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Abstract

For decades, investigators have studied the interaction of Mycobacterium tuberculosis (Mtb) with
macrophages, which serve as a major cellular niche for the bacilli. Because Mtb are prone to
aggregation, investigators rely on varied methods to disaggregate the bacteria for these studies. Here,
we examined the impact of routinely used preparation methods on bacterial cell envelop integrity,
macrophage inflammatory responses, intracellular Mtb survival, and virulence in mice. We found that
both gentle sonication and filtering damaged the mycobacterial cell envelope and markedly impacted
the outcome of macrophage infections. Unexpectedly, sonicated bacilli were hyperinflammatory,
eliciting dramatically higher expression of TLR2-dependent genes and elevated secretion of IL-1p3 and
TNF-a. Despite evoking enhanced inflammatory responses, sonicated bacilli replicated normally in
macrophages. In contrast, Mtb that had been passed through a filter induced little inflammatory
response, and they were highly attenuated in macrophages. Previous work suggests that the
mycobacterial cell envelope lipid, phthiocerol dimycocerosate (PDIM), dampens macrophage
inflammatory responses to Mtb. However, we found that the impact of PDIM depended on the method
used to prepare Mtb. In conclusion, widely used methodologies to disaggregate Mtb may introduce
experimental artifacts in Mtb-host interaction studies, including alteration of host inflammatory signaling,

intracellular bacterial survival, and interpretation of bacterial mutants.
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Introduction

A fundamental feature of the pathogenesis of Mycobacterium tuberculosis (Mtb), the etiologic agent of
tuberculosis (TB), is its ability to survive and grow in host macrophages. For more than five decades,
many laboratories have investigated how Mtb interacts with and modulates the function of
macrophages. Mtb is characterized by a “waxy” coat, which confers its distinctive acid-fast staining
properties. The complex cell envelope is important for pathogenesis and also allows Mtb to withstand
adverse conditions (Dulberger et al., 2020). The mycobacterial envelope consists of a plasma
membrane, peptidoglycan-arabinogalactan layer, outer membrane, and capsular layer (Dulberger et
al., 2020). The outermost layers of the envelope are crucial in host-pathogen interactions given that
they are directly able to interact with host cells. The capsule is composed primarily of a loose matrix of
neutral polysaccharides (Kalscheuer et al., 2019), while the outer membrane is composed of long-chain
mycolic fatty acids that are free, attached to trehalose, or covalently attached to the underlying
arabinogalactan-peptidoglycan layer. The outer membrane also contains a complex array of unique
lipids, such as phthiocerol dimycocerosate (PDIM), phenolic glycolipids, and sulfolipids. Many of these
lipids are bioactive; they can intercalate into host membranes, alter inflammatory signaling, disrupt
phagosome maturation, and promote mycobacterial virulence (Cambier et al., 2020; Lerner et al., 2018;
Quigley et al., 2017). Some outer membrane lipids, such as PDIM, phenolic glycolipids, and
sulfoglycolipids, are thought to act as antagonists of pathogen recognition receptors (PRRs) or to shield
underlying pathogen associated molecular patterns (PAMPs) to prevent them from activating PRRs
(Blanc et al., 2017; Cambier et al., 2014; Reed et al., 2004). Thus, the integrity of the envelope is crucial

for host interactions and bacterial virulence.

Given the importance of Mtb-macrophage interactions, a mainstay of the experimental approach of
many laboratories is the use of in vitro cultured Mtb to infect myeloid cells. However, the tendency of
Mtb to form bacterial clumps has long presented an obstacle to these experiments, which depend on
using precise and reproducible amounts of bacteria (Wells, 1946). For this reason, low concentrations

of detergents are commonly added to culture media, but this does not fully resolve the problem.
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Therefore, additional measures are routinely taken to generate single cell suspensions, including
sonicating, syringing, centrifuging, filtering, vortexing with glass beads, or some combination of these
procedures. The use of these techniques varies widely across different laboratories, the methodology
used is not always reported, and there has been little consideration as to how these techniques impact

experimental outcomes.

We are interested in how mycobacterial protein and lipid effectors modulate macrophage responses.
Sometimes our results differed from published data, leading us to question whether the method of
preparing the bacilli explained the differences. However, there was minimal literature into how
dispersing mycobacterial clumps impacts the envelope and host-pathogen interactions. Previous
studies demonstrated that use of detergent and agitation can release capsular constituents (Lemassu
et al., 1996; Sani et al., 2010). In addition, it was reported that Mtb that had been sonicated for 90
seconds were better able to bind to macrophages, and the bacterial envelope appeared uneven and
bulging on transmission electron microscopy (Stokes et al., 2004). Another study showed that passing
bacterial cultures through 5um pore filters improved reproducibility of high-throughput antibacterial drug
screening compared to vortexing, but the impact on host-pathogen interactions was not assessed
(Cheng et al., 2014). Given the lack of published studies addressing our concern, we compared three
routinely used methods of preparing single cell suspensions of Mtb: low-speed spin, gentle sonication
followed by low-speed spin, or filtration through a 5um filter. We found that the method of bacterial
preparation had a marked impact on intracellular bacterial viability, the global transcriptional pattern of
infected cells, macrophage secretion of key innate immune mediators, and the ultrastructure of the
bacterial cell envelope. Finally, when comparing an Mtb mutant that lacks PDIM to WT bacilli, we found
that the method of preparation had a substantial impact on the inflammatory response to the mutant

bacilli.
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Results

Macrophage transcriptional responses to Mtb depend on the method of bacterial preparation
To investigate whether the method of dispersing bacterial cultures impacts host responses, we
examined gene expression profiles of bone marrow-derived macrophages (BMDMs) that were
uninfected or infected with WT Mtb (H37Rv strain) that had been prepared either by passing through a
5um filter (5umF) or by brief sonication (so). The sonicated samples underwent three 10-second cycles
in a water bath sonicator as described in Methods, followed by a low-speed spin (sp) and are
designated so/sp. Bacilli prepared by the two methods were added to BMDMs at a multiplicity of
infection (MOI) of 5, washed to remove extracellular bacteria after 4 h, and processed for RNA-seq 72
hours post-infection (hpi). We found that 536 genes were differentially expressed between uninfected
cells and both of the infected samples (adjusted P value <0.01; fold change =|2|). Surprisingly, however,
there were even more genes that were differentially expressed uniquely in macrophages infected by
only one of the two bacterial preparations. 902 differentially expressed genes (DEGs) were unique when
we compared uninfected with so/sp-infected macrophages, while 122 genes were uniquely differentially
expressed in response to 5umF bacteria (Fig. 1A; Supplementary Figure 1A; Supplementary Table
1). When we compared the DEGs in BMDM infected with so/sp-Mtb to those infected with the 5umF-
preparations, there were 732 DEGs (Fig. 1A-B). These included important host defense molecules,
including /16, Nos2, and I/1b, which were markedly higher in so/sp-infected BMDMs compared to S5umF-

infected BMDMs (Fig. 1B).

In order to further analyze the transcriptional differences, we used Gene Set Enrichment Analysis
(GSEA) to query our expression data against hallmark gene sets from the Molecular Signatures
Database (Liberzon et al., 2015). We found that 10 hallmark gene sets were significantly enriched in
so/sp preparations relative to 5umF-infected BMDMs (P <0.01; FDR <0.01) (Fig. 1C-D, Supplemental

Fig. 1B). The sonicated bacilli elicited a significant enrichment of gene sets that included TNFA
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signaling via NFKB, inflammatory response, MTORC1 signaling, glycolysis, xenobiotic metabolism, and
IL6 JAK STATS3 signaling (Fig. 1C, Supplemental Fig. 1B). In contrast, 1 hallmark gene set was
significantly enriched in 5umF- relative to so/sp-infected BMDMs (E2F targets) (Supplemental Fig.
1C). Visualization of transcriptional data from the hallmark gene set “inflammatory response” showed a
distinct gene expression pattern in response to so/sp versus 5umF bacteria (Fig. 1D). Overall, the
macrophages infected with the so/sp bacilli displayed a more robust pro-inflammatory phenotype,
whereas the 5umF-infected macrophages were enriched in pro-replication pathways. In addition to the
72 hpi timepoint used for RNA-seq, we found that infection with so/sp Mtb elicited significantly higher
levels of expression of /[1b, Nos2, Il6 and Tnf at 6 and 24 hpi by qPCR compared with 5umF
preparations, with the greatest difference seen early in infection (Fig. 1E-F). Strikingly, while the so/sp
bacilli markedly upregulated inflammatory gene expression, there was minimal difference between
5umF-infected and uninfected macrophage 6 hpi and 24 hpi. In these experiments, we used 5um filters
with hydrophilic polyethersulfone (PES) membranes, which are composed of aryl-SO»-aryl subunits.
We considered the possibility that the chemical backbone and hydrophilic nature of the filter might be
altering Mtb, but we had similar findings when we used hydrophobic polytetrafluoroethylene (PTFE)
filters (Supplemental Fig. 2A). In conclusion, the transcriptional response of BMDMs to Mtb infection

was markedly different depending on the method of bacterial preparation.

Sonication increases the inflammatory impact of Mtb

Given the dramatic difference between so/sp and 5umF bacilli, it was important to assess which one
more accurately reflects unperturbed Mtb. However, if we were to use Mtb directly from a liquid culture,
it would not be possible to establish that we are using similar numbers of bacilli compared to the other
preparations given the propensity to clump. Therefore, we used a low-speed spin preparation. This was
the same procedure applied to the so/sp sample, but the sonication step was omitted. Specifically, liquid
cultures were centrifuged at 206 x g for 10 minutes, after which the supernatant was removed and

centrifuged at 132 x g for 8 minutes, and the final supernatant was used to infect BMDMs. We found
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that macrophages infected with the spin (sp) sample had an intermediate phenotype between so/sp
and 5umF samples (Fig. 2A), eliciting significantly less //1b, 116, Nos2, and Tnf expression than the
so/sp samples. A variety of Mtb PAMPs have been shown to activate TLR2 (Hinman et al., 2021). In
order to establish whether the so/sp samples were activating TLR2-dependent pathways, we infected
BMDMs from TIr2”- mice. We found that expression of //1b, 116, Nos2, and Tnf were significantly reduced
in TLR2 KO BMDMs in response to so/sp Mtb relative to WT BMDMs (Fig. 2B). This was also true for

the induction observed in response to spin preparations.

We wondered if the 5umF bacilli contained a factor that inhibited macrophage gene expression or if
they were just less proinflammatory. To address this, we mixed so/sp and 5umF bacilli together in equal
proportions and assayed gene expression by qPCR. We found that the mixed samples were still
inflammatory, arguing against a potent inhibitory factor coming from the filtered preparation
(Supplemental Fig. 2B). In addition, if we prepared bacteria by first sonicating and then using a 5umF
(so/5umF), the expression changes resembled so/sp infection, with marked upregulation of //1b, II6,
Nos2, and Tnf (Fig. 2A). We considered the possibility that the different inflammatory responses might
be a result of different degrees of aggregation of the bacilli in each preparation. To visualize the bacteria,
we infected BMDMs with GFP-expressing Mtb prepared by the various methods and examined them
by fluorescence microscopy. We found that the bacilli from the 5umF preparation were uniformly
composed of single cells, while small clumps were routinely seen in both the so/sp and sp samples
(Fig. 2C). Thus, one possibility was that clumps are more inflammatory, but when the sonicated sample
was filtered (so/5umF), there were no clumps, and the bacilli still induced high levels of //1b, 1l6, Nos2,
and Tnf (Fig. 2A-C). To investigate whether the response to sonicated bacteria was due to soluble
factors released from the bacilli, we passed the so/sp sample through a 0.2 um filter to remove bacteria.
We treated macrophages with equal volumes of the sterile filtrate or the unfiltered so/sp sample, and
analyzed subsequent gene expression. In support of extra-bacterial components contributing to the

inflammatory gene expression, the expression of //1b, Nos2, 116, and Tnf were all significantly increased
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in response to the sterile filtrate prepared from the so/sp bacteria compared to uninfected BMDMs (Fig.
2D). In contrast, there was no difference in expression of these genes in the sterile filtrate of 5umF
bacteria relative to uninfected BMDMs (Fig. 2D). To conclude, compared to bacteria prepared by a low-
speed spin or SumF, bacilli that were sonicated induced substantially higher TLR2-dependent
transcriptional responses in macrophages, independent of their aggregation status and due in part to

soluble mediators.

To determine whether the changes in gene expression resulted in altered cytokine secretion, we used
the FluoroDOT assay to evaluate secretion of TNF-a. This approach uses plasmon-enhanced
fluorescent nanoparticles called plasmonic fluors to visualize protein secretion by microscopy
(Supplemental Fig. 3). This allowed us to examine secretion of TNF-a at an early time point after
infection and with single cell resolution (Liang et al., 2021). Similar to the transcriptional data, the
sonicated preparations elicited the most TNF-a secretion followed by the sp and 5umF preparations
(Fig. 3A-B). We confirmed these findings by measuring TNF-a by enzyme linked immunosorbent assay
(ELISA; Fig. 3C). We also evaluated IL-1p secretion using ELISA and found that the so/sp preparation
elicited increased secretion of IL-1p (Fig. 3C). Interestingly, we found that when infected by the
sonicated samples, most of the macrophages, both infected as well as uninfected bystanders in the
same well, secreted TNF-a. In contrast, infection with the sp or 5umF Mtb resulted in only infected cells
secreting TNF-a (Fig. 3A-B). In addition, so/sp samples that had been sterilized by passage through a
0.2 um filter elicited significantly more TNF-a secretion than sterilized 5umF samples (Fig.3D-E). This
is consistent with the observation that extra-bacterial components in the sonicated preparation

contribute to inflammatory gene expression.

Filtered Mtb are markedly attenuated in BMDMs but not in AMs or mice
Given that the different preparations generated pronounced differences in macrophage gene

expression and cytokine secretion, we hypothesized that they would also exhibit differences in
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intracellular viability. We infected BMDMs with Mtb prepared by the different methods, and the
intracellular bacilli were enumerated at 4 hpi and 5 days post-infection (dpi). Mtb that were prepared by
so/sp or sp were able to grow in macrophages, a defining feature of Mtb pathogenesis (Fig. 4A). In
contrast, the filtered bacteria (so/5umF and 5umF) failed to grow. While the transcriptional profile in
response to so/5umF bacteria resembled so/sp bacteria, their growth was equally attenuated as the
5umF bacteria, suggesting that filtering was destructive to the bacteria. Increasing the MOI of the filtered
bacteria to 20 or 40 did not overcome the intracellular growth defect. We verified that the filtered Mtb
were still viable, as they grew indistinguishably from other preparations when they were inoculated in
liquid culture (Supplemental Fig. 2C). In addition, filtered bacteria were able to grow in alveolar
macrophages, which are more permissive to Mtb growth than BMDMs (Fig. 4B). Thus, filtered Mtb

appeared to have lost the ability to counter the antimicrobial properties of BMDMs.

To assess whether different bacterial preparation alter outcomes in vivo, we infected C57BL/6 mice with
different bacterial preparations of Mtb using the low-dose aerosol model of infection. We found that we
had to use twice as many 5umF bacilli in the nebulizer to achieve the same number of bacteria in the
lung on the day after infection. We did not find any significant difference in whole-lung CFU from lung 7
or 14 days dpi or from spleens at 14 dpi (Fig. 4C-D). Further, the whole-lung expression of IL-1p, IL-6,
and TNF-a were the same irrespective of bacterial preparation method (Fig. 4E-F). In conclusion,
although the aerosol inoculum had to be adjusted to achieve the same starting dose of the 5umF
bacteria, we observed no differences in growth of Mtb in the lungs or spleen during the first two weeks
of infection and no differences in expression of pro-inflammatory cytokines based upon preparation

method.

Sonication and filtering affect the bacterial cell wall
To determine if there were structural differences between the sonicated, spun, and filtered Mtb, we used

transition electron microscopy (TEM). We first generated ultrathin cross-sections of bacteria to visualize
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the ultrastructure of the cell envelope (Fig. 5A-C). In bacteria prepared with low-speed spin, we could
distinguish the structural layers of the cell envelope that have been previously described: the innermost
phospholipid bilayer, followed by electron-dense peptidoglycan and arabinogalactan layers, a
translucent mycobacterial outer membrane, and an outermost carbohydrate-rich capsular layer (Fig.
5B). In bacteria prepared with sonication, all of these distinct layers were apparent (Fig. 5A). In the
5umF-prepared bacteria, the phospholipid bilayer was seen, surrounded by an electron dense layer,
but there appeared to be loss of the capsular layer and potentially the mycomembrane as well (Fig.
5C). While TEM of ultrathin cross-sections provided excellent resolution of the cell wall, it was also
subject to artifact introduced by drying and fracturing of the bacteria required in this technique. This
made it difficult to know how representative the well-preserved bacilli were in terms of the total
population. Therefore, we also visualized bacilli by adsorption to a copper grid followed by 1% uranyl
acetate staining, a simple technique which minimized artifact (Fig. 5D-F). Uranyl acetate is a common
negative stain used for TEM that can bind to capsular polysaccharides (Stukalov et al., 2008), and it
created an electron dense halo around the bacteria. The prominent electron dense halo was seen on
the majority of so/sp and low-speed spin bacteria (Fig. 5D-E), but absent from most bacteria prepared
with the 5umF (Fig. 5F). This suggests a different chemical composition of the outermost layer of the
filtered bacteria and was consistent with the differences noted in the TEM. In addition, the samples from
5umF-treated bacteria had substantial extracellular debris, which may be damaged fragments from the
outer layers of the envelope. Finally, more dead bacteria were noted in the 5umF sample as evidenced
by penetration of the dark staining uranyl acetate into the cells. Using this technique, we also observed
that the so/sp bacteria, but not sp or 5umF bacteria, had prominent round protuberances that were
approximately 0.2 to 1 uM in diameter present on the outer surface of the bacteria or, less frequently,
in the culture filtrate. To conclude, both sonicated and filtered preparations had EM evidence of distinct
types of damage to the envelope that were not apparent in the samples which had been prepared by

centrifugation.

10
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The interpretation of the role of PDIM in inflammatory responses depends upon preparation
method

PDIM is a multifunctional virulence lipid that is present in the envelope of members of the Mtb complex
as well as closely related Mycobacterium marinum. Along with the ESX-1 type VII secretion system,
PDIM facilitates phagosomal escape of Mtb, a crucial event that allows the bacteria to gain access to
the cytosol, subvert cell death pathways, and promote extracellular spread (Augenstreich et al., 2017;
Barczak et al., 2017; Cox et al., 1999; Lerner et al., 2018; Osman et al., 2020; Quigley et al., 2017). In
addition, PDIM contributes to the low permeability of the mycobacterial envelope, alters the host’s initial
innate immune response, and may physically shield mycobacterial PAMPs or interfere with their
activation of PRRs (Astarie-Dequeker et al., 2009; Camacho et al., 2001; Cambier et al., 2014; Murry
et al., 2009; Rousseau et al., 2004; Siméone et al., 2007). To determine whether PDIM dampens
inflammatory signaling, we used a strain with a deletion in ppsD, which results the in the absence of
PDIM (Barczak et al., 2017). When we examined macrophage gene expression after infection with
AppsD by qPCR, we found that expression of //1b, II6, Nos2, and Tnf was significantly increased
compared to infection with WT Mtb, consistent with the idea that PDIM reduces inflammatory signaling
(Fig. 6A). However, this was only in the sonicated sample; there was no difference between AppsD and
WT Mtb if they were prepared by sp or 5umF. We had similar findings when we used the FluoroDOT
assay to examine TNF-a secretion (Fig. 6B). The AppsD mutant elicited more TNF—a secretion than
WT Mtb, but only if the sample was sonicated. Interestingly, when we examined the AppsD mutant by
EM, we found that the AppsD mutant lacked the dark halo that was seen in so/sp and sp samples of
WT Mtb; the halo was restored by complementation, suggesting that lack of PDIM altered the interaction
of uranyl acetate with the mycobacterial surface (Fig. 6D-l). This difference, however, is unlikely to
account for the hyperinflammatory signaling, as it was seen in all AppsD samples, and only the
sonicated samples were hyperinflammatory. As we had seen with WT Mtb, there were round protrusions
and vesicles in sonicated sample of both AppsD and the complemented strain. There was no obvious

visual difference between the AppsD mutant and complemented strain to explain why the so/sp AppsD
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mutant was more hyperinflammatory than so/sp WT. To conclude, the hyperinflammatory phenotype

associated with the AppsD mutant depended upon the method of bacterial preparation.

Discussion

For decades, investigators have studied the interaction of Mtb with macrophages. They have also
employed a variety of methods to disperse the bacilli to enable subsequent analysis. We found that two
commonly used single cell preparation methods significantly impact Mtb-host interactions; both gentle
sonication and filtering resulted in visual evidence of cell envelope damage on electron microscopy.
Unexpectedly, sonicated bacilli were hyperinflammatory, and filtered Mtb were highly attenuated in
macrophages. In addition, we found that the impact of PDIM on the early macrophage transcriptional
responses to Mtb depended on the method of preparation. Loss of PDIM had no impact on pro-
inflammatory responses to centrifuged or filtered bacteria, but it resulted in increased pro-inflammatory
gene expression if the bacteria were briefly sonicated. This suggests that the PDIM mutant is either
more sensitive to the sonication-induced damage or that it is more inflammatory once that damage
occurs. It is important to point out that we only examined the early TLR2-dependent response. PDIM
influences a variety of processes, including later TLR2-driven responses, phagosomal escape, and
intracellular survival (Augenstreich et al., 2017; Barczak et al., 2017; Cambier et al., 2020; Hinman et
al., 2021; Lerner et al.,, 2018; Osman et al., 2020; Quigley et al., 2017). It is possible that these
processes are independent of preparation methods. Nonetheless, our studies demonstrate that the
preparation method needs to be considered in host-pathogen interaction studies, as it can change the
interpretation of bacterial mutants and has a dramatic effect on TLR2-dependent responses and

intracellular bacterial survival.

We found that Mtb growth in mice was not impacted by the preparation method. This might be explained
by the observation that although filtered bacilli were highly attenuated in BMDMs, they grew normally in
AMs, the first myeloid cells that Mtb encounters in the lung (Cohen et al., 2018). It is notable that the

filtered bacteria, which appear stripped of the outer layers of the envelope, were able to establish
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infection and grow in AMs, highlighting the permissiveness of the first line of defense against Mtb. AMs
are poised to suppress inflammatory responses to foreign material in order to prevent lung injury, and
they seem poorly equipped to control Mtb infection (Huang et al., 2018; Lavalett et al., 2017; Pisu et al.,
2020; Rothchild et al., 2019). By the time the bacilli enter more restrictive macrophage populations, they
may have recovered from the in vitro procedures and adapted to the in vivo environment. We did find
that we had to use 2-fold more filtered bacteria in the aerosol machine to achieve the same number of
Mtb in the lungs as so/sp and sp preparations. This suggests that filtered bacteria may be less able to
survive aerosolization or the environment in the airways, although there are a variety of other

possibilities as well.

Given the extensive use of macrophages in Mtb pathogenesis studies, there are surprisingly few studies
investigating the impact of dispersal methods. A 2004 study demonstrated that prolonged sonication (5
minutes) reduces Mtb viability, while bacteria that had undergone gentle sonication (30 sec x 3)
exhibited enhanced binding to macrophages and altered surface charge relative to syringed bacteria
(Stokes et al., 2004). In that study, the sonicated bacteria had an altered cell envelope, which appeared
uneven and bulging. Even though we sonicated for a shorter time (10 sec x 3), we also saw evidence
of similar cell envelop disruption by TEM. In addition, sonicated bacteria elicited orders-of-magnitude
higher levels of TLR2-dependent transcriptional responses, leading to enhanced IL-13 and TNF-
o secretion. This was mediated in part by material that was no longer cell associated, as even sterile-
filtered samples activated macrophages. In addition, uninfected bystander cells that had been treated
with so/sp preparations secreted TNF-a in the FluoroDOT assay. Our TEM findings suggest that
sonication results in cell envelope damage and generation of small structures that resemble
extracellular vesicles (EVs) that have been described in Mtb, although the vesicles that we saw are
generally larger than the majority of EVs (Prados-Rosales et al., 2011). Mtb EVs are formed by an active
process and contain immunomodulatory molecules including lipoarabinomannan and other TLR2

agonists (Athman et al., 2015; Palacios et al., 2021; Prados-Rosales et al., 2011). Whether the
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structures formed by sonication have similar content to EVs found in growing cultures will require further

studies.

While our study was limited to three common single cell preparation methods, we expect that other
techniques would also impact the mycobacterial envelope and host interactions. We queried PubMed
for papers published in 2021 on Mtb and macrophages to determine what methods were commonly
used (Supplemental Fig. 4). Of the 119 papers, only 39.5% reported how they generated single cell
suspensions. Of those that did report their methodology, 42.5% used more than one method. The most
commonly reported methods were syringing, followed by sonication and low-speed centrifugation. Less
often, filtering, vortexing with glass beads, or allowing gravity to sediment the larger clumps were used.
Dispersing clumps with glass beads would likely disrupt the envelope, as studies have used this
technique to selectively remove and isolate the capsular layer to analyze its components (Lemassu &
Daffe, 1994; Lemassu et al., 1996; Ortalo-Magne et al., 1995). Others have reported that syringing
through a 25-gauge needle produced no apparent disruption to the envelope on TEM (Stokes et al.,
2004), but these samples were not evaluated further in terms of macrophage responses. We did not
evaluate syringing, because it is not an approved method in our biosafety level 3 facility due to the risk
of aerosolization and needle stick injuries. The physical forces used to disrupt clumps by this method
might also result in envelope alterations, and investigators should consider this in their studies. Overall,
we consider centrifuged samples as the least disrupted, but even centrifugation might disrupt the
capsule, as do detergents that are commonly used in liquid cultures (and were used for all of our
studies). Detergents are known to cause release of capsular components into the culture filtrate
(Kalscheuer et al., 2019; Sani et al., 2010), although the impact on host interactions is relatively
unexplored. The impact of detergent treatment on cytokine responses and vaccine responses have
been evaluated, but after detergent treatment, single cell suspensions were generated by filtering,

sonicating, or syringing (Prados-Rosales et al., 2016; Sani et al., 2010), complicating the interpretation.
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Even if investigators had a non-disruptive way to isolate single cells, this relatively minor population
may not reflect the behavior of small or large aggregates that make up a large fraction of the bacterial
population. The aggregation state of Mtb has long been reported to be important to pathogenesis. For
example, the observation that Mtb forms serpentine cords in vivo dates back to the earliest descriptions
of the bacteria. Aggregated Mtb are found at the periphery of human necrotic granulomas, in alveolar
macrophages of Mtb-infected patients, and are exhaled by infected individuals (Dinkele et al., 2021;
Rodel et al., 2021; Ufimtseva et al., 2018). Initially, we considered that one explanation for our findings
was that there are different degrees of aggregation in the different bacterial preparations (Rodel et al.,
2021). We found that so/sp and sp samples contained more clumps than 5umF-prepared bacilli, but the
clumps cannot account for the hyperinflammatory phenotype because when the sample was
subsequently filtered (so/5uF), the aggregates were removed, but it was still hyperinflammatory. In
addition, the literature describing the impact of aggregation on host interactions is difficult to interpret in
light of our findings, as many of these studies used agitation with glass beads, filtration, sonication, or
some combination of these procedures to generate the dispersed samples (Kolloli et al., 2021;
Mahamed et al., 2017; Rodel et al., 2021). Thus, the aggregation of bacilli is likely an important virulence
property of Mtb, which is overlooked in the effort to generate single cell suspensions. However, in
generating single cell suspensions, investigators also introduce the potential for experimental artifact.
It is possible that experimental differences in how other laboratories sonicate or filter bacteria could
mitigate the effects that we found. We used log phase cultures of the H37Rv strain that had been grown
with gentle agitation, a fatty acid source (oleic acid), and 0.05% Tyloxapol to infect murine
macrophages, but other investigators use different strains, frozen stocks, omit oleic acid, use different
detergents, or infect human macrophages, all of which could lead to differences from our findings.
Based upon our findings, we encourage investigators to fully report the methods that they use to grow

and process mycobacteria and consider the impact of the methodology on their findings.

While sonication is an artificial stimulus, our findings highlight the massive pro-inflammatory potential
of Mtb that is kept in check by the organization and integrity of the envelop. We imagine that by altering
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cell envelop architecture, Mtb tune their interactions to achieve the desired host response (Garcia-
Vilanova et al., 2019); for example, for initial infection and persistence, it may benefit the bacilli to
minimize the TLR2-driven inflammatory response to promote immune evasion, whereas in order to drive
tissue pathology and transmission, the bacilli may generate a hyperinflammatory phenotype. While the
Mtb cell wall is known to be dynamic (Dulberger et al., 2020), little is known about the structure and
function of the cell wall during different in vivo contexts. To this end, a recent study evaluated the
ultrastructure of the Mtb cell wall ex vivo from infected human sputum samples (Vijay et al., 2017). The
characteristic three layers were found, and a reduction in the electron translucent layer was noted when
bacilli were grown under stress conditions. Further in vivo studies investigating how Mtb regulates cell
envelop architecture to modulate host responses and deploy virulence lipids and protein effectors are

needed.

Materials and Methods

Bacterial Strains and Growth Conditions

The Mtb strains H37Rv (WT), AppsD, and AppsD::ppsD were used in this study. The AppsD and
AppsD::ppsD strains were from A. Barczak and previously described (Barczak et al., 2017). Bacteria
were grown to mid-log phase in an incubator at 37°C with 5% CO2 and gentle agitation (120 rpm).
Bacteria were grown in 7H9 media supplemented with Middlebrook OADC (oleic acid, albumin,
dextrose, catalase), 0.05% Tyloxapol, and 0.2% glycerol. H37Rv AppsD growth media was additionally

supplemented with 50 ug/mL hygromycin, GFP-expressing bacterial strains with 25 ug/mL kanamycin,

and H37Rv AppsD::ppsD with 50ug/mL hygromycin and 25ug/mL kanamycin.

Generation of single cell suspensions of Mth

Following growth of Mtb to mid-log phase (ODsoo 0.5-0.8), bacteria were washed with phosphate-
buffered saline (PBS) and resuspended in the appropriate media for the subsequent study. Single cell
suspensions of Mtb were generated using one or a combination of the following methods: 1) low-speed
spin (sp): bacteria were centrifuged at 206 x g for 10 min followed by 132 x g for 8 min, with the
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supernatant collected following each spin; 2) 5um filter (5umF): 6-20 ml of bacterial culture were added
to a 10 mL syringe and then, with gentle pressure, passed through a 5um polyethersulfone (PES) filter
(PALL Life Sciences; cat. 4650) except in the case were polytetrafluoroethylene (PTFE) filters (Tisch
scientific; cat. SF17400) were used; 3) sonication (so): 4-10 ml bacteria in a 15 ml conical tube were
placed in a water bath sonicator (Branson Ultrasonics Corporation, Digital Sonifier 450) and sonicated
with three pulses lasting 10 s each, with an amplitude of 80% and 5 s rests between each pulse.
Following sonication, bacteria were centrifuged with a low-speed spin (so/sp) or passed through a 5um
filter (so/5umF), as described above. Following the preparations described above, the concentrations
of bacterial suspensions with ODggo between 0.04-0.12 were calculated using the formula: 1 ODgoo = 3
x 108 bacteria per mL. For some experiments, bacterial cultures were further passed through a 0.2 um

filter (PALL Life Sciences; cat. 4652).

Mice

8 to 12 week-old C57BL/6J and TIr2" (B6.129-TIr2tm1Kir/J) mice were obtained from The Jackson
Laboratory. Mice infected with Mtb were housed in a biosafety level 3 containment suite. All work with
mice were approved by the Washington University School of Medicine Institutional Animal Care and
Use Committee. Euthanasia was performed in accordance with the 2020 AVMA Guidelines for the

Euthanasia of Animals prior to tissue harvest.

Bone marrow-derived macrophage isolation and infection

Mouse hematopoietic stem cells were isolated as described in (Banaiee et al., 2006). Hematopoietic
cells were differentiated by culturing for 7 days in Dulbecco’s Modified Eagle Medium (DMEM) with 10%
FBS, 2 mM L-glutamine, and 1 mM pyruvate (DMEM complete). DMEM complete media was
supplemented with 20% L929 cell supernatant (as a source of macrophage colony stimulating factor
(M-CSF), 100 U/mL final concentration), 10 units/ml penicillin, and 10 units/ml streptomycin. Following

differentiation, BMDMs were washed with PBS, resuspended in DMEM complete with 10% L929 cell
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supernatant, and plated for infection the following day. Single cell suspensions of Mtb in DMEM
complete with 10% L929 added to macrophages at a MOI of 5, 10, 20, or 40, and plates were spun for
5 minutes at 51 x g. The MOI was verified by plating the inoculum. At 4 hpi, macrophages were washed
3 times with DMEM to remove extracellular bacteria. To enumerate CFU, at specified time points
macrophages were lysed with 0.06% sodium dodecyl sulfate (SDS) in water and serially diluted in PBS.
The cell lysates were plated on 7H11 agar plates supplemented with OADC and glycerol, and CFU
were counted after 14-21 days. For gPCR, macrophages were lysed in TRI Reagent (Zymo Research,

R2050-1-50), and total RNA was extracted.

Alveolar macrophage isolation and infection

Mice were euthanized with 1 mg isofluorane instilled in a cotton ball. The trachea was exposed, incised
with a small horizontal cut, and cannulated with an 18-gauge catheter. 8 washes with 1 mL wash buffer
(ice-cold PBS, 2 mM EDTA, 1% FBS) were performed. Cells were washed and seeded in alveolar
macrophage media [DMEM with 10% L929 cell supernatant, 10% FBS, 1 mM pyruvate, and 10 mM N-
2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES)] and infected the same day as described

above for BMDM infections.

RNA sequencing

Mouse hematopoietic cells were collected and differentiated to BMDMSs as above. 1.6 x 10° BMDMs per
well were incubated overnight in a six-well plate. BMDMs were either uninfected or infected at a MOI of
5 with Mtb prepared by the designated single cell preparation method. 5 samples per group were used.
At 72 hpi, macrophages were lysed in TRl Reagent and total RNA was extracted. Total RNA integrity
was determined using Agilent Bioanalyzer or 4200 Tapestation. Library preparation was performed with
500ng to 1ug total RNA. Ribosomal RNA was removed by an RNase-H method using RiboErase kits
(Kapa Biosystems). mRNA was then fragmented in reverse transcriptase buffer and heating to 94°C for
8 min. mRNA was reverse transcribed to yield cDNA using SuperScript Il RT enzyme (Life

Technologies, per manufacturer's instructions) and random hexamers. A second strand reaction was
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performed to yield ds-cDNA. cDNA was blunt ended, had an A base added to the 3' ends, and then had
lllumina sequencing adapters ligated to the ends. Ligated fragments were then amplified for 12-15
cycles using primers incorporating unique dual index tags. Fragments were sequenced on an lllumina
NovaSeq-6000 using paired end reads extending 150 bases. The raw CPM values that were generated
underwent filtering, with removal of mitochondrial RNA, autosomal rRNA, and low-expressed genes
with less than 1 CPM in the smallest group size, followed by Voom transformation of counts.
Differentially expressed genes were then determined using the “limma” package from bioconductor.org.

Heatmaps were generated in R using the “pheatmap” package.

Gene set enrichment analysis

We imputed normalized gene expression data and associated Ensembl Stable IDs of differentially
expressed genes from our RNA-seq experiment into GSEA software. GSEA then analyzed our dataset
for enriched genetic signatures curated in the hallmark gene sets by the Molecular Signatures Database
(Liberzon et al., 2015; Subramanian et al., 2005). Genes were ranked based on their expression and
compared against the hallmark gene sets in order to generate an enrichment score. A nominal P value
was then generated followed by normalization for the size of the gene set and adjustment for multiple
hypothesis testing to yield a false discovery rate (FDR) as previously described (Subramanian et al.,

2005). Gene sets which had a P-value <0.01 and an FDR <0.01 were considered significant.

Quantitative Polymerase Chain Reaction

BMDMs (2.0 x 10°) were plated in 24 well plates. At indicated time points, macrophage growth media
was aspirated, and 100uL TRIzol (Zymo Research, R2050-1-50) was added to each well followed by
isolation of total RNA using Direct-Zol RNA Mini-Prep Plus Kit (Zymo Research, R1058) according to
the manufacturer's instructions. RNA concentrations were determined using NanoDrop One
(ThermoScientific), and cDNA was made with High Capacitance cDNA Reverse Transcription Kit

(Thermo-Fisher). Quantitative PCR was performed using SYBR Green dye (Bio-Rad CFX Connect
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Real-Time System). Fold-changes in gene expression were calculating by normalizing data to Gapdh
as a house-keeping gene and values were presented relative to uninfected cells. For analysis of whole
lung gene expression, the left lungs were placed in 800 uL TRIzol and lysed using bead beating with
3.2 mm stainless steel beads (BioSpec Products) with three 90 s cycles. Samples were cooled on ice
between cycles. Samples were centrifuged at 15,000 x g for 5 min; the supernatant was filtered through
0.22 um filters and used to isolate total RNA with the Direct-Zol RNA Mini-Prep Plus Kit. The nucleotide

sequences of all primers used are presented in Supplemental Table 2.

Fluorescence microscopy

BMDMs (3 X 10*) were seeded in glass bottom 96-well plate (Ibidi, catalog number 89626) and infected
with GFP-expressing H37Rv at a MOI of 5. After 4 h, macrophages were washed with PBS and fixed
with 1% paraformaldehyde in PBS overnight followed by permeabilization in 0.1% vol/vol Triton X-100
(Millipore Sigma) in PBS for 10 min at room temperature (RT) and blocked for 45 min in 2% bovine
serum albumin (BSA) in PBS prior to staining with DAPI (4=,6-diamidino-2-phenylindole) and mounted
in Prolong Diamond antifade (Molecular Probes, Life Technologies). Images were captured using a
Nikon Eclipse Ti confocal microscope (Nikon Instruments, Inc.) equipped with a 60X apochromat oil

objective lens. Image acquisition was done using NIS-Elements version 4.40.

ELISA

For in vitro samples, 2.0 x 10° BMDM in 24 well plates were infected with Mtb at a MOI of 10. At the
indicated timepoints, the cell supernatant was collected and filtered through 0.22 um filters. For lung
samples, tissue was homogenized in 2mL PBS, centrifuged at 400 x g for 5 min to pellet cellular debris,
then the supernatant was filtered using a 96-well 0.22 um filter plate. Cytokines were measured from
the supernatant with R&D Systems DuoSet ELISA kits for TNF-a, IL1B, and IL6 according to the

manufacturer’s instructions (R&D Systems, cat. DY406, DY410, DY411). Three biological samples per
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condition were tested in technical duplicate, and experiments were repeated at least two times per

experimental condition.

FluoroDOT assay

Assays were performed using reagents from Mouse TNF-o DuoSet ELISA kits (R&D systems, catalog
number DY410-05). Wells of 96 well glass-bottom, black plates (P96-1.5H-N, Cellvis, Mountain View,
USA) were coated with 100uL TNF-a capture antibody (2 ug/mL in PBS) at 4°C overnight. Coated wells
were then washed 3 times with PBS, followed by blocking with reagent diluent (0.2um filtered 1% BSA
in PBS) for at least 1 h at RT. Wells were washed 3 times with PBS and thereafter 8.0 x 10° BMDMs in
DMEM complete with 10% L cell supernatant were added to each well. The same day, BMDMs were
infected with the indicated GFP-expressing Mtb strains that had prepared as single cell suspensions.
Macrophages were incubated at 37°C in 5% CO; for 3 h, followed by 3 washes with fresh media to
remove extracellular Mtb, and incubated in the same media for an additional 3 h. Media was then
aspirated and 200uL 4% PFA in PBS was added for 30 min at 37°C. Wells were washed with PBS and
incubated with biotinylated 75 ng/mL TNF-a detection antibody in reagent diluent for 2 h at RT. Wells
were washed 3 times with PBS followed by 100uL PBS containing streptavidin plasmonic-fluor 650
(PF650, extinction 0.5; Auragent Bioscience LLC) (Wang et al., 2021) for 30 min at RT in the dark. Cells
were washed 3 times with PBS and stained with 300nM DAPI (Millipore Sigma) for 5 min at RT in the
dark. Wells were washed 3 times with PBS and then visualized using a Nikon TsR2 epifluorescence

microscope.

Aerosol infection of mice

Mtb was grown to mid-log phase (ODsoo 0.5-0.8), centrifuged at 3000 x g, washed with PBS, and
resuspended in sterile water with 0.05% Tween-80. Single cell suspensions were generated using the
methods described above. Suspensions were diluted in sterile water with 0.05% Tween-80 to achieve

a final concentration of 1 x 10° bacteria/mL for the sp and so/sp preparations, and 2 x 10° bacteria/mL
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for the 5umF preparation, which yielded an inoculum of approximately 100 CFU. 5 mL of the bacterial
suspension was aerosolized using a Glas-Col inhalation exposure system as previously described (Wolf
et al., 2007). Three male and three female, total six mice were used in each group. The initial bacterial
burden was confirmed by plating lung homogenates on 7H11 + 10% OADC on the day following
infection. At the indicated time points, mice were euthanized with CO.. Following euthanasia, lungs and
spleens were extracted using aseptic technique and placed in 2 mL PBS. Lungs and spleens were
homogenized, and serial dilutions were plated on 7H11 Middlebrook agar. In most of the experiments,
the left lung was excised, placed in RNAlater (Invitrogen, AM7020), stored at 80°C, followed by RNA
extraction using TRIzol as described above, while the right lung was homogenized in PBS and

processed for CFU. CFU were enumerated 14 to 21 days after plating.

Transmission electron microscopy

Bacteria were grown to mid-log phase, and single cell suspensions were generated in PBS as described
above. Bacteria were incubated in 4% PFA for 30 min at 37°C followed by centrifugation at 3000 x g
and resuspension in PBS. For ultrastructural analyses using ultrathin cross-sections through bacteria,
samples were further fixed in 2% paraformaldehyde/2.5% glutaraldehyde (Ted Pella Inc., Redding, CA)
in 100 mM sodium cacodylate buffer, pH 7.2 for 2h at RT and then overnight at 4°C. Samples were
washed in sodium cacodylate buffer at RT and postfixed in 2% osmium tetroxide (Ted Pella Inc) for 1h
at RT. Samples were then rinsed in dH20, dehydrated in a graded series of ethanol, and embedded in
Eponate 12 resin (Ted Pella Inc). Sections of 95 nm were cut with a Leica Ultracut UCT ultramicrotome
(Leica Microsystems Inc., Bannockburn, IL), stained with uranyl acetate and lead citrate, and viewed
on a JEOL 1200 EX transmission electron microscope (JEOL USA Inc., Peabody, MA) equipped with
an AMT 8-megapixel digital camera and AMT Image Capture Engine V602 software (Advanced

Microscopy Techniques, Woburn, MA).

For analyses of whole bacteria, after bacterial samples were fixed with 4% PFA, they were allowed to
adsorb onto freshly glow discharged formvar/carbon-coated copper grids for 10 min. Grids were then
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washed in dH20 and stained with 1% aqueous uranyl acetate (Ted Pella Inc.) for 1 min. Excess liquid
was gently wicked off, and grids were allowed to air dry. Samples were viewed by transmission electron

microscopy as described above.

Methodology of literature review

We conducted a search in PubMed using the medical subject headings “Mycobacterium tuberculosis”
and “Macrophage” and filtered for articles published in 2021. This generated 183 articles, which were
further filtered to include only original research articles by removing review articles, protocols, and
commentaries. The remaining 155 articles were included in the analysis if they performed an in vitro
macrophage infection with live Mtb. The text, supplementary methods, and figures were reviewed to

determine the single cell preparation methods used.

Statistical analysis
Graph Pad Prism 9 software was used for statistical analysis and to prepare graphs. Error bars used in
the figures correspond to the mean and standard deviation. Statistical significance was determined

using unpaired T test, one-way analysis of variance (ANOVA), or two-way ANOVA, as indicated.
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Figure 1. Cell preparation methods of Mtb impact macrophage responses

(A-D) BMDMs were uninfected or infected with Mtb prepared by sonication and spin (so/sp) or filtration
(5umF) at an MOI of 5 and analyzed 72 hpi by RNA-seq (n=5 per condition). (A) Venn diagram illustrates
the number of DEGs between samples. (B) Volcano plot shows genes differentially expressed in
BMDMs infected with so/sp versus 5umF Mtb. DEGs exhibiting an adjusted P-value of <0.01 and a
linear fold change 22.00 (red) or £2.00 (blue) are indicated. (C-D) GSEA identified hallmark gene sets
that were significantly enriched in so/sp- versus SumF-infected BMDMs (P <0.01; FDR <0.01).
Representative enrichment plot (C) and corresponding heat map (D) for the gene set “inflammatory
response.” Expression values in heatmap were generated using log2 normalized CPM for each gene.
(E and F) gPCR was performed on uninfected BMDMs or BMDMs infected with so/sp- or 5umF-
prepared Mtb at 6 (E) and 24 (F) hpi using an MOI of 10. Data are shown as fold change in gene
expression relative to uninfected BMDMs. Data shown are mean +/- SD from one representative
experiment with 3 biological and 2 technical replicates for each group. gPCR experiments were
performed at least 3 independent times. Statistical significance was determined with one-way ANOVA
using Tukey’s multiple comparisons test. (A-F) Error bars indicate mean +/- SD. ns not significant;

*P<0.05; ***< 0.001; ****< 0.0001.
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Figure 2. Sonicated bacteria induce high TLR2-dependent inflammatory responses

(A) BMDMs were uninfected or infected with different preparations of Mtb as indicated at an MOI of 10
and analyzed by qPCR 6 hpi. Data are presented as fold changes in gene expression relative to
uninfected BMDMs. Data are combined from 2 to 3 experiments, each with 3 biological replicates in
experimental duplicate. Statistical significance was determined with one-way ANOVA using Tukey’s
multiple comparisons test. qQPCR data are presented as fold change in gene expression relative to
uninfected BMDMs. (B) WT or Tir2” BMDMs were uninfected or infected with different preparations of
Mtb as indicated for 6 h at an MOI of 10 and analyzed by qPCR. Data are presented as fold change in
gene expression relative to uninfected BMDMs of the same mouse genotype. Data are representative
of 3 experiments, each with 3 biological replicates in experimental duplicate. Statistical significance was
determined with two-way ANOVA using Tukey’s multiple comparisons test. (C) Fluorescence
microscopy images of GFP-expressing Mtb infected BMDMs. Nuclei were stained with DAPI. Images
are maximum-intensity projections. Boxed areas in the merged image are shown in higher magnification
in the bottom panel. (D) BMDMs were untreated or treated with the sterile filtrate from different
preparations of Mtb for 6h and analyzed by qPCR. Data are presented as fold changes in gene
expression relative to untreated BMDMs. Data are representative of 3 experiments, each with 3
biological replicates in experimental duplicate. Statistical significance was determined with one-way
ANOVA using Tukey’s multiple comparisons test. (A-B, D) Error bars indicate mean +/- SD. ns not

significant; *P<0.05; **<0.01; ***< 0.001; ****< 0.0001.
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Figure 3. Sonicated bacteria elicit elevated TNF-a and IL-1p secretion

(A) Using the FluoroDOT assay, BMDMs were grown on a glass bottom plate that was coated with
TNF-a capture antibody, infected at an MOI of 10 with H37Rv-GFP prepared by the indicated method,
and examined by epifluorescence microscopy (20X) 6 hpi. Images show Plasmonic-fluor 650 (red), Mtb
(GFP), and DAPI (blue). Boxed areas in the image are enlarged in the bottom images. Secretion from
infected BMDMs or uninfected bystander cells are highlighted by open or closed white arrowheads,
respectively. (B) Data show the quantification of the mean fluorescence intensity (MFI) of the plasmonic-
fluor in the entire well from each different conditions shown in A with statistical significance determined
with one-way ANOVA using Tukey’s multiple comparisons test. (C) IL1-f and TNF-a were measured
24 hpi in the culture supernatant of uninfected or Mtb-infected BMDMs (MOI 10) by ELISA. Data shown
are mean +/- SD from one representative experiment with 3 biological in experimental duplicate for each
group. Significance was determined using one-way ANOVA with Tukeys’ multiple comparisons test. (D)
Using the FluoroDOT assay, BMDMs grown on a glass bottom plate that was coated with TNF-a capture
antibody were exposed to the sterile filtrate of bacterial single cell suspension prepared by either so/sp
or 5umF and examined by epifluorescence microscopy (20X) 6 hpi. Images show Plasmonic-fluor 650
(red) and DAPI (blue). Boxed areas in the image are enlarged in the bottom images. (E) Data show the
quantification of the mean fluorescence intensity (MFI) of the plasmonic-fluor in the entire well from
each condition shown in D, with statistical significance determined using an unpaired T test. (A-E) Error

bars indicate mean +/- SD. ns not significant; *P<0.05; **<0.01; ***<0.001.
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862
863  Figure 4. Filtered Mtb are attenuated in BMDMs but not AMs or in vivo

864 (A-B) BMDMs (A) and alveolar macrophages (B) were infected with different preparations of Mtb at an

865  MOI of 10 and intracellular bacteria were enumerated by colony forming units (CFU) 4 hpi, 3 dpi, or 5
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dpi. 5 biological replicates were used for each group in these experiments. Statistical significance
between preparations was determined with two-way ANOVA using Tukey’s multiple comparisons test
with selected significance values presented for 5 dpi relative to spin preparation. (C) Right lung CFU at
1, 7, and 14 days following aerosol infection of Mtb with the indicated preparation method. Statistical
significance between preparations was determined with two-way ANOVA using Tukey’s multiple
comparisons test. (D) Spleen CFU 14 days following aerosol infection of Mtb with the indicated
preparation method. Statistical significance between preparations was determined with one-way
ANOVA using Tukey’s multiple comparisons test. (E) gPCR of right lung homogenate from lungs of
infected mice at 14 dpi. Gene expression is presented as fold change relative to uninfected mice. 6
mice from each group were analyzed. Statistical significance between preparations was determined
with one-way ANOVA using Tukey’s multiple comparisons test. (F) Cytokine concentrations were
determined using ELISA from homogenized left lungs of mice at 14 days following aerosol infection. 6
mice from each group were analyzed. Statistical significance between preparations was determined
with one-way ANOVA using Tukey’s multiple comparisons test. (A-F) Error bars indicate mean +/- SD.

ns not significant; *P<0.05; **<0.01; ***<0.001; ****<0.0001.
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Figure 5
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883

884  Figure 5. Sonication and filtering affect the bacterial cell wall.

885  (A-C) TEM of ultrathin cross-sections of Mtb at 50,000x magnification (left) beside enlarged cross-
886  section of the envelope (right). The plasma membrane (PM), peptidoglycan/arabinogalactan layer
887  (PG/AM), mycobacterial outer membrane (MOM), and capsular layer (Cap) are indicated. (D-F) Mtb

888  were absorbed on freshly glow discharged formvar/carbon-coated copper grids followed by negative
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889  staining with 1% aqueous uranyl acetate. Representative images are 5,000x (above) and 20,000x
890  (below). So/sp-prepared Mtb had round protuberances that were on or near their envelopes indicated
891 by black arrows. Electron-dense outer halos seen surrounding so/sp- and sp-prepared bacteria are
892  indicated with white arrows. Debris seen in the extracellular space of 5umF-prepared Mtb is indicated
893  with gray arrows.
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Figure 6. The role of PDIM in inflammatory responses depends upon preparation method

(A) BMDMs were uninfected or infected with indicated strains of Mtb at an MOI of 10, and gene
expression was analyzed by qPCR at 6 hpi. Data are presented as fold change in gene expression
relative to uninfected BMDMs of the same mouse genotype. Data are representative of 3 experiments,
each with 3 biological replicates performed in experimental duplicate. Statistical significance was
determined with two-way ANOVA using Tukey’s multiple comparisons test. Data are combined from 2
to 3 experiments, each with 3 biological replicates performed in experimental duplicate. (B) Using the
FluoroDOT assay, BMDMs were grown on a glass bottom plate that was coated with TNF-a. capture
antibody, infected at an MOI of 10 with H37Rv-GFP or AppsD-GFP prepared by the indicated method,
and examined by epifluorescence microscopy (20X) 6 hpi. Images show Plasmonic-fluor 650 (red), Mtb
(GFP), and DAPI (blue). Boxed areas in the image are enlarged in the bottom images. (C) Data show
the quantification of the mean fluorescence intensity (MFI) of the plasmonic-fluor in the entire well from
each conditions shown in B with statistical significance determined with two-way ANOVA using Tukey’s
multiple comparisons test. (D) Bacteria were imaged by allowing indicated Mtb strains to absorb on
freshly glow discharged formvar/carbon-coated copper grids followed by negative staining with 1%
aqueous uranyl acetate. Round protuberances seen on or near the envelopes of so/sp-prepared H37Rv
Mtb are indicated by black arrows, the electron-dense outer halos seen surrounding so/sp- and sp-
prepared H37Rv Mtb are indicated with white arrows, and the debris seen in 5umF-prepared H37Rv
Mtb are indicated with gray arrows. (A, C) Error bars indicate mean +/- SD. ns not significant; **P<0.01;

***<0.001.
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Supplemental Table 1. RNA-seq data

This file lists the genes that were differentially expressed between uninfected macrophages,

macrophages infected with Mtb prepared by sonication followed by low-speed spin (so/sp), and

macrophages infected with Mtb prepared by passing through a 5um filter (5umF). Infectious were

carried out at an MOI of 5 at 72 hpi.

Supplemental Table 2. PCR primers used

Name Primer

M. musculus Gapdh F | AGGTCGGTGTGAACGGATTTG
M. musculus Gapdh R | TGTAGACCATGTAGTTGAGGTCA
M. musculus ll1b F GCAACTGTTCCTGAACTCAACT
M. musculus ll1b R ATCTTTTGGGGTCCGTCAACT

M. musculus 116 F TAGTCCTTCCTACCCCAATTTCC
M. musculus 116 R TTGGTCCTTAGCCACTCCTTC

M. musculus Nos2 F | GTTCTCAGCCCAACAATACAA GA
M. musculus Nos2 R | GTGGACGGGTCGATGTCAC

M. musculus Tnf F CCCTCACACTCAGATCATCTTCT
M. musculus Tnf R GCTACGACGTGGGCTACAG
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Supplemental Figure 1. Infection-induced changes in macrophage gene expression depend on
whether Mtb are sonicated or filtered

(A) Volcano plot shows genes differentially expressed in BMDMs infected with so/sp versus Ul (left) or
5umF Mtb versus Ul (right). DEGs exhibiting an adjusted P-value of <0.01 and a linear fold change
>2.00 (red) or <2.00 (blue) are indicated. (B-C) Gene set enrichment analysis (GSEA) leading edge
graphs of hallmark gene sets that were enriched in BMDMs infected with so/sp relative to 5umF Mtb
(B) or 5umF relative to so/sp (C).
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Supplemental Figure 2. Filtered Mtb are uninflammatory irrespective of filter type, do not
strongly inhibit response from sonicated bacteria, and grow normally in vitro.

(A) BMDMs were uninfected or infected with Mtb prepared by passing through a 5umF made of either
PES or PTFE using a MOI of 10 and analyzed by qPCR 6 hpi. Data are presented as fold changes in
gene expression relative to uninfected BMDMSs. (B) BMDMs were uninfected or infected for 6h at a MOI
of 10 with bacteria prepared by the so/sp or 5umF-preparation or a mixture (1:1) of the two samples.
Data are presented as fold change in gene expression relative to uninfected BMDMSs. (A-B) Each group
used 3 biological replicates performed in experimental duplicate. Statistical significance was determined
with one-way ANOVA using Tukey’s multiple comparisons test. gPCR data are presented as fold
change in gene expression relative to uninfected BMDMs. Error bars indicate mean +/- SD. ns not
significant; **P<0.01; ***<0.001; ****<0.0001. (C) Growth curve of different bacterial preparation in liquid
media (7H9 media supplemented with 10% Middlebrook OADC, 0.05% Tyloxapol, and 0.2% glycerol).
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Supplemental Figure 3. Schematic representation of the FluoroDOT assay

(A) 96-well glass bottom plates are coated with TNF-a capture antibody, followed by the
addition of BMDMs. The macrophages are then infected with Mtb. TNF-a that is secreted by the
BMDMs can be bound by the capture antibody. Samples are fixed and then the detection
antibody, which is conjugated to plasmon-fluor 650, is added and the plate is visualized using
epifluorescence microscopy. (B) lllustration indicating how the assay can reveal TNF-a
secretion from Mtb-infected or bystander macrophages. (C) Representative fluorescent image
with zoomed region and corresponding brightfield image. The three cells in the images
demonstrate examples of an infected macrophage secreting substantial TNF-a (middle), an
infected cell with little TNF-a secretion (top), and an uninfected within minimal TNF-o secretion
(bottom). Macrophages were stained with DAPI (blue); TNF-a is red.
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Supplemental Figure 4. Literature review of methods used to generate single cell Mtb
suspensions

(A) Approach used to analyze the literature to define the frequency with which distinct single cell
preparation methods are used and how often they are reported. (B) Graph demonstrates the distribution
of methods reported. Since some studies used multiple methods, the total does not equal 100.
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