytosolic Ca2+ than uninfected bystander cells

(Fig 4A and B; Movie EV9). Ca2+ also accumulates in cells inter-

acting with Mtb aggregates that do not die over the course of the

experiment (Appendix Fig S6A and B). Cytosolic Ca2+ accumulation

is significantly higher in cells with Annexin V-positive membrane

A B C

D E

F

Figure 2. Bacterial aggregation is important for the contact-dependent uptake-independent killing of macrophages.

BMDMs were treated with cytochalasin D and infected with aggregated or non-aggregated Mtb Erd-tdTomato and imaged by time-lapse microscopy at 1-h intervals
for 60 h.
A Initial bacterial load calculated as the total fluorescent area per macrophage. Infected individual macrophages are binned into low, medium, and high initial loads

according to the number of single bacteria they are in contact with. For comparison, we selected macrophages in contact with aggregates (aggr.) of Mtb having a
load similar to the high gate. Gates were set at < 3.0 lm2 (low), 3.0–12.0 lm2 (medium), or > 12.0 lm2 (high and aggregates) per macrophage (n ≥ 100 cells per
gate). The area of one bacterium is included between 0.5 and 2 lm2. Each symbol represents the bacterial load of one macrophage. Bars represent the median and
interquartile range. P-value calculated using an unpaired Mann–Whitney test.

B–E Examples of macrophages infected with low (B), medium (C), or high (D) doses of non-aggregated bacteria or with bacterial aggregates (E). Scale bars, 20 lm.
F Percentage survival over time for macrophages in contact with increasing doses of non-aggregated bacteria or with bacterial aggregates. Time 0 for cells “in con-

tact” represents the time when stable contact with the bacteria begins. Each line represents a biological replicate (n ≥ 100 cells per condition).

Source data are available online for this figure.
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domains at the site of contact with Mtb aggregates, suggesting that

local membrane perturbations could make the cells permeable to

small ions such as Ca2+ (Fig 4C; Appendix Fig S6C and D). The

appearance of Annexin V-positive local membrane domains and

intracellular Ca2+ accumulation was also observed in BMDMs upon

contact with extracellular Mtb aggregates in the absence of cytocha-

lasin D (Appendix Fig S7A–D), thereby validating the use of cyto-

chalasin D treatment to study uptake-independent killing of

macrophages by extracellular Mtb aggregates.

Cells incubated in a medium supplemented with Ca2+ accumulate

more intracellular Ca2+ upon contact with Mtb aggregates in com-

parison to cells incubated with a regular medium (Fig 4D). More-

over, macrophages treated with dantrolene, a RyR inhibitor that

inhibits Ca2+ release from the endoplasmic reticulum, still accumu-

late Ca2+ in the cytosol (Fig 4D). Ca2+ chelation with the cell-

permeant chelator BAPTA-AM significantly reduces the percentage

of macrophages that die upon contact with an extracellular Mtb

aggregate (Fig 4E) without affecting the formation of Annexin V-

A

E F G

CB

D

Figure 3. The uptake-independent killing ofmacrophages byMtb aggregates involves intimate contact between themacrophagemembrane and the bacterial
aggregate.

A BMDMs expressing a membrane-targeted tdTomato were treated with cytochalasin D, infected with aggregates of Mtb expressing GFP, and imaged by time-lapse
microscopy at 20-min intervals for 24 h. Example of a BMDM interacting with an extracellular Mtb aggregate. The top panels show the macrophage plasma mem-
brane and the bacterial aggregate. The intimate interaction between the macrophage plasma membrane and the bacterial aggregate begins at 04:00 h (indicated
by the white arrow). The bottom panels show the Annexin V-647 positive plasma membrane domain that appears at 5 h 20 min and co-localizes with the bacterial
aggregate. At 08:00 h, plasma membrane integrity is lost (top panel) and Annexin V accumulates throughout the dead cell (bottom panel). Scale bar, 20 lm.

B Percentage of cytochalasin D-treated macrophages in contact with Mtb aggregates that show local Annexin V-positive membrane domains at the site of contact
with the bacteria over time. Time 0 represents the time when stable contact with an aggregate begins. Cells were imaged at 1-h intervals for 60 h. Each line repre-
sents an independent biological replicate (n = 5 replicates with ≥ 100 cells per replicate).

C Macrophages treated and imaged as in (A). Example of a BMDM that dies after interacting with an extracellular Mtb aggregate. The top panels show a macrophage
in contact with an extracellular Mtb aggregate 01:40 h before death (left) and just after death (right). The bottom panels show an Annexin V-FITC positive plasma
membrane domain; Draq7 stains the macrophage nucleus only after the cell dies. Scale bar, 10 lm.

D Behavior of 105 individual cytochalasin D-treated macrophages in contact with Mtb aggregates. Cells were imaged at 1-h intervals for 60 h in the presence of
Annexin V-FITC. Each line represents the life span of an individual cell; the fraction of the line in black represents the time spent as uninfected, the fraction of the
line in magenta represents the time spent interacting with an Mtb aggregate and the fraction in green represents the time upon formation of local Annexin V-
positive membrane domains (MDs) at the site of contact with the Mtb aggregate.

E–G Cytochalasin D-treated BMDMs were infected with aggregates of Mtb Erd-tdTomato in the presence of Annexin V-FITC. Selected cells were imaged by time-lapse
fluorescence microscopy followed by SEM. Arrows in the top panels indicate the cell imaged by SEM. Top left: brightfield image of macrophage. Top left and right:
fluorescence image of the Mtb aggregate. Top right: fluorescence image of Annexin V staining. Bottom: correlative SEM image. Scale bars, 20 lm in top panels and
1 lm in bottom panels. (E) Example of a bystander BMDM that is not in contact with a bacterial aggregate. (F) Example of an Annexin V-negative BMDM inter-
acting with an Mtb aggregate. Arrows in the bottom panel indicate areas of intact plasma membrane interacting with bacterial aggregates. (G) Example of a BMDM
with blebbed Annexin V-positive membrane domains interacting with an Mtb aggregate.

Source data are available online for this figure.
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positive membrane domains (Appendix Fig S8). These observations

suggest that Mtb-induced plasma membrane perturbation may cause

an influx of Ca2+ from the extracellular milieu into the cytosol, lead-

ing to cell death.

Extracellular Mtb aggregates induce uptake-independent
pyroptosis in macrophages

Perturbations in intracellular calcium homeostasis have been linked

to different cell death pathways (Nomura et al, 2013; Galluzzi et al,

2018; Roca et al, 2019; Paik et al, 2021). We asked whether the

uptake-independent killing of macrophages by extracellular Mtb

aggregates is mediated by one of the known cell death pathways.

We observed that uninfected bystander macrophages that die show

signs of Caspase-8 activation, a common marker induced in apopto-

sis (Fig 5A; Appendix Fig S9A–D) (Galluzzi et al, 2018), but rarely

display “specks” of apoptosis-associated speck-like protein

containing a CARD (ASC) (Fig 5B), a marker for inflammasome acti-

vation induced in pyroptosis (Appendix Fig S9E and F; Swanson

et al, 2019). Conversely, macrophages that die upon contact with

extracellular Mtb aggregates usually display ASC-specks (Fig 5B and

C) but seldom stain positive for cleaved Caspase-8 (Fig 5A). These

observations are consistent with a previous study showing that con-

tact between extracellular Mtb and plasma membrane can induce

inflammasome activation (Beckwith et al, 2020) and suggest that

contact with extracellular aggregates of Mtb induces a death path-

way different from apoptosis. Cytochalasin D-treated macrophages

in contact with Mtb aggregates also show Ca2+-dependent enhanced

A B

C D E

Figure 4. Extracellular Mtb aggregates induce cytosolic calcium accumulation in cytochalasin D-treated macrophages.

A–D Cytochalasin D-treated BMDMs were stained with the membrane-permeable dye Oregon Green 488 Bapta-1 AM to visualize intracellular Ca2+, infected with aggre-
gates of Mtb Erdman WT and imaged by time-lapse microscopy at 20-min intervals for 24 h. Oregon Green 488 Bapta-1 AM fluorescence values at each time point
were normalized to time 0 for uninfected bystander cells and to the time of first contact with an Mtb aggregate for infected cells. In (C, D) values for infected cells
correspond to the time of death after first contact or 16 h post-contact for cells that survive. Values for uninfected bystander cells correspond to the time of death
or 16 h. Each symbol represents a single macrophage. Black bars represent the median and interquartile range. (A) Examples of BMDMs dying with (yellow outline)
or without (white outline) interacting with extracellular Mtb aggregates. Cell outlines are based on brightfield images (see Movie EV9). Cell death is indicated by
Draq7 nuclear staining. Scale bar, 10 lm. (B) Oregon Green 488 Bapta-1 AM fluorescence over time in dying bystander macrophages (n = 15) and in dying macro-
phages in contact with an Mtb aggregate (n = 63). Lines represent median fluorescence values for all cells, error bars represent interquartile ranges. The distribu-
tions of the fluorescence values at the time of death in bystander and dying macrophages are significantly different, P-value < 0.0001, calculated using a Welch’s
t-test. (C) Oregon Green 488 Bapta-1 AM fluorescence for uninfected bystander cells (byst.; n = 137) and for infected cells with (+; n = 91) or without (�; n = 32)
Annexin V-positive plasma membrane domains at the site of contact with an Mtb aggregate. P-values were calculated using a Krustal–Wallis test; ns,
P-values > 0.05. (D) Oregon Green 488 Bapta-1 AM fluorescence in bystander and infected macrophages incubated in medium with or without 10 mM Ca2+ and
dantrolene. Lines represent median fluorescence values for all cells, error bars represent interquartile ranges. P-values for bystander cells were calculated using an
unpaired Mann–Whitney test. P-values for infected cells were calculated using a Krustal–Wallis test comparing the treated samples to the untreated control; ns,
P-values > 0.05. (n = 81, 122, 165, 152, and 94, respectively, n represents the number of individual cells analyzed per condition; pooled values from ≥2 biological
replicates).

E BMDMs treated with cytochalasin D were infected with aggregates of Mtb Erd-tdTomato and imaged by time-lapse microscopy at 1-h intervals for 60 h. Percent-
age of macrophages that die within the first 12 h after stable contact with an Mtb aggregate without (untr.) or with supplementation of BAPTA-AM. Each symbol
represents the percentage of dead macrophages for a single biological replicate (n ≥ 60 cells per replicate). Bars represent means and standard deviations, P-value
calculated using a t-test.

Source data are available online for this figure.
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activation of Caspase-1 (Fig 5D; Appendix Fig S9G–K), an effector

caspase that is autoproteolytically activated by the inflammasome

complex and that promotes pyroptotic cell death by inducing cleav-

age of gasdermin D (GSDMD; Paik et al, 2021). Macrophages in con-

tact with Mtb aggregates do not show any enhanced activation of

the necroptosis effectors RIP3 (Fig 5E; Appendix Fig S9L–P) or

MLKL (Fig 5F; Appendix Fig S9Q–U). Taken together, these observa-

tions suggest that contact with extracellular Mtb aggregates may

induce pyroptotic cell death in macrophages. In agreement with this

interpretation, we observed that two different pyroptosis inhibitors

(the NLRP3 inhibitor MCC950 and the Caspase-1 inhibitor VX765)

block Caspase-1 activation (Fig 5G) and partially reduce cell death

(Fig 5H) in cytochalasin D-treated macrophages in contact with Mtb

aggregates, whereas inhibition of Caspase-8 or RIP3 has no effect

(Fig 5H). Notably, treatment with pyroptosis inhibitors does not

affect Mtb growth (Appendix Fig S10A), formation of Annexin V-

positive membrane domains (Appendix Fig S10B) or Ca2+ accumula-

tion (Appendix Fig S10C) in macrophages in contact with Mtb aggre-

gates, suggesting that the Ca2+ influx depends on contact with the

bacteria and not on GSDMD pore formation downstream of

Caspase-1 activation.

ESX-1 and PDIM are both required for uptake-independent killing
of macrophages by Mtb aggregates

The Mtb ESX-1 type VII secretion system and the surface-exposed

lipid phthiocerol dimycocerosate (PDIM) are required for phago-

somal membrane damage, bacterial translocation into the cytosol,

A

E F G H

B C D

Figure 5. Extracellular Mtb aggregates induce inflammasome activation and pyroptosis in cytochalasin D-treated macrophages.

A–G BMDMs treated with cytochalasin D were infected with aggregates of Mtb Erd-tdTomato, fixed at 24 h post-infection, and processed for immunofluorescence with
antibodies targeting cellular markers for cell death pathways. Controls and representative microscopy images for all the antibodies used are provided in Appendix
Fig S9. Macrophages are defined as “in contact” when the body of a macrophage identified in brightfield images overlaps with a bacterial aggregate identified in
the fluorescence channel (see Appendix Fig S9 for representative examples). (A) Percentage of dead uninfected bystander macrophages (byst.) or dead macrophages
in contact (cont.) with an extracellular Mtb aggregate that stains positive for cleaved Caspase-8 (cCasp8). Each symbol represents the percentage of positive dead
macrophages for a single biological replicate (n ≥ 50 cells per replicate). Bars represent means and standard deviations. P-values were calculated using a t-test. (B)
Percentage of dead uninfected bystander macrophages (byst.) or dead macrophages in contact with an extracellular Mtb aggregate (cont.) that display ASC-specks.
Each symbol represents the percentage of positive dead macrophages for a single biological replicate (n ≥ 80 cells per replicate). Bars represent means and stan-
dard deviations. P-values were calculated using a t-test. (C) Representative example of a dead macrophage in contact with an extracellular Mtb aggregate that dis-
plays a ASC-speck (white arrow). Nuclei stained with Hoechst. Scale bar, 10 lm.(D–G) Median fluorescence values for bystander macrophages (byst.) or
macrophages in contact with an extracellular Mtb aggregate (cont.) stained with an (D, G) anti-cleaved Caspase-1 antibody (cCasp1), an (E) anti-phosphorylated
RIP3 antibody (pRIP3), or (F) anti-phosphorylated MLKL antibody (pMLKL). In (D) BMDMs were untreated or incubated with Bapta-AM during the course of the
infection. In (G) BMDMs were treated with MCC950 (NLRP3 inhibitor) or with VX765 (Caspase-1 inhibitor) during the course of the infection. Each symbol represents
a single macrophage. Black bars represent the median and interquartile range. P-values were calculated using an unpaired Mann–Whitney test; ns, P-
values > 0.05. (D: n = 93, 108, 101, and 115, respectively; E: n = 182 and 112, respectively; F: n = 186 and 84, respectively; G: n = 117, 121, 111, and 129, respectively;
and n represents the number of individual cells analyzed per condition).

H BMDMs treated with cytochalasin D were infected with aggregates of Mtb and imaged by time-lapse microscopy at 1-h intervals for 60 h. Percentage of macro-
phages that die within the first 12 h after stable contact with an Mtb aggregate. Macrophages were treated with the apoptosis inhibitor Z-IETD-FMK (Caspase-8
inhibitor); with pyroptosis inhibitors MCC950 (NLRP3 inhibitor) or VX765 (Caspase-1 inhibitor); or with necroptosis inhibitor GSK872 (RIP3 inhibitor). Each symbol
represents the percentage of dead macrophages for a single biological replicate (n ≥ 95 cells per replicate). Bars represent means and standard deviations. P-values
were calculated using a one-way ANOVA test comparing treated samples with the untreated control; ns, P-values > 0.05.

Source data are available online for this figure.

8 of 20 The EMBO Journal 42: e113490 | 2023 � 2023 The Authors

The EMBO Journal Chiara Toniolo et al



and induction of host-cell death by intracellular bacteria (Hsu et al,

2003; van der Wel et al, 2007; Passemar et al, 2014; Augenstreich

et al, 2017). We therefore assessed whether these virulence factors

also have a role in the uptake-independent killing of macrophages

by extracellular Mtb aggregates.

We found that a strain of Mtb with a large deletion in the ESX-1

operon (ΔRD1) (Fig EV4A; Hsu et al, 2003) does not induce uptake-

independent killing of macrophages (Fig 6A). Killing is largely

restored by genetic complementation of the ΔRD1 mutant (Fig 6A),

confirming the essential role of the ESX-1 system. We also observed

that a PDIM-deficient strain of Mtb with a disrupted fadD26 gene

(Appendix Fig S11) does not induce uptake-independent macro-

phage death (Fig 6B). PDIM production and ESX-1-dependent secre-

tion have been suggested to be interdependent (Barczak et al,

2017), however, in line with previous observations (Augenstreich

et al, 2017), we observed that the fadD26 mutant shows unaltered

secretion of the ESX-1 secreted proteins (Fig EV4B and G; Appendix

Fig S12) and that the ΔRD1 strain is not impaired in PDIM produc-

tion (Appendix Fig S11), suggesting that mutations in these genes

do not affect each other.

Interestingly, when phagocytosis is not inhibited by cytochalasin

D treatment, lack of PDIM has only a minor effect on macrophage

killing by Mtb aggregates (Appendix Fig S13), suggesting that this

factor may have a less significant role in inducing uptake-dependent

macrophage death.

Expression but not secretion of EsxA/EsxB is required for uptake-
independent killing of macrophages by Mtb aggregates

We used a panel of Mtb mutant strains to investigate how different

ESX-1 components are involved in the induction of uptake-

independent macrophage death. We observed that macrophages in

contact with aggregates of an espI-eccD1 mutant with disrupted

structural components of the ESX-1 secretion system (Zhang et al,

2014; Fig EV4B, C and E) do not die (Fig 6C), demonstrating that a

functional ESX-1 system is required for uptake-independent killing

of macrophages.

Among the ESX-1-secreted proteins, EsxA has been shown to

mediate the breakdown of the phagolysosomal membrane (van der

Wel et al, 2007). EsxA is co-secreted in a 1:1 heterodimer with EsxB

(Renshaw et al, 2002; Stanley et al, 2003) but the uncoupled secre-

tion of these proteins can occur in the presence of an aberrant ESX-1

system (Pang et al, 2013; Aguilo et al, 2017). We confirmed that in

our hands, loss of EsxA eliminates EsxB expression and secretion

(Stanley et al, 2003; Brodin et al, 2006; Augenstreich et al, 2017)

(Fig EV4B, C and F; Appendix Fig S14A). We found that deletion of

esxA reduces killing to nearly background levels (Fig 6C) and that

complementation with both esxA and esxB restores secretion of

EsxB (Fig EV4F) and uptake-independent killing of macrophages

(Fig 6C). EsxA secretion requires EspA, another ESX-1-secreted pro-

tein (Fortune et al, 2005), and deletion of espA abolishes EsxA/EsxB

secretion (Fig EV4G; Appendix Fig S14B) without affecting their

expression (Fig EV4B and G) (Chen et al, 2013a, 2013b). Unexpect-

edly, we found that deletion of espA has only a slight impact on

macrophage killing (Fig 6C), suggesting that although expression of

EsxA/EsxB is required for uptake-independent killing of macro-

phages, EspA-mediated secretion of these proteins is not required.

EspB mediates uptake-independent killing in the absence of
EsxA/EsxB secretion

The unexpected finding that uptake-independent killing of macro-

phages is eliminated by deletion of esxA but not espA is not linked to

any discernable differences in the mutant strains’ production of

PDIM (Appendix Fig S11), aggregate morphology (Appendix Fig

S15A, B, F and G), or growth rates (Appendix Fig S15H). However,

quantitative proteomics revealed that the deletion of esxA also

decreases the secretion of EspK and EspB, two ESX-1-secreted pro-

teins whose secretion is not affected by the deletion of espA (Appen-

dix Fig S14A and B). In particular, the deletion of esxA eliminates the

secretion of the cleaved 50-kDa isoform of EspB while having little or

no impact on the production and secretion of the full-length 60-kDa

isoform (Fig EV4F). We therefore asked whether Mtb requires EspK

or EspB to induce uptake-independent killing of macrophages.

We excluded the involvement of EspK by showing that an espK

mutant strain induces uptake-independent killing of macrophages at

levels comparable to wild-type Mtb (Appendix Fig S16). On the

other hand, we observed that although deletion of espB has only a

slight impact on uptake-independent killing (Fig 6D), similar to dele-

tion of espA (Fig 6C), deletion of both espA and espB reduces killing

to background levels (Fig 6D), similar to the impact of esxA deletion

(Fig 6C). The espB and espA espB mutants show no alteration in

PDIM production (Appendix Fig S11), aggregate morphology

(Appendix Fig S15C and D), or growth rates (Appendix Fig S15H),

and complementation with espB (Fig EV4H) restores macrophage

killing to similar levels as the wild-type and espA strains (Fig 6D).

Quantitative proteomics revealed that espB deletion does not detec-

tably affect the secretion of any other protein in either the wild-type

or espA background (Fig 6E; Appendix Fig S14C and D), indicating

that the impact of espB on killing is not due to the loss of another

secreted protein. We conclude that secreted EsxA/EsxB and EspB

are both involved in the uptake-independent killing of macrophages

by Mtb aggregates because blocking the secretion of only one of

these proteins reduces but does not eliminate cell death.

ESX-1 but not PDIM is required for membrane perturbation in
macrophages contacting Mtb aggregates

Since macrophage killing requires both ESX-1 and PDIM, we asked

whether these factors are also involved in triggering local membrane

perturbations in macrophages after contact with Mtb aggregates. We

found that aggregates of bacteria that secrete either EsxA/EsxB

(espB mutant) or the 50-kDa isoform of EspB (espA mutant) are able

to induce local membrane perturbations in contacted macrophages

at nearly wild-type levels (Fig 6E and F). In sharp contrast, blocking

the secretion of both EsxA/EsxB and the 50-kDa isoform of EspB

(esxA and espA espB mutants) reduces membrane perturbations in

contacted macrophages to nearly background levels (Fig 6E and F).

Although aggregates of PDIM-deficient fadD26 bacteria do not kill

macrophages (Fig 6B), they still induce local membrane perturba-

tions (Fig 6F), consistent with the observation that this strain

expresses and secretes EsxA/EsxB and EspB normally (Fig EV4B

and G; Appendix Fig S12). These results indicate that membrane

perturbation per se is not sufficient to cause cell death and further

support our conclusion that secreted EsxA/EsxB and EspB have

overlapping roles in the uptake-independent killing of macrophages.
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ESX-1 and PDIM are both required for calcium accumulation in
macrophages contacting Mtb aggregates

Since membrane perturbation and calcium accumulation may be

causally related, we evaluated the role of ESX-1 and PDIM in

triggering calcium accumulation in macrophages after contact with

extracellular Mtb aggregates. We found that aggregates of Mtb

strains that do not induce membrane perturbations (esxA and espA

espB mutants) also do not induce calcium accumulation in macro-

phages (Fig 6G). However, we also found that PDIM-deficient

A

E

F G H

B C D

Figure 6. ESX-1-secreted proteins and PDIM are required for uptake-independent killing of macrophages by Mtb aggregates.

A–D BMDMs treated with cytochalasin D were infected with aggregates of different Mtb strains and imaged by time-lapse microscopy at 1-h intervals for 60 h. The
plots represent the percentage of macrophages that die within the first 12 h after stable contact with an Mtb aggregate. Each symbol represents the percentage of
dead macrophages for a single biological replicate (n ≥ 3 replicates with ≥ 70 cells per replicate). Bars represent means and standard deviations. P-values were cal-
culated using a one-way ANOVA test (A, C, D) or t-test (B) comparing each strain to the wild-type reference strain (A–D); ns, P-values > 0.05. (A) Macrophages in
contact with aggregates of Mtb H37Rv wild-type (WT), ΔRD1 mutant, and complemented ΔRD1 mutant (ΔRD1::2F9). (B) Macrophages in contact with aggregates of
Mtb Erdman wild-type (WT) or PDIM-deficient (fadD26) strains. (C) Macrophages in contact with aggregates of Mtb Erdman wild-type (WT) or mutant strains (espI
eccD1, esxA, espA) and the complemented strains (esxA::esxBA, espA::espA). (D) Macrophages in contact with aggregates of Mtb Erdman wild-type (WT) or mutant
strains (espB, espA espB) and the espB-complemented strains (espB::espB, espA espB::espB).

E Schematic representation of EsxA, EsxB, EspA, and EspB secretion pattern in the mutant strains used in this study (based on Western Blot and quantitative
proteomics data shown in Fig EV4 and in Appendix Figs S13 and S14).

F BMDMs treated with cytochalasin D were infected with aggregates of different Mtb strains, incubated with Annexin V, and imaged by time-lapse microscopy at 1-h
intervals for 48 h. Percentage of macrophages that show Annexin V—positive membrane domains within the first 12 h after entering in contact with Mtb aggre-
gates. Each symbol represents a single biological replicate (n ≥ 3 replicates with ≥ 90 cells per replicate). Bars represent means and standard deviations. P-values
were calculated using a one-way ANOVA test.

G Cytochalasin D-treated BMDMs were infected with aggregates of Mtb Erdman WT, stained with the membrane-permeable dye Oregon Green 488 Bapta-1 AM to
visualize cytosolic Ca2+ and imaged by time-lapse microscopy at 20-min intervals for 24 h. Oregon Green 488 Bapta-1 AM fluorescence values at each time point
were normalized to the time of first contact with an Mtb aggregate for infected cells. Values in the plot correspond to the time of death after first contact or 16 h
post-contact for cells that survive. Each symbol represents a single macrophage. (n = 123, 64, 48, 71, 78, and 55, respectively). Black bars represent the median and
interquartile range. P-values were calculated using a one-sample Wilcoxon test; ns, P-values > 0.05.

H BMDMs were treated and imaged as in (A–D). Percentage of macrophages that die within the first 12 h after interaction with an Mtb aggregate. Infected cells are
incubated with different concentrations of BTP15 (0, 2, 10, and 50 lM) during the course of the experiment. Each symbol represents the percentage of dead
macrophages for a single biological replicate (n ≥ 3 replicates with ≥ 70 cells per replicate). Bars represent means and standard deviations. P-values were calculated
using a one-way ANOVA test comparing the treated vs. untreated samples.

Source data are available online for this figure.
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bacteria (fadD26 mutant) also fail to induce calcium accumulation

in contacted macrophages (Fig 6G) despite inducing membrane per-

turbation at nearly normal levels (Fig 6F). Taken together, our

results suggest that ESX-1-mediated membrane perturbation is not

sufficient to induce calcium accumulation and macrophage death in

the absence of PDIM.

A small-molecule inhibitor of ESX-1 reduces uptake-independent
killing of macrophages by Mtb aggregates

We asked whether BTP15, a small molecule that inhibits the secre-

tion of components of the ESX-1 system (Rybniker et al, 2014), can

inhibit the uptake-independent killing of macrophages by Mtb aggre-

gates. Treatment with BTP15 reduces the secretion of EsxB and

EspB (in particular the 50-kDa isoform) and the uptake-independent

killing of macrophages in a dose-dependent manner (Figs 6H and

EV5A and B). Mtb aggregates treated with BTP15 for 48 h before

infection, induce reduced uptake-independent killing of macro-

phages, even upon drug washout, excluding a possible direct effect

of BTP15 on macrophages (Fig EV5C). We show that by inhibiting

the secretion of components of the ESX-1 system, BTP15 signifi-

cantly reduces macrophage membrane perturbation (Fig EV5H),

uptake-independent (Fig 6H), and uptake-dependent (Fig EV5I)

macrophage killing, without affecting bacterial growth or aggrega-

tion (Fig EV5D–G). These observations suggest that inhibitors

targeting factors involved in macrophage killing by extracellular

Mtb aggregates could interfere with bacterial evasion of host defense

mechanisms that depend on phagocytic uptake.

Discussion

Death of infected host macrophages is an important process in Mtb

infections, as it promotes the spreading of the intracellular bacteria

to other host cells, inflammation, recruitment of immune cells, case-

ation, and disruption of granulomas (Davis & Ramakrishnan, 2009;

Ehlers & Schaible, 2013; Repasy et al, 2015). The induction of host-

cell death by intracellular Mtb has been extensively investigated

(Mohareer et al, 2018). Here, we extend these observations using

live-cell time-lapse microscopy of Mtb-infected macrophages and

chemical inhibition of phagocytosis to demonstrate that Mtb can

also induce macrophage death “from the outside” of the cell in a

contact-dependent but uptake-independent manner. This experi-

mental approach allowed us to focus only on death events induced

by extracellular bacteria and to characterize this process, which

may allow Mtb to evade stresses associated with phagocytic uptake

by macrophages.

Mtb was previously shown to induce contact-dependent hemoly-

sis of erythrocytes (King et al, 1993). However, the unusual struc-

ture and membrane composition of these anucleate non-phagocytic

cells makes it difficult to extrapolate these results to phagocytic

immune cells such as macrophages. Other cytotoxicity assays com-

monly used to quantify the viability of host cells interacting with

Mtb do not make a clear distinction between killing by extracellular

versus intracellular bacteria (Takii et al, 2002; Hsu et al, 2003; Chen

et al, 2013a, 2013b; Rybniker et al, 2014). In macrophages treated

with cytochalasin D to inhibit phagocytosis, contact with extracellu-

lar Mtb was shown to be sufficient to induce inflammasome

activation but cell death was not reported (Beckwith et al, 2020).

Here, we show that aggregates of extracellular Mtb are much more

efficient in killing cytochalasin D-treated macrophages compared to

similar numbers of single (non-aggregated) bacteria. This may

explain why the uptake-independent killing of macrophages was not

reported in a previous study where cytochalasin D-treated macro-

phages were exposed to non-aggregated bacterial suspensions (Lee

et al, 2006).

We observed that the plasma membrane of cytochalasin D-

treated macrophages extends around Mtb aggregates and establishes

a stable interaction with them. At this interface, the host-cell plasma

membrane stains with Annexin V, a marker of membrane perturba-

tion. This staining is not an artifact of cytochalasin D treatment,

because local Annexin V staining is also observed in the small num-

ber of untreated macrophages that establish long-term contact with

extracellular aggregates without internalizing them. We speculate

that bacterial factors involved in triggering host-cell death may be

concentrated over a smaller area of the host-cell membrane when

the bacteria are aggregated rather than dispersed. This may explain

why aggregates are more efficient at inducing contact-dependent

macrophage death compared to similar numbers of individual (non-

aggregated) bacteria. Alternatively, aggregated bacteria might pro-

duce higher amounts of bacterial factors required to induce host-cell

death or they might retain them more easily on their surface.

Previous studies have reported that the Mtb ESX-1 type VII secre-

tion system and the ESX-1-secreted proteins EsxA/EsxB are required

for escape from the phagosome and induction of host-cell death by

intracellular bacteria (Hsu et al, 2003; van der Wel et al, 2007).

Here, we show that EsxA/EsxB expression is also required to induce

uptake-independent killing of macrophages upon contact with extra-

cellular bacterial aggregates. Unexpectedly, however, we found that

elimination of EsxA/EsxB secretion by deletion of espA (Fortune

et al, 2005; Chen et al, 2013a, 2013b) has little effect on macrophage

killing unless the ESX-1-secreted EspB protein is absent. We also

found that EsxA/EsxB expression is required for secretion of the

cleaved 50-kDa isoform but not the full-length 60-kDa isoform of

EspB, in agreement with a recent study (Lim et al, 2022). Cleavage

of EspB by MycP1 is required for full Mtb virulence (Ohol et al,

2010), the interaction of EspB with phospholipids (Chen et al,

2013a, 2013b), and oligomerization of EspB into channel-shaped

heptamers (Solomonson et al, 2015; Piton et al, 2020). These obser-

vations suggest that EspB can induce uptake-independent killing of

macrophages in the absence of EsxA/EsxB secretion but not in the

absence of EsxA/EsxB expression, which appears to be required for

MycP1-dependent cleavage of EspB.

EspB secretion has been linked to Mtb virulence in a previous

study comparing Mtb ESX-1 mutants with different secretion pat-

terns, although the behavior of an isogenic espB deletion strain was

not reported (Ohol et al, 2010; Chen et al, 2013a, 2013b). It has been

suggested that EspB heptamers mediate the secretion of other pro-

teins (Korotkova et al, 2015; Solomonson et al, 2015; Piton et al,

2020; Gijsbers et al, 2021); however, this hypothesis is inconsistent

with our proteomic analysis of the espB mutant’s secretome show-

ing that deletion of espB does not affect the secretion of any other

protein. Alternative models suggest that EspB heptamers may form

membrane-spanning pores after contacting host-cell membranes,

suggesting a possible mechanism for EspB-mediated cell death (Gijs-

bers et al, 2021). However, the addition of purified EspB to
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macrophages does not cause cell death (Chen et al, 2013a, 2013b),

consistent with our observation that direct contact between Mtb

aggregates and macrophages is required for killing and bystander

macrophages are not affected even when they are in close proximity

to Mtb aggregates. Similarly, while it is still debated whether puri-

fied EsxA alone has pore-forming activity on membranes (de Jonge

Marien et al, 2007; Conrad et al, 2017; Augenstreich et al, 2020),

direct physical interaction between EsxA-producing strains and mac-

rophages is also required to induce uptake-independent killing of

macrophages, suggesting that secreted factors per se may not be suf-

ficient to cause cell death.

A possible explanation for the contact-dependency of killing may

be provided by our observation that PDIM, a complex lipid-

associated with the outer membrane of Mtb (Cox et al, 1999), is also

required for the killing of macrophages by Mtb aggregates, although

it is not sufficient in the absence of ESX-1. Importantly, we found

that the essential role of PDIM in contact-dependent killing is not

linked to any detectable change in the Mtb secretome in the absence

of PDIM. Previous reports have shown that PDIM can insert into

host-cell membranes and modify their biophysical properties

(Astarie-Dequeker et al, 2009; Augenstreich et al, 2019; Cambier

et al, 2020). PDIM has also been shown to increase the membrano-

lytic activity of EsxA against liposomes (Augenstreich et al, 2017,

2020), but its interaction with EspB has not been investigated to the

best of our knowledge. The association of PDIM with the bacterial

surface may explain why direct physical contact between bacteria

and host cells is required to induce macrophage death.

Contact with extracellular Mtb aggregates triggers local plasma

membrane perturbation and cytosolic calcium accumulation in

macrophages followed by cell death. We observed that cells that

display perturbed membrane foci at the site of contact with Mtb

aggregate progressively accumulate cytosolic calcium before death.

PDIM-deficient bacteria cause local plasma membrane perturbation

without causing cell death, suggesting that membrane perturbation

per se is not sufficient to induce cell death. Membrane perturbation

in macrophages requires secretion of EsxA/EsxB or EspB and may

be required for cytosolic calcium accumulation because mutations

that eliminate membrane perturbation (esxA and espA espB

mutants) also eliminate calcium accumulation. Conversely, cal-

cium accumulation seems not to be required for membrane pertur-

bation because the loss of PDIM eliminates calcium accumulation

without affecting membrane perturbation. Taken together, these

results suggest that although PDIM and secreted EsxA/EsxB and

EspB all participate in the uptake-independent killing of macro-

phages after contact with extracellular Mtb aggregates, their roles

are somewhat different.

We propose two alternative models that could explain these

observations. EsxA/EsxB- or EspB-dependent plasma membrane

perturbation may facilitate PDIM insertion into the membrane,

which could potentially affect the membrane permeability to ions

such as calcium. Alternatively, EsxA (Augenstreich et al, 2017) or

EspB may require PDIM to potentiate their membranolytic activities

and to alter membrane permeability to ions. Both PDIM and a frac-

tion of secreted EsxA and EspB are physically associated with the

bacterial cell surface (Kinhikar et al, 2010; Sani et al, 2010; Raffet-

seder et al, 2019; Lim et al, 2022), which may explain why direct

contact of Mtb with macrophages is required for induction of host-

cell death while bystander macrophages are not affected.

A general caveat of models based on analysis of esxA or espA

mutants is that EsxA and EspA are mutually dependent for their

secretion and it is thus unclear whether some of the phenotypes

observed may depend on one or the other protein. EspA has been

shown to have an essential role in EsxA secretion (Fortune et al,

2005). However, in contrast to EsxA (Hsu et al, 2003), we are not

aware of any published evidence that EspA interacts with host-cell

membranes and exerts membranolytic activity. For these reasons, it

is generally assumed that EsxA is the secreted bacterial effector

most responsible for damaging host-cell membranes (van der Wel

et al, 2007; Welin et al, 2011; Dallenga et al, 2017).

Uptake-independent death of macrophages by extracellular Mtb

aggregates can be partially suppressed by treating the infected cells

with pyroptosis inhibitors targeting NLRP3 or Caspase 1. Inhibition

of this pathway reduces cell death without affecting either formation

of Annexin V-positive membrane domains or intracellular calcium

accumulation. These results suggest that extracellular Mtb aggre-

gates induce an imbalance of cytosolic calcium or other ions in

contacted macrophages, leading to inflammasome activation and

pyroptotic cell death. Intracellular ion imbalances and pyroptosis

have similarly been observed in macrophages after plasma mem-

brane damage caused by intracellular Mtb (Beckwith et al, 2020).

Our work highlights the importance of Mtb aggregation during

host-cell infection and demonstrates how Mtb aggregates can evade

phagocytosis by inducing contact-dependent but uptake-

independent death in macrophages. Mtb aggregation has been

shown to play an important role in pathogenesis in vivo (Glickman

et al, 2000; Kolloli et al, 2021), and several groups have shown that

macrophages that internalize single bacteria are able to survive for

days whereas uptake of Mtb aggregates typically results in rapid

death (Dallenga et al, 2017; Mahamed et al, 2017). Although Mtb

infections can start with very few individual bacteria (Cohen et al,

2018), these bacteria can form aggregates when they grow inside

host cells (Hoff et al, 2011; Lerner et al, 2020) or on the debris of

dead host cells (Lerner et al, 2017). The presence of intracellular

and extracellular Mtb aggregates has been documented in live and

necrotic cells in the lungs of mouse, rabbit, and guinea pig models

of infection already within the first-month post-infection (Hoff et al,

2011; Repasy et al, 2013; Irwin et al, 2015; Kolloli et al, 2021).

Moreover, aggregates have also been observed in human lung

lesions and sputum samples (Kaplan et al, 2003; Timm et al, 2006;

Hunter, 2011; Lerner et al, 2020; Dinkele et al, 2021; Rodel et al,

2021; Wells et al, 2021), confirming their potential relevance in

human tuberculosis infection.

We propose that uptake-independent induction of macrophage

death by Mtb aggregates may promote the propagation of Mtb at dif-

ferent stages of infection. At early stages, the release of Mtb aggre-

gates upon the death of infected na€ıve macrophages (killing “from

the inside”) may allow rapid replication of extracellular bacteria on

the host-cell debris. Subsequently, uptake-independent killing “from

the outside” may allow these extracellular aggregates to evade

phagocytosis by less-permissive macrophages as host immunity

begins to develop (Huang et al, 2018; Ramakrishnan, 2020). Even

when Mtb aggregates are successfully internalized by macrophages,

they may still evade intracellular host defenses by inducing rapid

host-cell death “from the inside” (Mahamed et al, 2017). At later

stages, the toxicity of extracellular Mtb aggregates may also partici-

pate in the necrotic processes required for the expansion of lesions,
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formation of a large extracellular bacterial pellicle in open necrotic

cavities, and bacterial spillover into the airways (Kaplan et al, 2003;

Hoff et al, 2011; Hunter, 2011). Mtb aggregates that spill into the air-

ways may induce the death of newly recruited macrophages,

thereby contributing to the evasion of host immunity, exhalation of

live bacteria, and transmission of the infection (Orme, 2014). Based

on our results with BTP15, a small-molecule inhibitor of ESX-1

(Rybniker et al, 2014), we propose that bacterial spreading within

the lung could be suppressed by novel therapies targeting virulence

factors, such as ESX-1 or PDIM, that are required for uptake-

independent killing of host macrophages by extracellular Mtb aggre-

gates. By reducing host-cell death, such therapies could also sup-

press the formation of necrotic lesions, where large numbers of

extracellular bacteria may grow rapidly on the debris of dead host

cells (Lerner et al, 2017) within an environment that is poorly pene-

trated by antibiotics (Hoff et al, 2011; Dartois, 2014; Strydom et al,

2019).

Materials and Methods

Bacterial strains and growth conditions

Strains used in this study include WT Mtb H37Rv Pasteur, WT Mtb

Erdman, various mutants, complemented, and fluorescent strains

listed in Table 1. All strains were cultured in liquid Middlebrook

7H9 liquid medium (Difco) supplemented with 10% ADC (Difco),

0.5% glycerol, and 0.02% Tyloxapol at 37°C with shaking. As a

solid medium Middlebrook 7H10 (Difco) supplemented with 10%

OADC enrichment (Becton Dickinson) and 0.5% glycerol was used.

When required, kanamycin, hygromycin, and zeocin were added to

the medium at a final concentration of 25, 50, and 25 lg/ml,

respectively.

Generation of fluorescent, mutant, and complemented strains

All the tdTomato fluorescent strains were developed by electropor-

ating the parental strains with the integrative pND257 plasmid.

pND257 is a mycobacterial L5-based integrative plasmid in which

the gene encoding TdTomato was cloned downstream of a strong

constitutive promoter and confers resistance to kanamycin. Trans-

formants were selected plating on 7H10 plates + kanamycin and ver-

ified by fluorescence microscopy.

The espB mutants were constructed using the ORBIT strategy

(Murphy et al, 2018). The parental strains Mtb Erdman wild-type

and espA-tn were electroporated with the plasmid pKM461

(Addgene, #108320) expressing tetracycline-inducible Che9c phage

RecT annealase and Bxb1 phage integrase (Murphy et al, 2018).

Transformants were selected plating on 7H10 plates + kanamycin.

Cells containing pKM461 were grown in liquid medium + kanamy-

cin and supplemented with 500 ng/ml anhydrotetracycline when

the culture reached an OD600 of 0.3. After 24 h induction, bacteria

were electroporated with the payload plasmids pKM464 (espB

mutant, Addgene, #108322) or pKM496 (espA espB mutant,

Addgene, #109301) (Murphy et al, 2018) and 1 lg of the Ultramer

DNA oligonucleotide (IDT) targeting espB (agcgtcaacgcccgggcgacatg

cgggtccaattcgtccatgctcacttcgactccttactgtcctggcgGGTTTGTACCGTAC

ACCACTGAGACCGCGGTGGTTGACCAGACAAACCctgcgactgcgtcatat

cggatcatcctccttagtgctatagccattatcgtcgctaaactgaaaggttc). Recombinant

s were selected plating on 7H10 plates + hygromycin (espB mutant)

or + zeocin (espA espB mutant). The recombination was verified by

PCR analysis. For the selected clones the plasmid pKM461 was

cured by successive growth in a kanamycin-free medium. Loss of

plasmid was verified by inoculating bacteria in liquid medium +

kanamycin.

For complementation of the espB mutant strains the

pMV261_espB plasmid was developed. A DNA region covering the

espB gene plus 250 bp upstream of the start codon was amplified by

PCR from Mtb Erdman genomic DNA using the primers espBcompF

and espBcompR (Table 2). The resulting PCR product was inte-

grated into the pMV261 (Stover et al, 1991) plasmid digested with

AatII and EcoRI using the Gibson Assembly strategy according to

the manufacturer protocol (NEB).

Cell cultures

BMDMs were differentiated from cryopreserved bone marrow stocks

extracted from femurs of 6- to 8-week-old C57BL/6 (RRID:

IMSR_JAX:000664, Jackson Laboratory) and mTmG mice (RRID:

IMSR_JAX:007676, Jackson Laboratory). Mice were housed in a spe-

cific pathogen-free facility. Animal protocols were reviewed and

approved by EPFL’s Chief Veterinarian, by the Service de la

Consommation et des Affaires V�et�erinaires of the Canton of Vaud,

and by the Swiss Office V�et�erinaire F�ed�eral. The bone marrow was

cultured in Petri dishes in BMDM differentiation medium (DMEM

with 10% FBS, 1% sodium-pyruvate, 1% GlutaMax, and 20% L929-

cell-conditioned medium as a source of granulocyte/macrophage

colony-stimulating factor). After 7 days, adherent cells were gently

lifted from the plate using a cell scraper, resuspended in BMDM cul-

ture medium (DMEM with 5% FBS, 1% sodium-pyruvate, 1%

GlutaMax and 5% L929-cell-conditioned medium) and seeded in a

35 mm 4-compartment Ibidi l-dishes or in Ibidi 24 well-plates and

incubated at 37°C, 5% CO2 before further experiments.

Macrophages infection

For infection with single non-aggregated bacteria, 1 ml of Mtb cul-

ture at OD600 0.4–0.8 was pelleted, resuspended in 200 ll of macro-

phage medium, and passed through a 5 lm filter to eliminate

bacterial aggregates. The resulting single-cell suspension was used

to infect BMDMs macrophages at an MOI of 1:1. After 4 h of infec-

tion, macrophages were washed extensively with macrophage

medium to remove extracellular bacteria.

For infection with bacterial aggregates, 1 ml of Mtb culture at

OD600 0.4–0.8 was pelleted and resuspended in 1 ml of macrophage

medium. A 1:100 dilution of this solution was used to infect

macrophages.

For spinfection experiments, a single-cell suspension of Mtb or a

solution of bacterial aggregates was added to BMDMs seeded in 24

well-plates. After centrifugation at 500 g for 5 min, the medium was

removed and replaced with fresh medium.

When required, 4 lM cytochalasin D (Invitrogen), 1:1,000

diluted Annexin V-FITC (BioLegend) or Annexin V-647 (BioLegend),

1:1,000 Draq7 (BioLegend), 50 lM BTP15 (gift from Prof. S. Cole),

50 lM Z-IETD-FMK (Selleck), 5 lM GSK872 (Abcam), 10 lM
MCC950 (Selleck), 50 lM VX765 (Abcam), 10 lM dantrolene
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(Abcam), 10 mM CaCl2, 5 lM BAPTA-AM (Selleckchem), 20 ng/ml

TNFa (R&D systems), 10 lg/ml cycloheximide (Sigma–Aldrich),

50 ng/ml LPS (Sigma–Aldrich), 0.5 mM ATP (Sigma–Aldrich), 5 lM
z-VAD-FMK (InvivoGen), and 50 nM SM164 (Selleckchem) were

added at the time of infection and kept in the medium of the macro-

phages during the course of the experiment. When macrophages

were stained with Oregon Green 488 Bapta-1 AM (ThermoFisher

Scientific), the staining was performed by adding 5 lM dye in PBS

to the cells and incubating for 30 min at 37°C, 5% CO2. Macro-

phages were then washed three times in PBS to remove any residual

extracellular dye before infection.

Immunofluorescence on macrophages infected with Mtb

Macrophages were fixed for 2 h with 4% paraformaldehyde in PBS

at 24 h post-infection. Cells were then washed three times with PBS

Table 1. List of Mtb strains used in this study.

Strain Description Source Ref.

Erd M. tuberculosis, Erdman, wild-type Lab
collection

—

Erd-
tdTomato

M. tuberculosis, Erdman, wild-type, expressing tdTomato (pND257), KanR This study —

Rv M. tuberculosis, H37Rv, wild-type C. Astarie-
Dequeker

Augenstreich et al (2017)

Rv-GFP M. tuberculosis, H37Rv, wild-type, expressing GFP (pCG211), KanR C. Astarie-
Dequeker

Augenstreich et al (2017)

esxA M. tuberculosis, H37Rv, DesxA C. Astarie-
Dequeker

Augenstreich et al (2017)

esxA-GFP M. tuberculosis, H37Rv, DesxA, expressing GFP (pCG211), KanR C. Astarie-
Dequeker

Augenstreich et al (2017)

esxA::esxBA M. tuberculosis, H37Rv, DesxA, complemented with esxBA (pMVesxBA3), HygR C. Astarie-
Dequeker

Augenstreich et al (2017)

esxA::esxBA-
GFP

M. tuberculosis, H37Rv, DesxA, complemented with esxBA (pMVesxBA3), expressing GFP
(pCG211), HygR, KanR

C. Astarie-
Dequeker

Augenstreich et al (2017)

DRD1 M. tuberculosis, H37Rv, DRD1 S. Cole Hsu et al (2003)

DRD1::2F9 M. tuberculosis, H37Rv, DRD1, complemented with 2F9 cosmid, HygR S. Cole Hsu et al (2003)

espI-eccD1 M. tuberculosis, Erdman, transposon insertion in espI (1,039 bp within Rv3876), HygR Lab
collection

Dhar and McKinney (2010),
Zhang et al (2014)

espA M. tuberculosis, Erdman, transposon insertion in espA (100 bp within Rv3616c), HygR Lab
collection

Dhar and McKinney (2010), Chen
et al (2013a, 2013b)

espA-
tdTomato

M. tuberculosis, Erdman, transposon insertion in espA, expressing tdTomato (pND257),
KanR, HygR

This study —

espA::espA M. tuberculosis, Erdman, transposon insertion in espA, complemented with espACD
(pMDespACD), HygR, KanR

Lab
collection

Chen et al (2013a, 2013b)

espK M. tuberculosis, Erdman, transposon insertion in espK (260 bp within the gene Rv3879c),
HygR

Lab
collection

Dhar and McKinney (2010)

espB M. tuberculosis, Erdman, pKM464 insertion in espB, HygR This study —

espB-
tdTomato

M. tuberculosis, Erdman, pKM464 insertion in espB, expressing tdTomato (pND257), HygR,
KanR

This study —

espB::espB M. tuberculosis, Erdman, pKM464 insertion in espB, complemented with espB
(pMK261_espB), HygR, KanR

This study —

espA espB M. tuberculosis, Erdman, transposon insertion in espA, pKM496 insertion in espB, HygR,
ZeoR

This study —

espA espB-
tdTomato

M. tuberculosis, Erdman, transposon insertion in espA, pKM496 insertion in espB,
expressing tdTomato (pND257), HygR, ZeoR, KanR

This study —

espA espB::
espB

M. tuberculosis, Erdman, transposon insertion in espA, pKM496 insertion in espB,
complemented with espB (pMK261_espB) HygR, ZeoR, KanR

This study —

fadD26 M. tuberculosis, Erdman, transposon insertion in the promoter of fadD26 (112 bp
upstream of Rv2930), HygR

Lab
collection

Dhar and McKinney (2010)

fadD26-
tdTomato

M. tuberculosis, Erdman, transposon insertion in the promoter of fadD26, expressing
tdTomato (pND257), HygR, KanR

This study —

Hyg, hygromycin; Kan, kanamycin; Zeo, zeocin.
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and permeabilized for 15 min with 2% BSA, 2% saponine, 0.1%

Triton x-100 in PBS at RT. After three washes with PBS, samples

were blocked for 1 h with 2% BSA in PBS at RT. Rabbit primary

antibodies anti-cleaved Caspase-8 (Cell Signaling), ASC/TMS1 (Cell

Signaling), cleaved Caspase-1 (Cell Signaling), phospho-RIP3 (Cell

Signaling), phospho-MLKL (Cell Signaling), mouse CD45.1-

AlexaFluor647 (BioLegend) were diluted 1:300 in 2% BSA in PBS

and used for primary staining of the cells overnight at 4°C. After

three washes in 2% BSA in PBS, samples (excluding those stained

with anti-mouse CD45.1-AlexaFluor647) were incubated with a sec-

ondary goat anti-rabbit antibody conjugated to Alexa Fluor 647

(ThermoFisher Scientific) diluted 1:300 in 2% BSA in PBS for 1 h at

RT. Samples were stained with 1:1,000 Hoechst (ThermoFisher Sci-

entific) and stored in PBS at 4°C before imaging by fluorescence

microscopy.

Microscopy on macrophages infected with Mtb

For experiments quantifying cell viability, bacterial growth, and

Annexin V staining, infected BMDMs were imaged by time-lapse

microscopy for up to 132 h at 1- or 2-h intervals with a 20× air

objective on a DeltaVision microscope or a 40× air objective on a

Nikon Ti2 microscope. 3 × 1.5 lm z-stacks were acquired on multi-

ple XY fields.

For experiments monitoring the fluorescence of the infected cells

(Annexin V and Draq7 staining, Oregon Green 488 Bapta-1 AM fluo-

rescence, mTmG BMDMs’ membrane fluorescence), infected

BMDMs were imaged by time-lapse microscopy for up to 24 h at

20-min intervals with a 63x oil-objective on a DeltaVision micro-

scope. 5 × 1 lm z-stacks were acquired on multiple XY fields. Our

DeltaVision microscope is equipped with FITC (Ex 490/20, Em 525/

36), TRITC (Ex 555/25, Em 605/52), Cy-5 (Ex 555/25, Em 605/52),

and DAPI (Ex 438/24, Em 475/24) dichroic filters. On the Nikon Ti2

microscope GFP (Em 480/30, Ex 535/45) and mCherry (Em 560/40,

Ex 635/60) dichroic filters were used. A stage-top incubator

(Okolab) was used to maintain the cells at 37°C in a humidified

environment. Air mixed to 5% CO2 was supplied using an Okolab

gas mixer. One-half of the macrophage medium was refreshed every

3 days through custom tubing connected to the lid of the Ibidi l-
dish.

Immunostained samples were imaged with a 63x oil-objective on

a DeltaVision microscope. The 5 × 1 lm z-stacks were acquired on

multiple XY fields.

Confocal images on fixed samples were acquired using a Leica

SP8 microscope. Top and bottom z-coordinates for all the selected

cells were assigned manually and z-stacks were acquired every

0.29 lm.

Image analysis

The microscopy images and time series were analyzed using the FIJI

software from the ImageJ package (Schindelin et al, 2012). The

z-stacks acquired for the individual fluorescence channels were

projected into one image using a maximum-intensity projection.

A manual threshold was set to segment the bacteria. The area

above the threshold was measured and used as a proxy for the

number of bacteria for each time point. To quantify the bacterial

growth rate, an exponential curve was fitted to the data. In

experiments without cytochalasin D treatment, bacteria were

considered intracellular when they overlap with a macrophage in

the bright-field channel, otherwise they were annotated as extra-

cellular. Macrophage infection status, Annexin V staining, and

viability were monitored by visual analysis of the time-lapse

image series. Regions of interest corresponding to individual

macrophages were manually drawn onto the bright-field images

and transferred to fluorescence images. Macrophages were con-

sidered infected when the region of interest overlapped with a

fluorescent region in the channel used to image bacteria. Simi-

larly, macrophages were considered Annexin V-positive upon the

appearance of positive regions in the corresponding fluorescence

channel. The time of death corresponds to the frame where a

macrophage stops moving and lyses. The time interval between

initial infection and the appearance of the Annexin V-positive

domain or the cell death was calculated as the difference

between the first frame where a macrophage was infected and

the frame where the host cell became Annexin V-positive or died.

For experiments with Oregon Green 488 Bapta-1 AM, the z-

stacks acquired in the green channel were projected into one

image using a “sum slices” projection. Background subtraction

was performed by subtracting from the fluorescence images a

copy of the same images on which a Gaussian blur of 100 lm
radius had been applied. Regions of interest (ROIs) corre-

sponding to individual macrophages were manually drawn onto

the phase images and transferred to the fluorescence images. The

Oregon Green 488 Bapta-1 AM fluorescence of each macrophage

was quantified for each frame as average fluorescence intensity

Table 2. List of primers used in this study.

Primer
name Sequence 50–30

espBcompF CCGCTTTGATCGGGGACGTCGCCGAATGCGACGACCTATCTCG

espBcompR ACATCGATAAGCTTCGAATTGGCGACATGCGGGTCCAATTCG

qRT_sigA_F AAACAGATCGGCAAGGTAGC

qRT_sigA_R CTGGATCAGGTCGAGAAACG

qRT_espA_F TACGACCTTCTGGGGATTGG

qRT_espA_R ACGATCGAGGTCTGCCAGTT

qRT_espC_F CGAATCTGTGGCGATCACTC

qRT_espC_R ACAACCCGTCGATAGCCTTG

qRT_PPE68_F GAAGCCTGGACTGGAGGTGG

qRT_PPE68_R CGGTCAACGCGATCGGGATC

qRT_esxB_F CAGATCGACCAGGTGGAGTCGA

qRT_esxB_R TCGTCGGCCCTCGAGTATTG

qRT_esxA_F GGGAAGCAGTCCCTGACCAAG

qRT_esxA_R CCCAGTGACGTTGCCTTCGG

qRT_espI_F CGACTACGACAAGCTCTTCCG

qRT_espI_R GACACGAACCGCTCCGACAG

qRT_eccD1_F CCGGGTGACGATCCTGACCG

qRT_eccD1_R GTCGAAGCCGCCGAGTACATC

qRT_espB_F GACCCACCGACTGATGTCCC

qRT_espB_R CTGCCTGCACAGTTCCTTCG
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and normalized to the first frame imaged (for bystander cells) or

to the frame of infection (for infected cells).

For images acquired from cells stained with anti-ASC or anti-

cleaved Caspase8 (cCasp1) antibodies, ASC-positive, or cCasp8-

positive cells were counted through manual analysis of the fluores-

cence images. For images acquired from cells stained with anti-

cleaved Caspase1, anti-phosphorylated RIP3, or anti-phosphorylated

MLKL antibodies, the z-stacks acquired in the Cy5 channel were

projected into one image using a “sum slices” projection. ROIs

corresponding to individual macrophages were drawn onto the

phase images and transferred to the fluorescence channel to mea-

sure the background subtracted median fluorescence for each cell.

Cells whose ROIs overlap with bacteria in the bacterial fluorescence

channel were annotated as infected.

Confocal images were processed with ImageJ for 3D reconstruc-

tion. A Gaussian Blur filter with a 2-pixel radius was applied to the

channel corresponding to the macrophage membrane. The Trans-

formJ:Rotate plugin was used to resample isotropically all the chan-

nels using a Quantic B-Spline interpolation. The 3D visualization

was obtained using the 3D Script—Interactive Animation tool and a

combined transparency rendering.

Scanning electron microscopy

Cells were fixed for 2 h with 1.25% glutaraldehyde in 0.1 M phos-

phate buffer, pH 7.4, and then washed in cacodylate buffer before a

secondary fix for 30 min in 0.2% osmium tetroxide in the same

buffer. The cells were then dehydrated in a graded alcohol series and

dried by passing them through the supercritical point of carbon diox-

ide in a critical point dryer (Leica Microsystems CPD300). They were

then coated with a 2 nm layer of osmium metal using an osmium

plasma coater (Filgen OPC60). Images of the cells were taken with a

field emission scanning electron microscope (Merlin, Zeiss NTS).

CFUs counting

For colony forming units (CFUs) enumeration over time, macro-

phages in individual wells were infected at time point zero. At dif-

ferent time points, the medium of the infected cells was collected for

plating. The macrophages were lysed with 0.5% TritonX-100 in PBS

for 5 min at room temperature, and the lysate was collected and

mixed with the medium. Serial dilutions of this mixture were plated

on a solid medium and incubated at 37°C. After 3 weeks CFUs were

counted.

RNA extraction and quantitative Real-Time PCR (qRT-PCR)

A 10 ml Mtb cultures in the mid-logarithmic phase were pelleted by

centrifugation, resuspended in 800 ll of TRIzol Reagent (Thermo-

Fisher), and added to a 2-ml screw-cap tube containing zirconia

beads (BioSpec Products). Cells were disrupted by bead-beating

three times for 30 s. The cell lysate was transferred to a new tube,

mixed with 200 ll of chloroform, and spun down for 15 min at

12,000 g. The top aqueous phase was collected and mixed with an

iso-volume of isopropanol. The RNA was precipitated by centrifuga-

tion for 10 min at 15,000 g, washed with 75% ethanol, air-dried,

and resuspended in DEPC-treated water. DNase treatment was car-

ried out using a TURBO DNA-free kit (Invitrogen) according to the

manufacturer’s protocol. The RNA was transcribed to cDNA using

the SuperScript IV First-strand Synthesis System (ThermoFisher)

according to the manufacturer’s recommendations. qRT-PCR were

performed on an ABI 7900HT instrument, using SYBRGreen PCR

Master Mix (Applied Biosystems), according to the manufacturer’s

instructions. Relative mRNA levels were calculated using the DDCt
method, normalizing transcripts levels to sigA signals. The

sequences of the primers used are listed in Table 2.

Protein extracts and immunoblotting

Mtb was inoculated in 10 ml cultures (or 30 ml cultures for proteo-

mics samples) in Sauton’s medium supplemented with 0.05%

Tween 80 at a starting OD600 of 0.1 and incubated at 37°C with

shaking. After 4 days the cells were harvested by centrifugation,

washed with PBS, and resuspended in 10 ml (or 30 ml cultures for

proteomics samples) of Sauton’s medium without Tween 80 and

incubated at 37°C with agitation for 4 days. Cultures were pelleted

by centrifugation and the collected culture media were filtered

through a 0.2-lm-pore-size filter. Culture filtrates (secretomes) were

concentrated 50x using Amicon Ultra centrifugal filters with 3-kDa

cut-off (Millipore), respectively. To prepare total “bacterial lysates,”

the bacterial pellets were resuspended in TBS (20 mM Tris +

150 mM NaCl) plus cOmplete mini EDTA-free protease inhibitors

(Roche) and disrupted by bead beating four times for 30 s with zir-

conia beads (BioSpec Products). After clarification by centrifugation,

the samples were filtered with a 0.2-lm-pore-size filter. Total pro-

tein concentration in all the samples was determined using a Pierce

BCA assay (ThermoFisher) with bovine serum albumin as the stan-

dard. Protein samples were resolved in NuPAGE 4–12% bis-tris gels

(Invitrogen) under reducing conditions. Proteins were transferred

from the gel to nitrocellulose membranes using the iBlot Dry Blot-

ting System (Invitrogen) according to the manufacturers instruc-

tions. Membranes were blocked for 1 h at room temperature with

TBS + 3% BSA fraction V and then incubated overnight with the pri-

mary antibody diluted in TNT (TBS + 0.1% Tween-20) + 2% BSA

fraction V at 4°C. Membranes were washed with TNT, incubated

with the secondary antibody in TNT+ 2% BSA for 30 min at room

temperature, washed with TNT, and developed.

Mass spectrometry on protein samples

Mass spectrometry-based proteomics-related experiments were

performed by the Proteomics Core Facility at EPFL. Each sample

was digested by filter-aided sample preparation (FASP) (Wi�sniewski

et al, 2009) with minor modifications. Proteins (40 lg) were

reduced with 10 mM TCEP in 8 M urea, 0.1 M Tris–HCl pH 8.0 at

37°C for 60 min, and further alkylated in 40 mM iodoacetamide at

37°C for 45 min in the dark. Proteins were digested overnight at

37°C using a 1/50 w/w enzyme-to-protein ratio of mass spectrome-

try grade trypsin gold and LysC. Generated peptides were desalted

in StageTips using 6 disks from an Empore C18 (3 M) filter based on

the standard protocol (Rappsilber et al, 2007). Purified peptides

were dried down by vacuum centrifugation. Samples were resus-

pended in 2% acetonitrile (Biosolve), 0.1% FA, and nano-flow sepa-

rations were performed on a Dionex Ultimate 3000 RSLC nano

UPLC system (Thermo Fischer Scientific) on-line connected with an

Orbitrap Exploris Mass Spectrometer (Thermo Fischer Scientific). A
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capillary precolumn (Acclaim Pepmap C18, 3 lm-100 �A, 2 cm ×

75 lm ID) was used for sample trapping and cleaning. A 50 cm long

capillary column (75 lm ID; in-house packed using ReproSil-Pur

C18-AQ 1.9 lm silica beads; Dr. Maisch) was then used for analyti-

cal separations at 250 nl/min over 150 min biphasic gradients.

Acquisitions were performed through Top Speed Data-Dependent

acquisition mode using a cycle time of 2 s. First MS scans were

acquired with a resolution of 60,000 (at 200 m/z) and the most

intense parent ions were selected and fragmented by high energy

collision dissociation (HCD) with a normalized collision energy

(NCE) of 30% using an isolation window of 2 m/z. Fragmented ions

were acquired with a resolution 15,000 (at 200 m/z) and selected

ions were then excluded for the following 20 s.

Raw data were processed using MaxQuant 1.6.10.43 (Cox &

Mann, 2008) against the Uniprot Reference Proteome Mycobacte-

rium Tuberculosis Erdman strain (4222 sequences, LM201030).

Carbamidomethylation was set as a fixed modification, whereas oxi-

dation (M), phosphorylation (S, T, Y), acetylation (Protein N-term),

and glutamine to pyroglutamate were considered variable modifica-

tions. A maximum of two missed cleavages were allowed and

“Match between runs” option was enabled. A minimum of 2 pep-

tides was required for protein identification and the false discovery

rate (FDR) cutoff was set to 0.01 for both peptides and proteins.

Label-free quantification and normalization were performed by

Maxquant using the MaxLFQ algorithm, with the standard settings

(Cox et al, 2014). The statistical analysis was performed using Per-

seus version 1.6.12.0 (Tyanova et al, 2016) from the MaxQuant tool

suite. Reverse proteins, potential contaminants, and proteins only

identified by sites were filtered out. Protein groups containing at

least 2 valid values in at least one condition were conserved for fur-

ther analysis. Missing values were imputed with random numbers

from a normal distribution (Width: 0.3 and Down shift: 1.8 sd). A

two-sample t-test with permutation-based FDR statistics (250 per-

mutations, FDR = 0.05, S0 = 1) was performed to determine signifi-

cant differentially abundant candidates.

PDIM extraction

Phthiocerol dimycocerosates (PDIM) synthesis was evaluated by

thin-layer chromatography (TLC) of bacterial lipids (Kirksey et al,

2011). 10 ml of exponential-phase bacteria were labeled with 2 lCi
of [14C]-propionate (Campro Scientific) for 48 h. Lipids were

extracted from the pellets of the radiolabelled culture using 5 ml of

methanol: 0.3% NaCl (10:1) and 5 ml of petroleum ether. The mix-

ture was vortexed for 3 min, centrifuged at 930 g for 10 min, and

the upper layer was collected. A second extraction on the lower

phase was carried out with 5 ml of petroleum ether. The combined

extracts were inactivated with an iso-volume of chloroform for 1 h

and concentrated through evaporation. The samples were spotted

on a 5 × 10 cm TLC silica gel 60 F254 (Merck) and developed in

petroleum ether:diethyl ether (9:1). The developed TLC plate was

exposed to an Amersham Hyperfilm ECL (GE Healthcare) for

chemioluminescence analysis and visualized with a Typhoon Scan-

ner (GE Lifesciences).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.

Data availability

All strains and plasmids are available by request to the corre-

sponding author. The mass spectrometry proteomics data generated

for this study have been deposited to the ProteomeXchange Consor-

tium (Deutsch et al, 2020) via the PRIDE (Perez-Riverol et al, 2022)

partner repository (http://proteomecentral.proteomexchange.org/

cgi/GetDataset). Data relative to the Mtb Erdman strains have the

dataset identifier PXD035080. Data relative to the Mtb H37Rv strains

have the dataset identifier PXD035082.

Expanded View for this article is available online.
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