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Mycobacterium abscessus, a rapidly growing mycobacterium (RGM)
and an opportunistic human pathogen, is responsible for a wide
spectrum of clinical manifestations ranging from pulmonary to skin
and soft tissue infections. This intracellular organism can resist the
bactericidal defense mechanisms of amoebae and macrophages, an
ability that has not been observed in other RGM. M. abscessus can
up-regulate several virulence factors during transient infection of
amoebae, thereby becoming more virulent in subsequent respira-
tory infections in mice. Here, we sought to identify the M. abscessus
genes required for replication within amoebae. To this end, we
constructed and screened a transposon (7n) insertion library of an
M. abscessus subspecies massiliense clinical isolate for attenuated
clones. This approach identified five genes within the ESX-4 locus,
which in M. abscessus encodes an ESX-4 type VIl secretion system
that exceptionally also includes the ESX conserved EccE component.
To confirm the screening results and to get further insight into the
contribution of ESX-4 to M. abscessus growth and survival in amoe-
bae and macrophages, we generated a deletion mutant of eccB,
that encodes a core structural element of ESX-4. This mutant was
less efficient at blocking phagosomal acidification than its parental
strain. Importantly, and in contrast to the wild-type strain, it also
failed to damage phagosomes and showed reduced signs of
phagosome-to-cytosol contact, as demonstrated by a combination
of cellular and immunological assays. This study attributes an un-
expected and genuine biological role to the underexplored myco-
bacterial ESX-4 system and its substrates.
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ycobacteria and eukaryotic cells have a long-standing his-

tory of pronounced host—pathogen coevolution. Although
the specialization in parasitism seems most advanced with My-
cobacterium tuberculosis, the etiologic agent of tuberculosis,
specific host-oriented adaptation processes also exist for several
nontuberculous bacteria (NTM) (1, 2). Environmental amoebae
represent a natural unicellular eukaryotic host and reservoir for
many pathogenic bacteria, such as Legionella, Chlamydia, and
Pseudomonas (3-6) and probably also for selected mycobacterial
species that can survive within amoebae (7). For example, My-
cobacterium marinum, a close relative of M. tuberculosis, contains
different sets of virulence determinants that are tailored for
specific hosts (8). Moreover, the pathogenic potential of Myco-
bacterium avium and Mycobacterium abscessus increases through
passage in amoebae (9, 10).

M. abscessus is an emerging opportunistic pathogen responsi-
ble for muco-cutaneous infections of nosocomial origin (11-13)
as well as for severe lung infections, with cystic fibrosis (CF)
patients showing a particular susceptibility to infections with
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this mycobacterium (14-19). The pathophysiological events of
M. abscessus infection are tightly associated with the transition from a
smooth (S) to a rough (R) morphotype (18, 20-23), which results
from a disruption in the biosynthesis and/or transport of glyco-
peptidolipids to the bacterial surface (24, 25). The R variant is mainly
isolated from humans during exacerbation of disease (26) and is more
virulent than the S variant in several animal models (23, 26, 27). In
addition, the R variant is also hyper-proinflammatory, a property that
has been linked to the expression of Toll-like receptor 2 agonists, such
as selected lipoproteins, at the bacterial surface (28). The ability of
M. abscessus to infect selected host cell types might also be linked to
the presence of selected virulence genes of nonmycobacterial origin
in its genome that were originally acquired by ancient horizon-
tal gene-transfer events from unrelated microorganisms, such
Pseudomonas aeruginosa, Burkholderia spp., or Stenotrophomonas
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spp. (29). Interestingly, these bacteria can also be found in amoebae
(30, 31) and share with M. abscessus the same pathophysiological
niche, such as the CF patient airways. Of interest, phospholipase C
and the magnesium transporter MgtC, which are often associated
with the intracellular survival capacity of diverse pathogens, have
been found to be induced in M. abscessus grown inside or in contact
with amoebae or macrophages (M®) (10, 32). These observations
suggest that M. abscessus strains are equipped with a genetic arsenal
acquired during their evolution to survive within environmental
amoebae. The same genetic program might also help M. abscessus
cause infection in human cells. It is thus interesting to identify the
genes expressed by M. abscessus inside the amoeba, where it faces
the harsh and microbicidal conditions employed by host cells to
control bacterial infection. In this study, we sought to identify such
amoeba-induced survival (AIS) genes by using an M. abscessus
genome-scale Himar mariner transposon (7n) library (33) generated
in the M. abscessus subspecies massiliense clinical isolate 43S. By
selecting 7n mutants exhibiting decreased fitness and intraamoebal
survival capacity, we identified a selection of AIS gene candidates
that were subsequently monitored and validated for their impor-
tance in intracellular survival and growth in infected human M®.
This allowed the definition of a unique “core” of genes required by
M. abscessus to survive in both its environmental (amoeba) and
human (M®) hosts. Importantly, this study unveiled the un-
anticipated contribution of the ESX-4 type VII secretion system
(T7SS) of M. abscessus to the induction of phagosomal rupture
and phagosome-to-cytosol contact (34), linked to the increased
intracellular survival of the bacterium in the host cell.

Results

Selection of M. abscessus Tn Mutants with Impaired Intracellular
Replication. A library of 6,000 7n mutants generated in an S
clinical isolate of M. abscessus subspecies massiliense (Mabs43S)
was screened using an intracellular survival assay in Acanthamoeba
castellanii, as illustrated in SI Appendix, Fig. S1A4. The survival of the
control parental Mabs43S strain at 48 h postinfection (hpi) in
amoebae was arbitrarily placed at 100%. One hundred thirty-six Tn
mutants (2.3% of the total tested) displayed various degrees of
intracellular growth inhibition compared with Mabs43S. These
136 mutants were individually screened in A. castellanii for 48 h and
in M® for 72 h, at a multiplicity of infection (MOI) of 10 bacteria
per cell, and intracellular cfus were determined (10). This con-
firmed the replication-defective phenotype of 47 mutants, which
exhibited a survival in amoebae and/or in M® of 50% or less that of
the controls, as shown by the reduction in cfu counts (Fig. 14).
Importantly, none of these insertions was linked to a significant in
vitro growth defect in axenic cultures, indicating that the disrupted
genes are specifically required for M. abscessus intracellular growth.
Because the first round of screening was performed in amoebae, it
was not possible, to identify M. abscessus genes important for in-
tracellular growth exclusively in M® as previously reported for
M. marinum (8).

Intraamoebal Survival of ESX-4 Tn Mutants Is Strongly Impeded.
Subcloning was undertaken to identify the genomic sequences
adjacent to the various Tn insertions. Comparison of these se-
quences with the M. abscessus ATCC 19977 genome allowed the
identification of 47 Tn insertion-disrupted genes (listed in SI
Appendix, Table S1). Importantly, 12 (including five duplicates)
of the 47 Tn mutants with less than 50% intraamoebal survival
presented a 7n insertion in genes belonging to the ESX-4 locus
(Fig. 1B and Table 1). This locus encodes one of the two
M. abscessus TTSS (29, 35); related systems can also be found in
other Actinobacteria and in Gram-positive bacteria of the phy-
lum Firmicutes (36). Among these 12 7n mutants, nine with 7n
insertions in the esx-4 genes [eccE, (two mutants), eccD, (two
mutants), and eccB, (five mutants)] showed a 75% reduction in
intraamoebal replication. The remaining three mutants with a
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50% intraamoebal survival defect presented Tr insertions in the
esx-4 genes mycP, (one mutant) and eccE, (two mutants) (Fig.
1B and Table 1). Moreover four mutants were identified outside
the ESX-4 locus: one mutant in sigM and three mutants in the
ESX-secreted protein espl. Of note in M. tuberculosis, espl neg-
atively regulates ESX-1-mediated secretion under conditions
where cellular ATP levels are depleted (37). In comparison, part
of the sigM regulon included genes encoding two pairs of ESX
family proteins and genes adjacent to the ESX-4 secretion locus
(38). Supporting the important contribution of the ESX-4 locus
to intracellular survival, 7n insertions in espl and sigM also
conferred a severe defect in intraamoebal survival (13% and
27%, respectively) (Table 1). The intracellular defects were not
due to in vitro growth impairment in axenic cultures or to uptake
and/or invasion defects (SI Appendix, Fig. S1 B and C).

To exclude the possible polar effect of Tn in eccD,4 and eccCy
on transcription of mycP, and MAB_3755c, respectively, qRT-
PCR was performed (SI Appendix, Table S2). Neither mycP, nor
MAB_3755¢ mRNA levels were affected by the Trn in eccD, and
eccCy, respectively.

Severely Impaired Intracellular Survival of an eccB,-KO Mutant in the
Reference M. abscessus Strain. Because Mabs43S was able to grow
in presence of both zeocin and hygromycin, and the Himar Tn
confers an additional resistance to kanamycin, complementation
studies of 7n mutants reared in this background proved chal-
lenging. This prompted us to generate an eccB; (MAB_3759c)-
KO mutant in the M. abscessus 104536" type strain (MabsCIP,
zeocin sensitive), using a double-crossover strategy as previously
reported (10). As illustrated in SI Appendix, Fig. S2A, AeccB4 was
obtained by allelic exchange of nearly the entire eccB, coding
sequence with a zeocin-resistance cassette (SI Appendix, Fig.
S2B) (10, 32). The complemented strain (C.deccB;) was
obtained by cloning the eccB, gene under control of the hsp60
promoter in the integrative plasmid pMVH361, introducing this
construct into AeccB,, and selecting recombinant clones with
zeocin and hygromycin. The intracellular survival of AeccB,, C.A
eccB4, and the parental MabsCIP strains, which had similar
growth rates in axenic cultures (SI Appendix, Fig. S2C), was
assessed in the amoeba and murine M® infection models.
Compared with MabsCIP, AeccB, showed a pronounced and
reproducible survival defect in amoebae (Fig. 24) and in M®
(Fig. 2B), with a 0.5-log reduction in the number of cfus at 3 days
postinfection (dpi) in both cell types and a 1.5-log reduction at
7 dpi in M®. Complementation with eccBy restored the wild-type
growth and survival, thus excluding the possibility of a polar ef-
fect of the mutation on the downstream genes in the mutant
strain (Fig. 2). The distinct survival rates were not due to dif-
ferences in the adherence capacity (SI Appendix, Fig. S3 A and
B) or in the internalization (SI Appendix, Fig. S3 C and D) of
AeccB4 with amoebae or M®.

We next took advantage of the in vivo attenuated phenotype
of AeccB, to analyze and dissect the contribution of ESX-4 to the
intracellular outcome of MabsCIP.

M. abscessus EccB, Is Involved in the Blockage of Phagosome Acidification.
Inhibition of phagosome acidification is a well-characterized property
of slow-growing pathogenic mycobacteria (SGM) (39, 40). Using pH-
sensitive and pH-resistant dyes, we recently demonstrated that the
RGM MabsCIP strain is able to block a decrease in the intra-
phagosomal pH as a means of promoting its intracellular survival
(34). By a similar approach, we found here that AeccB, has a reduced
capacity to block phagosome acidification (Fig. 34). The intra-
phagosomal pH curve of the AeccB, mutant was comparable to that
of heat-killed MabsCIP, whereas the intraphagosomal pH curve of
C.AeccB4 was similar to that of the wild-type strain (Fig. 34).
Confocal microscopy of LysoTracker Red-labeled cells infected
with FITC-stained bacilli showed that a significantly higher number

PNAS | Published online January 17, 2018 | E1003

%)
=2
o
a
w
<
=
[

MICROBIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1713195115/-/DCSupplemental

L T

/

1\

BN AS  DNAS P

esxT
esxU
2
£
8
©
Q
Q
@
X
. o)
Q
I+
v)
X
&lE
3
)
119
L o)
Q
B
X

A Macrophages
&
®
©
=
c
5
7 -
a ° .,
llmlll IIIIIIIII.II l‘ll“llll.'l.l..l'.lllill
OANTTMNIEN~NO =M TOONOON T O~ ~NNOONNNO O
WIOC<IOonNL<<- OO0 NOO-TLTTITTI-NLOOOW
TNOO~OMUNLIDNNTNLOONIINSO =L NWONROR 0
—ONN T W0 DN NNNSEANNOROTOUDNOHANDDWNWN~NNLWD
— o o< Ite] 0
Mutants
ESX-4 locus Tkb

M. abscessus
subsp. massiliense str. GO 06

N
Espl §
EccC N
EccD
MycP
EccB
EccE
SigM
Esx

M. abscessus
ATCO 19977 -—/

6

626,8 7,

LA61_18965

LAG61_18960

677,6‘77
674,

=)
©
oy
N
e}

M. tuberculosis H37Rv
ESX-4 locus

ISME G_1539

M

MSMEG_1538

M. smegmatis MC2 155
ESX-4 locus

©
<
N
Gl
&

Fig. 1.

M, abscessus LA67_03085 LA61_18970 LA61_18975 LAG67_18980 \ LAG61_18985 LA61_18990 LA61_18995
subsp. bolletii 103 T/t KK )T (—— /)~

3,

:: :MSMEG,1537| MSMEG_1536 MSMEGJ535|MSMEGJ§33: |MSMEG,1534

> & K= o
~ W ~ N ~

Quantitative screening of the Mabs43S Tn library for reduced intracellular survival. (A, Left) A. castellanii cells. (Right) M®. A. castellanii cells or J774.2

M® were infected with individual selected mutants in triplicate and were cocultured for 2 days in minimum medium or for 3 days of coculture in M® medium
supplemented with amikacin, respectively. Then cells were lysed, and the bacteria were enumerated by counting cfus. Tn mutants with less than 50% of
intracellular survival in amoeba or M® (as compared with a 100% survival rate for the parental MabsCIP strain) are shown as means + SD. Duplicates (i.e., the
same Tn insertions) are not shown. Dots represent mutants with Tn insertions in the ESX-4 locus and esp/ and sigM genes. (B) Dots show the Tn positions
within the different locus ESX-4 genes and esp/ and sigM genes. Identical mutants with the same TA insertion are represented by dots placed vertically.
Numbers represent the position of the genes in the genome (NCBI annotations): M. abscessus subspecies massiliense strain GO 06, M. abscessus subspecies
abscessus ATCC 19977, M. abscessus subspecies bolletii 103, M. tuberculosis H37Rv, and M. smegmatis MC2 155. The same color code is used in A and B to
highlight mutants presenting a Tn insertion in the different the ESX-4 gene loci and the position of this gene within the locus.

of phagosomes containing AeccB, colocalized with the Lyso-
Tracker dye compared with phagosomes containing the wild-
type or C.AeccBy strains (Fig. 3B). Results of the colocalization
studies are shown as plots (Fig. 3B) and as Pearson’s correla-
tion coefficient (PCC) of the quantified colocalization signals
(Fig. 3C).

Together, these findings suggest that the impaired intracellular
replication of AeccB, is linked to the progressive acidification of
AeccB4-containing compartments.

E1004 | www.pnas.org/cgi/doi/10.1073/pnas.1713195115

AeccBy Is Unable to Damage the Phagosomal Membrane. MabsCIP
was recently shown to share important pathogenic features with
SGM (34). These include the potential to induce damage to and
disruption of the phagosome membrane, thereby establishing
phagosome-to-cytosol communication (34). Since EccB,4 appears
to be involved in the inhibition of phagosome acidification, which
is a prerequisite for the induction of phagosomal rupture (41), we
evaluated the capacity of AeccB, to induce a phagosomal rupture.
To this end, we applied the previously developed FRET-based
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Table 1. Genes lying within or outside the ESX-4 locus and presenting at least one Tn insertion

Mutant M. abscessus ATCC 19977 M. tuberculosis H37Rv Protein name Amoeba % survival M® % survival
37F10 MAB_3756¢ Rv3447c EccC 9 >50
24H3 MAB_3756¢ Rv3447c¢ EccC 17 >50
5A1 MAB_3757 Rv3448 EccD 9 26
7A1 MAB_3757 Rv3448 EccD 9 34
18D2 MAB_3758 Rv3449 MycP 26 >50
32C9* MAB_3759c Rv3450c EccB 11 34
14E9" MAB_3760 EccE 25 14
43A3F MAB_0628 Espl 13 8
13C3 MAB_4938 Rv3911 SigM 27 >50

*Mutants with the same TA insertion site found several times: duplications are 14B9, 19D4, 32C7, and 25E4.
TMutants with the same TA insertion site found several times: duplication is 15G8.
*Mutants with the same TA insertion site found several times: duplications are 13F7 and 2D10.

phagosomal rupture assay (34, 42), which depends on the ac-
tivity of the M. abscessus endogenous f-lactamase (43). In this
assay, when the p-lactamase reaches the cytosol, it cleaves the
cephalosporin core of the coumarin-cephalosporin-fluorescein
(CCF-4) dye present in the cytosol, resulting in inhibition of the
FRET from coumarin to fluorescein and the subsequent switch
of fluorescence emission from green to blue. In contrast to
MabsCIP, and similarly to heat-killed MabsCIP, the AeccBy,
strain was unable to inhibit FRET signaling, as revealed by the
absence of a green-to-blue fluorescent shift at 24 hpi (Fig. 44).
The wild-type phenotype was fully restored in C.AeccBy, thus
supporting the involvement of EccB, in establishing phagosome-
to-cytosol communication in M. abscessus. These results were
corroborated by calculating the ratio of mean fluorescence
intensities (MFI) of the blue (447 nm) versus green (520 nm)
signals (Fig. 4B).

Additionally, fluorescent-labeled galectin-3 was used to visu-
alize the remnants of ruptured phagosomal membranes following
infection of J774 M® with the different strains. An intense la-
beling with galectin-3 was observed upon infection with MabsCIP
and C.4eccB,. In contrast, the percentage of galectin-3—positive
cells infected with either AeccB,4 or heat-killed MabsCIP was
significantly lower (Fig. 4 C and D). This indicates that, in the
absence of functional EccBy, only reduced signs of phagosomal
lysis are observed.

Recently, synergy between the phthiocerol dimycocerosate and
the ESX-1 pathways has been proposed as a cause of phagosomal
membrane rupture in M. tuberculosis (44), prompting us to analyze
and compare the lipid profiles in AeccB, and MabsCIP. No ob-
vious differences in the polar or apolar lipid fractions or in the
mycolic acid pattern were noticed (SI Appendix, Fig. S4).

Overall, these results strongly suggest that M. abscessus uses
the ESX-4 machinery to interfere with or damage the phag-
osomal membrane, inducing phagosomal rupture which ulti-
mately may allow the escape of MabsCIP into the cytosol.

Recent studies reported that, during infection of differentiated
human THP-1 cells, M. tuberculosis engages distinct cytosolic
pattern recognition receptor systems, namely the cyclic GMP-
AMP synthase (cGAS)-IFN-I axis and the inflammasome-IL-1p
pathway. The relative abundance of ESX-1 effectors determines
which pathway is triggered (45-47). We therefore quantified IL-1p
and IFN-f in the culture supernatant of THP-1 cells by ELISA. A
time-dependent increase in IL-1p production was observed for
both the parental and complemented strains. In contrast, reduced
levels of IL-1p were observed in the supernatant of M® infected
with AeccB,, further substantiating a functional involvement of
EccB, in phagosome-to-cytosol communication (Fig. 4F). We
confirmed that the difference in IL-1p production was due to
caspase-1 activation and not to an altered pro-IL-1f transcription
in AeccB4 compared with MabsCIP (Fig. 4 F and G). In contrast,
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we were not able to detect IFN-p in the supernatant of THP-
1 cells infected with either MabsCIP or AeccBy for up to 40 hpi.

EccB;-Dependent Secretome. A proteomic-based approach was
used to analyze and compare the concentrated culture super-
natants from MabsCIP and AeccB, on four replicates to unveil
proteins possibly missing or present in diminished quantity in the
AeccB, mutant relative to the MabsCIP strain. Three comparisons
were made using two M. abscessus proteomes (UP000007137 and
UP0000038470) and a M. tuberculosis proteome (UP000001584),
with the restriction that a full and comprehensive proteome
comparison could not be done for the M. tuberculosis proteome
due to low homologies between peptides. Based on the two
M. abscessus proteomes, 152 and 166 differently expressed or se-
creted proteins were identified between MabsCIP and AeccB (S1
Appendix, Tables S3 and S4). The analysis highlighted the fol-
lowing proteins of particular interest: (i) three PE/PPE proteins
(MAB_0664, MAB_0047, and MAB_4141) that are not part of
ESX-4 locus were decreased in AeccBy; (i) four putative MmpL
transporters, two MmpS proteins, and four Mce-like proteins were
diminished in AeccBy; and (iii) secretion of four lipoproteins
(LpqY, LprC, LppL, and LprN) was decreased in the AeccBy
mutant (SI Appendix, Tables S3 and S4). For the ESX-4-encoded
proteins, a decrease of EccBy4 in AeccB, was noticed (P = 0.24;
SI Appendix, Fig. S5A4). Importantly, the presence of EsxT
(MAB_3753c) and EsxU (MAB_3754c) in the supernatant was re-
duced by 52 and 27%, respectively, in the AeccB, mutant compared

A Amoeba B Macrophages
Tqm  wt 9ym  wt

m  AeccB, m  AeccB, e
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Fig. 2. Intracellular survival of AeccB, and CAeccB,; during coculture. In-
tracellular survival kinetics of wild-type, AeccB,;, and CAeccB, strains de-
termined by cfu counts during infection within amoeba A. castellanii (A) or
J774.2 M® (B) at a MOI of 10:1. Histograms with error bars represent means +
SD that are representative data of three independent experiments. P values
were generated by ANOVA, with the Dunnett’s test using GraphPad prism
program: ns, nonsignificant; **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Evaluation of phagosomal acidification in M® infected with different M. abscessus strains. (A, Left) Differentiated THP-1 cells were infected with FITC-

labeled and mCherry-expressing (fluorescent protein) wild-type (wt) M. abscessus (MabsCIP), AeccB,, C.AeccB,, or heat-killed MabsCIP strains. Fluorescent
signals were measured sequentially using excitation at 485 nm (FITC) and 565 nm (mCherry). The pH at each time point was extrapolated from a standardized
pH curve. (Right) The intraphagosomal pH of the different M® strains was measured every 5 min for more than 1 h. (B) Analysis of the bacterial compartment
by confocal microscopy using a fluorescent marker for acidic compartments. (Left) Colocalization of FITC-labeled wild-type MabsCIP, heat-killed wild-type

MabsCIP, AeccB,, and C.AeccB, with the acidotropic dye LysoTracker Red in

infected J774.2 M®. Arrows indicate intracellular mycobacteria not colocalizing

with LysoTracker Red. (Scale bar, 10 pm.) (Right) The percentage of FITC-labeled strains colocalized with LysoTracker was quantified by counting at least
100 infected cells in 10 different fields. Horizontal bars show the mean percentages of bacilli colocalized with red acidic compartments in M® infected with
heat-killed wild-type, wild-type, AeccB,, and C.AeccB, strains. (C) PCC of images of internalized FITC-labeled mycobacteria and LysoTracker Red marker in

J774.2 cells. Data are representative of three independent experiments and

represent means + SD. P values were determined by ANOVA with the Dunnett’s

test using GraphPad prism program (A and C) and unpaired t test (B); ns, nonsignificant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

with MabsCIP. While there was a trend for less secretion to
be observed, the decrease was not statistically significant (P =
0.49 and P = 0.82, respectively) (SI Appendix, Fig. S54).

To further explore these findings, the esxU-esxT operon was
placed downstream of the Asp60 promoter in a replicative plas-
mid to generate a His-tagged EsxT fusion protein. The construct
was introduced in MabsCIP and AeccB,, and expression of His-
EsxT was analyzed by immunoblotting (SI Appendix, Fig. S5B).
As shown in SI Appendix, Fig. S5B, His-EsxT was not detected in
the culture supernatant of either MabsCIP or the AeccB, mutant.
However, His-EsxT was detected in the cytosol and the cell
membrane —but not in the cell wall—extracts of both MabsCIP
and the AeccB, mutant (SI Appendix, Fig. SSB), but its expression
levels were lower in the AeccB, construct (SI Appendix, Fig. SSB)
despite similar amount of proteins loaded (SI Appendix, Fig.
S5C). In addition, the esxT transcript levels remained unchanged,
as indicated by qRT-PCR analyses performed on both strains
(ratio of 1.15 compared with sig4). Taken together, these results
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confirm the decreased expression/secretion of ESX-4 substrates,
such as PE/PPE proteins and EsxU/T, in the AeccB, mutant.

Discussion

Mycobacteria and free-living amoebae have coevolved for a long
time, as inferred from the ability of selected mycobacteria to sur-
vive not only in trophozoites but also in amoebal cysts (48). In the
environment, interactions with amoebae seem to have contributed
to shaping the virulence and pathogenic potential of NTM, as il-
lustrated recently for M. avium and M. abscessus (9, 10). Here we
have identified a pool of genes essential for the intracellular sur-
vival/growth of M. abscessus inside amoebae and M® (SI Appendix,
Table S1). Our major finding is the discovery of a hot spot of Tn
insertions within the ESX-4 T7SS locus, with 12 individual mutants
with insertions in the eccCy, eccD,, mycPy, eccBy, and eccE, genes
identified (Table 1).

Interestingly, the M. abscessus ESX-4 locus differs from that of
other mycobacterial species, such as M. tuberculosis or Mycobacterium
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Fig. 4. Phagosomal rupture detected by CCF-4 FRET-based flow cytometry, galectin-3 immunostaining confocal microscopy, and IL-1f activation and pro-
duction. (A) Results are depicted as signal overlays per group with 1,000,000 events per condition acquired in wild-type (dark gray line), heat-killed wild-type
(blue line), AeccB, (red line), C.AeccB4 (green line), and noninfected (NI, light gray filled curve) strains. (B) Histograms represent the ratio of blue MFI at 447 nm
and green MFI at 520 nm and SD from at least three independent experiments. (C) Representative confocal images of M® infected with different tdTomato
M. abscessus wild-type, heat-killed wild-type, AeccB,, and C.AeccB, strains (red) and stained for galectin-3 (green). (Scale bar, 10 pm.) (D) The percentage of
infected M® containing at least one positively stained phagosome (Gal-3*) was determined. The values represent the mean + SEM of 100 infected cells in five
different fields. (E) Kinetics of IL-1p production during THP-1 infection by wild-type, heat-killed wild-type, AeccB,, and C.AeccB, strains. (F) Caspase-1 acti-
vation was measured with the FAM-PLICA caspase-1 assay. THP-1 cells were infected or not infected (NI) with wild-type, heat-killed wild-type, AeccB,, and
C.AeccBy strains at a MOI of 10 for 3 h. As a positive control of apoptosis induction, cells were incubated with LPS 500 nM for 8 h at 37 °C. The adherent cells
were gently dissociated with TrypLE Express reagent; then the cells were washed twice and resuspended in RPMI medium with 10% FBS before staining with
30x FAM-VAD-FMK for the CD11b antibody and were analyzed by flow cytometry. Results are expressed as the percentage of cells with the caspase-1 p10 and
p12 active forms. (G) Western blot analysis for pro-IL-18 was performed after cell lysis (conditions are as in F). P values were generated by ANOVA, with the
Dunnett’s test (B and D) or unpaired t test (C) using GraphPad prism program: ns, nonsignificant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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smegmatis, in that it contains the ESX conserved component
EccE4 (Fig. 1B) (35). To further explore the function of ESX-4 in
the intracellular survival of M. abscessus, we generated a deletion
mutant in one of the key structural ESX-4 components, namely
EccB,, using an allelic exchange strategy. This approach confirmed
the essential role of the eccB, gene in intraamoebal and intra-M®
replication/survival of M. abscessus. The replication/survival defect
of AeccB, resulted neither from decreased adhesion to the host cell
surface nor from defective phagocytosis but from the intracellular
fate of the mycobacteria.

In contrast to most other RGM, MabsCIP can replicate inside
the M® thanks to the inhibition of phagosomal acidification (10,
34). We recently proved that the M. abscessus MAB_4780 locus,
which encodes a dehydratase that is involved in the metabolism
of mycolic acids, participates in the blockage of phagolysosomal
fusion (49). The present study demonstrates that EccBy is also a
major player in this process. Previous electron microscopy
studies have suggested the occurrence of MabsCIP in various
intracellular compartments and the presence of lesions in the
phagosomal membrane that may ultimately lead to membrane
rupture of the phagosome containing the S variant of MabsCIP
(34). These features may result in the unique ability of MabsCIP
as an RGM to replicate inside the cells, thereby avoiding the
antibacterial response of the host M®. Unexpectedly, this phe-
notype was also lost in the absence of a functional EccB4. The
combination of the FRET assay and the use of a fluorescent
galectin-3 (FG3) probe highlighted the rupture of the phag-
osomal membrane, which occurred only in presence of an intact
eccB, gene. FG3 was originally used to visualize vacuole lysis
induced by extraphagosomal pathogens (50, 51) and has been
used successfully to confirm M. tuberculosis-induced phagosomal
damage (42). In addition, the establishment of a phagosome-to-
cytosol contact by wild-type MabsCIP was also supported by the
measurements of IL-1f secretion. Indeed, recent reports have
suggested that mycobacterial access to the cytosolic compart-
ment has several consequences for the innate immune response,
including enhanced activation of the inflammasome and release
of functional IL-1p (45, 46). Quantification of IL1- produced by
THP-1 cells infected with different M. abscessus mutants dem-
onstrates the involvement of EccB, in triggering the inflamma-
some, further emphasizing a functional link between ESX-4 and
phagosome-to-cytosol contact. However, the IFN-f results differ
from those obtained in M. tuberculosis, as production of IFN-f
was not observed during the M. abscessus infection; a possible
explanation is the potential absence of M. abscessus DNA release
into the cytosol. In the case of M. tuberculosis, mycobacterial
dsDNA, liberated from the bacteria by still unknown mecha-
nisms and translocated to the cytosol, most likely through the
ESX-1-mediated phagosomal membrane rupture, is recognized
as being responsible for the activation of the IFN-I axis (46).

Whether ESX-4 plays a direct role in phagosomal acidification
and membrane permeabilization or is involved in a signaling
event that occurs before these processes is currently being
addressed. This phenomenon is reminiscent of analogous studies
associating the crucial role of ESX-1 and its substrates with the
phagosomal rupture induced by M. tuberculosis or M. marinum
(46). Here, we demonstrated decreased expression of M. abscessus
ESX-4 substrates such as EsxT in the AeccB, mutant, showing that
such compounds have a similar role in the M. abscessus-induced
phagosomal membrane damage. Taken together, these results
suggest an unanticipated role for the ESX-4 T7SS, and particularly
EccB,, in governing the intracellular behavior of a mycobacterium.
Because M. abscessus lacks ESX-1, it is tempting to speculate that
ESX-4 operates as a surrogate of ESX-1. Indeed, in pathogenic
SGM the induction of phagosomal rupture is linked to the genomic
presence of the ESX-1 locus (42, 52). The ESX loci arose by gene
duplication in the phylogenetic order of ESX-4, ESX-1, ESX-3,
ESX-2, and ESX-5 (53). M. abscessus possesses only ESX-3 and
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ESX-4 loci (29, 35) and lacks ESX-1 found in other RGM, in-
cluding M. smegmatis. The importance of ESX-4 for conjugal
recipient activity in M. smegmatis has been reported recently
(54). Of importance, induction of esx-4 transcripts in the re-
cipient requires a functional recipient ESX-1 secretion system
(54). M. smegmatis lacks EccE4 compared with M. abscessus.
Whether M. abscessus requires a membrane-damaging system,
such as the one formed by the ESX-1 substrates, or whether a
functional ESX-4 locus is sufficient to promote conjugal transfer
for M. abscessus remains to be explored.

In contrast to a recent report (53), we failed to obtain Tn in-
sertions in the ESX-3 locus, which brings into question the es-
sentiality of this locus in M. abscessus. The ESX-4 is considered
the most ancestral T7SS in mycobacteria (35), and it is also the
smallest (9,870 bp) in M. tuberculosis, comprising only seven
genes (55, 56). However, in M. abscessus the ESX-4 locus is
larger (12,745 bp) and possesses a supplementary gene, referred
to as “eccE,” which is absent in the ESX-4 loci of all the other
mycobacteria, including SGM species (Fig. 1B) (35). The pres-
ence of the complete set of eccBy-eccCyreccDeccE, genes
encoding the structural components of the ESX machine is
reminiscent of other ESX loci, including ESX-5, whose structural
organization was recently unveiled (55, 57). Of importance is the
interdependence of the different Ecc components for the for-
mation of a functional nano-machine, as previously shown by the
lack of stable expression of eccBs when eccCs or eccDs was
mutated (55). Of note, the related Mycobacterium chelonae and
Mycobacterium immunogenum species possesses an ESX-4 locus
similar to that of the M. abscessus complex with an intact eccE,
gene, for which the closest paralogues so far identified are eccEs
and eccE; of M. tuberculosis (35). The ubiquitous absence of
gene eccE, from the ESX-4 loci of almost all interrogated my-
cobacterial species suggests that in M. abscessus, where this gene
is exceptionally present, its gene product EccE, might be in-
volved in the secretion of proteins such as the ESX-4-associated
EsxU and EsxT substrates across the cell envelope (58). The
ESX-4 loci usually also lack also the pe/ppe and espG genes that
may play important physiological functions and participate in
host—pathogen interactions (58, 59). However, our comparative
analysis revealed lower amounts of PE/PPE proteins in the su-
pernatant of the AeccB, mutant. This situation is reminiscent of
the specific role of ESX-5 from M. marinum in the secretion of
dedicated PPE and PE-PGRS proteins (58). Whether these pro-
teins are directly or indirectly secreted via ESX-4 in M. abscessus
and whether they play a role in intracellular survival is currently
unknown and will have to be investigated in further studies. In
addition, EsxT, a very likely substrate of ESX-4, was identified as
being associated with the membrane fraction, and decreased levels
of EsxT were found in the membrane of AeccB,, supporting the
proteomic data. Whether EsxU and EsxT fulfill functions in
M. abscessus similar to that of EsxA/B in M. tuberculosis will deserve
further studies.

In conclusion, we describe here peculiar properties of the
ESX-4 locus in M. abscessus and demonstrated its crucial role in
the intracellular survival and pathogenic potential of mycobac-
teria. Our findings open perspectives for better defining the bi-
ological role of the ESX-4 system in the light of the evolution of
mycobacterial pathogens.

Materials and Methods

Strains, Cells, and Culture Conditions. M. abscessus subspecies massiliense 43S
(Mabs43S) is a smooth clinical isolate from Korea used to generate the Tn
mutant library. The CIP 104536 type strain of M. abscessus subspecies
abscessus (MabsCIP) was also used to generate the eccB;-deletion mutant.
Mycobacterial strains and mutants were routinely grown aerobically at 37 °C in
Middlebrook 7H9 medium (Sigma-Aldrich) supplemented with 0.2% glycerol,
1% glucose, and 250 mg/L kanamycin (Thermo Fisher Scientific) when neces-
sary, with 25 mg/L zeocin (Thermo Fisher Scientific) for the AeccB, strain, and
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with 25 mg/L zeocin plus 250 mg/L hygromycin (Thermo Fisher Scientific) for
C.AeccB,. Reporter strains and markers were used as described previously (23, 34).
A. castellanii (ATCC 30010) was grown at room temperature without CO, in
peptone yeast extract glucose (PYG) broth for the amplification of the strain.
J774.2 and THP-1 M@ cell lines were grown and used as described (32, 34).

Cell Infection Assays. The A. castellanii culture was washed four times in
10 mL of AC buffer [4 mM MgSO,, 0.4 M CaCl2, 0.1% sodium citrate de-
hydrate, 0.05 mM Fe(NH;)2(SO,),-6H,0, 2.5 mM NaH,PO3, 2.5 mM K,HPO3,
pH 6.5] and distributed into 96-well plates at a concentration of 5 x 10%
amoebae per well. Following 1 h of incubation at 32 °C, the amoebae
monolayer was inoculated with 5 uL of a 4-day culture of each Tn mutant.
After 1.5 h of incubation at 32 °C, extracellular mycobacteria were removed
by one washing in AC buffer followed by 2 h of incubation in presence
of 100 pg/mL amikacin, followed by two successive washes in AC buffer.
Plates were incubated at 32 °C, with the addition of 107 heat-inactivated
Escherichia coli (70 °C for 60 min) every 24 h (10). After 2 days of coculture,
the A. castellanii monolayer was disrupted with 0.1% SDS for 30 min at
32 °C. Thirty microliters of a 1/25 dilution were dropped onto a blood agar
plate to perform the screen. Mutants with a 50% or greater reduction in cfus
were selected (S/ Appendix, Fig. S1). For the second screen, cfu counts were
performed to confirm the intracellular behavior, as reported earlier (10).
Infection of J774.2 and/or THP-1 M® and cfu counts were performed as
described (10, 34). Adhesion and internalization assays were carried out in
24-well plates, as described (S/ Appendix, Fig. S3) (60).

Subcloning and Sequencing of Tn-Adjacent Genomic Regions. Genomic DNA
was extracted from each mutant, Clal restricted, and subcloned in pUC19
(Invitrogen, Thermo Fisher Scientific) (61). Genomic DNA was sequenced
using a 5 primer in the Tn (TTGACGAGTTCTTCTGA). Genomic sequence
comparisons were made using the BLAST server [genome database from the
National Center for Biotechnology Information (NCBI) website]. Sequence
data were used to design primers to confirm the exact position of the Tn
insertion by PCR amplification on Mabs43S genomic DNA and sequencing.
The web interface MaGe (Magnifying Genomes) was used to automatically
assign the gene product function of the genome of M. abscessus CIP 104536
and of the mutated gene responsible of the resistance to degradation in M®
cells (S Appendix, Table S1).

AEccB, Mutant Construction and Complementation. Disruption of the eccB,
gene was performed using the recombineering system as described previously
(10, 61). Complementation was performed after amplifying and cloning eccB,
into the integrative plasmid pMVH361 as described (S/ Appendix, Fig. S2) (10).

Analysis of Phagosomal Acidification by pH Measurements. M. abscessus
strains expressing the fluorescent protein mCherry were labeled with FITC
(Sigma-Aldrich) and dispensed into 24-well plates containing J774.2 M® at a
MOI of 10:1. Plates were centrifuged at low speed, allowing mycobacteria to
reach the monolayer, and were incubated 15 min at 37 °C before fluores-
cence measurements (34). Fluorescent signals were then measured by se-
quential excitation at 485 nm (FITC) and 565 nm (mCherry) using a Tecan
Infinite M200 multimode plate reader. A standard pH curve was established
to correlate the fluorescent signal with the pH by measuring the emission
levels from fluorescent M. abscessus phagocytosed by M® after placing in-
fected cell monolayers in standard series of buffers from pH 4.6-7.6 (25).

Analysis of Phagosomal Acidification by LysoTracker Colocalization. Fully
confluent monolayers of M® in 24-well plates were infected with FITC-
labeled M. abscessus, and analysis of fluorescent signals was performed.
The acidotropic dye LysoTracker Red DND-99 (Life Technologies) was
used as a marker of phagosome acidification and maturation. J774.2 M® were
distributed into 12-well plates containing glass coverslips and were infected
with FITC-labeled M. abscessus (100 mg/mL of FITC for 2 h at room tempera-
ture). At the end of the infection, LysoTracker was added to each well. The
percentage of FITC-labeled mycobacteria that colocalized with LysoTracker-
labeled phagosomes was determined by analyzing more than 100 infected
cells from at least 10 random fields with a Leica SP8-X confocal microscope.
Pictures analyses and PCC evaluation were done with IMARIS software.

Galectin-3 Immunostaining to Detect Phagosomal Membrane Damage. M®
infected with fluorescent tdTomato-expressing M. abscessus strains were
fixed on glass coverslips. Phagosomal membrane damage was revealed by
immunostaining using a purified mouse anti-human Galectin-3-specific
monoclonal antibody (555746; BD Pharmingen) used at 1/200 dilution. The
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antibody was visualized using secondary antibody conjugated to Alexa Fluor
488 (Invitrogen). An infected cell was considered positive when at least one
of its mycobacteria-containing phagosomes was stained positive with the
phagosomal damage marker. The majority of specific galectin-3—positive
signals were associated to membranous structures surrounding bacteria-
containing phagosomes. The percentages of infected cells having at least
one M. abscessus-containing phagosome that was positive for galectin-
3 were determined from at least 100 infected cells found in five different
fields. All images were analyzed with IMARIS software.

Flow Cytometry Analysis to Study Phagosomal Rupture and Caspase-1 Activation.
CCF-4 FRET measurements to study phagosomal rupture were performed as
recently described (42).

The FAM FLICA Caspase-1 Assay Kit (ImmunoChemistry Technologies) was
used to evaluate the presence of catalytically active forms of caspase
1 p10 and p12. THP-1 cells were infected at a MOI of 10 bacteria per cell for
3 h. As a positive control of apoptosis induction, cells were incubated with LPS
(500 nM) for 8 h at 37 °C. The adherent cells were gently dissociated with
TrypLE Express reagent (Gibco) as recommended. The cells were washed
twice and resuspended in RPMI medium with 10% FBS before staining with
30x FAM-VAD-FMK for 30 min at 37 °C. for specific gating, the cells were
also stained with the CD11b antibody (42) before being fixed with 5%
paraformaldehyde. Cells were analyzed by flow cytometry. Results are
expressed as the percentage of cells with the caspase 1 p10 and p12 active
forms. The same extracts were used to evaluate mature and precursor IL-1p
(1:1,000; Abcam ab2105,) by Western blot analysis.

ELISA Analysis. Supernatants from THP-1 M®/M. abscessus cocultures were
collected and assayed for human IL-1f secretion using the IL1-f kit DY201-05
(Bio-Techne) and for IFN-B secretion using the human IFN-p kit 09341410-1
(tebu-bio), according to the manufacturer’s recommendations.

EsxU and EsxT Secretion Analysis. MAB_3754c and MAB_3753c were cloned in
the Pvul and Hindlll sites of pMVH361. Primers were designed to incorporate
a His-tag at the C terminus of the MAB_3753c protein. A stop codon was also
introduced between the two genes. The plasmid was transformed in the
wild-type and AeccBy, strains.

Bacterial cultures were recovered at an ODgq of 0.8, resuspended in PBS
containing PMSF and 1 mM EDTA (1 ml/g), sonicated, and subjected to
fractionation. After a first centrifugation at 1,000 x g to eliminate nonlysed
bacteria or debris, supernatants were centrifugated at 15,000 x g for 30 min
to obtain the cell wall fraction. The supernatant was then submitted to ul-
tracentrifugation at 100,000 x g for 3 h to separate the plasma membranes
from the cytosolic compartment. Equal protein amounts were subjected to
SDS/PAGE and immunoblotting and were revealed using mice anti-His an-
tibodies conjugated with peroxidase (Sigma-Aldrich) (S/ Appendix, Fig. S5).

Secretome Analysis. M. abscessus CIP and AeccB, strains were grown in
7H9 medium to ODggo = 0.8 (four biological duplicates). Then cells were
diluted with Sauton medium plus glucose (1%), the appropriate antibiotics
(see Strains, Cells, and Culture Conditions, above), and 0.05% Tween 80 to
an ODggp of 0.1. The diluted cells were incubated until ODggo = 0.6-0.7 was
reached. Then bacteria were centrifuged, washed three times with cold PBS
1%, diluted again Sauton’s medium plus glucose (1%) and antibiotics, and
incubated to an ODggo of 0.8-1. Culture supernatants then were concen-
trated 100x with Amicon Ultra centrifugal filters (3-kDa cutoff), and the
protein concentration was measured with the Pierce protein BCA assay.
Briefly, secretomes were diluted with ammonium bicarbonate and in-
cubated for 4 h with 0.2 pg trypsin/LysC (Promega) at 37 °C. Samples then
were loaded onto a homemade C18 Sep-Pak—packed stage tip for desalting.
Samples were eluted using 40% ACN/0.1% formic acid and were vacuum
concentrated to dryness. Desalted samples were reconstituted in 2% ACN/
0.3% TFA that contained iRT peptides (Biognosys) for quality control. Sam-
ples were then analyzed by nanoLC-MS/MS for protein identification. Spec-
tra were recorded on a Q-Exactive HF-X mass spectrometer (Thermo Fisher
Scientific) and analyzed with Sequest through Proteome Discoverer 2.0 using
the UniProt M. abscessus UP000038470 and UP000007137 databases. All data
were further processed using myProMS software (SI Appendix, Fig. S5 and
Tables S3 and S4) (62).

Lipid Extractions and Analysis by TLC. For lipid analyses M. abscessus was
grown in 7H9 broth, collected by centrifugation, and subjected to lyophili-
zation. Apolar and polar lipid fractions or methyl esters of fatty acids (FAME)
and mycolic acids (MAME) were obtained from 50 mg of freeze-dried
mycobacterial cells as previously described (63). Lipid fractions were applied
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to aluminum TLC silica gel 60 Fys4 plates (Merck) and were separated using
solvent systems as described in the text. After solvent separation, TLCs with
apolar lipids and FAME and MAME were treated with a mist of 5% phospho-
molybdic acid (dissolved in ethanol) and charred by heating to reveal lipid spots
or bands. TLCs with polar lipids were treated with a mist of 0.1% orcinol (dis-
solved in 20% H,SO,) before charring (S/ Appendix, Fig. S4).

RNA Extraction and RT-PCR Analysis. Bacterial RNA was extracted from various
M. abscessus strains as described previously (10). Briefly, total RNA was
extracted using TRIzol reagent and a bead beater. PCR was performed with
a CFX96 thermal cycler (Bio-Rad). The primer sequences used for qRT-PCR are
listed in S/ Appendix, Table S5. Controls without reverse transcriptase were
done on each RNA sample to rule out DNA contamination. The sigA gene
was used as an internal control (S/ Appendix, Table S2) (10).
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