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Abstract

A key to the pathogenic success of Mycobacterium tuberculosis (Mtb), the causative agent
of tuberculosis, is the capacity to survive within host macrophages. Although several factors
required for this survival have been identified, a comprehensive knowledge of such factors
and how they work together to manipulate the host environment to benefit bacterial survival
are not well understood. To systematically identify Mtb factors required for intracellular
growth, we screened an arrayed, non-redundant Mtb transposon mutant library by high-con-
tent imaging to characterize the mutant-macrophage interaction. Based on a combination of
imaging features, we identified mutants impaired for intracellular survival. We then charac-
terized the phenotype of infection with each mutant by profiling the induced macrophage
cytokine response. Taking a systems-level approach to understanding the biology of identi-
fied mutants, we performed a multiparametric analysis combining pathogen and host pheno-
types to predict functional relationships between mutants based on clustering. Strikingly,
mutants defective in two well-known virulence factors, the ESX-1 protein secretion system
and the virulence lipid phthiocerol dimycocerosate (PDIM), clustered together. Building
upon the shared phenotype of loss of the macrophage type | interferon (IFN) response

to infection, we found that PDIM production and export are required for coordinated
secretion of ESX-1-substrates, for phagosomal permeabilization, and for downstream
induction of the type | IFN response. Multiparametric clustering also identified two novel
genes that are required for PDIM production and induction of the type | IFN response. Thus,
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multiparametric analysis combining host and pathogen infection phenotypes can be used to
identify novel functional relationships between genes that play a role in infection.

Author summary

Tuberculosis (TB) remains a significant global health problem. One barrier to developing
novel approaches to preventing and treating TB is an incomplete understanding of the
strategies that the causative bacterium, Mycobacterium tuberculosis (Mtb), uses to survive
and cause disease in the host. To systematically identify Mtb genes required for growth in
infected host cells, we screened an annotated, arrayed library of Mtb mutants in macro-
phages using high-content imaging. We then used multiplexed cytokine analysis to profile
the macrophage response to each mutant attenuated for intracellular growth. Combining
imaging parameters reflective of intracellular infection with the macrophage response to
each mutant, we predicted novel functional relationships between Mtb genes required for
infection. We then validated these predictions by demonstrating that production and
export of a cell envelope lipid is required for coordinated virulence-associated protein
secretion, phagosomal membrane rupture, and production of the macrophage type I
interferon response. Extending our prediction of functional relationships to unknown
genes, we demonstrated that two genes not previously linked to virulence also act in this
pathway. This work demonstrates a broadly applicable approach to elucidating and relat-
ing bacterial functions required for pathogenesis and demonstrates a previously unknown
dependence of Mtb virulence-associated protein secretion on an outer envelope lipid.

Introduction

A key to the pathogenic success of Mycobacterium tuberculosis (Mtb), the causative agent of
tuberculosis (TB), is the capacity to survive within host macrophages. Although several Mtb
factors required for this survival have been identified [1], a comprehensive knowledge of such
factors and how they work together to evade host clearance mechanisms remains elusive.
Because cellular models of Mtb infection are tractable for high-throughput applications and
facilitate mechanistic follow-up studies, these models are useful for identifying and under-
standing Mtb factors that drive the outcome of infection at the host-pathogen interface.

Several screening approaches have identified Mtb factors required for its intracellular sur-
vival. One approach has focused on early cellular events, specifically Mtb’s inhibition of phago-
some maturation and acidification. Using large mixed pools of Mtb mutants, Pethe et al
identified mutants that co-localized with iron-containing lysosomes [2]. Similarly, using high-
content imaging to screen a library of 11,000 randomly selected, arrayed transposon mutants,
Brodin et al identified 10 mutants unable to block phagosome maturation based on co-locali-
zation with LysoTracker-stained acidified lysosomes [3]. An alternative genomic approach
focused on Mtb growth in macrophages and compared input and output pools of transposon
mutants to identify several attenuated mutants [4]. Interestingly, there is little overlap between
the sets of Mtb genes identified as important in macrophages using each of these approaches.
Of the 10 genes identified by Brodin et al., only one (pstS3) was identified in the screen by
Rengarajan et al., and only one (fadD28) was identified by Pethe et al. There is no overlap
between genes identified by Rengarajan et al. and those identified by Pethe et al.
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To more systematically identify Mtb factors required for intracellular growth, we screened a
2660 member arrayed, non-redundant Mtb (H37Rv strain) transposon mutant library by
high-content imaging to characterize the mutant-macrophage interaction. Taking a systems-
level approach to understanding how the genes disrupted in these mutants might work, we
profiled host cytokine secretion in response to infection with each of the 361 mutants most
impaired for intracellular survival based on the imaging assay. Subsets of these mutants
induced strikingly different host responses, suggesting that the disrupted genes play distinct
roles in infection. Using a guilt-by-association approach, we combined clustering by the dis-
tinct infection phenotypes of imaging outcome and induced macrophage cytokine response,
and identified several groups of Mtb mutants predicted to be functionally related. Strikingly,
mutants defective in two well-known virulence factors, the ESX-1 protein secretion system
and the virulence lipid phthiocerol dimycocerosate (PDIM), clustered together, suggesting a
potential functional relationship.

ESX-1 type VII protein secretion has long been known to be a critical virulence function of
Mtb in macrophages [5] [6]. ESX-1 has been proposed to permeabilize the Mtb-containing
phagosome, thereby facilitating the transport of Mtb genomic DNA into the cytosol and its
subsequent detection by the cytosolic surveillance program (CSP) [7]. CSP detection of bacte-
rial DNA through the pathogen recognition receptor cGAS then triggers induction of the mac-
rophage type I interferon (IFN) response [8] [9,10]. Until very recently, ESX-1 was the only
bacterial function described as required for phagosomal permeabilization and the subsequent
induction of the macrophage type I IEN response.

The cell-surface lipid PDIM has long been linked to virulence as well [11,12], although
the mechanism has not been fully determined. Situated predominantly in the cell envelope,
PDIM has been proposed to alter membrane properties important for uptake by macro-
phages [13] and to mask recognition of the bacterial cell by pathogen-recognition receptors
(PRRs) in a MYD88-dependent fashion [14]. Here, we find that ESX-1 mutants and PDIM
synthesis and export mutants share a common multiparametric phenotype of infection.
While it is not surprising that they share similar characteristics of attenuation within infected
macrophages, remarkably, they also both failed to induce the macrophage type I IFN
response upon infection—a phenotype previously attributed solely to ESX-1 mutants. Based
on this shared phenotype, we hypothesized a functional relationship between ESX-1 and
PDIM. Indeed, we demonstrate that PDIM production and export are required for the coor-
dinated secretion of ESX-1 substrates. We show that PDIM is required for secretion of
ESAT-6, which has previously been implicated in phagosomal rupture [15,16], but is not
mandatory for secretion of its presumed obligate heterodimeric partner, CFP-10. Of the
other two Mtb type VII secretion systems associated with virulence, PDIM is similarly
required for secretion of ESX-5 substrates PPE41 and EsxN, but is not required for secretion
of the ESX-3 substrates EsxG and EsxH, suggesting a relatively specific relationship between
PDIM and secretion of individual substrates.

Extending our prediction of functional relationships based on multiparametric clustering,
we tested several mutants of genes of unknown function that also clustered together with
PDIM and ESX-1 to determine whether they impact PDIM production or export, ESX-
1-mediated secretion, or were required for the type I IFN response through an independent,
complementary mechanism. Indeed, we found two mutants (Rv0712 and hrpl (Rv2626¢)) that
fail to induce the type I IFN response because of a defect in PDIM production, thereby assign-
ing novel roles in pathogenesis to these two respective genes. Thus, multiparametric clustering
of infection combining detailed bacterial phenotype and host response to Mtb mutants can
allow a guilt-by-association analysis to identify novel functional relationships between genes
that play a role in infection.
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Results

High-content imaging screen of an arrayed M. tuberculosis transposon
mutant library for growth in macrophages

To perform high-throughput monitoring of intracellular growth of a library of Mtb transposon
mutants (S1 Table), we significantly modified our previously developed high-content imaging
assay designed for high-throughput chemical screening [17] in order to accommodate hetero-
geneous bacterial growth among arrayed mutants and the need for external bacterial fluores-
cent staining by auramine-rhodamine for visualization (full details of assay and imaging
pipeline development in S1 Text). Using rifampin in dose response to inhibit Mtb growth in
macrophages, we developed a training set of images that represented a range of intracellular
growth inhibition as defined by colony forming units (CFU). Based on correlation with CFU,
we selected three readily-interpretable features as imaging metrics: percent of total macro-
phages infected with Mtb (“Percent infected”), normalized and integrated bacterial fluores-
cence intensity (“Mtb FI”), and macrophage cell count (“Macrophage count”) (SIA Fig). Of
note, very similar metrics were used in a previous high-content imaging assay of Mtb growth
in macrophages applied to small molecule screening [18]. A pilot screen of 190 mutants was
then performed to assess assay performance (S1B Fig). The pilot screen data was additionally
used to determine a linear combination of all three imaging metrics that would best identify
true positives as determined by CFU retesting of predicted hits in comparison with wild-type
control. The first principal component (PC1) from a principal component analysis computed
on the data was observed to outperform all other metrics (S1C and S1D Fig).

Using our optimized assay and analysis (Fig 1A), we then screened the remainder of the
arrayed, non-redundant Mtb 2660 transposon mutant library (Fig 1B, S1E and S2 Figs). Because
Mtb mutant growth in macrophages is a graded rather than binary phenotype, we defined a
threshold for calling hits for targeted follow-up studies. For each mutant, we calculated a
weighted average of the 3 imaging outputs (PC1), and the 361 mutants (13.4% of the mutants
screened) with the lowest PC1 scores were selected for additional study as our defined set of
growth-impaired mutants (S2 Table, Fig 1C). In addition to 15 mutants identified in our screen
that had already been confirmed to be growth-impaired in macrophages in the literature, we
retested 73 of the top mutants by enumerating surviving bacteria by plating for CFU in compar-
ison with wild-type Mtb. Although the biology captured by CFU measurements is limited in
comparison with complex imaging phenotypes, CFU is considered the gold-standard measure-
ment of comparative bacterial growth, and was thus used as a metric by which our imaging out-
put was optimized and against which we tested hits. Combining the 47 CFU-confirmed and 15
literature-confirmed hits, a true positive rate of 72% was obtained for identifying mutants defec-
tive for intracellular growth (S3 Table). Several hits from previous screens [2-4] were among
the identified mutants, thereby providing biological validation of our results (S2 Table).

Several of the identified mutants fit well into the broader context of pathways and functions
known to be important for Mtb survival in the host (S4 Table). Our screen identified genes in
the ESX-1 type VII protein secretion system, perhaps the best-characterized mycobacterial vir-
ulence factor [5-7,19,20]. We identified mutants in loci that produce known virulence lipids,
including PDIM [11,12]. We additionally identified multiple PE and PPE family genes [21],
genes required for synthesis of molybdopterin cofactor [22], the two-component regulator
senX3 [23], and regulators of Mtb metal content [24]. Host cholesterol is an important carbon
source for intracellular Mtb [25,26]; we identified multiple enzymes in the cholesterol catabolic
pathway. Finally, we identified several genes involved in nitrogen acquisition or metabolism,
supporting the recent recognition of the importance of Mtb nitrogen metabolism in infection
[27].
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Fig 1. Identification of M. tuberculosis mutants defective for intracellular growth using a high-content imaging screen. (A) Protocol
for the high-content imaging assay for the transposon mutant library growth in macrophages. Wild-type Mtb at MOls varying two-fold from 2:1
to 0.25:1 was included in each plate to allow both accurate normalization between plates and validation of a cutoff for hits based on control
population behavior. Because the transposon mutant library does not express a fluorescent protein, Mtb was externally stained with auramine-
rhodamine after fixation to permit visualization. (B) Correlation of PC1 score of technical replicates in the full screen. (C) Density function of
PC1 values for mutants and controls. While hits were selected based on comparison with OD-matched mutants, the distribution of hit mutants
falls almost entirely below the wild-type control distribution as well, confirming that hit mutants also behave differently than wild-type.

https://doi.org/10.1371/journal.ppat.1006363.9001

Multiparametric analysis of mutants impaired for intracellular growth
identifies clusters of mutants predicted to be functionally related

A more comprehensive knowledge of the Mtb factors required for growth in macrophages is
an important step in identifying the bacterium’s strategies for success. However, understand-
ing the contribution of each gene to overall virulence and induced host responses as well as the
networks that coordinate their functions would offer significant breadth and depth to our cur-
rent understanding of the complex dynamic between pathogen and host. We thus sought to
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characterize the mutants identified in the screen both by the phenotype of bacterial growth
restriction and by elicited host response. By combining these orthogonal phenotypes in a mul-
tiparametric analysis, we hoped to identify, through unbiased cluster analysis, genes that might
be functionally related or act in a coordinated manner during infection.

While mutants of interest were initially selected based on an analysis pipeline trained to
identify mutants with decreased CFU, in fact the biology of mutants captured in images is
richer and more complex than a simple CFU measurement. To fully capitalize on the pheno-
typic complexity of bacterial growth restriction afforded by imaging, we sought to analyze the
mutants based on individual imaging metrics that allow us to distinguish different mutants
and the roles of the corresponding genes in infection. We ranked all screened mutants into
deciles by score for each of the three individual imaging metrics used in the primary screen
PCA and then grouped the mutants based on the similarities of their scores across all three.
The majority of hits behaved as one might intuitively expect: higher macrophage survival,
lower percent macrophages infected, and lower bacterial fluorescence intensity than the vast
majority of screened mutants. However, some mutants behaved differently, eliciting more
macrophage cell death or higher percent macrophage infection than the majority of mutants.

To characterize the host response elicited by each mutant, we then used a multiplexed
Luminex assay to quantify macrophage production of cytokines in response to infection with
each of the 361 mutants identified in the primary screen. Twelve cytokines were accurately
quantifiable and differed significantly between wild-type-infected and subsets of mutant-
infected cells (S3 Fig). These cytokines reflect processes known to be important for Mtb mac-
rophage infection, including the type I IFN response (e.g. CCL5) and pro-inflammatory
response (e.g. MMP9, TNF-a). As reflected in these 12 cytokines, macrophage responses to
infection with the mutants were in fact quite varied (54 Fig); this variability did not reflect
either the input ratio of bacteria to macrophage or relative degree of intracellular growth
impairment (S4B Fig), suggesting that the cytokine response to each mutant is independent of
relative attenuation in macrophages. We hypothesized that combining imaging and cytokine
phenotypes for each mutant would yield the most information about how those mutants
might work together in networks interacting with aspects of the host response to infection
(Fig 2A).

To cluster mutants based on both the imaging phenotype, which we considered to reflect
primarily bacterial outcomes, and cytokine phenotype, which we considered to reflect primar-
ily host response, we thus sought to combine the two phenotypes in a multiplexed analysis. For
this clustering analysis, we had to explicitly balance the contribution of the imaging and cyto-
kine features to avoid either source dominating the analysis. A straightforward approach to
doing this is to select the same or similar number of measurements from both sources. To
reduce the number of cytokine features, we grouped the features using hierarchical clustering
and found that they fell into four groups (cyt-1 (CXCL10 and CCL5), cyt-2 (TNF-o, CXCL2,
MMP9, and Lipocalin), cyt-3 (CCL2, CCL4, IGF-1, and BAFF), and cyt-4 (CCL3 and osteo-
pontin) S4C and S4D Fig). Validating the biological relevance of these groupings, cytokines
reflecting the type I IFN response clustered together, and pro-inflammatory cytokines clus-
tered together in a distinct group. The features in each group were combined by averaging; we
used this grouping for further analysis.

To maximize our ability to distinguish phenotypically unique sets of mutants, we limited
analysis from this point to the 113 mutants impaired for intracellular growth with macrophage
responses most distinct from wild-type infected cells. Of note, confirmed true positives (by
CFU) were represented in both this set of 113 mutants and mutants that induced macrophages
responses more similar to wild-type Mtb, supporting the idea that the induced macrophage
response is a distinct phenotypic readout. Given that the bacterial imaging and host response
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Fig 2. Multiparametric analysis of mutants impaired for intracellular growth identified subsets with shared complex phenotypes. (A)
Schematic diagram of the approach to analyzing the mutants. Bacterial attenuation was analyzed based on three imaging parameters (Mtb
fluorescence intensity, percent infected, and macrophage count) and host response was analyzed based on multiplexed cytokine analysis for each
mutant. The phenotypes for each mutant were then combined into a multiparametric analysis as described in B. (B) Unsupervised 2-D clustering of
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almost entirely of bacterial imaging features, suggesting that the two sets of features represent orthogonal and complementary information. (D) The
113 mutants included in the multiparametric analysis separate when plotted by PC1 and PC2. Included mutants were those that induced macrophage
responses most distinct from the response to wild-type Mtb. Coloring of mutant clusters reflects mapping of the analysis performed in 2D back to the
PC1/PC2 graph.

https://doi.org/10.1371/journal.ppat.1006363.9002

phenotypes provide distinct information about the mutants, we hypothesized that mutants
similar in both metrics would be the most closely functionally related. To identify such pheno-
typically similar groups of mutants, we then performed a two dimensional unsupervised clus-
tering based on the combined host response features and bacterial imaging features (Fig 2B).
This clustering identified five groups of mutants (S5 Table).

To determine objectively whether cytokine and imaging features contributed overlapping
or distinct information to the analysis of each mutant, we next performed a principal compo-
nent analysis to determine how features were related to one another. Interestingly, the first
principal component (PC1) was comprised almost entirely of host response features (cyt-1,
cyt-2, cyt-3, and cyt-4), while the second principal component (PC2) was comprised almost
entirely of bacterial imaging phenotype features (Fig 2C). These results suggest that the bacte-
rial imaging phenotypes and host response phenotypes are in fact nearly orthogonal, and pro-
vide complementary information about the tested mutants. Plotting the mutants by PC1 and
PC2, we then determined that the mutants indeed segregate in two-dimensional space, indicat-
ing that the multiparametric analysis can provide insights into points of divergence in the
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host-pathogen interaction (Fig 2D). Given the unique phenotypic signature of each cluster in
this combined analysis, we hypothesized the mutants within each cluster may be functionally
related.

Synthesis and export of virulence lipid PDIM is required for induction of
the macrophage type | IFN response

Notably, mutants in pathways for two well-known virulence factors, ESX-1 and PDIM, clus-
tered together by this multiparametric analysis combining imaging and induced cytokine
phenotypes. The ESX-1 protein secretion system has been proposed to permeabilize the pha-
gosomal membrane, facilitating recognition of Mtb by the macrophage cytosolic surveillance
program (CSP) and triggering a type I IFN response [7-10]. On balance, accumulating evi-
dence suggests that this response benefits the bacterium. As expected, we found that ESX-1
mutants failed to induce a type I IFN response (Fig 3A). Surprisingly, PDIM mutants similarly
failed to induce a type I IFN response (Fig 3A). Previously, ESX-1 secretion was the only Mtb
function linked to the macrophage type I IFN response. Although the ESX-1 ATPase EccCal
has been proposed to bind to a variety of enzymes required for M. marinum lipid biosynthesis,
including some of the enzymes required for PDIM biosynthesis [28], a functional link has not
previously been proposed between ESX-1 and PDIM. Our results suggest that PDIM function-
ally interacts with ESX-1, as it also plays a role in the intracellular events that culminate in
induction of type I IFNs.

Critical for Mtb growth in the host [11,12], PDIM is a large Mtb cell-surface lipid. The chro-
mosomal locus responsible for producing and exporting PDIM encodes machinery for acyl
chain production, acyl activation, post-production modification, and transport. Specific func-
tions for PDIM have only recently been proposed, including mediating interactions between
the bacterial cell and host plasma membrane [13] and masking MYD88-dependent detection
of pathogen-associated molecular patterns (PAMPs) on the mycobacterial surface [14]. Our
results indicate that PDIM is additionally required for intracellular processes leading to induc-
tion of the macrophage type I IFN response.

We hypothesized that either a distinct PDIM locus gene function (such as function of a sin-
gle transporter) or fully intact, properly localized PDIM could be required to induce a type I
IFN response. To systematically identify the PDIM locus functions required, we profiled
expression of type I IFN-induced genes following macrophage infection with mutants that
contained disruptions in many genes across the entire PDIM locus (Fig 3B). Mutants defective
in each of the functions of the PDIM locus including acyl chain production (ppsD, ppsD, mas),
acyl chain activation (fadD28), and transport (drrABC, mmpL7) failed to induce a type I IFN
response. The only PDIM locus mutant that induced wild-type levels of type I IFN was IppX.
Although proposed to be required for PDIM transport [30], IppX is in a different operon with
pks1/15 genes [31]. Our results suggest that transporters drrABC and mmpL7 have functions
distinct from IppX in lipid localization and ultimate function. The loss of a type I IEN response
following macrophage infection with all other available mutants in the locus suggest that intact
and properly localized PDIM is necessary for induction of type I IFNs.

To confirm that loss of the type I IFN response was in fact attributable to individual genes
within the PDIM operons and provide additional confirmation of roles for both PDIM biosyn-
thetic and transport genes, we used two mutant complementation strategies. First, we intro-
duced an integrating, inducible allele of transporter drrC to complement drrC disruption in
the corresponding transposon mutant. Loss of PDIM export was confirmed to be commensu-
rate with what has previously been described for a comparable drrC transposon mutant [32]
(S5 Fig). Second, we used a published mutant with a single loss-of-function point mutation in
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Fig 3. PDIM production and export is required for induction of the macrophage type | IFN response. (A) Measurement of macrophage CCL5
production after infection with Mitb strains. J774.A1 cells were infected with wild-type Mtb strains or transposon mutants at an MOI of 1:1. Supernatants
were harvested at 48 or 72 hours after infection for cytokine quantitation using Luminex. Mean +/- SD of three biological replicates. (B-D) The type | IFN
response was measured by quantitation of expression of the type | IFN-responsive gene ifit2 expression after macrophage infection with Mtb. Bone
marrow-derived macrophages were infected with the indicated Mib strains at an MOI of 2:1 and RNA was harvested at 24 hours for gene expression
analysis by qRT-PCR. (B) Transposon mutants across the PDIM locus, including synthetic function mutants (ppsC, ppsD, mas), transport mutants
(drrA, drrB, drrC, mmpL7), and acyl activating mutants (fadD28) failed to induce expression of type | IFN-responsive gene ifit2. P-value by two-tailed t-
test for comparisons of Rv with Tn mutants in eccCb1, eccCa1, ppsC, ppsD, drrA, drrB, drrC, papA5, mas, fadD28, and fadD22 were < 0.05, for the
comparison of Rv and mmpL7 was 0.05, and for the comparison of Rv with [ppX, pks15, Rv2949c, and mutT4 were non-significant. (C) A drrC
transposon mutant was complemented with tetracycline-inducible, chromosomally-integrated drrC; drrC expression was induced with 50ng/ml or
100ng/ml aTc. While in the absence of inducer ifit2 expression was substantially decreased relative to wild-type-infected macrophages, induction of
drrC expression with aTc restored /fit2 expression. Two-tailed t-test p-value for the comparison of Rv with Tr::drrC and Tn::drrC::ptet-drrC 0 ng/ml aTc
was < 0.01. (D) Infection with wild-type H37Rv, ppsD point mutant ppsD(G44C) that fails to produce PDIM, or complemented mutants ppsD(G44C)rev
and ppsD(G44C)::pMVppsD. While loss of functional ppsD in the mutant resulted in loss of ifit2 expression, restoring ppsD function restored ifit2
production. Two-tailed t-test p-value for the comparison of Rv with ppsDmut was < 0.05. (B-D) Mean +/- SD of biological duplicates. (E) Microscopy of
macrophages infected with PDIM mutant and complemented strains demonstrates that complementation restores wild-type image analysis
phenotypes. J774A.1 macrophages were infected with wild-type, PDIM mutant, or complemented strains. After 3 days of infection, cells were washed,
fixed, and stained with DAPI to visualize macrophage nuclei and auramine-rhodamine to visualize Mitb. Cells were imaged and CellProfiler automated
image analysis was used [29] to quantitate bacterial fluorescent intensity, percent macrophages infected, and macrophage cell count. Mean +/- SD of
six biological replicates.

https://doi.org/10.1371/journal.ppat.1006363.9003
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biosynthetic gene ppsD (ppsD(G44C)) and complemented mutant strains with either a chro-
mosomal reversion of the mutation or episomal expression of the wild-type allele [33]; the
published loss and restoration of PDIM in the mutant and revertant were confirmed using
LC-MS (S6A Fig). Infection with either Tn::drrC or ppsDmut failed to induce the type I IFN
response; in both cases, complementation restored the response (Fig 3C and 3D). As expected,
the imaging phenotypes of the mutants in infected macrophages also reverted to wild-type by
complementation, confirming that PDIM production and transport genes are required for full
virulence (Fig 3E). Bulk secretion of IFN-f§ was more modest than the induced transcriptional
response but followed a similar trend for each mutant (S7 Fig).

PDIM contributes to the type | IFN response by facilitating phagosomal
permeabilization

We next investigated how PDIM might facilitate induction of the type I IFN response. To
explore whether PDIM is a PAMP recognized by the macrophage CSP after ESX-1 permeabi-
lizes the phagosomal membrane, we treated macrophages with a liposomal formulation of
PDIM. No type I IEN response was elicited even at high concentrations of PDIM (S8 Fig), con-
sistent with recent work suggesting that bacterial genomic DNA is instead the relevant CSP-
detected PAMP triggering type I IFNs [8-10]. One step previously described as critical for
induction of the macrophage type I IEN response to Mtb infection is disruption of the phago-
somal membrane, which allows mixing of cytosolic and phagosomal contents and detection of
bacterial products by the CSP [7]. To test whether PDIM facilitates phagosomal permeabiliza-
tion, we sought to determine whether permeabilizing the phagosome by an alternative mecha-
nism would render PDIM dispensable for induction of the type I IFN response. Using a
previously described method for creating pores in the phagosomal membrane [7,34], we used
listeriolysin O (hly) to permeabilize the phagosome in an ESX-1-independent manner. A ppsD
clean deletion mutant (S6B Fig) was transformed with an integrating plasmid expressing hly
(S9 Fig). Expression of listeriolysin O in PDIM mutant bacteria indeed restored the type I IFN
response (Fig 4A), suggesting that PDIMs contribution to this response is at the level of phago-
somal permeabilization. Two other groups have recently reported similar observations using
flow cytometry to quantitate phagosomal permeabilization [35,36].

PDIM is required for coordinated secretion of ESX-1 and ESX-5 type VII
secretion system substrates

ESX-1 protein secretion is the only other Mtb factor described to be required for phagosomal
permeabilization. To determine whether PDIM is required for ESX-1 function itself, we tested
whether mutants in PDIM biosynthesis and export were able to secrete the ESX-1 effector
ESAT-6, which until very recently had been implicated as the likely pore-forming secreted
effector of the ESX-1 system. Using Western blot analysis of bacterial supernatants and pellets,
we found that ESAT-6 secretion was indeed impaired in both the ppsDmut biosynthesis
mutant and the Tn::drrC export mutant (Fig 4B). ESAT-6 secretion was similarly impaired in
strains with clean deletions of ppsD and the PDIM biosynthetic enzyme mas (S6B and S10
Figs). We then tested whether secretion of the heterodimeric partner of ESAT-6, CFP-10, was
similarly impaired in PDIM mutants. Distinct from the phenotype observed for ESAT-6 where
its secretion was impaired in all PDIM mutants, CFP-10 secretion was impaired in the drrC
mutant and mas clean deletion, but was enhanced in the ppsD mutants (Fig 4B; S10 Fig). Wild-
type phenotypes were restored by complementation of the mutations in all cases. Of note,
simultaneous analysis of the lysed bacterial pellets indicated that total ESAT-6 and CFP-10
protein production was not affected by the absence of PDIM and, secretion of the Sec substrate
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Fig 4. PDIM facilitates phagosome permeabilization and is required for coordinated ESX-1-mediated secretion. (A) Bone marrow-derived
macrophages were infected with wild-type Mtb, a ppsD clean deletion strain (AppsD), AppsD complemented with ppsD, or the AppsD expressing
listeriolysin O (hly) at an MOI of 2:1. RNA was harvested at 24 hours for gene expression analysis by gqRT-PCR. Hly-mediated mediated phagosomal
permeabilization restores the type | IFN response in the PDIM mutant. Mean +/- SD of biological duplicates. Two-tailed t-test p-value for the
comparison of Rv with AppsD was < 0.001 and for the comparison of Rv with AppsD:: hly was non-significant. (B) Western blot analysis of ESAT-6 and
CFP-10 secretion in PDIM mutants. Supernatants from wild-type, ESX-1 mutant (Tn::eccCaf), or PDIM mutants and complements were harvested,
concentrated, and probed for ESAT-6, CFP-10, antigen 85 (Sec-secreted control), and GroEL (lysis control). Corresponding pellets were
simultaneously lysed and probed for ESAT- or CFP-10 (production control) and GroEL (loading control). Disruption of drrC results in loss of ESAT-6
and CFP-10 secretion; inducibly restoring drrC expression with 50ng/ml aTc restores ESAT-6 and CFP-10 secretion. Loss of ppsD function due to a
point mutation in the active site (ppsD(G44C)) similarly results in loss of ESAT-6 secretion, but results in enhanced CFP-10 secretion. Reversion of the
mutation back to wild-type ppsD(G44C)rev restores the wild-type phenotype. (C) Western blot analysis of ESX-5 secretion of EsxN and PPE41 in the
ppsD point mutant and drrC transposon mutant. Supernatants from phosphate-starved wild-type or PDIM mutant and complement were harvested,
concentrated, and probed for ESX-5 substrates EsxN or PPE41 and GroEL (lysis control). Supernatant from an ESX-5 hypersecreter strain (ApstA71)
was used for definitive band identification [40]. Loss of ppsD function due to the G44C active site point mutation or loss of drrC function in the
transposon mutant leads to significant loss of secretion of ESX-5 substrates PPE41 and EsxN. In both cases, secretion of EsxN and PPE41 is restored
with complementation. Pellets below demonstrate that the ppsD mutant and drrC transposon mutant do not have a defect in EsxN or PPE41
production.

https://doi.org/10.1371/journal.ppat.1006363.9004

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006363 May 15, 2017 11/27


https://doi.org/10.1371/journal.ppat.1006363.g004
https://doi.org/10.1371/journal.ppat.1006363

@'PLOS | PATHOGENS

Multiparametric analysis of macrophage infection predicts functional relationships between Mtb genes

antigen 85 was not impacted by the absence of PDIM, suggesting that PDIM does not globally
impact secretion.

To determine whether PDIM’s disruption of ESX-1-mediated secretion was generalizable
to other ESX secretion systems implicated in virulence [37,38], we next tested whether loss of
PDIM disrupts secretion of ESX-3 and ESX-5 substrates. ESX-3 secretion was elicited by iron
starvation [39]; ESX-5 was elicited by phosphate starvation [40]. While PDIM mutants did not
show impaired secretion of ESX-3 substrates EsxG and EsxH (S11 Fig), the ppsD point mutant
and drrC transposon mutant did demonstrate impaired secretion of ESX-5 substrates PPE41
and EsxN (Fig 4C). Simultaneous detection from bacterial pellet lysates indicated that produc-
tion of ESX-5 substrates was not changed in either mutant. Thus, while the dependence of
secretion on PDIM is not restricted solely to ESX-1 substrates but also impacts the secretion of
ESX-5 substrates, it does demonstrate some specificity as it is not generalizable to all ESX
secretion systems.

Two genes that cluster with the ESX-1 and PDIM are required for PDIM
production

To further test whether mutant clustering by multiparametric analysis can predict novel func-
tional relationships between genes, we next investigated the relationship between the functions
of other genes represented in Cluster V and the functions of PDIM and ESX-1. We first sought
to confirm that the observed, shared phenotype could be truly accounted for by the transpo-
son-disrupted gene in each mutant by complementing several of the additional 8 mutants that
appear in Cluster V with episomal copies of the respective wild-type genes, and tested for
reversion to wild-type production of the type I IFN response. Single-gene complementation of
two Cluster V mutants, Tn::Rv0712 and Tn::hrpl (hypoxic response protein 1, Rv2626¢),
restored the type I IFN response (Fig 5A and 5B), suggesting that each of these genes is
required for induction of type I IFNs. Rv0712 is a formylglycine-generating enzyme (FGE),
required for activation of type I sulfatase enzymes [41]; however, the physiologic substrates
and role of sulfatases in infection is unknown [42]. Rv0712 has been predicted to be essential
in mice based on Tn-Seq experiments [43]. hrp1 is part of the DosR regulon, which is highly
expressed upon exposure to nitric oxide or hypoxic conditions, and proposed to play a role in
dormancy [44-46]. Hrpl is a secreted protein with two cystathionine beta synthase (CBS)
domains [47] but its biological function and role in infection is also unknown. Neither gene
has previously been linked to mycobacterial lipids, ESX-mediated secretion, or the macro-
phage type I IFN response.

Based on its phenotypic clustering, we hypothesized that Rv0712 and hrp1 could be required
for PDIM biosynthesis thereby facilitating ESX-1 secretion and phagosomal permeabilization,
for ESX-1 secretion independent of PDIM, or for an altogether independent function influenc-
ing the type I IFN response, such as the production or exposure of a bacterial PAMP or a role
in host CSP signaling. Using quantitative mass spectrometric analysis of total cell wall myco-
bacterial lipids [48], we determined that in fact, both Tn::Rv0712 and Tn:hrpl produced signif-
icantly less PDIM than wild-type H37Rv (Fig 5C; S12A and S12B Fig). PDIM production in
the mutants was restored with complementation. We then tested whether the observed loss of
PDIM in the mutants would correlate with changes in secretion of ESX-1 substrates. Secretion
of ESAT-6 was diminished in both the hrpI and Rv0712 mutants and restored in the comple-
mented strains (Fig 5D); secretion of CFP-10 was diminished in the Rv0712 mutant but
unchanged in the ArpI mutant. Thus this multiparametric clustering successfully predicted
that these two genes would functionally interact with PDIM and ESX-1 in their induction of
the macrophage type I IFN response.
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Fig 5. Two additional genes that cluster with PDIM and ESX-1 are required for PDIM production and
downstream induction of the type | IFN response. (A-B) The type | IFN response to infection was
measured by quantitation of expression of the type | IFN response-representative gene IFIT2. Bone-marrow
derived macrophages were infected with wild-type Mitb, the Rv0712 transposon mutant and complemented
mutant (A) or hrp1 transposon mutant and complemented mutant (B). RNA was harvested at 24 hours for
gene expression analysis by gRT-PCR. IFIT2 was quantitated relative to control expression of GAPDH. Loss
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of type | IFN response to infection seen with disruption of Tn0712 or hrp1in each mutant is restored with
expression of the respective gene in the complemented strains. (A-B) Mean +/- SD of biological duplicates.
Two-tailed t-test p-value for the comparison of Rv with Tn::hrp1and Tn::Rv0712was < 0.001. (C) PDIM was
quantitated using LC-MS analysis of total cell wall lipid extracts. The indicated strains were grown in tween-
free medium; total cell wall lipids were extracted from the bacterial cells. Loss of PDIM production seen in
Rv0712and hrp1transposon mutants was restored with expression of the respective genes in the
complemented strains. Mean +/- SD of biological triplicates. Fragmentation patterns for each quantitated
species is listed in S1 Text. (D) Western blot analysis of ESAT-6 and CFP-10 secretion in Rv0712and hrp1
mutants. Supernatants from each indicated strain including H37Rv wild-type control and Tn::ecca1 (ESX-1
mutant positive control) were harvested, concentrated, and probed for ESAT-6 or CFP-10, and GroEL (lysis
control). Corresponding pellets were simultaneously lysed and probed for ESAT- or CFP-10 (production
control) and GroEL (loading control). Disruption of Rv0712 resulted in diminished secretion of both ESAT-6
and CFP10; loss of secretion was reversed with complementation. Disruption of hrp1 resulted in diminished
ESAT-6 secretion but no change in CFP-10 secretion. Diminished ESAT-6 secretion in the hrp1 mutant was
restored with complementation.

https://doi.org/10.1371/journal.ppat.1006363.9005

Discussion

A deeper, systematic understanding of the Mtb host-pathogen interface is a necessary prereq-
uisite to developing a new generation of anti-TB therapeutics that target the functions most
critical for bacterial survival and growth in the host setting. We used a multiparametric analy-
sis combining imaging phenotypes and macrophage cytokine responses to infection to system-
atically identify Mtb mutants impaired for intracellular survival and predict novel functional
relationships among subsets of those genes based on shared complex phenotypes. We have
demonstrated the strength of this approach by demonstrating its ability to identify a previously
unknown relationship between two well-known virulence factors, ESX-1 and PDIM, and to
assign function to two genes not previously described to be important for intracellular survival,
now linking them to the function of these two known virulence factors. We anticipate that our
approach can be easily applied to identify additional functional relationships between genes.
Given the increasing ability to perform systematic high-throughput profiling of cellular pheno-
types such as infection using arrayed libraries of bacterial mutants, we propose that this type of
multi-parametric analysis can be extended to other pathogens and additional phenotypes to
identify genes that are functionally linked and assign functions to genes of unknown function.
Given the high percentage of bacterial genes with unknown function in many pathogens
including Mtb, the ability to functionally link known and unknown genes is a powerful
approach for building our understanding of pathogenesis.

During Mtb infection, the mechanisms that the bacterium requires to ensure its own sur-
vival are critical to determining the outcome of infection. Disruption of the phagosomal mem-
brane, which permits mixing of phagosomal and cytosolic contents, has complex downstream
consequences, simultaneously triggering pro-inflammatory and anti-inflammatory programs
in the macrophage [9]. Proposed benefits of this permeabilization for the bacterium include
increased access to macronutrients and micronutrients. Additionally, this permeabilization
leads to induction of the type I IFN response upon CSP detection of Mtb gDNA. Although the
direct pathogenic relevance of type I IFNs in Mtb infection remains a matter of active scientific
debate, growing evidence suggests that on balance, type I IFNs benefit Mtb in the bacterial/
host standoff [49,50].

The role of the type I IFN response and in particular the molecular details of the host factors
that lead to induction of type I IFNs and downstream effects have been an active area of recent
investigation [7-10,51]. While details of the events on the host side of the Mtb and macrophage
interaction that culminate in production of type I IFNs have been well-elucidated, until very
recently, ESX-1-mediated phagosomal permeabilization was the only mycobacterial event
implicated [7]. Two recent reports have suggested that PDIM is involved in phagosomal
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permeabilization [35,36]. Here, we also present evidence that is consistent with the finding
that the Mtb virulence lipid PDIM is a second Mtb factor contributing to the permeabilization
of the phagosome. Our data additionally suggest that this effect is at least in part due to its
impact on ESX-mediated secretion. Intact ESX-1 secretion has been shown to be required for
phagosome permeabilization [7,52,53] with ESAT-6 thought to be the responsible effector
[15,16]. Whether ESAT-6 is truly the secreted ESX-1 effector that mediates phagosomal dis-
ruption has very recently been called into question [54]. In that report, at non-acidic pH, puri-
fied ESAT-6 was unable to lyse membranes without residual detergent from the preparation.
In contrast, at acidic pH, ESAT-6 alone was sufficient to lyse membranes, consistent with ear-
lier reports. Whether PDIM serves a detergent function to facilitate ESAT-6-mediated phago-
somal lysis at relatively non-acidic pH in the early phagosome as suggested by Augenstreich
et al., whether focal acidic conditions at points where the Mtb membrane meets the phagoso-
mal membrane facilitate ESAT-6-mediated membrane lysis, or whether an entirely distinct
secreted ESX-1 effector such as EspC is responsible for phagosomal membrane disruption as
suggested in the discussion by Conrad et al., remains to be determined.

Although PDIM and ESX-1 are two of the best-described Mtb virulence factors, until very
recently they had not been understood to contribute directly to the same pathogenic process.
A potential role for ESX-1 in regulating the essential cell wall mycolic acids has been suggested
[28], and genetic disruptions of the ESX-1 and ESX-5 systems have been described to render
the mycobacterial cell wall more susceptible to detergent and antibiotic-mediated disruption
[55,56]. In contrast, the reverse interaction, i.e., the impact of PDIM on secretion, has been
less clear. Though loss of PDIM has been reported to abrogate the essentiality of individual
ESX-5 secretion system components during macrophage infection [10], the concept that a sur-
face lipid facilitates protein secretion has not previously been proposed for Mtb or any other
bacteria.

The complete mechanistic basis of type VII secretion is an ongoing area of active investiga-
tion, and the current model for how ESX-mediated secretion occurs is largely limited to bacte-
rial cytosolic and inner membrane events [52]. In the context of what is understood about
ESX-mediated secretion, our determination that PDIM is required for secretion of some ESX
substrates i.e., ESAT-6, PPE41 and EsxN but not others i.e., CFP-10, EsxG, and EsxH, is
intriguing. The position of PDIM in the cell envelope raises the question of whether PDIM
facilitates the steps for secretion of individual substrates beyond the inner membrane, such as
transport across outer layers of the cell, dissociation of the heterodimeric secretion pairs, or
release from the cell surface. This conjecture would be consistent with the observed distinct
secretion phenotypes for different substrates. The disparate CFP-10 secretion phenotypes
observed for different PDIM mutants suggest that distinct parts of the lipid molecule may
interact with individual substrates. A role facilitating transit across the outer layers of the cell
or release from the cell surface would also explain why mycobacteria, including Mycobacte-
rium smegmatis, that do not produce PDIM have no secretion defect. While the core ESX-1
secretion machinery is nearly identical between Mtb and Msmeg, the outer envelope has signif-
icantly less similarity. Given that the interdependence of ESX-1 substrates for secretion has
made studying the role of individual effectors in both secretion and pathogenesis challenging,
strains with distinct secretion phenotypes offer an opportunity for additional dissection of the
role of individual effectors in pathogenesis.

Although the uniquely rich repertoire of Mtb lipids has long been recognized as important
for pathogenesis, ascribing defined molecular roles to those lipids has proven challenging, in
part because of the more limited range of tools available for studying lipids relative to proteins
or nucleic acids. Here, we ascribe roles to PDIM as facilitating both phagosomal permeabiliza-
tion and secretion of individual ESX substrates. More broadly, our results illustrate a novel
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relationship in which bacterial protein secretion is dependent upon a bacterial lipid at the cell
surface. As new technologies including comparative lipidomics [48] open the door to under-
standing the molecular functions of individual lipids, we anticipate that paradigms for the role
of bacterial lipids in infection will fundamentally change.

Our multiparametric clustering additionally facilitated the determination that two addi-
tional genes required for virulence, Rv0712 and hrp1 act upstream of PDIM production in
facilitating the type I IFN response. While additional work remains to fully determine how
Rv0712 and hrpl contribute to complex lipid production, the identification of a relationship
between each of these genes, PDIM production, and ESX-mediated secretion confirms that
clustering by host and pathogen phenotypes can suggest functions for genes with an unknown
role in virulence. Specifically considering Rv0712, our work suggests that type I sulfatase activ-
ity is important for Mtb infection of macrophages. Notably, neither our screen nor previous
screens have identified individual sulfatases as essential in host cells, suggesting possible
redundancy among the type I sulfatases with Rv0712 potentially acting as a functional regula-
tor. While PDIM and sulfated lipids share the common methylmalonyl CoA precursor, the
relationship between these two lipids has previously been shown to be inversely coupled
through anabolic pathways [57]. The requirement of Rv0712 for PDIM production suggests a
more complicated relationship of PDIM and sulfate metabolism pathways.

We suggest that the dataset arising from this multiparametric cluster analysis offers the
opportunity for the discovery of other novel functional interactions among genes required for
infection. For example, as the macrophage type I IFN response was a major contributing factor
in the generation of Cluster V, further investigations of mutants in this cluster may reveal bac-
terial factors that interact more directly with the host CSP that triggers the type I IFN response.
Similarly, as production of cytokines such as TNF-a, MMP9, and MIP-10. was a major factor
in formation of Clusters I-IV, genes involved in these clusters are likely mostly involved in
host interactions downstream from cell-surface and phagosomal PRRs, including TLRs. Yet
the patterns of induction or suppression of these cytokines are distinct in the different clusters
of mutants. Thus, this analysis presents the opportunity to dissect the different sets of bacterial
factors that interact with and modulate the responses of these PRRs in distinct and complex
ways. Particularly given that the bulk of work studying PAMP/PRR interactions has been
undertaken with purified PAMPs, we thus further anticipate that the generated dataset charac-
terizing the comprehensive infection of macrophages with Mtb mutants will offer opportuni-
ties for unraveling the complexities of PAMP/PRR interactions within the context of an intact
bacterium, in which each interaction contributes to the ultimate response.

Finally, these results and approach have implications for future drug development. With
increasing interest in not simply targeting essential factors of Mtb but also alternative strategies
that take into account host responses, understanding the impact of targeting different bacterial
factors on local innate immune responses will be important.

Materials and methods
Bacterial strains and growth conditions

The transposon mutant library was made in Mtb strain H37Rv. For genetic manipulations,
Mtb was growth in Middlebrook 7H9 broth (Difco) supplemented with Middlebrook OADC
(BD), glycerol 0.2%, and tween-80 0.05%. Mtb strains ppsD(G44C), ppsD(G44C)revert and
ppsD(G44C)pMV::ppsD were previously published strains [33]. The inducible drrC construct
was generated by cloning the drrC gene into pMC1S [58]. The hly-expressing plasmid was gen-
erated by cloning Listeria hly into pMC1S. The ppsD and mas clean deletion strains were gen-
erated using mycobacterial recombineering to replace the entire ppsD or mas gene with a
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hygromycin cassette [59]. Tn::Rv0712 and Th::hrpl were selected from the arrayed, annotated
transposon library and complemented with each individual gene in the episomal, constitu-
tively expressing vector JP118 [39]. Gene-specific primers are listed in S1 Text.

Construction of an arrayed, annotated transposon mutant library

Mtb strain H37Rv was transposon mutagenized using a Himar-based transposon according to
the protocol described in Sassetti et al [60]. Following selection on kanamycin-containing
plates, approximately 26,000 individual colonies were selected and arrayed as glycerol stocks
in 96-well plates. Colony PCR was then performed, using a two-step process with one primer
internal to the transposon and one random primer for each PCR step to identify each insertion
site. Each PCR product was then subjected to Sanger sequencing. Arrayed library mutants
were selected after processing the data with a BLAST alignment-based script that incorporates
a number of criteria, including Sanger read sequence quality, the uniqueness of genome
sequence match, location of alignment within the sequence read and e-value of the BLAST
match. In cases of genes demonstrating multiple insertion sites, priority was assigned to inser-
tion sites greater than 10 nucleotides into an ORF or more than 50 nucleotides upstream of the
stop. Ultimately 2660 transposon mutants, each with insertion in a different gene, were
selected and arrayed in 28 96-well plates.

Characterization of library growth in vitro

The Tn mutant library was inoculated into 96-well plates containing 100uL Middlebrook 7H9
broth supplemented with Middlebrook OADC, glycerol 0.2%, and tween-80 0.05%. Plates
were then incubated at 37°C. Every 2-3 days, wells were resuspended by pipetting and OD600
was determined using a SpectraMax plate-reader (Molecular Devices). Growth rates (v) were
calculated for each mutant by fitting a sigmoid function to the growth curve (OD600 over
time) and estimating the slope. Most mutants in the library grew similarly in 96-well plates,
and attenuated mutants did not grow differently than all mutants (S13A and S13B Fig).

High-content assay protocol

Full assay development details are in S1 Text. Briefly, transposon mutants were grown in
96-well plates in 7H9 media with OADC, glycerol, and tween-80 supplementation. On the day
of infection, plates were centrifuged to pellet bacteria and media was removed. Pellets were
resuspended in an equal volume of PBS, and plates were again centrifuged to pellet bacteria.
Supernatants were removed, and cells were resuspended thoroughly in PBS. A low-speed spin
was performed to pellet cell clumps. The supernatant was moved to another 96-well plate, and
OD600 for each well was recorded. The average bacterial number per ml across the plate was
calculated, and bacteria were added to DMEM with 20% heat-inactivated horse serum (HS) to
give an average number of CFU/ml of 62,500 (averaged across all wells on the plate). The bac-
teria in DMEM/HS were then added to J774A.1 macrophages in 96-well plates to give an aver-
age MOI of 1:1. Control bacteria were prepared in parallel, and added to macrophages at an
MOI of 2:1, 1:1, 1:2, and 1:4. After 4 hours for phagocytosis, media was aspirated, infected cells
were washed once with PBS, and media was added back. Cells were incubated for 3 days, then
media was aspirated off. Cells were again washed with PBS to remove extracellular bacteria,
then fixed with 4% paraformaldehyde. Wells were then stained with auramine-rhodamine to
visualize bacteria and DAPI (Sigma) to visualize macrophage nuclei. Plates were imaged on an
ImageXpress high-content microscope (Molecular Devices). Images were then analyzed using
CellProfiler automated image analysis [29].
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CellProfiler automated image analysis pipeline

The basic operation of the image analysis workflow is similar to that used previously [17].
Briefly, a pre-processing CellProfiler pipeline was used to determine the illumination correc-
tion of each fluorescent channel. A second pipeline then used the results of the first pipeline to
correct each channel for uneven illumination, followed by detection and exclusion of fluores-
cent debris, and collection of whole-image features from the corrected images including the
green fluorescent pixel intensity and area integrated across the field of view, the macrophage
number per field of view and the percentage of macrophages that are infected. This pipeline
additionally collected a variety of image-based features for each auramine-rhodamine-labeled
mycobacterial clump and the associated macrophage DNA-labeled nuclei, in order to produce
rich, quantitative profiles in an unbiased manner. These features included mycobacterial and
nuclear size and shape, intensity, and texture statistics. All pipelines used for this paper are
publically available at http://www.cellprofiler.org/published_pipelines.shtml.

Statistical analysis of screening data

The features extracted from the image analysis pipeline were used to select hits as well as iden-
tify phenotypically distinct groups of mutants within the hits. By analyzing the features in the
pilot screen, we identified three features (macrophage count, Mtb fluorescence intensity, per-
centage of infected macrophages) to be best predictive of CFU (S1 Text). To account for the
small differences in MOI across replicates, the residues of the feature values regressed against
the MOI were used in all further analyses. We combined the three features into a single read-
out by computing a linear combination for which the variance in the data was maximized (i.e.
the first principal component “PC1” of the data). We found that PC1 was a better predictor of
CFU compared to the individual features (S1C Fig, S1 Text) or a combination of all measured
features (S1D Fig) and therefore used it to select mutants for follow up experiments.

Cytokine profiling of supernatants from macrophages infected with 361
screen hits

The 361 attenuated Mtb Tn mutants were grown in 4 96-well plates to mid-log phase. J774A.1
macrophages were seeded in 96-well plates overnight. Cells were then infected with the attenu-
ated mutants or controls in a 96-well format, prepared as described above. The average MOI
across the plate was 1:1. Infection was allowed to progress for 3 days (or 48 or 72 hours for the
timecourse), then supernatants were harvested and used in a Luminex assay for detection of 34
multiplexed cytokines according to the manufacturer’s protocol.

Multiparametric analysis for mutant clustering

All mutants included in the primary screen were ranked in deciles for each of the three imag-
ing features: bacterial fluorescence intensity, macrophage cell count, and percent macrophages
infected. Host cytokine were clustered in an unsupervised manner into four groups based on
behavior across all hit mutants. The 113 mutants eliciting cytokine responses most distinct
from wild-type infection were then clustered using hierarchical clustering with Pearson corre-
lation as the similarity metric. For the clustering, each mutant was represented by a 7-dimen-
sional feature vector representing, both, imaging (3 features) and cytokine response (4 feature
groups).
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Western blotting for ESX secretion assays

Mtb strains were grown in Middlebrook 7H9 broth (Difco) supplemented with Middlebrook
OADC (BD), glycerol 0.2%, and tween-80 0.05% to mid log-phase. For ESX-1 blotting, an
equal number of cells from each culture were pelleted by centrifugation and resuspended in
Sauton’s media supplemented with OADC and glycerol for 24 hours. For ESX-3 blotting, an
equal number of cells from each culture were pelleted by centrifugation, washed three times in
chelated Sauton’s medium [61], and resuspended in chelated Sauton’s medium for 48 hours.
For ESX-5 blotting, an equal number of cells from each culture were pelleted by centrifugation,
washed and resuspended in medium phosphate Sauton’s medium (250uM phosphate) with
tween for 48 hours, then washed and resuspended in low phosphate Sauton’s medium (25uM
phosphate) without tween for 48 hours (modified from [40]). Supernatants were then har-
vested and proteins were concentrated 500-fold. Concentrated supernatants were run on an
Tris-glycine gel and probed with antibodies to ESAT-6 (Abcam), CFP-10 (Abcam), Antigen
85 (Abcam), GroEL (Abcam), EsxGH [61], a kind gift of Dr. Jennifer Philips, Washington Uni-
versity, EsxN, or PPE41. Blots were stained with Ponceau prior to antibody detection to ensure
equal protein loading of all lanes. Pellets were lysed by bead beating in protein extraction
buffer (50mM TrisCl, pH 7.5, 5mM EDTA, ImM 2-mercaptoethanol, protease inhibitor
(Amresco)) prior to use for Western blotting.

Production of EsxN and PPE41 antisera

Full-length esxN was amplified from M. tuberculosis Erdman genomic DNA by PCR with
primers esxNHisF2 (5°gcattcatgacgattaattaccagttcgggga3’) and esxNHIisR2 (5° gcatctcgagggec
cagctggagecga3’), digested with BspHI and Xhol and cloned in pET28b+ (Novagen) between
the Ncol and Xhol restriction enzyme sites to generate pET28-EsxNHisy encoding EsxN with
a C-terminal Hisg tag. A plasmid for co-expression of PPE41-Hisg and PE25 was described
previously [62]. Recombinant proteins were produced in E. coli BL21(DE3) and purified by
Ni**-NTA affinity chromatography (Qiagen). PPE41-Hiss was bound to the column under
native conditions in 20 mM HEPES buffer, 300 mM NaCl, pH 7.8 and eluted in 20 mM
HEPES buffer, 500 mM NaCl, pH 7.8 containing 50-150 mM imidazole. EsxN-Hiss was puri-
fied under denaturing conditions; protein was bound to the column in 20 mM sodium phos-
phate buffer, 500 mM NaCl, 6 M guanidine hydrochloride, pH 7.8 and eluted in 20 mM
sodium phosphate buffer, 500 mM NaCl, 8 M urea, pH 4. Contaminant proteins that co-puri-
fied with EsxN-Hiss were removed by passing eluted fractions through a 50 kDa cut-off Ami-
con Ultra centrifugal filtration unit (Millipore). Polyclonal antisera against purified EsxN-Hisg
and PPE41-Hise proteins were generated in rabbits by Pierce Custom Antibodies (Thermo Sci-
entific) using TiterMax Gold adjuvant (Sigma).

Macrophage infections for RNA isolation and qPCR

Murine bone marrow-derived macrophages (BMDM) were prepared as previously described
[17] from C57BL6 mice (Jackson Laboratories). BMDM were seeded in 24 well plates over-
night in DMEM with 20% FBS and 25ng/ml rmM-CSF (R and D Systems). Mtb strains were
grown to mid-log phase, then used to infect BMDM at an MOI of 2:1. After 4 hours of phago-
cytosis, cells were washed once with PBS and media was added back. RNA was harvested 24
hours after infection with TRIzol (ThermoFisher Scientific) and prepared according to the
manufacturer’s protocol. cDNA was prepared using SuperScript III (ThermoFisher Scientific)
according to the manufacturer’s protocol. qPCR was performed using primers specific to the
indicated genes.
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Total cell wall PDIM quantitation

Liquid chromatography-mass spectrometric quantitation of PDIM was performed on total cell
wall extracts of Mtb according to published protocols [48]. In brief, Mtb strains were grown in
7H9 supplemented with Middlebrook OADC (BD) and glycerol 0.2%. Cells were then pelleted
and extracted in chloroform:methanol and an equal quantity of total lipids were run through
an established LC-MS protocol using an Agilent Technologies 6520 Accurate-Mass Q-Tof and
a 1200 series HPLC system with a Monochrom diol column [48]. PDIM species were identified
using positive mode MS based on predicted retention time [48], highly accurate mass match-
ing to known PDIM species as listed in the figures, and confirmed based on collision-induced
dissociation mass spectrometry with major fragments as listed in S1 Text.

Ethics statement

Protocols for care and use of mice for bone marrow macrophage preparation were approved
by the Massachusetts General Hospital Institutional Animal Care and Use Committee. The
approved protocol number is 2007N000048. The procedure for euthanasia approved as part of
this protocol is in accordance with American Veterinary Medical Association Guidelines for
the Euthanasia of Animals.

Supporting information

S1 Text. Supplementary methods. Supplementary Methods includes detailed imaging assay
development methods, image analysis details for the training set, pilot screen, gene-specific
primers, and collision-induced dissociation fragment information.

(DOCX)

S1 Fig. Determination of optimal imaging output metrics and assay performance in a pilot
screen. (A) Mtb strain H37Rv was used to infect J774A.1 cells simultaneously for imaging and
for colony-forming units (CFU) determination. Cells were treated with isoniazid (1pg/ml) or
rifampicin (0.025pM or 0.25uM). (B) Comparison of individual imaging outputs and CFU for
six growth-impaired mutants identified in the pilot screen. Five out of six were confirmed
attenuated by CFU (data shown for the five attenuated mutants) (C) Transposon mutants
were ranked (x-axis) by one of four metrics: percent macrophages infected, Mtb fluorescence
intensity (Mtb FI), macrophage cell count, or a primary component analysis (PCA) incorpo-
rating all three metrics, against percentage of mutants confirmed to have impaired intracellular
growth by CFU (y-axis). PCA best distinguished true positives. (D) Transposon mutants were
ranked (x-axis) by their score in the three-feature PCA (“PCA 3 features”) or a PCA incorpo-
rating data for all 616 imaging features against the percentage of mutants confirmed by CFU
(y-axis). The three-feature PCA better distinguished true positives. (E) Replicate reproducibil-
ity of the three individual imaging metrics for the full screen.

(PDF)

S2 Fig. Flow chart of mutant screening and analysis.
(PDF)

S3 Fig. Cytokines used to analyze the macrophage response to infection with hit mutants.
To determine whether the dynamic range for each measured cytokine was broad enough to
allow meaningful interpretation of mutant results falling between wild-type infected cells
and uninfected cells, we compared the normalized cytokine values for wild-type-infected
and uninfected cells. Shown are normalized Z-scores of detection of the indicated cytokines
of uninfected (red) and control-infected (blue) cells. Values represent +/- SD for three
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independent replicates.
(PDF)

$4 Fig. The macrophage response to infection differs significantly across hit mutants. (A)
Macrophages were infected with the 361 individual mutants. Supernatants were collected after
3 days of infection and cytokines were measured by Luminex multiplexed cytokine quantita-
tion. The heatmap (red-blue) shows the 113 mutants inducing at least a two-fold difference in
two cytokines from H37Rv wild-type-infected macrophages. (B) The input OD600 and image
analysis PC1 (purple-green) for each of the 113 mutants plotted below shows that the cytokine
clustering does not correlate with either parameter. (C) Hierarchical clustering of the 12 cyto-
kines into 4 groups based on Pearson correlation for behavior across all hit mutants. (D)
correlation distance for inter-cluster and intra-cluster comparisons. In all cases, intra-cluster
comparisons have a smaller correlation distance than inter-cluster comparisons.

(PDEF)

S5 Fig. Raw mass spectra for drrC mutant and complement. Bacteria were grown to late log
phase in 7H9 with OADC, glycerol, and tween 0.05%. Cells were then pelleted, and superna-
tant was harvested, sterile filtered, and extracted with hexanes. Hexane extracts were then
extracted with water 5 times to reduce background tween contamination. LC-MS was then
performed on the extracts according to established protocols [48]. Raw mass spectra were
extracted over the retention time where PDIM species (as confirmed by collision-induced dis-
sociation fragmentation patterns) ran.

(PDF)

S6 Fig. Raw mass spectra for ppsD and mas mutants. Bacteria were grown to OD600 0.6 +/-
0.1 in media lacking tween. Cells were then pelleted, and total cell-wall lipids were extracted in
chloroform:methanol. LC-MS was performed on the extracts according to established proto-
cols [48]. Raw mass spectra were extracted over the retention time where PDIM species (as
confirmed by collision-induced dissociation fragmentation patterns) ran. A. Spectra for the
H37Rv and the ppsD point mutant strain (ppsD(G44C)) and chromosomal reversion. B. Spec-
tra for H37Rv and the ppsD and mas clean deletions and complements.

(PDF)

S7 Fig. IFN-B secretion into culture supernatants of infected macrophages. Bone marrow-
derived murine macrophages were infected with the indicated strains at an MOI of 2:1. After a
4 hour phagocytosis step, cells were washed to remove remaining extracellular bacteria and
media was added back. Supernatants were harvested for ELISAs at the indicated times after the
initiation of infection. Mean +/- SD for 3 replicates.

(PDF)

S8 Fig. Macrophage treatment with PDIM does not induce a type I IFN response. Bone
marrow-derived macrophages were stimulated with either LPS (100ng/ml) or with the indi-
cated doses of purified PDIM. Cells were harvested at the indicated time points for RNA
extraction and cDNA preparation. Real-time qPCR was then used to quantitate expression of
type I IFN-responsive gene CCL5. Gapdh was used as a normalizing control for each sample.
(PDF)

S9 Fig. Hly is detectable from AppsD::hly in the context of infected macrophages. Macro-
phages were infected with AppsD or AppsD::hly at an MOI of 2:1. Mixed macrophage and bac-
terial RNA was harvested 24 hours after infection for cDNA preparation. PCR with primers
specific to hly was then performed. Hly transcript was detectable from cDNA prepared with
reverse transcriptase (+RT) but not from the control sample without reverse transcriptase
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added (-RT).
(PDF)

$10 Fig. Western blot analysis of ESAT-6 and CFP-10 secretion in ppsD and mas clean dele-
tion mutants. Supernatants from wild-type, ESX-1 mutant (eccCal), or PDIM mutants and
complements were harvested, concentrated, and probed for ESAT-6 or CFP-10, antigen 85
(Sec-secreted control), and GroEL (lysis control). Corresponding pellets were simultaneously
lysed and probed for ESAT- or CFP-10 (production control) and GroEL. Disruption of mas
results in loss of ESAT-6 and CFP-10 secretion; restoring mas on a constitutively expressing
episomal plasmid restores the wild-type phenotype. The ppsD clean deletion mutant shares the
phenotype of the ppsD point mutant (ppsD(G44C)) shown in Fig 4; ESAT-6 secretion is dimin-
ished and CFP-10 secretion is enhanced. Complementation with an episomal plasmid consti-
tutively expressing the operon including ppsD restores the wild-type phenotype.

(PDF)

S11 Fig. PDIM is not required for EsxG and EsxH secretion. Bacteria were grown to mid-log
phase, then bacteria were washed twice in Sauton’s medium that had been pre-chelated. After
48 hours of growth, cells were pelleted and supernatants were harvested, concentrated, and
run on a Tris-glycine gel. Blots were probed with antibody to EsxGH (gift of Dr. Jennifer Phil-
ips, Washington University), and GroEL (lysis control). Corresponding pellets were simulta-
neously probed for EsxGH and GroEL.

(PDF)

$12 Fig. Raw mass spectra for hrpl and Rv0712 mutants. Bacteria were grown to OD600

0.6 +/- 0.1 in media lacking tween. Cells were then pelleted, and total cell-wall lipids were
extracted in chloroform:methanol. LC-MS was performed on the extracts according to estab-
lished protocols [48]. Raw mass spectra were extracted over the retention time where PDIM
species (as confirmed by collision-induced dissociation fragmentation patterns) ran. A. Raw
spectra for H37Rv, the ppsD clean deletion (PDIM negative control), Tn::Rv0712 and Th::
Rv0712 complemented with an episomal plasmid constitutively expressing the gene. B. Spectra
for H37Rv, the ppsD clean deletion (PDIM negative control), Tn::hrpl, and Th::hrpl comple-
mented with an episomal plasmid constitutively expressing the gene.

(PDF)

$13 Fig. Mtb transposon mutant library growth in liquid culture and high-content imaging
assay development. The Mtb transposon mutant library was grown in liquid culture for 14
days. Growth was assessed every 2-3 days by OD600 after mixing. A v value for growth in lig-
uid culture was then calculated for each mutant. (A) Biological replicate correlation. (B) Histo-
gram of v values for screen hits or non-hits. The calculated value for each mutant represents
the mean of two independent replicates. Screen hits and non-hits have similar growth rates in
liquid culture. (C-D) Wild-type Mtb strains H37Rv or H37Rv expressing RFP were grown to
the shown densities, washed in PBS, and used to infect J774A.1. After a 4 hour phagocytosis,
cells were washed to remove any unengulfed Mtb. (C) H37Rv::RFP infected cells were stained
with auramine-rhodamine (A-R). Red and green fluorescence were compared to determine
how well A-R staining identified Mtb. (D) Cells infected at the given MOIs were incubated for
3 days. Cells were then washed, fixed, and macrophage nuclei were stained with DAPI. Plates
were then imaged and nuclei were quantitated using automated image analysis. Two-fold dif-
ferences in MOI significantly change macrophage survival. (E) Following infection with
H37Rv, macrophages were lysed and plated for CFU. Input OD600 was found to correlate well
with quantitation of internalized Mtb.

(PDF)
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S1 Table. Arrayed Mycobacterium tuberculosis transposon mutant library with annotation
of mutants included in the final high-content screen analysis.
(XLSX)

S2 Table. High-content imaging screen hits.
(XLSX)

S3 Table. Selected screen hits retested by CFU in comparison with wild-type Mtb.
(XLSX)

$4 Table. Categories of screen hits in the context of what is known of Mtb in the host.
(XLSX)

S5 Table. Multiparametric clusters of hit mutants.
(XLSX)

Acknowledgments

The authors would like to thank Dr. Emilie Layre and Dr. Branch Moody for training

and advice on the design, execution, and interpretation of comparative lipidomics experi-
ments, Dr. Tan-Yun Cheng for assistance interpreting CID-MS data, Dr. Eric Rubin

for helpful discussions, Dr. Scarlet Shell for protocol advice, Dr. Jennifer Philips for the
EsxGH antibody, and Dr. Edith Houben for the plasmid necessary for production of PPE41
antibodies.

Author Contributions

Conceptualization: AKB RA DTH.

Data curation: SS MAB AEC.

Formal analysis: RA SS MAB AEC.

Funding acquisition: AKB DTH.

Investigation: AKB RA SSL WRZ AEH.
Methodology: AKB RA DTH.

Resources: MT RMN AG PM MF RSS DWW ADT.
Visualization: SS.

Writing - original draft: AKB RA DTH.

Writing - review & editing: AKB RA SS SSL WRZ MAB AEH MT RMN AG PM MF RSS
DWW ADT AEC DTH.

References

1. Forrellad MA, Klepp LI, Gioffre A, Sabio y Garcia J, Morbidoni HR, et al. (2013) Virulence factors of the
Mycobacterium tuberculosis complex. Virulence 4: 3-66. https://doi.org/10.4161/viru.22329 PMID:
23076359

2. Pethe K, Swenson DL, Alonso S, Anderson J, Wang C, et al. (2004) Isolation of Mycobacterium tuber-
culosis mutants defective in the arrest of phagosome maturation. Proc Natl Acad SciUS A 101:
13642—-13647. https://doi.org/10.1073/pnas.0401657101 PMID: 15340136

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006363 May 15, 2017 23/27


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006363.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006363.s016
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006363.s017
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006363.s018
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006363.s019
https://doi.org/10.4161/viru.22329
http://www.ncbi.nlm.nih.gov/pubmed/23076359
https://doi.org/10.1073/pnas.0401657101
http://www.ncbi.nlm.nih.gov/pubmed/15340136
https://doi.org/10.1371/journal.ppat.1006363

@’PLOS | PATHOGENS

Multiparametric analysis of macrophage infection predicts functional relationships between Mtb genes

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Brodin P, Poquet Y, Levillain F, Peguillet I, Larrouy-Maumus G, et al. (2010) High content phenotypic
cell-based visual screen identifies Mycobacterium tuberculosis acyltrehalose-containing glycolipids
involved in phagosome remodeling. PLoS Pathog 6: e1001100. https://doi.org/10.1371/journal.ppat.
1001100 PMID: 20844580

Rengarajan J, Bloom BR, Rubin EJ (2005) Genome-wide requirements for Mycobacterium tuberculosis
adaptation and survival in macrophages. Proc Natl Acad Sci U S A 102: 8327-8332. https://doi.org/10.
1073/pnas.0503272102 PMID: 15928073

Pym AS, Brodin P, Brosch R, Huerre M, Cole ST (2002) Loss of RD1 contributed to the attenuation of
the live tuberculosis vaccines Mycobacterium bovis BCG and Mycobacterium microti. Mol Microbiol 46:
709-717. PMID: 12410828

Stanley SA, Raghavan S, Hwang WW, Cox JS (2003) Acute infection and macrophage subversion by
Mycobacterium tuberculosis require a specialized secretion system. Proc Natl Acad Sci U S A 100:
13001-13006. https://doi.org/10.1073/pnas.2235593100 PMID: 14557536

Manzanillo PS, Shiloh MU, Portnoy DA, Cox JS (2012) Mycobacterium tuberculosis activates the DNA-
dependent cytosolic surveillance pathway within macrophages. Cell Host Microbe 11: 469—480. hitps://
doi.org/10.1016/j.chom.2012.03.007 PMID: 22607800

Collins AC, CaiH, Li T, Franco LH, Li XD, et al. (2015) Cyclic GMP-AMP Synthase Is an Innate Immune
DNA Sensor for Mycobacterium tuberculosis. Cell Host Microbe 17: 820—828. https://doi.org/10.1016/].
chom.2015.05.005 PMID: 26048137

Wassermann R, Gulen MF, Sala C, Perin SG, Lou Y, et al. (2015) Mycobacterium tuberculosis Dif-
ferentially Activates cGAS- and Inflammasome-Dependent Intracellular Immune Responses
through ESX-1. Cell Host Microbe 17: 799-810. https://doi.org/10.1016/j.chom.2015.05.003 PMID:
26048138

Watson RO, Bell SL, MacDuff DA, Kimmey JM, Diner EJ, et al. (2015) The Cytosolic Sensor cGAS
Detects Mycobacterium tuberculosis DNA to Induce Type | Interferons and Activate Autophagy. Cell
Host Microbe 17:811-819. https://doi.org/10.1016/j.chom.2015.05.004 PMID: 26048136

Camacho LR, Ensergueix D, Perez E, Gicquel B, Guilhot C (1999) Identification of a virulence gene
cluster of Mycobacterium tuberculosis by signature-tagged transposon mutagenesis. Mol Microbiol 34:
257-267. PMID: 10564470

Cox JS, Chen B, McNeil M, Jacobs WR Jr. (1999) Complex lipid determines tissue-specific replication
of Mycobacterium tuberculosis in mice. Nature 402: 79-83. https://doi.org/10.1038/47042 PMID:
10573420

Astarie-Dequeker C, Le Guyader L, Malaga W, Seaphanh FK, Chalut C, et al. (2009) Phthiocerol dimy-
cocerosates of M. tuberculosis participate in macrophage invasion by inducing changes in the organiza-
tion of plasma membrane lipids. PLoS Pathog 5: €1000289. https://doi.org/10.1371/journal.ppat.
1000289 PMID: 19197369

Cambier CJ, Takaki KK, Larson RP, Hernandez RE, Tobin DM, et al. (2014) Mycobacteria manipulate
macrophage recruitment through coordinated use of membrane lipids. Nature 505: 218-222. https:/
doi.org/10.1038/nature 12799 PMID: 24336213

de Jonge MI, Pehau-Arnaudet G, Fretz MM, Romain F, Bottai D, et al. (2007) ESAT-6 from Mycobacte-
rium tuberculosis dissociates from its putative chaperone CFP-10 under acidic conditions and exhibits
membrane-lysing activity. J Bacteriol 189: 6028—6034. https://doi.org/10.1128/JB.00469-07 PMID:
17557817

Smith J, Manoranjan J, Pan M, Bohsali A, Xu J, et al. (2008) Evidence for pore formation in host cell
membranes by ESX-1-secreted ESAT-6 and its role in Mycobacterium marinum escape from the vacu-
ole. Infect Immun 76: 5478-5487. https://doi.org/10.1128/IA1.00614-08 PMID: 18852239

Stanley SA, Barczak AK, Silvis MR, Luo SS, Sogi K, et al. (2014) Identification of host-targeted small
molecules that restrict intracellular Mycobacterium tuberculosis growth. PLoS Pathog 10: e1003946.
https://doi.org/10.1371/journal.ppat.1003946 PMID: 24586159

Christophe T, Jackson M, Jeon HK, Fenistein D, Contreras-Dominguez M, et al. (2009) High content
screening identifies decaprenyl-phosphoribose 2’ epimerase as a target for intracellular antimycobac-
terial inhibitors. PLoS Pathog 5: e1000645. https://doi.org/10.1371/journal.ppat. 1000645 PMID:
19876393

Fortune SM, Jaeger A, Sarracino DA, Chase MR, Sassetti CM, et al. (2005) Mutually dependent secre-
tion of proteins required for mycobacterial virulence. Proc Natl Acad Sci U S A 102: 10676—-10681.
https://doi.org/10.1073/pnas.0504922102 PMID: 16030141

Stanley SA, Johndrow JE, Manzanillo P, Cox JS (2007) The Type | IFN response to infection with Myco-
bacterium tuberculosis requires ESX-1-mediated secretion and contributes to pathogenesis. J Immunol
178: 3143-3152. PMID: 17312162

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006363 May 15, 2017 24/27


https://doi.org/10.1371/journal.ppat.1001100
https://doi.org/10.1371/journal.ppat.1001100
http://www.ncbi.nlm.nih.gov/pubmed/20844580
https://doi.org/10.1073/pnas.0503272102
https://doi.org/10.1073/pnas.0503272102
http://www.ncbi.nlm.nih.gov/pubmed/15928073
http://www.ncbi.nlm.nih.gov/pubmed/12410828
https://doi.org/10.1073/pnas.2235593100
http://www.ncbi.nlm.nih.gov/pubmed/14557536
https://doi.org/10.1016/j.chom.2012.03.007
https://doi.org/10.1016/j.chom.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22607800
https://doi.org/10.1016/j.chom.2015.05.005
https://doi.org/10.1016/j.chom.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/26048137
https://doi.org/10.1016/j.chom.2015.05.003
http://www.ncbi.nlm.nih.gov/pubmed/26048138
https://doi.org/10.1016/j.chom.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26048136
http://www.ncbi.nlm.nih.gov/pubmed/10564470
https://doi.org/10.1038/47042
http://www.ncbi.nlm.nih.gov/pubmed/10573420
https://doi.org/10.1371/journal.ppat.1000289
https://doi.org/10.1371/journal.ppat.1000289
http://www.ncbi.nlm.nih.gov/pubmed/19197369
https://doi.org/10.1038/nature12799
https://doi.org/10.1038/nature12799
http://www.ncbi.nlm.nih.gov/pubmed/24336213
https://doi.org/10.1128/JB.00469-07
http://www.ncbi.nlm.nih.gov/pubmed/17557817
https://doi.org/10.1128/IAI.00614-08
http://www.ncbi.nlm.nih.gov/pubmed/18852239
https://doi.org/10.1371/journal.ppat.1003946
http://www.ncbi.nlm.nih.gov/pubmed/24586159
https://doi.org/10.1371/journal.ppat.1000645
http://www.ncbi.nlm.nih.gov/pubmed/19876393
https://doi.org/10.1073/pnas.0504922102
http://www.ncbi.nlm.nih.gov/pubmed/16030141
http://www.ncbi.nlm.nih.gov/pubmed/17312162
https://doi.org/10.1371/journal.ppat.1006363

@’PLOS | PATHOGENS

Multiparametric analysis of macrophage infection predicts functional relationships between Mtb genes

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Fishbein S, van Wyk N, Warren RM, Sampson SL (2015) Phylogeny to function: PE/PPE protein evolu-
tion and impact on Mycobacterium tuberculosis pathogenicity. Mol Microbiol 96: 901-916. https://doi.
org/10.1111/mmi.12981 PMID: 25727695

Williams M, Mizrahi V, Kana BD (2014) Molybdenum cofactor: a key component of Mycobacterium
tuberculosis pathogenesis? Crit Rev Microbiol 40: 18—29. https://doi.org/10.3109/1040841X.2012.
749211 PMID: 23317461

Parish T, Smith DA, Roberts G, Betts J, Stoker NG (2003) The senX3-regX3 two-component regulatory
system of Mycobacterium tuberculosis is required for virulence. Microbiology 149: 1423—-1435. https:/
doi.org/10.1099/mic.0.26245-0 PMID: 12777483

Neyrolles O, Wolschendorf F, Mitra A, Niederweis M (2015) Mycobacteria, metals, and the macro-
phage. Immunol Rev 264: 249-263. https://doi.org/10.1111/imr.12265 PMID: 25703564

Munoz-Elias EJ, Upton AM, Cherian J, McKinney JD (2006) Role of the methylcitrate cycle in Mycobac-
terium tuberculosis metabolism, intracellular growth, and virulence. Mol Microbiol 60: 1109-1122.
https://doi.org/10.1111/j.1365-2958.2006.05155.x PMID: 16689789

Pandey AK, Sassetti CM (2008) Mycobacterial persistence requires the utilization of host cholesterol.
Proc Natl Acad Sci U S A 105: 4376—4380. https://doi.org/10.1073/pnas.0711159105 PMID: 18334639

Gouzy A, Poquet Y, Neyrolles O (2014) Nitrogen metabolism in Mycobacterium tuberculosis physiology
and virulence. Nat Rev Microbiol 12: 729-737. https://doi.org/10.1038/nrmicro3349 PMID: 25244084

Joshi SA, Ball DA, Sun MG, Carlsson F, Watkins BY, et al. (2012) EccA1, a component of the Mycobac-
terium marinum ESX-1 protein virulence factor secretion pathway, regulates mycolic acid lipid synthe-
sis. Chem Biol 19: 372-380. https://doi.org/10.1016/j.chembiol.2012.01.008 PMID: 22444592

Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, et al. (2006) CellProfiler: image analysis
software for identifying and quantifying cell phenotypes. Genome Biol 7: R100. https://doi.org/10.1186/
gb-2006-7-10-r100 PMID: 17076895

Sulzenbacher G, Canaan S, Bordat Y, Neyrolles O, Stadthagen G, et al. (2006) LppX is a lipoprotein
required for the translocation of phthiocerol dimycocerosates to the surface of Mycobacterium tubercu-
losis. EMBO J 25: 1436—1444. https://doi.org/10.1038/sj.emboj.7601048 PMID: 16541102

Cortes T, Schubert OT, Rose G, Arnvig KB, Comas |, et al. (2013) Genome-wide mapping of transcrip-
tional start sites defines an extensive leaderless transcriptome in Mycobacterium tuberculosis. Cell Rep
5:1121-1131. https://doi.org/10.1016/j.celrep.2013.10.031 PMID: 24268774

Camacho LR, Constant P, Raynaud C, Laneelle MA, Triccas JA, et al. (2001) Analysis of the phthiocerol
dimycocerosate locus of Mycobacterium tuberculosis. Evidence that this lipid is involved in the cell wall
permeability barrier. J Biol Chem 276: 19845-19854. https://doi.org/10.1074/jbc.M100662200 PMID:
11279114

Kirksey MA, Tischler AD, Simeone R, Hisert KB, Uplekar S, et al. (2011) Spontaneous phthiocerol dimy-
cocerosate-deficient variants of Mycobacterium tuberculosis are susceptible to gamma interferon-medi-
ated immunity. Infect Immun 79: 2829-2838. https://doi.org/10.1128/IA1.00097-11 PMID: 21576344

Teitelbaum R, Cammer M, Maitland ML, Freitag NE, Condeelis J, et al. (1999) Mycobacterial infection
of macrophages results in membrane-permeable phagosomes. Proc Natl Acad SciU S A 96: 15190
15195. PMID: 10611360

Augenstreich J, Arbues A, Simeone R, Haanappel E, Wegener A, et al. (2017) ESX-1 and phthiocerol
dimycocerosates of Mycobacterium tuberculosis act in concert to cause phagosomal rupture and host
cell apoptosis. Cell Microbiol.

Quigley J, Hughitt VK, Velikovsky CA, Mariuzza RA, El-Sayed NM, et al. (2017) The Cell Wall Lipid
PDIM Contributes to Phagosomal Escape and Host Cell Exit of Mycobacterium tuberculosis. MBio 8.

Houben EN, Korotkov KV, Bitter W (2014) Take five—Type VIl secretion systems of Mycobacteria. Bio-
chim Biophys Acta 1843: 1707—1716. https://doi.org/10.1016/j.bbamcr.2013.11.003 PMID: 24263244

Simeone R, Bottai D, Brosch R (2009) ESX/type VIl secretion systems and their role in host-pathogen
interaction. Curr Opin Microbiol 12: 4-10. https://doi.org/10.1016/j.mib.2008.11.003 PMID: 19155186

Mehra A, Zahra A, Thompson V, Sirisaengtaksin N, Wells A, et al. (2013) Mycobacterium tuberculosis
type VIl secreted effector EsxH targets host ESCRT to impair trafficking. PLoS Pathog 9: e1003734.
https://doi.org/10.1371/journal.ppat.1003734 PMID: 24204276

Elliott SR, Tischler AD (2016) Phosphate starvation: a novel signal that triggers ESX-5 secretion in
Mycobacterium tuberculosis. Mol Microbiol 100: 510-526. https://doi.org/10.1111/mmi.13332 PMID:
26800324

Carlson BL, Ballister ER, Skordalakes E, King DS, Breidenbach MA, et al. (2008) Function and structure
of a prokaryotic formylglycine-generating enzyme. J Biol Chem 283: 20117-20125. https://doi.org/10.
1074/jbc.M800217200 PMID: 18390551

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006363 May 15, 2017 25/27


https://doi.org/10.1111/mmi.12981
https://doi.org/10.1111/mmi.12981
http://www.ncbi.nlm.nih.gov/pubmed/25727695
https://doi.org/10.3109/1040841X.2012.749211
https://doi.org/10.3109/1040841X.2012.749211
http://www.ncbi.nlm.nih.gov/pubmed/23317461
https://doi.org/10.1099/mic.0.26245-0
https://doi.org/10.1099/mic.0.26245-0
http://www.ncbi.nlm.nih.gov/pubmed/12777483
https://doi.org/10.1111/imr.12265
http://www.ncbi.nlm.nih.gov/pubmed/25703564
https://doi.org/10.1111/j.1365-2958.2006.05155.x
http://www.ncbi.nlm.nih.gov/pubmed/16689789
https://doi.org/10.1073/pnas.0711159105
http://www.ncbi.nlm.nih.gov/pubmed/18334639
https://doi.org/10.1038/nrmicro3349
http://www.ncbi.nlm.nih.gov/pubmed/25244084
https://doi.org/10.1016/j.chembiol.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22444592
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1186/gb-2006-7-10-r100
http://www.ncbi.nlm.nih.gov/pubmed/17076895
https://doi.org/10.1038/sj.emboj.7601048
http://www.ncbi.nlm.nih.gov/pubmed/16541102
https://doi.org/10.1016/j.celrep.2013.10.031
http://www.ncbi.nlm.nih.gov/pubmed/24268774
https://doi.org/10.1074/jbc.M100662200
http://www.ncbi.nlm.nih.gov/pubmed/11279114
https://doi.org/10.1128/IAI.00097-11
http://www.ncbi.nlm.nih.gov/pubmed/21576344
http://www.ncbi.nlm.nih.gov/pubmed/10611360
https://doi.org/10.1016/j.bbamcr.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24263244
https://doi.org/10.1016/j.mib.2008.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19155186
https://doi.org/10.1371/journal.ppat.1003734
http://www.ncbi.nlm.nih.gov/pubmed/24204276
https://doi.org/10.1111/mmi.13332
http://www.ncbi.nlm.nih.gov/pubmed/26800324
https://doi.org/10.1074/jbc.M800217200
https://doi.org/10.1074/jbc.M800217200
http://www.ncbi.nlm.nih.gov/pubmed/18390551
https://doi.org/10.1371/journal.ppat.1006363

@’PLOS | PATHOGENS

Multiparametric analysis of macrophage infection predicts functional relationships between Mtb genes

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hatzios SK, Bertozzi CR (2011) The regulation of sulfur metabolism in Mycobacterium tuberculosis.
PLoS Pathog 7: €1002036. https://doi.org/10.1371/journal.ppat.1002036 PMID: 21811406

Zhang YJ, Reddy MC, loerger TR, Rothchild AC, Dartois V, et al. (2013) Tryptophan biosynthesis pro-
tects mycobacteria from CD4 T-cell-mediated killing. Cell 155: 1296—1308. https://doi.org/10.1016/].
cell.2013.10.045 PMID: 24315099

Park HD, Guinn KM, Harrell MI, Liao R, Voskuil Ml, et al. (2003) Rv3133c/dosR is a transcription factor
that mediates the hypoxic response of Mycobacterium tuberculosis. Mol Microbiol 48: 833—-843. PMID:
12694625

Sherman DR, Voskuil M, Schnappinger D, Liao R, Harrell Ml, et al. (2001) Regulation of the Mycobacte-
rium tuberculosis hypoxic response gene encoding alpha -crystallin. Proc Natl Acad Sci U S A 98:
7534—7539. https://doi.org/10.1073/pnas.121172498 PMID: 11416222

Voskuil Ml, Schnappinger D, Visconti KC, Harrell MI, Dolganov GM, et al. (2003) Inhibition of respiration
by nitric oxide induces a Mycobacterium tuberculosis dormancy program. J Exp Med 198: 705-713.
https://doi.org/10.1084/jem.20030205 PMID: 12953092

Sharpe ML, Gao C, Kendall SL, Baker EN, Lott JS (2008) The structure and unusual protein chemistry
of hypoxic response protein 1, a latency antigen and highly expressed member of the DosR regulon in
Mycobacterium tuberculosis. J Mol Biol 383: 822—836. https://doi.org/10.1016/j.jmb.2008.07.001
PMID: 18640126

Layre E, Sweet L, Hong S, Madigan CA, Desjardins D, et al. (2011) A comparative lipidomics platform
for chemotaxonomic analysis of Mycobacterium tuberculosis. Chem Biol 18: 1537—1549. https://doi.
org/10.1016/j.chembiol.2011.10.013 PMID: 22195556

Mayer-Barber KD, Andrade BB, Oland SD, Amaral EP, Barber DL, et al. (2014) Host-directed therapy
of tuberculosis based on interleukin-1 and type | interferon crosstalk. Nature 511: 99-103. https://doi.
org/10.1038/nature 13489 PMID: 24990750

McNab FW, Ewbank J, Howes A, Moreira-Teixeira L, Martirosyan A, et al. (2014) Type | IFN induces IL-
10 production in an IL-27-independent manner and blocks responsiveness to IFN-gamma for produc-
tion of IL-12 and bacterial killing in Mycobacterium tuberculosis-infected macrophages. J Immunol 193:
3600-3612. https://doi.org/10.4049/jimmunol. 1401088 PMID: 25187652

Novikov A, Cardone M, Thompson R, Shenderov K, Kirschman KD, et al. (2011) Mycobacterium tuber-
culosis triggers host type | IFN signaling to regulate IL-1beta production in human macrophages. J
Immunol 187: 2540-2547. https://doi.org/10.4049/jimmunol.1100926 PMID: 21784976

Houben EN, Bestebroer J, Ummels R, Wilson L, Piersma SR, et al. (2012) Composition of the type VII
secretion system membrane complex. Mol Microbiol 86: 472—484. https://doi.org/10.1111/j.1365-2958.
2012.08206.x PMID: 22925462

Simeone R, Bobard A, Lippmann J, Bitter W, Majlessi L, et al. (2012) Phagosomal rupture by Mycobac-
terium tuberculosis results in toxicity and host cell death. PLoS Pathog 8: €1002507. https://doi.org/10.
1371/journal.ppat.1002507 PMID: 22319448

Conrad WH, Osman MM, Shanahan JK, Chu F, Takaki KK, et al. (2017) Mycobacterial ESX-1 secre-
tion system mediates host cell lysis through bacterium contact-dependent gross membrane disrup-
tions. Proc Natl Acad SciU S A 114: 1371-1376. https://doi.org/10.1073/pnas.1620133114 PMID:
28119503

Houben D, Demangel C, van Ingen J, Perez J, Baldeon L, et al. (2012) ESX-1-mediated translocation to
the cytosol controls virulence of mycobacteria. Cell Microbiol 14: 1287—-1298. https://doi.org/10.1111/j.
1462-5822.2012.01799.x PMID: 22524898

Garces A, Atmakuri K, Chase MR, Woodworth JS, Krastins B, et al. (2010) EspA acts as a critical
mediator of ESX1-dependent virulence in Mycobacterium tuberculosis by affecting bacterial cell
wall integrity. PLoS Pathog 6: €1000957. https://doi.org/10.1371/journal.ppat.1000957 PMID:
20585630

Jain M, Petzold CJ, Schelle MW, Leavell MD, Mougous JD, et al. (2007) Lipidomics reveals control of
Mycobacterium tuberculosis virulence lipids via metabolic coupling. Proc Natl Acad SciU S A 104:
5133-5138. https://doi.org/10.1073/pnas.0610634104 PMID: 17360366

Guo XV, Monteleone M, Klotzsche M, Kamionka A, Hillen W, et al. (2007) Silencing Mycobacterium
smegmatis by using tetracycline repressors. J Bacteriol 189: 4614-4623. https://doi.org/10.1128/JB.
00216-07 PMID: 17483222

van Kessel JC, Hatfull GF (2008) Mycobacterial recombineering. Methods Mol Biol 435: 203-215.
https://doi.org/10.1007/978-1-59745-232-8_15 PMID: 18370078

Sassetti CM, Boyd DH, Rubin EJ (2001) Comprehensive identification of conditionally essential genes
in mycobacteria. Proc Natl Acad Sci U S A 98: 12712—12717. https://doi.org/10.1073/pnas.231275498
PMID: 11606763

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006363 May 15, 2017 26/27


https://doi.org/10.1371/journal.ppat.1002036
http://www.ncbi.nlm.nih.gov/pubmed/21811406
https://doi.org/10.1016/j.cell.2013.10.045
https://doi.org/10.1016/j.cell.2013.10.045
http://www.ncbi.nlm.nih.gov/pubmed/24315099
http://www.ncbi.nlm.nih.gov/pubmed/12694625
https://doi.org/10.1073/pnas.121172498
http://www.ncbi.nlm.nih.gov/pubmed/11416222
https://doi.org/10.1084/jem.20030205
http://www.ncbi.nlm.nih.gov/pubmed/12953092
https://doi.org/10.1016/j.jmb.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/18640126
https://doi.org/10.1016/j.chembiol.2011.10.013
https://doi.org/10.1016/j.chembiol.2011.10.013
http://www.ncbi.nlm.nih.gov/pubmed/22195556
https://doi.org/10.1038/nature13489
https://doi.org/10.1038/nature13489
http://www.ncbi.nlm.nih.gov/pubmed/24990750
https://doi.org/10.4049/jimmunol.1401088
http://www.ncbi.nlm.nih.gov/pubmed/25187652
https://doi.org/10.4049/jimmunol.1100926
http://www.ncbi.nlm.nih.gov/pubmed/21784976
https://doi.org/10.1111/j.1365-2958.2012.08206.x
https://doi.org/10.1111/j.1365-2958.2012.08206.x
http://www.ncbi.nlm.nih.gov/pubmed/22925462
https://doi.org/10.1371/journal.ppat.1002507
https://doi.org/10.1371/journal.ppat.1002507
http://www.ncbi.nlm.nih.gov/pubmed/22319448
https://doi.org/10.1073/pnas.1620133114
http://www.ncbi.nlm.nih.gov/pubmed/28119503
https://doi.org/10.1111/j.1462-5822.2012.01799.x
https://doi.org/10.1111/j.1462-5822.2012.01799.x
http://www.ncbi.nlm.nih.gov/pubmed/22524898
https://doi.org/10.1371/journal.ppat.1000957
http://www.ncbi.nlm.nih.gov/pubmed/20585630
https://doi.org/10.1073/pnas.0610634104
http://www.ncbi.nlm.nih.gov/pubmed/17360366
https://doi.org/10.1128/JB.00216-07
https://doi.org/10.1128/JB.00216-07
http://www.ncbi.nlm.nih.gov/pubmed/17483222
https://doi.org/10.1007/978-1-59745-232-8_15
http://www.ncbi.nlm.nih.gov/pubmed/18370078
https://doi.org/10.1073/pnas.231275498
http://www.ncbi.nlm.nih.gov/pubmed/11606763
https://doi.org/10.1371/journal.ppat.1006363

o @
@ : PLOS | PATHOGENS Multiparametric analysis of macrophage infection predicts functional relationships between Mtb genes

61. Tufariello JM, Chapman JR, Kerantzas CA, Wong KW, Vilcheze C, et al. (2016) Separable roles for
Mycobacterium tuberculosis ESX-3 effectors in iron acquisition and virulence. Proc Natl Acad SciU S A
113: E348-357. https://doi.org/10.1073/pnas.1523321113 PMID: 26729876

62. Strong M, Sawaya MR, Wang S, Phillips M, Cascio D, et al. (2006) Toward the structural genomics of
complexes: crystal structure of a PE/PPE protein complex from Mycobacterium tuberculosis. Proc Natl
Acad SciU S A 103: 8060-8065. https://doi.org/10.1073/pnas.0602606103 PMID: 16690741

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006363 May 15, 2017 27/27


https://doi.org/10.1073/pnas.1523321113
http://www.ncbi.nlm.nih.gov/pubmed/26729876
https://doi.org/10.1073/pnas.0602606103
http://www.ncbi.nlm.nih.gov/pubmed/16690741
https://doi.org/10.1371/journal.ppat.1006363

