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Following mycobacterial entry into macrophages the ESX-1 type
VII secretion system promotes phagosomal permeabilization and
type I IFN production, key features of tuberculosis pathogenesis.
The current model states that the secreted substrate ESAT-6 is
required for membrane permeabilization and that a subsequent
passive leakage of extracellular bacterial DNA into the host cell
cytosol is sensed by the cyclic GMP-AMP synthase (cGAS) and
stimulator of IFN genes (STING) pathway to induce type I IFN
production. We employed a collection of Mycobacterium marinum
ESX-1 transposon mutants in a macrophage infection model and
show that permeabilization of the phagosomal membrane does
not require ESAT-6 secretion. Moreover, loss of membrane integ-
rity is insufficient to induce type I IFN production. Instead, type I
IFN production requires intact ESX-1 function and correlates with
release of mitochondrial and nuclear host DNA into the cytosol,
indicating that ESX-1 affects host membrane integrity and DNA
release via genetically separable mechanisms. These results sug-
gest a revised model for major aspects of ESX-1–mediated host
interactions and put focus on elucidating the mechanisms by
which ESX-1 permeabilizes host membranes and induces the type
I IFN response, questions of importance for our basic understand-
ing of mycobacterial pathogenesis and innate immune sensing.
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Mycobacterium tuberculosis has an intracellular lifestyle and
is thought to reside primarily in host macrophages (1).

During the 1970s the concept emerged that the bacterium propa-
gates exclusively within the phagosomal compartment, made pos-
sible by bacterial mechanisms to prevent phagosome maturation
and acidification (2, 3). However, recent work has established that
pathogenic mycobacteria can rupture the phagosomal membrane in
an ESX-1–dependent manner to interact also with the cytosolic
compartment of infected cells in vitro (4–8) and in vivo (6, 9).
The conserved ESX-1 secretion system is primarily encoded by

genes within and adjacent to the chromosomal locus “region of
difference 1” (RD1), which is defined by a corresponding de-
letion in the Mycobacterium bovis bacillus Calmette–Guérin
vaccine strain (10–12). Loss of RD1 is largely responsible for the
attenuated phenotype of bacillus Calmette–Guérin (13), and
genetic studies in both M. tuberculosis and M. marinum have
confirmed a critical role for ESX-1 in intracellular growth and
virulence (9, 14–17). ESAT-6 (EsxA) and CFP-10 (EsxB) are
encoded within RD1 and represent the two most well-known
substrates of ESX-1 (11). There is a substantial body of work—
based on both genetic (4, 5, 8, 10, 17) and biochemical (17–20)
approaches—suggesting that ESX-1–mediated permeabilization
of the phagosomal membrane requires secretion of ESAT-6,
which has been ascribed membranolytic activity by functioning
as a pore-forming protein (17, 20–22). Moreover, induction
of the type I IFN response, which is exploited by mycobacteria
to promote infection (23–25), has been described as a direct
and inescapable consequence of phagosomal permeabilization.

According to this model, ESX-1–mediated permeabilization of
the phagosomal membrane causes passive leakage of extracel-
lular mycobacterial DNA into the host cell cytosol, where it is
sensed by the cGAS/STING pathway to drive type I IFN pro-
duction (24, 26–29). Thus, it is widely believed that ESAT-6 is
directly responsible for phagosomal permeabilization and a
subsequent default induction of type I IFN during mycobacterial
infection.

Results
Analyses of ESAT-6 and CFP-10 Secretion Identify 3 Phenotypic Groups
among ESX-1–Deficient Mutants. To determine the genetic re-
quirements for ESX-1–mediated secretion of ESAT-6 and CFP-
10 we employed wild-type (WT) M. marinum and the ΔRD1
strain, lacking the entire RD1 region, as well as 9 previously
characterized isogenic transposon mutants deficient for individ-
ual ESX-1–related genes (Fig. 1A). Cultures of these strains were
fractionated into the secreted fraction (culture filtrate; CF), cell
envelope fraction (ENV), and cytosolic fraction (CYT), which
were analyzed by Western blot (Fig. 1B). As controls we probed
for Ag85B, which is secreted via the general secretory pathway,
and the cell-associated protein GroEL. Although these controls
did not distinguish between the envelope and cytosolic frac-
tions, they demonstrated similar loading and lack of unspecific
leakage of cellular material into the CF, respectively (Fig. 1B).
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As expected, WT but not ΔRD1 produced and secreted ESAT-6
and CFP-10 (Fig. 1B). Intriguingly, among the transposon mutants
we identified three principal phenotypic groups based on their ability
to secrete ESAT-6 and CFP-10, respectively (Fig. 1 B and C). First,
EspJ::tn and EspK::tn secreted both ESAT-6 and CFP-10, albeit at
reduced levels as compared to WT (Fig. 1B). Of note, these findings
partly contrast with a previous study, in which the EspJ::tn and
EspK::tn mutants were not observed to secrete ESAT-6 (10), a
discrepancy that might be explained by differences in how the bac-
terial fractions were generated. Second, EspE::tn, EspI::tn, and, to a
lesser degree, EspB::tn secreted CFP-10 while being unable to se-
crete ESAT-6 (Fig. 1B), implying utility of these mutants as reagents
to investigate the mechanism by which ESAT-6 piggybacks on CFP-
10 for its secretion (30). Third, EspG1::tn, EspH::tn, EccA1::tn, and
EccCb1::tn failed to secrete both ESAT-6 and CFP-10, a phenotype
associated with markedly reduced cytosolic levels of the substrates
(Fig. 1B). Importantly, these findings provided a unique opportunity
to experimentally investigate the role for ESAT-6 secretion in ESX-
1–mediated functions during physiological infection of macrophages.
Analysis of intracellular growth in C57BL/6 bone marrow-derived

macrophages demonstrated that EccCb1::tn and EspB::tn exhibited
a severe growth defect similar to that of ΔRD1 (Fig. 1D). All

other mutants exhibited an intermediate phenotype irrespective
of their capacity to secrete ESAT-6 (Fig. 1D). The growth phe-
notype for ESX-1 mutants in our system appeared stronger than
that observed in the M. tuberculosis system (15, 31), which might
reflect the faster growth rate of M. marinum or potentially dif-
ferences in the ESX-1 systems from the two species (32). Nev-
ertheless, the lack of correlation between ESX-1–mediated
intracellular growth and ESAT-6 secretion in addition to a lack
of belonging to any phenotypic group made it of interest to
further explore the role for ESAT-6 secretion in ESX-1–mediated
functions.

ESX-1–Mediated Permeabilization of the Phagosomal Membrane Does
Not Require ESAT-6 Secretion.After permeabilizing the phagosomal
membrane and gaining access to the host cell cytosol,M. marinum
is able to induce actin tail formation at one of its polar ends (7).
To investigate the role for ESAT-6 secretion in ESX-1–mediated
permeabilization of the phagosomal membrane we employed
three strains from each phenotypic group and performed ki-
netic and quantitative immunofluorescence microscopy analysis
to determine the fraction of infected macrophages containing
actin tail-associated bacteria (Fig. 2 A and B). To this end we
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Fig. 1. Analyses of ESAT-6 and CFP-10 secretion delineate 3 phenotypic groups of ESX-1 mutants. (A) Schematic representation of the extended RD1 region
of mycobacteria. Arrows represent individual genes with direction of transcription, and the colors highlight the transposon mutants used in this study (SI
Appendix, Table S1). (B) M. marinum bacterial cultures of WT, ΔRD1, and the indicated transposon insertion mutants were fractionated into secreted (culture
filtrates; CF), cell envelope (ENV), and cytosolic (CYT) fractions and analyzed by Western blot using specific antibodies. Ag85, a protein secreted by the general
secretory pathway, and GroEL, a cell-associated protein, were used as controls. (C) Schematic representation of the 3 phenotypic groups ofM. marinum strains
identified based on their ability to secrete ESAT-6 and CFP-10. (D) C57BL/6 macrophages were infected with M. marinum at the indicated MOI, and in-
tracellular bacterial growth was determined by cfu analyses at the indicate time points post infection. Phenotypic groups 1, 2, and 3 are indicated. Results
(mean ± SD; n = 3) are representative of 3 independent experiments (2-way ANOVA, ****P < 0.0001).
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had available WT, ΔRD1, EspE::tn, and EccCb1::tn that carry
a chromosomal insertion of gfp in the attB site (33, 34), enabling
visualization, and EspJ::tn, EspK::tn, EspI::tn, EspB::tn, and
EspH::tn were transformed with a plasmid encoding the green
fluorescent protein “Wasabi.” Consistent with the critical role
for ESX-1 in phagosomal rupture, WT but not ΔRD1 induced
actin tails at both 24 and 48 h post infection (hpi; Fig. 2 A and
B). EspJ::tn and EspK::tn were able to generate actin tails,

although with a delayed kinetics and to a lesser degree com-
pared to WT (Fig. 2 A and B). Surprisingly, EspE::tn and
EspI::tn exhibited more robust actin tail formation than
EspJ::tn and EspK::tn (Fig. 2 A and B), indicating that ESX-
1–mediated rupture of the phagosomal membrane does not
require ESAT-6 secretion. Moreover, comparative analysis
of individual actin tail-containing cells infected with WT,
EspJ::tn, EspK::tn, EspE::tn, and EspI::tn showed that these
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Fig. 2. ESX-1–mediated permeabilization of the phagosomal membrane does not require ESAT-6 secretion. (A–C) Macrophages were infected with WT M.
marinum and mutant strains (green) as indicated and stained for polymerized actin (red phalloidin) at 24 and 48 h post infection (hpi). (A) Presence of actin
tails analyzed by microscopy. Arrows indicate actin tail-associated bacteria. (B) Quantification of the fraction of infected cells with actin tails. Data based on 1
experiment, representative of 2 independent experiments, where at least 200 infected cells were analyzed per condition. χ2 test (*<0.05; **<0.01; ***<0.001),
compared to ΔRD1. (C) Number of actin tails per cell (at 48 hpi) among actin tail-containing infected cells, as indicated. No significant differences between
groups (one-way ANOVA). (D and E) Macrophages were infected at MOI = 5 as indicated, and the number of cfus in whole cell lysates and cytosolic fractions,
respectively, was determined at 48 hpi. (D) cfus from whole cell lysates and cytosolic fractions. (E) The ratio of cytosolic cfus over total cfus (in whole cell
extracts), normalized to WT. Results (mean + SD; n = 3) are representative of 3 independent experiments (one-way ANOVA, ***P < 0.001). No statistical
difference between WT and the transposon mutants. (F and G) Macrophages were infected with GFP-expressing bacteria as indicated, and intercellular
bacterial spread was analyzed by flow cytometry. (F) Representative plots of GFP-positive macrophages (infected at MOI = 10) at different hpi. Uninfected
cells (UI) were analyzed as a control. Side scatter (SSC-A) and GFP, as indicated. (G) Graph shows the fold increase of GFP+ cells compared to 4 hpi. Results
(mean + SD) from 3 independent experiments (2-way ANOVA, **P < 0.01, ****P < 0.0001).
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mutants and WT generated similar numbers of actin tails per
macrophage (Fig. 2C).
Although Western blots are not truly quantitative, our analy-

ses suggested that the bacterial cytosol of EspB::tn contained
more ESAT-6 protein than that of EspI::tn and similar amounts
as that of EspE::tn (Fig. 1B). The finding that EspB::tn was
unable to rupture the phagosomal membrane, as indicated by
lack of actin tails (Fig. 2 A and B), suggests that leakage of
ESAT-6 from the bacterial cytosol does not explain the ability of
EspE::tn and EspI::tn to permeabilize the phagosome. It is also
noteworthy that EspH::tn, which essentially did not contain any
ESAT-6 or CFP-10 (Fig. 1B), was observed to induce actin tails,
albeit at a very low level (Fig. 2 A and B).
To separately assess the requirement for ESAT-6 secretion in

gaining access to the cytosol we performed parallel colony-

forming unit (cfu) analyses of whole cell extracts and enriched
cytosolic fractions from infected macrophages (Fig. 2D) and
calculated the ratio of cytosolic over total cfus (Fig. 2E). ΔRD1
had an ∼10-fold lower ratio of cytosolic cfus compared to WT
bacteria (Fig. 2E), providing the analytical window for ESX-1 in
this assay. Remarkably, the ratios for EspJ::tn and EspK::tn as
well as for EspE::tn and EspI::tn were similar to that of WT (Fig.
2E), indicating that ESX-1–mediated phagosome rupture occurs
via an ESAT-6 secretion-independent mechanism.
To further explore whether ESAT-6 secretion is dispensable

for rupture of the phagosomal membrane we analyzed intercel-
lular bacterial spread (Fig. 2 F and G), a process linked to the
membranolytic activity of ESX-1 (10). For this purpose we per-
formed kinetic experiments of macrophages infected with WT,
ΔRD1, EspE::tn, and EccCb1::tn—i.e., the strains encoding gfp
chromosomally and exhibiting comparable fluorescence (SI Ap-
pendix, Fig. S1)—and identified infected macrophages as green
fluorescent protein (GFP)-positive by flow cytometry (Fig. 2F).
Consistent with our analyses of actin tails and cytosolic cfus (Fig. 2
A–E), EspE::tn was able to spread among macrophages, although
at a lower level compared to WT bacteria (Fig. 2 F and G). As
expected, both ΔRD1 and EccCb1::tn were unable to spread (Fig.
2 F and G). Collectively, our results (Fig. 2 A–G) support the
interpretation that ESAT-6 secretion is not required for ESX-1–
mediated phagosomal permeabilization in infected macrophages.

Permeabilization of the Phagosomal Membrane Is Not Sufficient to
Drive the Type I IFN Response. Analyses of the immune regulatory
functions of ESX-1 suggested that IL-1β secretion largely cor-
related with proficient secretion of ESAT-6 and CFP-10 (Fig. 3
A, Left), whereas none of the mutants were able to drive secre-
tion of IFNβ (Fig. 3 A, Right), supporting the idea that ESX-1
drives inflammasome activation and the type I IFN response via
genetically separable mechanisms (27). Importantly, because
EspJ::tn and EspK::tn as well as EspE::tn and EspI::tn were able
to rupture the phagosome (Fig. 2) these results indicate that
neither ESAT-6 secretion nor permeabilization of the phagosomal
membrane is sufficient to induce the cGAS/STING-signaling
pathway. To validate this finding we focused on EspK::tn and
EspE::tn from phenotypic groups 1 and 2, respectively. Gene ex-
pression analysis of macrophages infected at different multiplici-
ties of infection (MOI) demonstrated that M. marinum drives
transcription of ifnβ in an ESX-1– and dose-dependent manner
(Fig. 3B). Similarly to ΔRD1, however, both EspK::tn and
EspE::tn failed to induce ifnβ expression (Fig. 3B). Consistently,
macrophages infected with EspK::tn and EspE::tn did not provoke
ESX-1–mediated type I IFN receptor-signaling, as determined by
analyses of STAT1 and STAT2 phosphorylation (Fig. 3C). Finally,
kinetic analyses confirmed that EspK::tn and EspE::tn were com-
pletely unable to drive ESX-1–mediated IFNβ secretion (Fig. 3D).
Thus, ESX-1–mediated phagosomal membrane permeabilization is
insufficient to drive the type I IFN response.
ESX-1 promotes cytotoxicity to infected cells (17), which

might impact on cytokine output, prompting us to investigate the
ability of EspK::tn and EspE::tn to kill infected macrophages.
Kinetic flow cytometry-based analysis of Zombie-staining dem-
onstrated that EspK::tn and EspE::tn induced cell death similarly
to WT bacilli (SI Appendix, Fig. S2 A and B). Analysis of LDH
release confirmed that both EspK::tn and EspE::tn compromised
cellular integrity, albeit at a lower level than WT (SI Appendix,
Fig. S2C). The unique ability of WT M. marinum to induce the
type I IFN response is therefore likely not a consequence of
differential cell death. Of note, phagosomal rupture by myco-
bacteria has been linked to host cell death (4, 5), which is im-
plicated in bacterial spread (35, 36). Consistent with this notion
our analyses implied similar genetic requirements for cytotoxicity
(SI Appendix, Fig. S2) and spread (Fig. 2 F and G).
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Fig. 3. Phagosomal permeabilization is not sufficient to induce type I IFN
production. Macrophages were infected with WT M. marinum and mutant
strains as indicated. Uninfected (UI) cells were analyzed as control. (A) Culture
supernatants were collected at 24 hpi and analyzed for the indicated cytokines.
Phenotypic groups 1, 2, and 3 are indicated. Results (mean + SD; n = 3) are
representative of at least 3 independent experiments. Statistical significance
(one-way ANOVA, ***P < 0.001, ****P < 0.0001) as indicated. In addition, in-
fection with EspJ::tn caused reduced (P < 0.001) IL-1β secretion as compared to
WT and EspK::tn. (B) Macrophages were harvested at 4 hpi, and ifnβ mRNA was
measured by RT-qPCR. Data are represented as a fold-change relative to the UI
control. Results (mean ± SD; n = 3) are representative of 3 independent ex-
periments (2-way ANOVA, ****P < 0.0001). (C) Infectedmacrophages (MOI = 5)
were lysed at 2, 4 and 6 hpi and analyzed for STAT1 and STAT2 activation by
Western blot. Detection of activated (i.e., phosphorylated) transcription factors
was performed using phosphospecific primary antibodies (pSTAT1 and pSTAT2).
Shown is 1 experiment representative of 2. (D) Kinetic analysis of IFNβ secretion
from macrophages infected as indicated. Results (mean ± SD; n = 3) are rep-
resentative of 3 independent experiments (2-way ANOVA, ****P < 0.0001).
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ESX-1 Affects Mitochondrial Integrity and DNA Release into the Host
Cell Cytosol via Genetically Separable Mechanisms. Previous reports
have suggested that ESX-1 interferes with mitochondrial in-
tegrity (37–39) and that release of mitochondrial DNA into the
host cell cytosol may serve as the trigger for the cGAS/STING
pathway in M. tuberculosis-infected macrophages (40). We
therefore sought to probe the functional interaction between
ESX-1 and mitochondria during infection.

Cytochrome C (CytC) resides in the intermembrane region of
intact mitochondria and leaks out into the cytosol upon rupture
of the outer membrane. Using a flow cytometry-based assay (SI
Appendix, Fig. S3) we investigated CytC depletion in macro-
phages infected with WT, ΔRD1, EspK::tn, or EspE::tn as a
measure of their ability to disrupt the integrity of the outer mi-
tochondrial membrane. Analyses of WT and ΔRD1 demon-
strated that M. marinum ruptures the outer membrane in an
ESX-1–dependent fashion (Fig. 4 A and B). Permeabilization
of the outer membrane did not distinguish WT from EspK::tn or
EspE::tn as they caused a similar depletion of CytC (Fig. 4 A and
B), further demonstrating that ESX-1–mediated membrane
permeabilization does not require ESAT-6 secretion. These
mutants and WT similarly reduced the ATP content of infected
macrophages (Fig. 4C), an expected consequence of decoupling
the respiratory chain by outer membrane permeabilization (Fig.
4 A and B), and of cytotoxicity (SI Appendix, Fig. S2). Thus, the
genetic requirements for rupturing the outer mitochondrial (Fig.
4 A and B) and phagosomal (Fig. 2) membranes are similar, and
loss of integrity of these membranes is insufficient to induce type
I IFN production (Fig. 3).
To investigate the genetic requirements for ESX-1–mediated

release of DNA into the cytosol we purified the cytosolic com-
partment of infected macrophages and performed qPCR-based
analyses of mitochondrial (Dloop1), nuclear (Tert), and bacterial
(FurA) DNA (Fig. 4D). The purity of our cytosolic fractions was
confirmed by Western blot analysis of the mitochondrial protein
PDE1α (Fig. 4E). In agreement with previous reports (40, 41),
M. marinum mobilized detectable levels of mitochondrial and
nuclear, but not bacterial, DNA into the macrophage cytosol in
an ESX-1–dependent manner (Fig. 4D). Importantly, however,
this ability was lost in both EspK::tn and EspE::tn (Fig. 4D),
possibly explaining why only WT induces type I IFN production
(Fig. 3). ESX-1–mediated release of host DNA into the cytosolic
compartment was independent of type I IFN receptor-signaling
(SI Appendix, Fig. S4), consistent with DNA mobilization acting
upstream of the type I IFN response. These findings establish the
mitochondrion as a key target for ESX-1 via at least two ge-
netically separable mechanisms and identify mobilization of host
DNA into the cytosol as a correlate to the ability of the WT
ESX-1 system to induce type I IFN production.

Discussion
ESAT-6 and CFP-10 are cotranscribed, and the proteins physi-
cally interact in the bacterial cytosol, where CFP-10 is respon-
sible for targeting the heterodimer to the ESX-1 apparatus for
secretion (11, 30). The membranolytic property of ESAT-6 was
first proposed based on the findings that an M. tuberculosis
transposon insertion mutant in the CFP-10 encoding gene was
unable to lyse macrophages as well as lung epithelial cells and
that purified ESAT-6, but not CFP-10, was able to disrupt lipid
bilayers (17). While it is possible that the mode of secretion
might be different for bacteria in infected cells as compared to
those in the growth medium used by us and others, genetic
analyses in M. tuberculosis (4, 5, 8) and M. marinum (10) have
established a strong correlation between ESAT-6 secretion and
host membrane permeabilization. Studies with purified protein
have further suggested that ESAT-6 alone is sufficient to lyse
membranes by functioning as a pore-forming protein (17, 20–22).
Importantly, the biochemical basis for the model outlined above
was recently questioned by the findings that the lytic activity of
purified ESAT-6 may be due to residual detergent in the protein
preparation and that ESAT-6 is not sufficient to permeabilize the
phagosomal membrane in M. marinum-infected macrophages
(42). Moreover, conclusions drawn from the genetic studies are
confounded by the observation that several ESX-1 proteins are
codependent for their stability and secretion (33, 43–45), making
classical genetic approaches to establish requirement for specific
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Fig. 4. ESX-1–dependent disruption of mitochondrial integrity and cytosolic
DNA release are genetically separate mechanisms. (A and B) Macrophages
were infected as indicated at MOI = 15, and kinetic experiments of Cyto-
chrome C (CytC) release were performed by flow cytometry. An isotype IgG
antibody and UI cells were analyzed as controls. (A) The histogram plots
show the cell counts (y axis) and the fluorescence intensity (x axis) as well as
the percentage of cells negative for CytC-staining, i.e., cells with CytC de-
pletion, at 6 hpi. (B) The graph represents the fold increase of CytC-depleted
cells. Data normalized to WT M. marinum at 2 hpi. Results (mean + SD) from
4 independent experiments (2-way ANOVA, *P < 0.05, **P < 0.01, ****P <
0.0001). (C) Macrophages were infected as indicated at MOI = 15, and total
ATP was measured at 24 hpi using a luminescent assay. Results (mean + SD)
from 3 independent experiments (one-way ANOVA, *P < 0.05, **P < 0.01).
(D) Macrophages were infected as indicated at MOI = 5. UI cells were ana-
lyzed as control. The presence of mitochondrial (Dloop1), nuclear (Tert), or
mycobacterial (FurA) DNA in the cytosolic compartment was evaluated by
qPCR at 24 hpi. Results (mean + SD) from 3 independent experiments (one-
way ANOVA, *P < 0.05, ***P < 0.001). (E ) The mitochondrial protein
puryvate dehydrogenase E1 alpha (PDE1α) was analyzed in whole cell lysates
(WCL) and cytosolic fractions (CYT) by Western blot. GAPDH was used as a
loading control. Shown is 1 experiment representative of 2. (F) Schematic
representation illustrating that M. marinum infection of macrophages can
be separated into at least 3 distinct stages (I–III) based on an incremental
need for ESX-1 functionality. Genomic (gDNA) and mitochondrial (mtDNA)
DNA, as indicated.
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gene products inherently difficult. Our genetic approach enabled
us to demonstrate that the ability to secrete ESAT-6 is not re-
quired for permeabilization of the phagosomal and outer mito-
chondrial membranes, suggesting the existence of an ESAT-6
secretion-independent mechanism underlying ESX-1–mediated
host membrane permeabilization (Fig. 4F). We speculate that
this may include unrecognized membranolytic effector functions,
or a functional interplay between ESX-1 and other bacterial
structures. For example, EccA1 has been shown to regulate the
rate of mycolic acid synthesis inM. marinum (46), and phthiocerol
dimycocerosates of the M. tuberculosis cell wall may reduce
membrane fluidity (47) and potentiate the membranolytic effect
of ESX-1 (48), suggesting functional relationships between ESX-1
and mycobacterial cell wall lipids, some of which may affect
phagosomal rupture. Moreover, Rickettsia disrupts the phago-
somal membrane via production of phospholipase A2 (49), and
M. tuberculosis has been proposed to regulate the activation of
cytosolic host phospholipase A2 (50), leaving open the possibility
that ESX-1 might regulate host factors such as lipolytic enzymes.
Interestingly, our results also suggest that mycobacterial infection
of macrophages can be delineated into at least three distinct
stages, which can be placed in a hierarchical order based on an
incremental need for ESX-1 functionality (Fig. 4F)—opening an
avenue to investigate ESX-1–mediated virulence mechanisms at a
level of detail previously not possible in physiological infection.
Pathogenic mycobacteria exploit the type I IFN axis to promote

infection (23–25, 51). M. tuberculosis and M. marinum induce type I
IFN production via the cGAS and STING pathway in an ESX-1–
dependent manner (24, 26–29, 41). Double-stranded DNA of any
origin can act as a cofactor to activate the cytosolically located cGAS
to synthesize 2′, 3′-cGMP-AMP, a cyclic dinucleotide acting as a
second messenger to activate STING, which in turn drives type I
IFN production via TANK-binding kinase 1 (TBK1)- and IFN
regulatory factor 3 (IRF3)-signaling (52). It is generally believed that
ESX-1–mediated permeabilization of bacteria-containing phago-
somes leads to the release of extracellular mycobacterial DNA into
the host cell cytosol where it is sensed by cGAS to induce the type I
IFN response (24, 26–29). Nevertheless, it was recently proposed
that M. tuberculosis and M. marinum mobilize mitochondrial and
nuclear, but not bacterial, DNA into the host cell cytosol in an ESX-
1–dependent manner (40, 41) and that mitochondria-derived DNA

is causally responsible for cGAS activation (40). We find that loss of
membrane integrity is insufficient to induce type I IFN production in
infected macrophages (Fig. 4F), suggesting that a possible passive
leakage of bacterial DNA is not sufficient to trigger cGAS activa-
tion. Instead, type I IFN production correlates with a measurable
release of mitochondrial and nuclear host DNA (Fig. 4F). The in-
ability of EspK::tn, EspJ::tn, EspE::tn, and EspI::tn—which are able
to permeabilize host membranes—to induce type I IFN production
suggests that a genetically separable, and as of yet unidentified,
ESX-1–mediated function is required to release host DNA into the
cytosol (Fig. 4F). Thus, ESX-1 affects membrane integrity and DNA
release via discrete mechanisms, and the molecular events un-
derlying the required role for ESX-1 in cGAS activation and type I
IFN production remain to be understood. It will be of interest to
explore these findings in the context of M. tuberculosis as well as
human macrophages. In light of our results it may also be of interest
to revisit the mechanism of cGAS activation during infection with
other pathogens on the growing list of bacteria that induce type I
IFN production via the cGAS/STING pathway (52), where it is
often believed that bacteria-derived DNA acts as the trigger.
We hope that our work will stimulate research aimed at elu-

cidating the molecular details of how ESX-1 permeabilizes host
membranes and induces the type I IFN response, open questions
of great importance for our basic understanding of mycobacterial
pathogenesis and innate immune sensing.

Materials and Methods
All of the materials and experimental procedures used are described in detail
in SI Appendix. Reagents, including bacterial strains, are listed in SI Appen-
dix, Table S1. Animal care and use adhered to the Swedish animal welfare
laws and to the guidelines set by the Swedish Department of Agriculture
(Act 1988:534). These studies were approved by the Malmö/Lund Ethical
Board for Animal Research (permit numbers M9-13 and M45-15).
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