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SUMMARY

The human pathogen Mycobacterium tuberculosis typically causes lung disease but can also
disseminate to other tissues. We identified a M. tuberculosis (Mtb) outbreak presenting with
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unusually high rates of extrapulmonary dissemination and bone disease. We found that the

causal strain carried an ancestral full-length version of the type VIl-secreted effector EsxM

rather than the truncated version present in other modern Mtb lineages. The ancestral EsxM
variant exacerbated dissemination through enhancement of macrophage motility, increased egress
of macrophages from established granulomas, and alterations in macrophage actin dynamics.
Reconstitution of the ancestral version of EsxM in an attenuated modern strain of Mrb altered

the migratory mode of infected macrophages, enhancing their motility. In a zebrafish model,
full-length EsxM promoted bone disease. The presence of a derived nonsense variant in EsxM
throughout the major Mtb lineages 2, 3, and 4 is consistent with a role for EsxM in regulating the
extent of dissemination.
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Tuberculosis outbreak with a unique clinical manifestation unveils previously unappreciated
insights into pathogen evolution and host-pathogen interactions.

In brief

INTRODUCTION

Mycobacterium tuberculosis (Mth), the etiologic agent of the disease tuberculosis (TB), is

a pathogen of critical public health importance.l TB is predominantly a pulmonary disease,
but 15%-20% of cases present with extrapulmonary manifestations.? Extrapulmonary
infections can be difficult to diagnose and treat. Skeletal TB, in turn, is a relatively
uncommon manifestation of extrapulmonary TB, affecting only 148 of 7,174 (~2%) reported
TB cases in the US in 2020.2 Although skeletal TB, or Pott’s Disease, has long been
recognized, with characteristic TB-induced spinal deformities described in humans from as
far back as ancient Egypt,3 the specific bacterial factors that influence dissemination, tissue
tropism, and bone disease are not well characterized.

Upon its establishment as a distinct species, Mtb evolved largely clonally.*~" Although

horizontal gene transfer likely contributed to its initial evolution as a human pathogen,® Mib
thereafter seems to have undergone relatively few horizontal gene transfer events, with some
structural variants arising through genomic deletions.”%10 Atb has classically been grouped
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into at least seven discrete lineages. So-called “modern” lineages, which include lineages 2,
3,and 4, (L2, L3, and L4) are broadly distributed throughout the world.® Other lineages (L1,
L5, L6, and L7) are more geographically constrained.1! L1 strains, although geographically
limited, still account for many overall cases and have been previously reported to induce
distinct inflammatory phenotypes and differentially modulate innate immune signaling in the
human host,12-15

Pathogenic mycobacteria achieve dissemination through a remarkable ability to spread
within their hosts. They hijack host macrophages as both a major replicative niche and

for delivery to distal locations within and between tissues.1® Macrophage function and
motility influence dissemination of mycobacterial disease through a number of mechanisms,
including macrophage survival and cell death, and efflux from initial nidi to new sites,17-20
The dynamics of granuloma formation, dissolution, and resolution also influence the
trajectory of infection and dissemination in zebrafish and macaque models.21-24

Macrophage and granuloma behavior is heavily influenced by dedicated bacterial effectors
secreted through type VII secretion systems. The ESX-1 system, notably absent in the
attenuated BCG vaccine strain,2>28 plays multiple roles in virulence, most prominently

in the permeabilization of the phagosomal membrane in infected macrophages.29-34
Mutants defective for the small secreted effectors specific to the ESX-1 secretion system
—EsxA and EsxB—display altered virulence.3° Similarly, the paralogous ESX-3 system
regulates important pathogenhost interactions, including iron acquisition,36:37 and, through
interactions of the small secreted effectors EsxG and EsxH with the ESCRT complex, host
membrane trafficking, and damage response.38-40

ESX-5, the most recently evolved of the paralogous type VI secretion systems, is found
only in the slow-growing pathogenic mycobacteria, including Mtband Mycobacterium
marinum.*142 ESX-5 has been implicated in secretion of Mtt’s abundant PE and PPE
family proteins*344 and the CpnT toxin.%> However, a biological role of any of the
small secreted effectors specific to ESX-5, including EsxM and EsxN, has not fully been
examined.

Here, we describe an unusual outbreak of Mtbwith high rates of extrapulmonary
dissemination and bone disease. We uncover a functional variant in the ESX-5 secreted
effector EsxM that precisely coincides with a transition from the ancestral allele present
in Mtblineages 1, 5, 6, and 7 to a derived truncation allele in lineages L2-L4. The
ancestral version of EsxM present in the outbreak strain, and generally in L1 strains, leads
to alterations in the modality of infected host macrophage migration and the rate of egress
of infected macrophages from granulomas. Mtb generally requires airborne lung-to-lung
transmission, so we therefore propose that limiting the degree of dissemination to tissues
outside the lung may be advantageous with respect to the likelihood of transmission. We
infer that the stop codon in EsxM was introduced in the most recent common ancestor of
the L2-L4 Mitb strains, leading to decreased rates of dissemination and skeletal disease for
strains carrying this variant.
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RESULTS

A North Carolina outbreak with high rates of skeletal disease

We investigated a TB outbreak with extremely high rates of disseminated and skeletal
disease (Figures 1A and 1B). The index case, a man originally from Vietnam, was diagnosed
with pulmonary TB after over a year of symptoms, and a contact investigation was carried
out.#6 Seven secondary cases of active TB were identified (Figures 1A and 1B), and six of
the seven (86%) presented with extrapulmonary disease. Remarkably, though the reported
frequency of skeletal disease is 2% of all US cases,? four of the extrapulmonary cases (57%
of cases in the outbreak) had skeletal disease. The binomial probability of observing four or
more bone cases among seven TB patients if the probability of each case having bone TB is
equal to the population proportion is approximately 5x1076. Two of the bone TB cases had
a single site of disease in the spine, and the other two had diffuse bony disease involving
the ribs, scapula, iliac crest, spine, and sternum (Figures 1C—1E). One of the patients with
diffuse bone disease had concurrent pulmonary involvement but no other site, and the other
had no site of disease outside the bones. All secondary case patients were US-born (one
White, the rest Black), HIV-negative, genetically unrelated to the index case and each other,
and seemingly otherwise immunocompetent. The strains isolated from each patient had
identical genotypes by mycobacterial interspersed repetitive units-variable number tandem
repeats (MIRU-VNTR) typing and spoligotyping, suggesting a single transmitting strain,
which we refer to as NCG (Figure S1).

The NCG outbreak strain is a Lineage 1 strain

Extant Mtb strains are generally classified by lineage, with so-called “ancestral” strains
being from L1, and L5-L7 and so-called “modern” strains being from L2-L4.447:48 The
“modern” lineages are the most prevalent lineages in the Americas, Europe, and parts of
Africa and Asia.? Though L1 is responsible for substantial disease burden worldwide, it is
comparatively restricted geographically to areas bordering the Indian Ocean; L5-L7 cause
the least worldwide burden and are extremely restricted geographically.1? Initial genotyping
placed NCG evolutionarily in the Manila clade of L1 (Figure S1A).

After whole genome sequencing, we compared NCG to 37 other L1 strains and identified

all NCG-specific variants (Table S1). We did not identify any obvious functional null or
gain-of-function variants (structural variants or early stop co-dons) unique to NCG that
would easily explain the clinical phenotype, although it is possible that other variant types
contribute to the high rate of bone disease. Given anecdotal reports of higher extrapulmonary
dissemination rates overall in “ancestral” line-age strains,1249-52 we considered whether
variants shared among multiple, or all, L1 strains might contribute to clinical course.

We first interrogated 225 strains, including NCG, representing multiple strains from each
Mitb lineage.553 We called variants against the L4 H37Rv reference genome and identified
35,787 SNPs across the 225 strains. After removal of genes associated with drug-resistance
and those found in repetitive regions of the Mtb genome (including PE/PPE and PE-PGRS
genes), we used the remaining 31,839 SNPs to construct neighbor-joining and maximum-
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likelihood phylogenies that placed NCG among L1 strains, confirming the initial genotyping
results (Figure 2A).

We next comprehensively assessed lineage- and strain-specific variants across the 225
strains (Table S1). When we compared variants appearing in extant strains from the ancestral
lineages (L1, and L5-L7) and modern lineages (L2, L3, and L4), we discovered an ancestral
variant present in all L1, and L5-L7 strains (including NCG) in the gene encoding the
putative secreted effector EsxM that had not been previously noted as specific to these
lineages (Figure 2A and Table S1).

The full-length esxM variant is an ancestral variant specific to a subset of Mtb lineages

Like other type VII secretion loci, the ESX-5 locus contains two small Esx proteins encoded
in tandem.3° esxA/, a member of the ~100 amino acid WXG-100 gene family, is located
within the ESX-5 locus. It has previously been characterized as a pseudogene in the

H37Rv reference genome due to an early stop codon that truncates ~40% of the protein.

We found that the “ancestral lineage” Mib strains (L1 and L5-L7), in contrast, contain

the complete open reading frame and do not carry the early stop mutation (Figure 2A).

The characteristic EsxM truncation identified in “modern” strains (L2-L4) occurs at codon
position 59, upstream of the C-terminal regions implicated in secretion.>>:26

To replicate these findings in other collections containing L1, we analyzed sequencing data
from 3,236 diverse previously published strains from different continents.>”-58 We found the
same association of full-length EsxM with the L1 branch and the truncated variant with the
discrete L2—-L4 branch (Figures S1B and S1C).

The full-length EsxM variant had previously been reported in one set of clinical strains,>°
but had not been explicitly associated with the L1 and L5-L7 lineages historically referred
to as ancestral. We therefore asked whether the stop-loss variant in EsxM is the ancestral or
the derived allele. Other members of the Mtb complex such as Mycobacterium bovis as well
as closely related mycobacterial species, including Mycobacterium avium and M. marinum,
share the stop-loss variant (glutamine residue at amino acid 59) with the ancestral lineage
strains of Mtb. (Figure 2B). Therefore, we conclude that the full-length EsxM variant is
ancestral, and the early-stop variant found in L2-L4 strains of Mtbis more recently derived.

Analysis of additional L1 strains reveals an epidemiological association with osteomyelitis

Although not formally tested in large case-control studies, several epidemiological studies,
while not definitive, have suggested that L1 strains carrying the ancestral allele present

with higher rates of extrapulmonary disease.>49-52 To assess more systematically and in

a larger dataset whether there was an association of L1 strains (full-length EsxM) with

bone disease, we identified one of the few datasets with whole genome information that
includes systematic reporting on osteomyelitis.>® The ten-year UK study included over
1,600 patients, with representation of the four most common Mib lineages. Using this
dataset, we found that infection with L1 strains (full-length EsxM) was associated with bone
disease (p = 0.0001, OR 2.5, 95% CI 1.6-4.0) compared to the lineages with the derived
esxMallele (L2-L4) (Table S2). Thus, we decided to examine the role of the full-length
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EsxM variant in dissemination and bone disease, as well as the regulation and function of
EsxM in both Mtband the closely related pathogen M. marinum.

Conserved organization and infection-dependent regulation of the ESX-5 locus in M.
marinum and M. tuberculosis

Though the EsxM variant is a strong candidate for a functional variant due to the early

stop codon, we considered whether close ESX-5 paralogs might compensate, leaving the
organism functionally unchanged. To test this hypothesis computationally, we calculated

if any of the close EsxM paralogs showed a change in their rate of evolution in the

modern lineages, which would be consistent with subfunctionalization resulting in little

or no overall functional change; however, we did not detect a significant change in the rate
of evolution for any of these paralogs (Table S3). Further arguing against this hypothesis of
complementation between paralogs is that these paralogous loci are differentially regulated
at the transcriptional level,%9 and mutations result in specific, non-redundant phenotypes in
M. marinum.5

M. marinum, a close relative of the Mtb complex, encodes full-length EsxM, and, apart
from ESX-2, shares orthologous ESX loci with Mtb. The esxM gene is found within the M.
marinum ESX-5 locus, and its encoded amino acid sequence is 87% identical to EsxM in
the L1 Mitb strains.82The principal ESX-5 locus is conserved in both M. marinum and Mtb
and contains the small effectors EsxM and EsxN within a core secretion apparatus.41:63 Both
M. marinum and Mtb contain four additional loci encoding small EsxM/N-related proteins
that are secreted by the ESX-5 machinery. Consistent with previous analyses,*161 our
investigation of synteny and sequence conservation revealed matching homologous regions
between M. marinum and Mtb and closely corresponding EsxM/EsxN-like proteins (Figure
S2A).

Because EsxM/EsxN proteins and their paralogs have high levels of sequence homology, we
sought to investigate the regulation of these loci in varying contexts, including conditions
previously reported to alter ESX-5 transcription in Mt6.59 We developed a qRT-PCR-based
assay targeting divergent sequences at the 5" end of each esxM- and esxM-like paralog
transcript for M. marinum and Mtb. In M. marinum, we found that although esxM was
substantially expressed during growth in liquid cultures, two other esxM-like transcripts
were more abundant (Figure 2C). Upon phosphate starvation, the relative expression of
esxM increased and was exceeded by only one paralog (Figure 2C). However, EsxM became
the clear predominant paralog during infection, both in cell culture and during infection of
zebrafish larvae, a natural host (Figure 2C).

We applied the same strategy to bacterial RNA from Mtb to investigate whether infection-
dependent upregulation of esxM is conserved. We analyzed two Mib strains: H37Rv, a L4
strain containing the early stop codon in EsxM, and the L1 NCG outbreak strain. Paralleling
results from M. marinum, esxM transcript was expressed substantially in broth cultures but
was not the most abundant paralog for either strain (Figure 2D). RNA-seg-based analysis of
both Mtb strains grown in broth validated our gRT-PCR assay, with concordant results in
transcript levels between the two assays (Figure S2B).
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To test whether esxM was differentially regulated during Mib infection, we infected
C57BI/6J mice intravenously (i.v.) with each strain and extracted bacterial RNA from
mouse lungs at 6 weeks post-infection. We found that Mtb esxM became the predominantly
expressed paralog during /n7 vivo infections, with a dramatic upregulation of the esxM
transcript (Figure 2D) for both the L1 NCG outbreak strain and the L4 H37Rv strain.

These results are also consistent with previously reported cell culture infection experiments
using Mtb.5" Thus, in cell culture, zebrafish, and mouse infections, esxM remained

the predominant paralog, and hence our top candidate for contributing to the clinical
dissemination phenotype.

Characterization of a M. marinum esxM mutant

In humans, M. marinum infections are temperature limited but can often result in
tenosynovitis and osteomyelitis.54 In zebrafish and other teleosts, M. marinum infections
can disseminate widely, often with bone involvement.%° To test the hypothesis that
esxM promotes dissemination, we genetically disrupted esxMin M. marinum to study
dissemination, particularly to bone, using the natural zebrafish host.

To first test the impact of EsxM on protein secretion, we grew the WT (full-length

EsxM), desxM, and the complemented strain (extra-chromosomal expression of esxM from
the Asp60 promoter) in Sauton’s media /n vitro. We performed mass spectrometry-based
proteomic analysis of the secreted protein fractions. Importantly, the deletion and restoration
of EsxM did not have widespread impacts on the M. marinum secretome. EsxM itself was
only detected in culture filtrates from the complemented (and overexpressed) strain, likely
due to low levels of expression and/or regulation of secretion under standard conditions,
consistent with the lower levels of transcription we identified in broth-grown cultures (Table
S4). However, we were able to detect EsxN, the putative secreted partner of EsxM, from
wild-type WT M. marinum culture filtrates, and found that deletion of the EsxM partner
resulted in the absence of secreted EsxN, a phenotype that was fully complemented upon
restoration of EsxM (Figure S2C). In contrast, other ESX-5 substrates were secreted at
similar or increased levels in the esxM mutants, suggesting that any phenotype observed
was specific to EsxM and not an indirect consequence of a general ESX-5 secretion defect
(Figure S2C and Table S4).

As additional confirmation that EsxM could be secreted, we examined the expression of

a tagged, complementing version of EsxM introduced into WT or esxM mutants under

both standard and low-phosphate conditions. For both WT and mutant bacterial strains, we
observed robust secretion of EsxM, detectable in the culture filtrate under low phosphate
conditions (Figures S2D and S2E), an /n vitro condition under which ESX-5 components are
also transcriptionally induced (Figure 2C).60

Mutations in esxM result in decreased dissemination independent of burden

Early events of mycobacterial infection largely rely on macrophages infected with
intracellular bacteria. We first sought to identify dissemination of WT M. marinum
possessing an intact copy of esxM via the egress of infected macrophages from early
granulomas, a mechanism by which mycobacteria disseminate within their host.23 We
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infected larval zebrafish at 2 days post-fertilization (dpf). Due to the site of infection,

most initial granulomas form ventrally. Intravital time-lapse experiments with longitudinal
imaging over 15 h between 4 and 5 dpi captured trafficking of infected macrophages from

nascent granulomas to sites above the midline, where dorsal granulomas can be established
(Figure 3A and Video S1).

To quantitate dissemination to distal points, we measured the rate at which infection

spread above the midline (Figure 3A). We found that WT M. marinum (EsxM full-length)
disseminated to the dorsal side of the larval zebrafish midline in ~70% of samples by 5 days
post-infection (dpi) (Figures 3B and 3C). In contrast, AesxM mutants displayed a 2-fold
reduction in dorsal dissemination (Figures 3B and 3C). The mutant could be complemented
through constitutive extra-chromosomal expression of esxM (Figures 3B and 3C).

We observed no significant difference in bacterial burden in AesxM at the 5 dpi time

point (Figure S3A), indicating that the initial dorsal dissemination phenotype is not a
downstream effect of decreased overall burden. We also asked, using a slightly lower starting
dose, whether overexpression of esxMin a WT M. marinum strain could enhance rates of
dissemination; we observed a trend toward increased dissemination, although this was not
statistically significant (Figure S3B). Overall, these experiments suggest that modulation of
bacterial EsxM levels is associated with dissemination of infection to new sites and tissues.

Cell-autonomous effects of EsxM on infected macrophages in granulomas in vivo

Although we observed macrophages infected with EsxM-expressing M. marinum
disseminating at a higher rate, this could arise through non-cell-autonomous effects of
EsxM expression—for example, changing the overall inflammatory environment within the
granuloma. To address this possibility, we co-infected larval zebrafish with differentially
labeled WT and desxM M. marinum and assessed dissemination from granulomas
composed of mixed infected macrophages in equal proportions. Importantly, individual
macrophages within the granuloma contained only one strain or the other, enabling testing
of cell-autonomous effects. In mixed granulomas, granuloma macrophages infected with
AesxM bacteria egressed at a dramatically lower rate than adjacent macrophages infected
with WT M. marinum (Figures 3D-3F and Video S2). Thus, the esxM macrophage
dissemination phenotype appears to be cell autonomous, suggesting local intracellular
modulation of the infected host cell.

To assess whether secreted EsxM might directly modulate macrophage-mediated
dissemination, we examined whether EsxM expression was sufficient to alter macrophage
migration behavior and motility in the absence of any other bacterial proteins or lipids. In
cultured mammalian macrophages, we found that cells heterologously expressing full-length
EsxM from Mitb migrated through transwell membranes across a gradient at a higher rate
than control macrophages in the presence of chemokines (Figure 3G).

To investigate macrophage behavior in response to a defined inflammatory stimulus, we
performed zebrafish larval tail fin transections and measured recruitment of macrophages
to the wound site. To understand the role of full-length EsxM in macrophage migration,
we created a set of transgenic zebrafish lines that expressed bacterial EsxM (M. marinum
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EsxM, codon optimized for expression in zebrafish) from a macrophage-specific promoter
(Tg(miap4-esxM-p2a-td TomatoX™#9)) (Figures 4A and 4B). Macrophages producing EsxM
arrived at the wound after tail transection much faster and in greater numbers than

control macrophages from a matched macrophage transgenic line expressing only the
fluorophore (Figures 4C—4E and Video S3). We also found that esxAM-expressing
macrophages demonstrated an elevated maximum migration velocity compared to control
macrophages (Figure 4F). As an additional control, we generated a transgenic line that
drove macrophage-specific expression of the truncated EsxM found in modern lineages of
Mitb ( Tg(mfap4-esxM_Q59X-p2a-td Tomato*®Y)). These macrophages behaved similarly to
controls (Figures 4C—4F and Video S3). As a control for the function of other ESX-secreted
proteins, we created a transgenic line in which the paralogous protein EsxB from the ESX-1
locus was driven in macrophages ( 7g(/mfap4.esxB-p2a-mNeonGreer™?)). EsxB-expressing
macrophages were indistinguishable from WT macrophages in these assays (Figures S3C
and S3D).

We returned to our mixed granuloma model to assess the effects of EsxM on macrophage
motility in a natural infection. We assayed the velocity of zebrafish macrophages infected
with WT or desxM M. marinum as they departed granulomas. AesxM-infected macrophages
departed established granulomas at a much lower rate overall, and the subset of desxM-
infected macrophages that did depart migrated at a lower velocity (Figures 3D and S3E).
Overall, a strikingly low number of desxM-infected macrophages departed established
granulomas in the mixed infection experiments (Figure 3D).

To gain further insight into the observed cell-autonomous effect of EsxM on migration
velocity, we measured the migration velocity of infected macrophages not in granulomas
during the mixed infection. Here, we also observed a significant decrease in the migrating
velocity of desxM-infected macrophages compared to those infected with WT M. marinum,
despite an overall higher rate of migration velocity relative to macrophages within
granulomas (Figure S3F). Together, these results suggest that full-length EsxM is both
required and sufficient for characteristic alterations in macrophage behavior, including
egress from the initial granulomas that form during infection.

Reconstitution of ancestral EsxM in an attenuated modern Mtb strain enhances
macrophage motility

We next determined whether EsxM could enhance the migratory behavior of its primary
host cell type in the context of infection with Mtb. We reconstituted the ancestral protein in
an attenuated modern L4 Mib strain. Using mc26020, a double deletion (AlysA4panCD)
auxotrophic mutant from the H37Rv background®® (i.e., a strain of Mibthat harbors

the derived Q59X allele in esxM), we investigated whether expression of the ancestral,
full-length esxMin Mth enhances the migratory capacity of infected macrophages. We
found that RAW 264.7 macrophages infected with full-length esxAexpressing mc26020
migrated directionally in a transwell assay at a higher rate than cells infected with

control mc26020, both in a serum gradient and in the presence of chemokines (Figure
5A). These results indicate that full-length, ancestral esxM expressed in a L4 Mtb strain
promotes mammalian host cell migration during Mib infection. During these experiments,
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we observed that the ancestral EsxM-expressing strain induced a distinct morphology of
the infected macrophages compared to control infections, with the emergence of increased
numbers of membrane spikes resembling filopodia (Figure S4A).

To explore this phenotype further in a human cell line, we used BLaERZ1 cells that, after
transdifferentiation into macrophage-like cells, recapitulate critical aspects of macrophage
biology.67:68 We infected transdifferentiated BLaER1 cells with Mzb strain mc26020 with a
plasmid expressing cerulean fluorescent protein or an identical plasmid expressing cerulean
fluorescent protein and ancestral esxM. Similar to the result in RAW 264.7 cells, infection of
the human macrophage cell line with Mtb expressing ancestral EsxM resulted in increased
filopodial protrusions (Figures 5B and 5D). In addition, transdifferentiated BLaER1 cells
infected with Mtb expressing ancestral EsxM took on a more extended morphology relative
to those infected with the control Mib strain (Figures 5C and 5D).

To characterize EsxM-dependent macrophage alterations more fully, we performed electron
microscopy on infected macrophages from the Mib mc26020 strain with the control
plasmid or the mc26020 strain expressing ancestral, full-length EsxM. We found dramatic
differences at the macrophage surfaces. Macrophages infected with the control strain had
easily recognizable lamellipodia and prominent membrane ruffling, whereas those infected
with Mtb expressing ancestral EsxM instead displayed prominent filopodia and extensive
membrane blebs at the edge of the infected macrophage (Figure 5E).

These alterations closely resembled those described for a macrophage-specific knockout of
Arpc2in mouse macrophages.®® In addition, Arpc2/~ macrophages, under some conditions,
display increased random migration speeds as well as increased velocities during migration
to chemoattractants.® We therefore asked whether EsxM expression may disrupt this
pathway, leading to the observed ArpcZ-like phenotype in terms of increased migration

and altered morphology (Figures 5A and 5F). Though Arp2 localizes to the periphery

of macrophages infected with the modern M6 strain, there is consistent disruption of

Arp2 localization in macrophages infected with Mtb expressing full-length EsxM, with
Arp2 confined to the interior (Figures 5F, 5G, S4B and S4C). In addition, treatment of
zebrafish larvae with Arp2/3 inhibitor CK6667%:71 pharmacologically rescued the decreased
migration velocity of AesxM-infected macrophages, indicating that EsxM may regulate the
host cytoskeletal axis /n vivo (Figure S5 and Video S4).

To examine how the differences we observed influence migration, we performed live
imaging of transdifferentiated BLaER1 macrophages infected with the two Mtb strains that
differ only in the expression of full-length EsxM. The leading edge of macrophages infected
with the control Mib strain displayed classical lamellipodia and ruffles that predicted the
direction of movement (Figure 6A). In contrast, prominent filopodial projections marked
the leading edge of the cells infected with Mtb expressing ancestral EsxM (Figure 6A).
Thus, ancestral EsxM is required and sufficient in a variety of contexts to alter macrophage
migratory dynamics and subsequent mycobacterial dissemination.

To confirm that the reconstitution experiments reflect the biology of the outbreak strain
itself, we performed BLaER1 macrophage infections with cerulean-labeled versions of the
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L4 strain H37Rv and the NCG outbreak strain. Although we were not able to perform
macrophage motility assays under BSL3 conditions, we found that cells infected with the
NCG strain displayed similar alterations in morphology, with more extended branches than
H37Rv-infected cells (Figures 6B, 6C, and S4D).

Ancestral esxM promotes dissemination to bone in vivo

We next explored /n vivo whether this altered macrophage motility might contribute to

the outbreak’s clinical phenotype using a zebrafish infection model.”273 Like human

bone, zebrafish bone consists of osteocytes, bone-lining cells, osteoblasts, and mono- and
multinucleate osteoclasts.”* Key signaling molecules that regulate bone-remodeling cells
are conserved between humans and zebrafish.’27> Human genetic variants affecting bone
physiology and development have translated into similar alterations in zebrafish bone.?6-80

In cases of TB skeletal disease in humans, the spine is the most common site of
infection.8! Likewise, spinal deformities in zebrafish have long been known to be a

sign of mycobacterial infection in aquaculture.5® We infected the osteoblast reporter

line 7g(Ola.Sp7:mCherry-Eco.NfsB)P46 and examined M. marinum-induced pathology in
zebrafish bone. Periostitis and lytic lesions are a well-documented consequence of skeletal
TB in humans.82 We found that infection with M. marinum led to an increased signal

from osteoblasts near sites of M. marinum infection and erosion of bone in contact with
mycobacterial infection (Figure 7A-7B").

We next developed an osteoclast-specific transgenic line using upstream regulatory
sequences of the zebrafish tartrate-resistant acid phosphatase gene ( 7Tg(acp5a:-mNeonGreen-
CAAX)X2) which labeled osteoclasts specifically (Figure 7C). Using a dual osteoblast-
osteoclast transgenic line derived from crossing the two lines, we infected zebrafish at 3
weeks post-fertilization (wpf) and traced the dissemination of M. marinum to skeletal sites
two weeks later (Figures 7D and 7E). We found consistent and substantial dissemination

of infection to bone at this time point (Figures 7D-7F). At sites of spinal infections in
juvenile zebrafish, we noted a strong response by proximal osteoclasts and osteoblasts alike.
Osteoclasts near M. marinum appeared in greater number and altered morphology (Figure
7E). Despite the close developmental relationship between macrophages and osteoclasts, we
did not find any evidence of osteoclasts infected with M. marinum.

Finally, we infected juvenile zebrafish intraperitoneally with WT, AesxM, and the
complemented mutant at 3 wpf and assessed the presence of spinal infections at 2 weeks
post-infection (wpi). Although juvenile zebrafish infected with WT M. marinum developed
spinal infections in ~70% of samples by 2 wpi, this proportion was reduced to ~20% in
AesxM infections (Figures 7D-7F). The mutant could be complemented through constitutive
extra-chromosomal expression of esxM (Figures 7D-7F).

DISCUSSION

Investigation of outbreak strains with extreme phenotypes can lead to mechanistic
understanding of critical host-pathogen interactions that promote or restrain virulence and
transmission. Here, we link an unusual Mib outbreak with high rates of dissemination and

Cell. Author manuscript; available in PMC 2022 November 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saelens et al.

Page 12

skeletal disease to a specific Mtb-secreted effector that is present in the so-called “ancestral”
lineages but truncated in major Mib lineages L2-L4, the most broadly distributed lineages
geographically.

Full-length EsxM is both necessary and sufficient to drive /n vivo changes in the motility

of infected macrophages, rates of granuloma egress and dissemination, and ultimately
interaction with bone. Notably, reintroduction of the full-length EsxM into a modern Mtb
strain resulted in a change in the migration modality of infected macrophages. Generally,
lamellipodia at the leading edge are associated with macrophage migration within interstitial
tissues.83 In cells infected with an Mib strain expressing reconstituted ancestral EsxM, a
dramatic reprogramming of macrophage motility occurred, from lamellipodia-led migration
to motility marked by filopodia at the leading edge and membrane blebbing. We hypothesize
that ancestral and generalist mycobacterial pathogens benefit from dissemination via
enhanced macrophage motility, and that the derived truncation of EsxM in L2-L4 curtails
overall dissemination to some degree.

Our finding that the L2—-L4 Mtb strains contain a derived, truncated version of EsxM
suggests its functional change would have significantly altered their properties during
human infection. Infection of non-transmissible tissue sites such as bone would not promote
transmission.84 Inversely, mutations that increase the likelihood of spreading to new hosts
would be selected for, provided there is a sufficiently large host population and therefore
may influence the transmission dynamics of these strains.8® The derived EsxM variant may
shape the properties of Mtb strains from L2—-L4, perhaps by promoting residence in the
lungs, the site of disease most effective for transmission, and reducing the frequency of
unproductive dissemination. Nevertheless, L1 strains remain prevalent in areas bordering the
Indian Ocean and may indeed be well adapted to their particular niche or host population,
and it is notable that the outbreak with high rates of bone disease occurred among a host
population where L1 strains are rare. Host genetic variants may also influence the rates of
extrapulmonary and skeletal disease.86.87

We identified two large-scale studies with mixed strain populations consisting of L1-L4;
one in Vietnam and one in Birmingham, UK.57:58 The Vietnamese dataset did not include
any information about rates of osteomyelitis, but both studies suggested a substantial
transmission advantage for the lineages that had the derived, truncated EsxM allele over the
full-length allele,57:58 at least in these settings. Overall prevalence of the different lineages
as well as the emergence and expansion of specific sub-lineages may be driven by genetic
lineage and strain-specific factors, but may also be influenced by human migration patterns,
changes in ecological niche, or epidemic dynamics over time.11:88-90

The Birmingham, UK study, one of the few large-scale published studies to include detailed
information about TB bone disease combined with whole genome sequencing, revealed an
additional association of L1 with higher rates of bone disease.>8 Infection with the modern
L2-L4 strains can certainly still result in bone disease,®2:92 but in the Birmingham study,
osteomyelitis occurs at substantially lower rates for the L2-L4 strains carrying the derived
EsxM truncation than for the Lineage 1 strains with the ancestral allele.
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Some additional properties of L2—-L4 strains relative to L1 strains are likely attributable
to a characteristic deletion present in L2—L4 strains associated with resistance to oxidative
stress and hypoxia.10 Our data reveal that the emergence of Mtb L2-L4, the lineages

that are most broadly distributed globally, was also marked by an inactivating mutation in
esxM. We find that the ancestral version of this protein present in L1, and L5-L7 strains,
as well as almost all pathogenic mycobacterial species, enhances macrophage motility
—reprogramming macrophage migration in infected cells—and promotes dissemination.
Results analyzing intrahost strain evolution from human autopsy studies have suggested
similar patterns of intra-lung spread and inter-organ spread, indicating that there may

be shared dissemination mechanisms, including macrophage trafficking.%3:4 Although
numerous sequence variants separate the Mtb lineages, acquisition of the derived esx\/
variant may have contributed to the specialization of L2—-L4 to their current human niches
and to the clinical properties and progression of infections with these strains.

Limitations of the study

Though we identified a strong association between the full-length ancestral esx/A/allele
and bone disease and identified a functional role for this effector using animal models,
there are likely other bacterial variants or host factors that contribute to the extremely high
rates of bone disease in the North Carolina outbreak. In addition, the /n vivo regulation of
the ESX-5 small, secreted proteins is complex. esxM becomes the predominant transcribed
paralog in cell culture and animal models of infection, both in M. marinum and Mtb, but
our evolutionary analysis also revealed strong conservation of other esx paralogs (Table
S3) compared to published whole genome analysis of the overall rate of Mib evolution.48:9
The roles of these paralogs during mycobacterial growth and pathogenesis remain to be
defined. Additionally, although the zebrafish model recapitulates many important aspects
of bone disease and dissemination, there are limited mammalian models in which bone
dissemination has been established and can be studied.%8 Finally, the distinction between
dissemination and bone tropism remains an open question, as well as the precise nature of
the /in vivo initiation event for the bone-associated granulomas we observe.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, David Tobin (david.tobin@duke.edu).

Materials availability—All materials and lines generated in this study are available from
the lead contact.

Data and code availability

. Genomic sequencing and RNA-seq data are available at NCBI (BioProjects
PRINA540867 and PRINA872173)
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. Raw and processed mass spectrometry files are archived and available at
MassIVE and PRIDE repositories under accession numbers MSV000090143 and
PDX036131.

. Original code is deposited and publicly available on GitHub and Zenodo. DOIs
are listed in the Key Resource Table.

. All other data are available in the main text or supplementary figures.

. Any additional information required to reanalyze the data reported in this work
paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement—All zebrafish husbandry and experiments were approved by the
Duke University Animal Care and Use Committee (protocol A091-20-04). Mouse studies
were performed in strict accordance using the recommendations from the Guide for

the Care and Use of Laboratory Animals of the National Institute of Health and the
Office of Laboratory Animal Welfare. Mouse studies were performed at Duke University
using protocols approved by the Duke Institutional Animal Care and Use Committee
(IACUC) (protocol A221-20-11) in a manner designed to minimize pain and suffering

in M. tuberculosis-infected animals. Any animal that exhibited severe disease signs was
immediately euthanized in accordance with IACUC approved endpoints.

Human subjects—Approval was obtained from the Duke University Medical Center
Institutional Review Board to obtain the NCG isolate and to use de-identified clinical data
for preparation of the manuscript. The index case was male; the outbreak comprised of three
female patients and four male patients, with ages ranging from 25 to 55 years old. Detailed
sex and age information is contained in Figure 1A.

Zebrafish husbandry—Zebrafish were maintained on a 14 h light/10 h dark cycle. Water
conditions within the system were maintained at 28°C between pH7.0-7.3 and conductivity
600-700 pS. Zebrafish were fed twice per day—once per day with dry food and once per
day with Artemia.

Zebrafish lines—All zebrafish strains used were in the *AB wildtype background.
Zebrafish experiments were performed with the approval of the Duke University Animal
Care and Use Committee (protocol A091-20-04). Larvae were raised in E3 medium

with methylene blue for the first 24 h postfertilization (hpf). Thereafter, larvae were

raised in E3 medium supplemented with 45 pg/mL 1-phenyl-2-thiourea (PTU) to halt
pigmentation. Tg(mfap4:tomato-caax)X6, Tg(Ola.Sp7:mCherry-Eco.NfsB)P6 (a kind gift
from Dr. Kenneth Poss’s laboratory) have been previously described.97:99.100

Mice—Male C57BL/6J were purchased from the Jackson Laboratory (#0664). All mice
were housed in a specific pathogen-free facility under standard conditions (12h light/dark,
food and water ad /ibitum). Mice were infected with Mtb between 8 and 12 weeks of age.
All mice were male.
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METHOD DETAILS

Mouse infections—For in vivo experiments, 1x108 CFU of prepared H37Rv or NCG
strains were delivered via i.v. tail vein injection, resulting in an infectious dose (Day 1
CFU) of 10° in the spleen and 104 in the lung. Groups of 3—4 mice per bacterial strain

were infected. At 6 weeks post-infection, mice were euthanized, and organs were harvested
then homogenized in a FastPrep-24 (MP Biomedicals). Bacterial burden was quantified by
dilution plating half the organ on 7H10 agar and counting colony forming units (CFU) after
three weeks of growth. The other half of the lung was placed in trizol, homogenized and
frozen until RNA extraction.

Larval and juvenile zebrafish infections—2 dpf larval zebrafish were anesthetized
with tricaine (MS-222, final concentration 0.016%). Approximately 200 fluorescent bacteria
(FB) of M. marinum were injected into the caudal vein of each larval zebrafish with a
borosilicate needle. The infected zebrafish were subsequently recovered in E3 medium
containing PTU. Any embryos with infection initially seeded above the midline or damaged
in the process of injection were removed from the experiment. Fluorescent bacteria were
quantified as described in.112 Mixed infection experiments were set up as described

above, except that both WT M. marinum msp12:tdfomato and AesxM M. marinum
msp12::mCerulean were loaded into the same needle.

Juvenile zebrafish (21 dpf) were anesthetized with tricaine (final concentration 0.016%).
Approximately 200 FB were injected into the peritoneum of each juvenile zebrafish using

a borosilicate needle. Infected fish were recovered in clean zebrafish system water and
maintained in 1 L beakers in an incubator set to 28.5°C with a 14 h light/dark cycle. Animals
were fed and observed daily, removing waste and changing over approximately half of the
water for fresh fish system water. Fish were monitored for signs of distress and euthanized if
they appeared moribund.

PACT clearing of juvenile zebrafish—Juvenile zebrafish were infected as described
above. At 2 wpi, zebrafish were euthanized by tricaine overdose and PACT-mediated
clearing was performed as previously described.113

Wound recruitment assays—Larval zebrafish at 3 dpf were anesthetized with tricaine
(final concentration 0.016%) and the tail fin was amputated with a sterile no. 11 Miltex
razor. For imaging, zebrafish were immobilized in 0.8% low-melt agarose (Fisher BP165)
and imaged on an inverted Zeiss axio observer Z1 (20x objective, 0.645 pm/pixel)
immediately for 90 min post-wounding.

Zebrafish drug treatment—Larval zebrafish were infected with M. marinum at 2 dpf
as described above. At 3dpi, infected zebrafish were treated with 50 uM CK666 (Millipore
Sigma) or 50 pM CK689 (Millipore Sigma) for 30 min in media supplemented with 0.5%
DMSO. The treated zebrafish were then anesthetized with tricaine (final concentration
0.016%) and mounted in 0.8% low-melt agarose (Fisher BP165) supplemented with the
appropriate drug. Zebrafish were imaged for up to 12 h post treatment with an X-Light V2
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spinning disk confocal imaging system (Biovision). Migrating macrophages were tracked in
ImageJ using the MTrackJ plugin.

Generation of transgenic constructs—To visualize zebrafish osteoclasts, primers
(see methods table, acp5a -F, acp5a -R) containing Xhol (5”) and Kpnl (3”) restriction
digest sites were designed to target the 4047 base pair sequence immediately upstream

of the tartrate-resistant acid phosphatase gene (acp5a) contained on the CH211-276A17
BAC clone obtained from the Children’s Hospital Oakland Research Institute (CHORI).
The amplicon was cloned into pSE-MCS of the Gateway Cloning system using Xhol and
Kpnl restriction digest sites. The acp5a.m-NeonGreen-CAAX transgene was subsequently
constructed by recombining p5E acp5a, pME mNeonGreen-CAAX and p3E polyA into
pDestTol2pA2 to generate pDestTol2; acp5a.-mNeonGreen-CAAX.

To generate entry clones for expression of mycobacterial proteins (EsxM, truncated EsxM
[Q59X]) in zebrafish macrophages, primers targeting the gene sequences were flanked
with affB1 and attB2 sites and recombined with BP clonase into the pDONR 221 entry
clone (see methods table). The EsxB entry clone was derived from the Mtb ORFeome
(BEI Resources). Macrophage expression constructs were subsequently constructed by
recombining: p5E mfap4, pME EsxM, and p3E p2a-tdTomato into pDest-Tol2pA2 to
generate pDestTol2; mfap4.:esxM-p2a-td Tomato, pSE mfap4, pME EsxM (Q59X) and
p3E p2a-tdTomato into pDest-Tol2pA2 to generate pDestTol2; mfap4:esxM(Q59X)-p2a-
tdTomato, and pSE mfap4, pME EsxB, and p3E p2a-mNeonGreen into pDestTol2pA2 to
generate pDestTol2; mfap4.esxB-p2a-mNeonGreen.

Generation of transgenic zebrafish lines—Transgenic zebrafish were generated via
Tol2 transgenesis.14 Tol2 mRNA was generated from T3TS-Tol2115 using an mMessage
mMachine kit (Life Technologies). Transgenes were assembled using Gateway Multisite
cloning (Invitrogen) according to.116 Single-cell embryos were collected immediately after
fertilization and injected with 1 nL of a transgenesis mixture of 25 ng/uL of Tol2 mRNA
and 50 ng/pL transgenesis construct. Injected embryos were screened for fluorescence and
raised to adulthood. Founders were identified and outcrossed to *AB zebrafish to establish
transgenic lines.

RAW 264.7 transwell migration assays—RAW 264.7 macrophages were seeded in
60mm petri dishes to ~80% confluency. Cell concentration was determined, and cells split to
seed two 60mm petri dishes with 108 cells/mL and incubated with fresh DMEM +10% FBS
at 37°C with 5% CO,. After 18 h, one plate was infected with the M. tuberculosis double
deletion auxotrophic strain mc26020 (AlysAApanCD)% carrying the kanamycin-resistant
mspl12:mCerulean plasmid, and the other was infected with mc26020 containing the same
plasmid with the addition of the Asp60 promoter driving expression of esxM. Each plate was
infected at an MOI of 5 and media was supplemented with 24 ug/mL panthothenate and 80
ug/mL L-lysine. Infection occurred over 3 h at 37°C with 5% CO,. Media was aspirated

off, and cells were washed with PBS. Fresh media containing pantothenate, L-lysine and
200 pg/mL gentamicin was added, and cells were incubated at 37°C with 5% CO, for 1

h. Cells were starved in DMEM +1% FBS with 20 pg/mL gentamicin, pantothenate, and
L-lysine and incubated at 37°C with 5% CO,, for 18 h. Cells were washed and dislodged
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with HyQTase (HyClone SV30030-01), and 1 x 10 cells were resuspended in serum-free
DMEM with pantothenate and L-lysine into the upper chambers of 24-well transwell
plates, with 600 pL of DMEM +10% FBS in the lower chambers. Cells were incubated

at 37°C with 5% CO,. After 20 h of incubation, insert membranes containing migrated
cells were fixed with 3.6% PFA and DAPI stained. Fixed membranes were imaged at 2.5%
magnification and quantified for cell number using the Zen analysis suite.

RAW 264.7 transduction—The lentiviral vectors for stable macrophage expression of
esxM-3X FLAG and cerulean-3X FLAG were generated through Gateway recombination.
The primers targeting the gene sequences were flanked with affB1 and aftB2 sites and

the PCR amplified products were recombined with pDONR 211. Macrophage expression
constructs were subsequently generated by recombining pPDONR 221: esxM-3X FLAG/
pPDONR 221: cerulean-3X FLAG with pLX301. High titer lentivirus packed with the
expression vectors were prepared and used to infect RAW 264.7 cells as described.11” RAW
264.7 cells transduced with pLX301: esxM-3X FLAGAHLX301:cerulean-3X FLAG were
selected using 5 pg/mL puromycin.

THP-1 macrophage infection—THP-1 monocytes were cultured at 37°C in 5% CO»
in RPMI 1640 medium supplemented with 10% (v/v) Fetal bovine serum and 2 mM
GlutaMAX (Gibco). For each experiment, four 10 cm culture dishes treated with 25ug/mL
poly-D-Lysine were seeded with the THP-1 cells at a density of 2 x 107 cells per dish,
differentiated with 50 ng/mL of phorbol-12-myristate13-acetate (PMA) for two days, and
infected 24 h later. The differentiated cells were infected with the single cell suspension
of WT M. marinunr.mspl2:cerulean at a MOI of 1:4. After incubation with the bacteria
for 4 h at 33°C in 5% CO>, in antibiotic-free complete RPMI media, cells were washed
with 1X PBS and treated with 200 ug/mL gentamicin for 1 h to kill any remaining
extracellular bacilli. The cells were then washed in 1X PBS and incubated with complete
RPMI containing 20 pg/mL gentamicin at 33°C in 5% CO5. The cells were harvested at 2
dpi for total RNA isolation.

BLaER1 cell transdifferentiation and infection—BLaER1 cells, a kind gift from T.
Graf (Barcelona), were cultured in complete RPMI-1640 medium (supplemented with 2mM
L-Glutamine, 1mM Sodium Pyruvate, 100 U/mL Penicillin, 100 pg/mL Streptomycin, and
10% (v/v) heat-inactivated FCS) at 37°C/5%CO5. They were transdifferentiated in 48-well
plates at a concentration of 2.5 x 10° cells/well by using the transdifferentiation media

(10 ng/mL hrIL-3 (Peprotech 200-03), 10 ng/mL hr-M-CSF (Peprotech 300-25), 100 nM
B-Estradiol (Sigma E2758) in complete RPMI medium) and incubating at 37°C/5%CO, for
8 days. The transdifferentiated cells were infected with Mtb 6020 cerulean and Mtb 6020
esxM at MOI 5 and incubated at 37°C/5%CO, for 18-20 h. The infected BLaER1 cells were
detached from the 48-well plate using HyClone HyQTase (GE Healthcare Life Sciences
SV30030.01), spun down, resuspended in complete RPMI and placed on collagen-coated
coverslips in 24-well plates. The immunofluorescence assay was performed using Anti-Arp2
antibody (Abcam, ab49674) as primary antibody and goat Anti-mouse Alexa Fluor 647
(Thermo Fisher, A21236) as a secondary antibody plus phalloidin stain (Alexa Fluor 555,
Thermo Fisher A34055). Coverslips were mounted on slides using Mowiol and images were
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taken with a Zeiss 880 AiryScan or with a Biovision spinning disk confocal microscope.
Analysis of the images was performed using FIJI/ImageJ.

Scanning electron microscopy—BLaERL1 cells were transdifferentiated in response
to 17p-estradiol in the presence of a cytokine mix (hrIL-3 and hr-M-CSF-1) in 48-well
plates for 8 days at 37°C/5%CO,. Then the cells were infected with either Mtb 6020
mspl12::cerulean or Mtb 6020 msp12::cerulean/hsp60::esxM at an MOI 5, at 37°C/5%CO,
for 24h. After that the cells were detached with HyQtase, washed and seeded on 12mm
round collagen coated coverslips in a 24-well plate and incubated for 37°C/5%CO> for an
additional 24h. Cells were fixed with 2.5% glutaraldehyde/0.15M sodium phosphate buffer
(pH7.4) at room temperature then processed as described in.5°

BSL3 infections and analysis using M. tuberculosis NCG and H37Rv strains—
Wild type BLaER1 cells were cultured in complete RPMI-1640 medium at 37°C/5%CO,.
RPMI 1640 medium supplemented with 2mM L-Glutamine, 1mM Sodium Pyruvate, and
10% (v/v) heat-inactivated FCS. They were transdifferentiated in Poly-D-Lysine (25ug/ml)
treated Tissue Culture Slides (Mat Tek CCS-4) at a concentration of 2.5 x 10° cells/chamber
by using the transdifferentiation media (10 ng/ml hrlL-3 (Peprotech 200-03), 10 ng/ml
hr-M-CSF (Peprotech 300-25), 100 nM B-Estradiol (Sigma E2758) in complete RPMI
medium) and incubating at 37°C/5%CO,/7 days. The transdifferentiated cells were infected
with Mtb NCG msp12.ceruleanand H37Rv msp12:cerulean at MOI 10, incubated at 37°C/
5%CO0O,/72h and fixed under BSL3 conditions and then stained with Phalloidin (Alexa Fluor
Plus 555 A30106). Coverslips were mounted on slides by using Prolong Gold Anti-fade
mounting solution (Invitrogen P36934) and images were taken with spinning disk confocal
microscopy. Analysis of the images was performed using Fiji.

Bacterial strains—AM. marinum strain containing msp12:tdTomato®® was a kind gift
from Lalita Ramakrishnan (University of Cambridge). The msp12::cerulean M. marinum
strain has been previously published.®? All strains were grown in either Middlebrook

7H9 media or Middlebrook 7H10 plates supplemented with OADC (10%) and 50 ug/mL
hygromycin and 25 ug/mL kanamycin. The recombinant M. tuberculosis double deletion
auxotrophic strains (AlysAApanCD) Mtbggop mspl2::cerulean and Mtbgyzp hsp60p.esxM/
msp12:cerulean were grown in Middlebrook 7H9 media or Middlebrook 7H10 plates
supplemented with OADC (10%), 50 ug/mL hygromycin, 25 ug/mL kanamycin, 24 pg/mL
panthothenate and 80 pg/mL L-lysine as described.%8 For consistency, single use, frozen
aliquots for both the M. marinum and Mtb strains were prepared for infection as described
in.112 All Mreb strains used for mouse infections (H37Rv or NCG background) were grown
in Middlebrook 7H9 medium containing oleic acid-albumin-dextrose-catalase (OADC),
0.2% glycerol, and 0.05% Tween 80 to log-phase with shaking (200 rpm) at 37°C. Prior

to all /n vivo infections, cultures were washed, resuspended in PBS (PBS) containing 0.05%
Tween 80, and sonicated before diluting to desired concentration (see below).

Construction of plasmids—A kanamycin-resistant plasmid containing the msp12

promoter sequence driving the Cerulean fluorescent protein was constructed for
transformation into the hygromycin-resistant AesxM M. marinum mutant. The hygromycin-
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resistance gene was excised from the msp12::cerulean plasmid that has been previously
published (Oehlers et al. 2015) and replaced with the gpo/ gene for kanamycin

resistance. The kanamycin-resistant msp12::cerulean plasmid was amplified using the
msp12.cerulean_KanR-F and msp12.cerulean_KanR-R primers listed in the methods table
to complement the AesxM M. marinum mutant via In-Fusion Cloning (Clontech). Primers
were designed to amplify the Asp60 promoter sequence immediately upstream of esxM
with a C-terminal HA-tag. Primer sequences used are displayed in Table S5. The two PCR
products were joined by In-Fusion cloning.

Generating the esxM deletion in M. marinum—An esxM gene deletion was
generated in an M. marinum M strain by using the ORBIT system.118 In this system

an esxM gene targeting oligonucleotide and a payload plasmid were cotransformed into

a RecT- and Int-expressing M. marinum strain (Mm:pkM444, Addgene #108319) via
homologous recombination. A culture of M. marinum containing the pKM444 Kan' plasmid
was started overnight by adding 100-150ul of fresh saturated stock culture in 30mL 7H9 +
10% OADC +0.05% Tween-80 + 0.2% glycerol +25ug/mL Kanamycin in a 125mL flask at
33°C/130rpm/24-48h. At an ODgqg ~ 0.5, anhydrotetracycline (ATc) was added at a final
concentration of 500 ng/mL and incubated again for 8h, then 3mL of 2M Glycine was
added to the culture and incubated overnight (19.5h in total after ATc induction). Bacterial
cells were spun down in 50mL conical tubes at 4000 rpm/10min/RT and the supernatant
was discarded. The pellet was gently resuspended in 2mL of 10% glycerol and then 10%
glycerol was added up to 30 mL. Cells were mixed by inverting the tube and spun at

4000 rpm/10min/RT. After the 10% glycerol wash and spin steps were repeated, cells were
resus-pended in 2 mL 10% glycerol and aliquoted in sterile Eppendorf tubes.

Mm:pkM444 electrocompetent aliquots (380ul) were combined with 1mg of the attP-
containing oligonucleotide targeting esxM gene and 200ng of an attB-containing plasmid
(pK464 payload plasmid, Addgene #108322). The cells and DNA were mixed by pipetting
and transferred to ice-cooled electroporation cuvettes (0.2cm path length). The cells were
electroporated with a gene Pulser Xcell set for 25msec (2.5kV, 650Q and 50uF). After
electroporation, the cells were suspended in 900ul of 7H9 without antibiotics at room
temperature and up to 2mL in T25 flasks and incubated overnight at 33°C/130rpm. The
next day, two 0.5 mL aliquots of the culture were spread on 7H10 plates with 50ug/mL
Hygromycin and incubated at 33°C/14 days.

The recombinant candidate colonies were picked and streaked on fresh 7H10 plates with
50ug/mL Hygromycin. The deletion was confirmed by PCR analysis and sequencing. An
aliquot of Mm:pKM444 electrocompetent cells with 200ng of the payload plasmid pKM464
but with no oligomer was used as a negative control. The positive control consisted in
Mm:pKM444 electrocompetent cells with 200ng of the pKM464 plasmid and the rpsL
70mer used to confirm RecT expression and conferring streptomycin resistance.

Protein secretion assays—Protein secretion assays were performed as described
previously.119 Briefly, M. marinum strains were grown in 7H9 (Middlebrook) broth
supplemented with 0.1% Tween 80 and 20 pg/mL Kanamycin to retain the mCerulean
plasmid during /n vitro growth. Cultures were grown to saturation, and sub-cultured to
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an ODgqg of 0.8 into 50mL of Sauton’s broth supplemented with Kanamycin and 0.01%
Tween 80. After 48 h, the M. marinum cells were collected by centrifugation (pellet), and
the spent culture media (supernatant) was collected via filtration. The culture supernatant
was filtered through 0.2um Nalgene Stericup with polyethersulfone (PES) filters and 500uL
of phenylmethylsulfonyl fluoride (PMSF) at a concentration of 174.1 pg/mL. Supernatants
were concentrated 50- to 100-fold using a 3kDa molecular weight cut-off Amicon filter
(Millipore). The M. marinum cells were resuspended in 500pL of PBS with PMSF at

a concentration of 174.2 pg/mL and lysed using a bead beater (BioSpec). The resulting
lysate was clarified by centrifugation. The protein concentrations of the resulting pellet and
supernatant fractions were measured using a Micro BCA assay (Pierce).

Proteomics—Short term culture filtrates (described above) of WT:msp12:cerulean,
AEsxM:msp12:cerulean, and AEsxM:msp12:cerulean:H-sp60.esxM were digested with
trypsin for proteomics analysis as in.119 Briefly, 100 ug of protein was denatured with 5%
SDS, alkylated with iodoacetamide and digested with trypsin using S-Trap reactors (Protifi,
NY) according to manufacturer’s instructions. Following digestion, peptides were desalted
and dried down prior to nano LC-MS/MS analysis as described.

Samples were resuspended in 0.1% formic acid and water, to 1 mg/mL concentration. 100ng
of each sample was injected in triplicate into a Bruker nanoElute and timsTOF Pro LC-MS
system. 90-min 600 nL/min gradients were used on a 75 um x 100 mm PepSep column

with C1g ReproSil AQ stationary phase at 1.9um particle size, 120A pore size. nano-ESI
was used as the method of ionization, with a spray voltage of 1700V. MS was set to Parallel
accumulation, serial fragmentation Data Dependent Mode (PASEF-DDA) with a mass range
of 100-1700 7z, ion mobility range of 0.6—1.6 v*s/cm?, and ramp and accumulation

times of 100ms. Each precursor consisted of 10 PASEF ramps for a cycle time of 1.17

s. Precursors were filtered to contain only charges from 2 to 5. MS/MS collision energy
settings were set to ramp from 20 eV at 0.6 ion mobility to 70 eV at 1.6 ion mobility.
Instrument tune parameters were set to default for proteomic studies with the following
differences: quadrupole low mass set to 20 1/ z, focus pre-TOF pre-pulse storage set to
5“5-120

Raw *.d’ files were subjected to peptide spectral mass matching using MaxQuant and
quantification was performed using Label Free Quantification within MaxQuant as in.121
The most current M. marinum FASTA was downloaded from Uniprot and data were filtered
to a false discovery rate of 0.01 (1%). Data were normalized to mCerulean and MPT64

to control for cell lysis and sample preparation variances as in.121 Data were performed in
analytical triplicate and biological replicate.

RNA isolation and quantitative RT-PCR analysis—WT M. marinum grown in
Middlebrook 7H9 media or P; low Sauton’s media (described elsewhere) was harvested at an
ODgqg of 1 and the pellets were resuspended in RLT plus buffer supplied with the RNeasy
Plus kit (QIAGEN). The suspended bacterial pellets were then lysed using 0.7 mm zirconia
beads (BioSpec Products) in a BeadBug homogenizer (Benchmark Scientific) at 4000 RPM
for 35 s and this process was repeated three more times. Bacterial RNA was then isolated
using the RNeasy Plus kit by following the manufacturer’s protocol. A similar protocol was
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followed for the lysis and isolation of total RNA from the WT M. marinum-infected THP-1
Monolayers and zebrafish larvae at 2 dpi & 4 dpi respectively. Total RNA was isolated from
50 fish for each experiment. Each fish was infected with a starting dose of ~250 bacilli.
MtbH37Rv and NCG grown in Middlebrook 7H9 media were harvested at an ODgqg of 1
and the pellets were resuspended in TRIzol reagent (Invitrogen). The suspended bacterial
pellets were then lysed using 0.7 mm zirconia beads as described previously. Subsequently,
bacterial RNA was isolated using the Direct-zol RNA Miniprep kit (Zymo Research) and
treated with RNAse-free DNAse | (NEB). Mtb H37Rv and NCG infected mouse lung tissues
were harvested at 6 wpi in TRIzol reagent (described elsewhere), and the tissues were
initially disrupted in 2 mm zirconia beads followed by the bacterial lysis using 0.7 mm
zirconia beads. Total RNA was then isolated using the Direct-zol RNA Miniprep Kit as
described above.

For in vitro grown cultures, 1 pg of RNA was converted into cDNA using the LunaScript RT
Super-Mix Kit (NEB). Appropriate no reverse transcriptase controls were included to check
for potential DNA contamination. 1 pL of 1:10 diluted cDNA was used as a template for
each reaction of quantitative RT-PCR using the Luna Universal g°PCR Master Mix (NEB).
For /n vivo infections, total RNA was converted into cDNA as described above and 4 pL of
undiluted cDNA was used as a template for each reaction of quantitative RT-PCR. Primers
were designed to generate 150 bp — 190 bp amplicons. Due to the very close homology
between the esxM paralogs of M. marinum and Mtb, forward primers were designed to
anneal to the divergent 5° UTR of their transcripts (Table S5) to differentiate among these
paralogs.®”122 Transcript levels were normalized to sigA for M. marinum and esxM for
Mib.

Protein secretion assay and western blotting—Cultures were initially grown in
Middlebrook 7H9 media to log phase and then washed and grown in complete Sauton’s
media (30 mM DL-asparagine, 7 mM sodium citrate, 3mM potassium phosphate dibasic
(Pi), 4 mM magnesium sulfate, 0.2 mM ferric ammonium citrate, 5.7 pM zinc sulfate, and
4.8% glycerol adjusted to a pH of 7.4) with 0.05% tyloxapol. For experiments performed

in Pj-normal condition, bacteria were washed and resuspended in 200 mL of detergent-free
complete Sauton’s media at an initial ODggg of 0.5 and incubated with shaking at 130

RPM for five days at 33°C to an ODggg of 0.8-1.0.123 For P;-low conditions, bacteria

were initially cultured in modified Sauton’s media containing 250 UM potassium phosphate
dibasic with 0.05% tyloxapol and then washed and grown in 200 mL of detergent-free
Sauton’s media containing 2.5 pM potassium phosphate dibasic for 7 days80 Cultures were
then centrifuged (3000 x g for 20 min) and culture supernatants and pellets were collected.
Culture supernatants were double filtered with Steriflip-GP 0.22 um filters (EMD Millipore)
and concentrated ~100—fold using Centricon Plus — 70, 3 kDa molecular weight cut-off
centrifugal filters (Millipore). Proteins from the culture supernatants were then precipitated
using 10% trichloroacetic acid overnight at 4°C and the pellets were washed twice with
ice-cold acetone at maximum RPM. The pellets were then resuspended in 250 pL of
extraction buffer (50 mM Tris-Cl — pH 7.5, 6% SDS, and 5 mM EDTA) with cOmplete
EDTA-free protease inhibitor cocktail (Sigma-Aldrich). For cell lysate preparation, bacterial
pellets were dissolved in 2 mL of extraction buffer with the protease inhibitor cocktail and
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lysed using 0.7 mm zirconia beads (BioSpec Products). The lysate was then separated from
the cellular debris by centrifugation at maximum RPM. The culture filtrate and cell lysate
protein concentrations were quantified using the DC protein assay kit (Bio-Rad).

For immunoblot analysis, 30 pg of culture filtrates and cell lysates were subjected to
SDS-PAGE and transferred to the PVDF membrane (Bio-Rad). The membranes were probed
with rabbit a-HA-Tag (C29F4, Cell Signaling Technology, 1:1000 dilution) and mouse a-
RNAP (8RB13, BiolLegend, 1:5000 dilution) overnight at 4°C followed by 1 h incubation at
room temperature with appropriate secondary antibodies (goat-ant/-rabbit (1:5000 dilution),
goat-anti-mouse (1:2500 dilution) conjugated with HRP, Thermo Scientific). After brief
incubation with Super-Signal West Pico PLUS (Thermo Scientific) or Super-Signal West
Femto maximum sensitivity Substrate (1:3 dilution, Thermo Scientific), the blots were
exposed to Carestream Kodak Biomax MR film (Sigma-Aldrich) for signal detection.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA sequencing of M. tuberculosis bacterial transcripts—MtboH37Rv and NCG
grown in Middlebrook 7H9 media were harvested at an ODgqg of 1 and the pellets

were resuspended in TRIzol reagent (Invitrogen). The suspended bacterial pellets were
then lysed using 0.7 mm zirconia beads as described previously. Subsequently, bacterial
RNA was isolated using the Direct-zol RNA Miniprep kit (Zymo Research) and treated
with RNAse-free DNAse | (NEB). Library prep using Illumina Stranded Total RNA Prep
Ligation with Ribo-Zero Plus (Illumina) was performed by the Duke Center for Genomic
and Computational Biology (GCB). The prepared libraries were subsequently sequencing
using the NextSeq 500 High-Output platform to generate 75 bp single-end reads.

Transcript abundances were quantified using Kallisto v0.48113 in single-end mode, with
an estimated fragment length of 250 and a SD of 35, and sequence based bias correction.
H37Rv cDNA was used as the index for pseudoalignment. Visualization of the data was
done in RStudio using Sleuth v0.30.0.110 Raw reads deposited at NCBI in Bioproject
PRINA872173.

Genome assembly and variant calling—The NCG isolate was sequenced on
Illumina HiSeq to >500X coverage. Reads are available to download under BioProject

ID PRINA540867. 50 base pair paired-end fastq sequence reads were aligned against the
H37Rv reference genome using BWA.191 Variants were called with SAMtools and filtered
with VarScan for a minimum read depth of 10, a consensus quality score of 20, and a
minimum variant frequency of 0.75.111.109 SNPs adjacent to indels were discarded. Drug
resistance-associated mutations and genes in repetitive regions (PE/PPE and PGRS) of

the genome were discarded, resulting in 31,839 SNPs used for phylogenetic analysis. For
lineage analysis, we included SNPs from these regions (35,787 total) since a portion likely
represent true variation among global strains.

The reads aligned to esxM were inspected manually for every strain included in the initial
analysis. Furthermore, the 27 base pair sequence that includes the invariant sequence 10 bp
upstream and 14 bp downstream of the TAG stop codon in esxM was searched in the fastq
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files of every isolate included in the initial analysis shown in Figure 2, where the sequence
was only found in isolates from the so-called “modern” lineages.

Phylogenetic methods—All trees were based on genome-wide SNPs derived according
to the parameters specified above. A superset of SNPs was constructed for each strain

with reference alleles occupying sites for which no variants were detected using custom
Perl scripts. These SNPs informed neighbor-joining and maximume-likelihood methods of
phylogeny construction. Neighbor-joining methodology was implemented with ClustalW?2
using pairwise similarity scores of SNP supersets as a measure of genetic distance.124

A maximum-likelihood phylogeny was generated with RAXML using a GTR model of
nucleotide substitution.198 For each method, 1000 bootstrap replicates provided support for
nodes on the tree. Trees were visualized with FigTree (tree.bio.ed.ac.uk/software/figtree).

When replicating the phylogenetic findings on larger datasets and estimating the selective
pressure acting on these genes, we utilized two previously published datasets from Vietnam
and Birmingham, UK.57:58 \We mapped the sequencing reads to the H37Rv reference
genome with BWA.101 Similar to the original analysis, we then used SAMtools1%® and
VarScan!1 to call substitutions. We removed libraries where there was support for more
than one allele to be called present at the early stop codon in esxM, or if there was
insufficient support to call either allele as present. We also removed five libraries that did
not have both reads available, that could not be confidently assigned to a lineage, or that had
an excess of sites that could not be confidently called (SAMN26038068, SAMN26038018,
ERR9117709, ERR9117721, SAMNO07658239). These filters removed 52 libraries from the
UK dataset and none from the Vietnam set. We then used an alignment of only variant

sites to construct an approximately maximum likelihood tree.125 We then used the RELAX
hypothesis testing framework126 to calculate the dN/dS rate ratios for both ancestral and
modern lineages, as well as assess if there had been a relaxation, or intensification, of

the selective pressure in “modern” lineage strains compared to “ancestral” lineage strains.
During this hypothesis testing we followed the guidance of the software to remove identical
sequences for computational efficiency. We visualized the phylogenies with iTOL.127

In silico analyses—Multiple Sequence Alignments were performed using Clustal
Omegal28 and the aligned sequences were visualized using Jalview v2.11.2.0.129

Microscopy—Conventional and time-lapse fluorescent microscopy was carried out on a
Zeiss Axio Observer Z1 inverted microscope with an Xcite 120Q light source (Lumen
Dynamics) and an MRm camera (Zeiss). Imaging of PACT-cleared juvenile zebrafish was
performed on an Andor XD spinning disk confocal microscope. Time-lapse and other
confocal spinning disk microscopy was performed on a Zeiss Axio Observer Z1 inverted
microscope with an X-Light v2 (Crest Optics) imaging system. Images were processed with
ImageJ.

Fiji/lmageJ—Infection burden was measured as the number of pixels above background
using a constant threshold in ImageJ as described in.112 Dissemination above the midline
was defined as colocalization of M. marinum and macrophages above the midline at 5 dpi.
Following PACT treatment of juvenile zebrafish,113 animals were scored for dissemination
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by scanning the spine for fluorescent M. marinum. Macrophage migration following partial
tail transection was tracked in ImageJ using the MTrackJ plugin. Quantitation of cell
culture BLaER1 results was performed using automated plugin “Analyze Particles ...” for
Circularity as well as blinded analysis of filopodia frequency.

For Arpc2 cellular distribution analysis, cells were analyzed in ImageJ using in-house
Jython scripts. Briefly, macrophage differentiated BLaER1 cells were infected with M.
tuberculosis mc26020 expressing either full-length EsxM or the mCerulean fluorescent
protein. These were imaged singly at 100x, maximum intensity projected, and then a cellular
outline is calculated from a channel that is well-distributed across the cell body (in this case,
B-actin). This outline is then used to mask the cell and clear any external background. These
cells are then visualized in the 3D Surface Plot plugin in FIJI/ImageJ, where the longest X
axis is identified and the cells arranged in the XZ orientation along that axis. Smoothing

is applied (value = 8.5 in this analysis) and all axes are removed and the background is
changed to black before exporting to a static 2D image, which is then used for quantitation
by scanning for >0 pixels on a binarized image and writing those coordinates to a.csv, which
can then be further analyzed in R. The analysis in R consists of identifying the maximum

Y coordinate at each pixel and using that to calculate the area under the curve for each cell
across a defined interval of the cell (in percent X distance). Here, our analysis compared the
edge 25% of the AUC for each condition, normalized to the AUC for that cell in the middle
50% (25-75%). This allows comparison of the distal/central fluorescence intensity ratio for
each cell, which is then plotted in ggplot2. The script allows for arbitrary numbers of cells to
be analyzed and compared at once, provided each cell is given a discrete identifier.

Cells were maximume-intensity projected and then the isolated using the “Analyze Particles
...” function. The area outside of the cell was cleared and then the cells were visualized
individually using “3D Surface Plot.” These plots were used to identify the longest axis
along the cell and then exported to black background RGB images that were then binarized
in 8-bit and each data-containing pixel was captured to .csv files. These files were then
processed in R to identify the maximum outline of the curves and then the areas under

the curve were calculated for each individual cell for a given interval, which were then
compared using at test.

Mass spectrometry statistical analysis—Fold-change data were determined by the
ratio of the average of triplicate measurements from the LFQ proteomics data (Table S4).

% Coefficient of variation were determined. The propagated average CV for the entire
dataset was 8.04% and 8.02% for AesxM/WT and Complemented/WT respectively. In cases
where protein abundance was significantly determined in one sample (eg WT) but missing
in another we limited these values to 28 fold-change, the approximate dynamic range of
the experiment. Significance was determined using Welsh’s modified T test; multiple testing
was performed using the Benjamini-Hochberg with an alpha of 0.05. Corrected critical vales
were p = 0.0164, and 0.0200 for AesxM/WT and Complemented/WT respectively. Samples
were performed in biological duplicate.

Cell. Author manuscript; available in PMC 2022 November 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Saelens et al.

Page 25

Statistics: Statistical tests utilized for each experiment are indicated in the figure legends.
All statistical analyses were performed using Prism (GraphPad Software) or using R with
specified packages when specifically noted.

Software

Name, Version

Citation

BWA

Clustalw2
FlJl/imageJ2, 2.5.0
iTol

Kallisto v0.48
MtrackJ, 1.5.1

R studio

RAXML
SAMtools

Sleuth v0.30.0

VarScan

Li and Durbin10?

Larkin et al.102

Schindelin et al.}%Rueden et al.1%3

Letunic and Bork10®

Bray et al 106

Meijering et al.10”

RStudio Team (2022). RStudio: Integrated Development Environment for R.
Stamatakis!08

Li et al 10

Pimentel et al. 110

Koboldt et al.111

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
High rates of disseminated and skeletal disease during a tuberculosis outbreak

Lineage 1 strains of Mycobacterium tuberculosis carry the ancestral version
of EsxM

Ancestral, full-length EsxM alters the macrophage cytoskeleton and enhances
motility

Ancestral EsxM promotes granuloma efflux, dissemination, and bone disease
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Figure 1. An outbreak in North Carolina with high rates of extrapulmonary and bone disease
(A) Characterization of all secondary cases of the NCG outbreak strain. All patients were

HIV negative and had no known immunodeficiencies.

(B) Schematic depicting index and secondary cases in the NCG outbreak.

(C) Destructive lesion of T-spine vertebra 9 with extensive paraspinous abscess (red arrow)
caused by Mtb NCG infection.

(D) Lytic lesion of the sternum (red arrow) caused by Mtb NCG infection.

(E) CT scan of paraspinous abscess caused by Mtb NCG infection.
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Figure 2. Identification of the NCG outbreak strain as a Lineage 1 strain
(A) Whole genome phylogenetic analysis based on reads from Comas et al.,8 identifying

NCG as a member of the Manila clade of the Lineage 1 (L1) strains. Arrow denotes NCG.
Gold star indicates emergence of shared C175T variant common to all L2, L3, and L4
strains. Scale bar indicates substitutions per variant as described in Saelens et al..>*

(B) Amino acid alignment of EsxM for Mtb and other mycobacterial species, noting the
early stop codon in modern strains predicted to truncate the protein and eliminate C-terminal
secretion sequences (boxed area).

(C) Quantitative RT-PCR analysis showing mean transcript levels of esxM and paralogs
relative to sigA in WT M. marinum cultured /n vitro and upon THP-1 infections (2 dpi)

and /n vivo larval zebrafish (4 dpi) infections. Log phase culture and phosphate starvation—
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error bars represent SD, data pooled from two independent experiments with three technical
replicates for each. THP-1 and /n vivo infection error bars represent SEM, data pooled
from three independent experiments with three technical replicates. One-way ANOVA with
Dunnett’s multiple comparisons test.

(D) Mean transcript levels of esxM paralogs relative to esxMin Mtb NCG and H37Rv
strains cultured 7 vitro in 7TH9 media and upon mouse infection. Bacterial RNA isolated
from C57BL/6J mouse lungs at 6 wpi after i.v. infection with Mtb NCG or H37Rv strains.
Error bars represent SEM, three independent experiments with three technical replicates
each. Statistical comparison by one sample t test. ****p < 0.0001.

See also Figures S1 and S2 and Tables S1, S2, and S3.
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Figure 3. Dissemination in vivo is dependent on esxM

(A) A macrophage infected with WT M. marinum departs from an early granuloma and

migrates above the midline (dashed white line). Scale bar, 50 pum.

(B) Representative images from WT M. marinum, AesxM, and AesxM: esxM infections in
larval zebrafish. 2 dpf zebrafish with red fluorescent macrophages are infected ventrally in
the caudal vein with cerulean-expressing M. marinum. Scale bar, 500 pum.

(C) At 5 dpi, desxM demonstrates a reduced frequency in dissemination above the midline
(white dashed line) to the dorsal side of the animal adjusting for burden across all three
groups. One-way ANOVA with Tukey’s post-test, data from three biological replicates,

mean + SD shown. n > 35/experiment.
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(D) Co-infection with WT and desxM M. marinum results in larval granulomas populated
by both strains. Time-lapse imaging reveals WT M. marinum egressing from the granuloma
(tracking lines), while AesxM remains confined within. White arrows indicate direction of
egress. Scale bar, 50 pm.

(E) Projection of time-lapse imaging in (D) showing complete range of movement for
macrophages infected with each strain over 220 min; Scale bar 50 pm.

(F) Quantification of rate of egress for WT and desxM M. marinum from co-populated
granulomas. Long-term monitoring of 4 mixed granulomas from 4 independent animals.
Student’s paired t test, mean + SD shown.

(G) Migration of RAW 264.7 cells expressing fluorescent cerulean control or EsxM through
transwell membranes in the presence and absence of chemokine. One-way ANOVA with
Bonferonni’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S3, Table S4, and Videos S1 and S2.
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Figure 4. Macrophage-specific expression of ancestral full-length EsxM, but not its paralogs or
modern, truncated EsxM, alters macrophage motility

(A) Transgene design (not to scale) for macrophage-specific expression of EsxM. The
macrophage-specific zebrafish promoter mfap4 drives expression of the mycobacterial
protein within zebrafish macrophages. 2A peptide uncouples EsxM protein (98 AA) from
tdTomato.

(B) Representative larval zebrafish expressing the mfap4: esxM-p2A-tdTomato transgene.
Scale bar, 500 pum.

(C) Increased macrophage motility in the absence of infection for EsxM-expressing
transgenic zebrafish lines. Scale bar, 100 pm.

(D) Migration and velocity measured in response to tail fin transection. One-way ANOVA,
Dunn’s multiple comparison test. Data representative of three biological replicates.
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(E) Number of macrophages recruited to tail wound 90 min post-transection. Macrophages
express fluorescent TdTomato, EsxM, or truncated EsxM (Q59X) via a macrophage-
specific promoter (mfap4). One-way ANOVA with Dunn’s multiple comparison test. Data
representative of three biological replicates.

(F) Maximum velocity of macrophages migrating to tail wound. One-way ANOVA with
Dunn’s multiple comparison test. Data representative of three biological replicates. Mean +
SD shown on all graphs. **p < 0.01, ***p < 0.001.

See also Figure S3 and Video S3.
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Figure 5. Reintroduction of ancestral EsxM into modern Mtb reprograms macrophage motility
through cytoskeletal alterations

(A) RAW264.7 cell migration during infection with Mtb strains mc26020 (Mtbgpzp
msp12:-cerulean) or mc26020 constitutively expressing esxM (Mtbgpzp hsp60o.esxMl
mspl2.cerulean) from an episomal plasmid across transwell membranes in the presence and
absence of chemokine. Mean £ SD shown. One-way ANOVA with Bonferroni’s correction.
(B) Quantitation of the presence of filopodia on BLaER1 cells infected with Mtbggzp
mspl2.cerulean or Mtbggop hsp60p.esxMl mspl2.cerulean. Two-tailed paired Student’s ftest,
mean + SD shown.

(C) Measured circularity of BLaER1 cells infected with Mtbggs9 msp12.cerulean or Mtbggzp
hsp60p. esxMl mspl2.cerulean.

Cell. Author manuscript; available in PMC 2022 November 25.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saelens et al.

Page 43

(D) BLaERL cells infected with Mtbggop hsp60p:-esxMimsp12.cerulean demonstrate
increased filopodia and reduced circularity compared to BLaER1 cells infected with Mtbggzp
mspl12::cerulean. Bacteria in cyan and actin in red. Scale bar, 8 pm.

(E) Electron micrographs of BLaERL1 cells infected with Mtbggzp hsp60p::esxMi
mspl2::cerulean demonstrate increased filopodia compared to BLaERL1 cells infected with
Mitbgpop mspl2::cerulean. Scale bar, 2 pm.

(F) BLaER1 cells infected with Mtbgpzp msp12:cerulean demonstrate peripheral

localization of Arp2, compared to interior localization of Arp2 in cells infected with Mtbgg2p
hsp60p:-esxMl msp12:cerulean. Insets display fluorescence intensity of Arp2 and actin

along the green line, with interior localization in Mtbggzp hsp60p::esxMimsp12::cerulean
infections.

(G) Quantification of Arp2 localization from (F). Plot of the percentage of the area under

the curve (AUC) for fluorescence in the Arp2 channel for the interval 0% to 25% of the
normalized distance across the longest cell axis normalized to AUC from the middle 50%
(25%-75%) of the total cell length. Each data point represents a single cell. Statistics from
Student’s ttest. Scale bar, 8 um. *p < 0.05, **p < 0.01, ***p < 0.001.

All images are representative of at least two biologically independent experiments.

See also Figure S4.
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Figure 6. Altered macrophage motility and morphology during M. tuberculosis infection with
full-length EsxM variants

(A) Time-lapse imaging of BLaERZ1 cells infected with Mtbggs9 msp12::cerulean or
Mitbggzo hsp60p::esxMl mspl2::cerulean. Bacteria false-colored red. Spiky projections, likely
retraction fibers, (blue arrowheads) localize to the lagging edge in BLaER1 cells infected
with Mtbggog msp12::cerulean. Filopodial projections (green arrowheads) localize to the
leading edge in BLaERL1 cells infected with Mtbggzp hsp60p:-esxMImsp12::cerulean. Black
arrows indicate the direction of cell migration.

(B and C) Infection of BLaER1 cells with Lineage 4 (L4) MtbH37Rv results in infected
cells with membrane ruffles. Infection with the Lineage 1 (L1) Mtb NCG outbreak strain
results in an increase in spiky projections and (C) a decrease in circularity, two-tailed paired
Student’s ftest, mean + SD shown. ****p < 0.0001. All images representative from at least
two biologically independent experiments.

See also Figures S4 and S5 and Video S4.
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Figure 7. Ancestral esxM promotes spinal dissemination
(A) Representative image of sham-injected osteoblast line 3 weeks post-injection.

Intervertebral spacing is tightly delineated (white arrowhead), and osteoblast signal at hemal
arches is typical of healthy zebrafish (black arrowhead). Scale bar, 500 pm.

(B) Representative image of cerulean M. marinum-infected osteoblast line, three weeks
post-infection (wpi) showing bone-associated infection. Scale bar, 100 pm.

(B”) Same animal as in (B), showing only osteoblasts. M. marinum has invaded into the
intervertebral space, giving rise to a vertebral lesion (red arrowhead) and proliferation of
osteoblasts proximal to infection (yellow arrowhead). Scale bar, 100 um.

(C) Dual transgenic line at 35 dpf labeling osteoblasts in purple from the Sp7/osterix
promoter and osteoclasts from the acp5a/TRAP promoter in yellow. Scale bar, 500 pum.
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(C1-C3) Insets show tight association of osteoblasts and osteoclasts along the spine (Cs).
Yellow multinucleate osteoclasts are also visible in the head (C; and C5). C4 inset scale bar,
500 um C,, inset scale bar, 50 p. C3 inset scale bar, 100 pm.

(D) Intraperitoneal infection of juvenile animals with cerulean-fluorescent M. marinum
results in frequent dissemination to spine (approximately 70% of animals). Scale bar, 500
pm.

(D4) High magnification view of boxed area of (D) showing association of granuloma with
spine and alterations in normal osteoclast distribution. Scale bar, 200 pum.

(E) PACT-based clearing techniques in adults and juveniles enable high-resolution imaging
of sites of bone disease. Confocal image of dorsal region of spine showing unaffected
vertebrae with typical osteoclast behavior (dark blue arrowheads) and altered osteoclast
behavior (orange arrowheads) in segments associated with granulomas (bacteria in cyan).
Scale bar, 100 pym.

(F) Quantitation of dissemination to spine at 14 dpi in intraperitoneal infections. n = 7 per
group for 3 biological replicates. One-way ANOVA with Tukey’s post-test, data from three
biological replicates, mean + SD shown. ***p < 0.001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-Arp2 Abcam Cat#ab49674; RRID:AB_867730

goat anti-mouse Alexa Fluor 647 Thermo Fisher

rabbit anti-HA-Tag

Cat#A21236; RRID:AB_2535805
Cat#C29F4; RRID:AB_1549585
Cat#8RB13; RRID:AB_2566583

Cell Signaling Technology
mouse anti-RNAP BioLegend

Bacterial and virus strains

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Mycobacterium marinum M strain/pMSP12:cerulean Oehlers et al.?” N/A
Mycobacterium marinum M strain/fpMSP12:tomato Cambier et al.% N/A
Mycobacterium marinum AesxM This paper N/A
Mycobacterium marinum AesxM + hsp60.esxM This paper N/A
Mycobacterium tuberculosis 6020 auxotroph Sambandamurthy et al 56 N/A
Mycobacterium tuberculosis 6020 + msp 12::cerulean This paper N/A
Mycobacterium tuberculosis 6020 + msp 12::cerulean- This paper N/A
hsp60.esxM

Mycobacterium tuberculosis H37TRv BEI Resources, NIAID NR-13648
Mycobacterium tuberculosis NCG This paper N/A
Mycobacterium tuberculosis H37TRvI msp12.cerulean This paper N/A
Mycobacterium tuberculosis NCG/msp12:cerulean This paper N/A
Chemicals, peptides, and recombinant proteins

7H10 Difco Cat#262710
Trizol Ambion Cat#15596026
Sodium chloride Fisher Scientific Cat#S271
Potassium chloride VWR Cat#BDH9258
Calcium chloride VWR Cat#BDH9224
Magnesium chloride Ward’s Scientific Cat#470301
1-phenyl-2-thiourea Sigma-Aldrich Cat#P7629
Tricaine-S (MS-222) Syndel ANADA#200-226
Low melting point agarose Fisher Scientific Cat#BP165-25
CK-666 Arp2/3 inhibitor Sigma-Aldrich Cat#182515
CK-689 inactive control Sigma-Aldrich Cat#182517
Dimethyl sulfoxide (DMSO) Fisher Scientific Cat#BP231

BP Clonase Il Thermo Fisher Cat#11789020
HyClone HyQTase Cell Detachment Reagent Fisher Scientific Cat#SVv3003001

DAPI Fluoromount-G

RPMI-1640

GlutaMAX Supplement
Phorbol-12-myristate-13-acetate (PMA)
Sodium pyruvate

Recombinant human IL-3

Recombinant human M-CSF
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SouthernBiotech
Sigma-Aldrich

Thermo Fisher

Sigma-Aldrich #R8758

Gibco
Peprotech

Peprotech

Cat#0100-20
Cat#R8758
Cat#35050061
Cat#P148
Cat#11360
Cat#200-03
Cat#300-25
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REAGENT or RESOURCE SOURCE IDENTIFIER
B-Estradiol Sigma-Aldrich Cat#E2758

Alexa Fluor 555 phalloidin stain Thermo Fisher Cat#A34055
Hygromycin B solution Invitrogen Cat#10687010
7H9 Difco Cat#271310
OADC Sigma-Aldrich Cat#MO0678
Neonate-80 Fisher Scientific Cat#BP337
TRIzol Reagent Invitrogen Cat#15596026
RNase-free DNase | New England BioLabs Cat#MO0303S
Luna universal gPCR master mix New England BioLabs Cat#M3003X
Tyloxapol Sigma-Aldrich Cat#T8761
cOmplete EDTA-free protease inhibitor cocktail Millapore Sigma Cat#11836170001
Super-Signal West Pico PLUS Thermo Fisher Cat#34580
Super-Signal West Femto Maximum Sensitivity Thermo Fisher Cat#34095
Prolong Gold Anti-fade mounting solution Invitrogen Cat#P36934
Critical commercial assays

mMessage mMachine T7 Kit Thermo Fisher Cat#tAM1344
RNeasy Plus Mini Kit Qiagen Cat#74134

Zymo Direct-zol RNA Miniprep Kit Thomas Scientific Cat#1159U94

DC Protein Assay Kit Bio-Rad Cat#5000111
Pierce Micro BCA Protein Assay Kit Thermo Fisher Cat#23235
Deposited data

Mtb genomic sequencing NCBI BioProject PRJINA540867
MithH37Rv and NCG RNA sequencing NCBI BioProject PRINA872173
Raw mass spectrometry files MassIVE repository MSV000090143
Processed mass spectrometry files PRIDE repository PDX036131
Experimental models: Cell lines

BLaER1 Rappino et al.57 N/A

RAW 264.7 ATCC ATCC product TIB-71
THP-1 ATCC ATCC product T1B-202
Experimental models: Organisms/strains

Zebrafish (Danio rerio), *AB wildtype strain ZIRC ZDB-GENO-960809-7

Zebrafish, Tg(mfap4.tomato-caax)®®
Zebrafish, Tg(mfap4.esxM-p2a-tdTomato)™

Zebrafish, Tg(mfap4-esxM_Q59X-p2a-tdTomato)*?

Zebrafish, Tg(mfap4-esxB-p2a- mNeonGreen)®!
Zebrafish, Tg(Ola.Sp7:mCherry-Eco.NfsB*%
Zebrafish, Tg(acp5a.mNeonGreen-CAAX)?
Mouse, C57BI/6J

Walton et al.®®
This paper
This paper
This paper
Singh et al.1%0

This paper

Jackson Laboratories

N/A
N/A
N/A
N/A
N/A
N/A

RRID:IMSR_JAX:000,664

Recombinant DNA

Oligonucleotides

Software and algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER
RNA seq analysis original code This paper https://doi.org/10.5281/zenodo.6981721
Phylogenetic analysis original code This paper https://github.com/vertgenlab/gonomics

BWA

Clustalw2
F1Jl/ImageJ2, 2.5.0
iTol

Kallisto v0.48
MtrackJ, 1.5.1
RStudio

RAXML
SAMtools
Sleuth v0.30.0

VarScan

Li and Durbin10t

Larkin et al.102

Rueden et al.1%3; Schindelin et al.104
Letunic and Bork0°

Bray et al 106

Meijering et al.10’

RStudio Team (2022). RStudio:
Integrated Development Environment
for R.

Stamatakis!®®

Li et al.109

Pimentel et al.110

Koboldt et al 111

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
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