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Abstract

Mycobacterium tuberculosis extracellular vesicles (MEV) have been described as having potent immunological activi-
ties that are both beneficial and harmful to the host. Key to understanding this conflicting information is the prot-
eomic characterization of MEVs. However, there is neither a standard for a purification method nor markers to assess
relative purity and quality of MEVs. In this study, we purified MEVs by four different methods (simple ultracentrifuga-
tion, differential density gradient-based ultracentrifugation, gEV size exclusion chromatography, and Capto'"Core
size exclusion chromatography) and assessed the variability of MEV characteristics (size, concentration, appearance,
purity, and protein content) amongst isolation methods. The vesicle appearance and size were consistent across all
methods; however variability was found between and within all methods, with simple ultracentrifugation demon-
strating the most variability both in reproducibility and purity. Protein concentration and content, and particle yield
and purity, varied amongst all methods. The two size exclusion chromatography-based methods were more techni-
cally reproducible than either ultracentrifugation-based method, while gEV size exclusion chromatography and differ-
ential density gradient ultracentrifugation afforded MEV samples of the highest purity. Nonetheless, all methods had
7 proteins in common, the Sec-independent membrane bound twin-arginine translocase TatA (Rv2094c), the peri-
plasmic phosphate-binding lipoprotein PstS3 (Rv0928), the heparin binding hemagglutinin HBHA (Rv0475), lipopro-
tein antigens LprG (Rv1411c) and LpgH (Rv3763), a member of the conserved 13E12 repeat protein family P95201
(Rv0393), and the tuberculin related peptide Rv0431 (P96277), suggesting the use of these proteins as qualitative
markers of MEVs versus contaminants, in addition to size and appearance criteria, to benefit reproducibility and con-
sensus for ongoing MEV studies.
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Background

Tuberculosis (TB), caused by Mycobacterium tuber-
culosis, is one of the oldest diseases known to affect
humankind [1]. It has been over 140 years since the M.
tuberculosis bacillus was first described, yet TB remains
a public health crisis. It is one of the leading causes of
death overall in low- and lower-middle-income coun-
tries, and it is one of the leading causes of death due to
an infectious agent world-wide [2, 3]. TB can have both
pulmonary and extrapulmonary manifestations, and
those infected with M. tuberculosis can present a range
of symptoms or can even be asymptomatic [4—13]. The
varying spectrum of TB disease contributes to the dif-
ficulty in public health measures to eradicate it, with
nearly a quarter of the world population harboring the
bacteria [2].

In addition to the varied presentations of TB disease,
the host—pathogen interaction that occurs during M.
tuberculosis infection is complex. Improving our under-
standing of this dynamic interaction contributes to
research in diagnostic, treatment, and prevention strat-
egies. One way M. tuberculosis interacts with the host
is through the active secretion of proteins and other
macromolecules. The culture filtrate proteins (CFP) of
M. tuberculosis have been studied for decades to bet-
ter understand bacterial physiology and pathogen-host
interactions. They are of particular interest for their
antigenic properties, which can make them candidates
for use in subunit vaccines [14—18]. M. tuberculosis
additionally secretes several vesicular products, includ-
ing multimeric proteins, glycosylated lipids, lipoglycan
aggregates, and bona-fide extracellular vesicles (EVs)
[19-25].
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The mechanisms of mycobacterial EV biogenesis and
the contents and functions of M. tuberculosis EVs (MEVs)
are ongoing areas of investigation [24]. However, experi-
mental variation in mycobacterial EV literature has com-
plicated a thorough understanding of EV biogenesis,
content, and function. The impact of the EV separation
technique on the composition and function of the result-
ing preparation has been documented for a variety of sys-
tems, from human biofluids and eukaryotic cell culture to
helminth and bacterial cell culture [26—29]. Parameters
within purification methods, such as centrifugation set-
tings, also significantly impact the resulting EV mate-
rial [30]. In addition, EVs are released from cells into a
complex matrix of various biomolecules. Therefore, when
performing in vitro studies, the growth phase and media
conditions from which EVs are collected can impact
the types of molecules present and the volume of EVs
obtained [25, 27, 28, 31-36].

A variety of EV enrichment and separation techniques
have been used across MEV studies, such as ultracen-
trifugation, density gradient ultracentrifugation, and size
exclusion chromatography, each of which has its own
advantages and disadvantages (Table 1).

Density gradient ultracentrifugation was one of the first
methods for separating EVs and is used for MEV enrich-
ment [4, 16, 21, 22, 25, 29, 37-42]. A handful of publi-
cations have employed alternative workflows including
ultracentrifugation alone [20, 43-45] or size exclusion
chromatography (SEC) [29, 37, 46, 47]. A thorough com-
parison of these methods specific to MEV preparations
has not been performed; such studies have been con-
ducted to establish quality criteria for other EV prepa-
rations [26, 28, 29, 48]. Therefore, in this study, we used

Table 1 Advantages and disadvantages of mycobacterial EV (MEV) preparation methods

Technique Advantages

Disadvantages

Ultracentrifugation - Straightforward process

- Inexpensive after centrifuge purchase

- Widely used

Density Gradient Ultracentrifugation - High separation efficiency

- Inexpensive after centrifuge purchase

- Widely used
- Additional dimension of separation
by density vs size only

Size Exclusion Chromatography - High separation efficiency
- Scalable

- Straightforward process

- Automation capable

- Preserves EV integrity

- Gentle

« Instrument dependent

- Low separation efficiency

- Vesicle aggregation/potential damage or lysis

- Published methods often lack details about instrumentation, rotors,
and conditions

- Time consuming

« Instrument dependent

« Complex process

- Low yield

- Vesicle aggregation

- Gradient medium removal required prior to analysis

- Published methods often lack details about instrumentation, rotors,
and conditions

« Reagent and consumables cost

« Dilute output

- Can be challenging to define desired fractions based on overlap of EV
markers and contaminants
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our established culture condition for the harvest of cul-
ture filtrate proteins [49] to explore the sole effect of
four different enrichment methods (ultracentrifugation,
density gradient ultracentrifugation, Capto Core SEC,
and qEV SEC) on MEV size, appearance, yield, purity,
protein composition, and method reproducibility. We
found no significant differences in MEV size or appear-
ance between methods. However, the two size exclusion
methods, Capto' Core and gEV, were more reproducible
across replicates, and higher MEV purity was achieved
when density gradient or qEV separation was performed.
Additionally, seven proteins (TatA, PstS3, HBHA, LprG,
LpqH, P95201, and P96277) were identified in all MEV
samples, regardless of the method used to enrich for
MEVs. We propose that these proteins be used as stand-
ards, in addition to traditional size and appearance crite-
ria, to ensure the quality of studies using MEVs.

Methods

M. tuberculosis culture and culture filtrate protein
generation

All procedures involving live, virulent M. tuberculosis
were performed in a biosafety level 3 laboratory (BSL- 3)
at Colorado State University. These cultivation and CFP
generation methods were adapted from previously pub-
lished methods [47, 49].

Briefly, M. tuberculosis strain H37Rv was plated using
200 pL of frozen glycerol stock on 7H11 +10% OADC
agar plates (15 X150 mm). After four weeks of growth
at 37 °C, the bacterial lawn from each plate was col-
lected, cells were transferred to a Fernbach flask contain-
ing 900 mL Glycerol-Alanine-Salts (GAS; [50]) medium,
and samples were cultured at 37 °C until mid-log phase.
Three Fernbach flasks were used to inoculate forty 350
mL roller bottles containing GAS media, and samples
cultured at 37 °C for 14 days. Samples were harvested
at late-log phase growth, with optical densities ranging
between ODg, of 6.0-8.0. Three separate harvests, each
of forty roller bottles, were used for this study.

Culture filtrate was separated from bacterial cells by
0.2 pm filtration with a VacuCap 90 vacuum filtration
device (Pall Corporation). Sterile filtrate was removed
from BSL- 3 for further processing at BSL- 2. The fil-
trate was concentrated 40-fold by ultrafiltration using a
5 kDa MWCO filter (Millipore Sigma). Buffer exchange
into 10 mM ammonium bicarbonate was subsequently
performed by ultrafiltration, and the concentrated sam-
ple was filtered through a 0.2 um PES filter. Total protein
was determined using the bicinchoninic acid assay (BCA)
(Pierce™ Thermo Scientific). The resultant culture filtrate
protein (CFP) was qualified by silver stain and western
blots for the presence of DnaK (Rv0350), PstS1 (Rv0934),
GroES (Rv3418c), Ag85 complex (Rv3804c, Rv1866c,
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Rv0129c), and SodA (Rv3846). GroEL2 (Rv0440), a cell
lysis marker, was used as a negative control in western
blots to ensure that autolysis of the bacilli was not pre-
sent at sample harvest. The following reagents used here
were obtained through BEI Resources, NIAID, NIH:
Monoclonal Anti-Mycobacterium tuberculosis DnaK
(Gene Rv0350), NR- 13609; PstS1 (Gene Rv0934), NR-
13790; GroES (Gene Rv3418c), NR- 13824; Ag85 complex
(Genes Rv3804c, Rv1866¢, Rv0129¢c), NR- 13816; SodA
(Gene Rv3846), NR- 13810; GroEL2 (Gene Rv0440), NR-
13813. Each batch of CFP was stored at 4 °C prior to use.

M. tuberculosis (MEV) enrichment

CFP ultrafiltration

Ultrafiltration was performed using a 100 kDa MWCO
Centricon Plus — 70 centrifugal filter (Millipore Sigma).
The filter was prepared by adding 25 mL phosphate-
buffered saline without calcium or magnesium (PBS) to
the top of the unit followed by centrifugation for 10 min
at 2,800 x g, 4 °C. Residual PBS was discarded from the
unit. CFP was added to the top of the filter unit (up to
60 mL at a time) and centrifuged in 10 min increments
at 2,800 x g at 4 °C. The first 50 mL of 100 kDa CFP flow
through (100 FT) was saved at 4 °C for downstream anal-
ysis. Once all the CFP was reduced to the filter’s volume,
60 mL PBS was added to the unit and concentrated for
5 washes. One milliliter of PBS was added to each filter
column directly followed by 3 mL PBS in the top of the
unit. The filter was inverted into the collection cup for a
recovery spin at 57 xg for 5 min at 4 °C. An additional
1 mL of PBS was added to each filter and allowed to sit
while the retentate was transferred out of the recovery
cup. A second recovery spin was performed, and that
retentate was pooled with the first for a total of approxi-
mately 7 mL retentate. The 100 kDa retentate (100R) was
passed through a 0.8 pum/0.2 um dual PES filter (Pall Cor-
poration) using a 10 mL syringe. The total protein for the
100R and 100 FT was determined by BCA. The filtered
100 kDa CFP retentate was stored at 4 °C prior to use.

Capto™ Core size exclusion chromatography

Capto''Core 700 (GE Healthcare Life Sciences) resin was
packed into Poly-Prep® Columns (Bio-Rad) by adding 0.5
mL Capto"'Core slurry followed by 5 mL PBS to remove
the resin storage solution. The PBS wash of the slurry was
performed by gravity-flow. The column was then capped
at the bottom and 3 mg 100R in 5 mL PBS was gently
added to the top of the column. The slurry was allowed to
settle for 5 min before the cap was removed and the flow
through recovered in a clean tube. After collection, the
column was re-capped and the flow through was added
for a second pass over the resin. The resin was allowed
to settle before the cap was removed and the final flow
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through recovered in a clean tube. The resin was washed
twice with 0.5 mL PBS to maximize recovery, which was
collected with the final flow through. Sample concentra-
tion was performed using a 4 mL 3 kDa MWCO Amicon
Ultra centrifugal filter (Millipore Sigma). Capto " Core
enriched MEVs (CC-MEVs) were added to the filter unit
and reduced to approximately 200 pL. The concentrated
CC-MEVs were transferred to a new tube, and the filter
was rinsed twice with 200 pL PBS. The wash material was
pooled with the concentrated CC-MEVs, and the final
volume was recorded. For each batch of 100R, the three
technical replicates were normalized by volume with the
addition of PBS.

qEV size exclusion chromatography

Izon qEV original 35 nm columns, containing Sepharose
CL- 2B were used with an automatic fraction collector
(AFC) following the manufacturer recommendations
(Izon Science Limited). After equilibrating to room tem-
perature, the gEV column was installed on the AFC and
flushed with 60 mL PBS. The AFC was programmed to
collect 20 X500 pL fractions. Three mg of 100R brought
to 0.5 mL with PBS was applied to the top of the col-
umn. Once the sample had run into the column, 15 mL
PBS was added to the top of the column. The AFC col-
lected fractions after the column void volume had flowed
through. All fractions were tested for their protein con-
tent by BCA and EV concentration by nanoparticle
analysis. The first three fractions collected reproducibly
contained the qEV-enriched MEVs (qEV-MEVs), as evi-
denced by the concentration (1 x 10° vesicles/ml in frac-
tions 1 and 2, and 3x 10% — 1 x 10° vesicles/ml in fraction
3) and MEV size (94—120 nm). Fractions 4—12 contained
a sequentially decreased concentration of vesicles to 1 10°
MEVs/ml and MEVs were undetectable in later fractions.
Fractions 1-3 were pooled together. After collection
was complete, the qEV column was cleaned with 0.5 mL
of 0.5 M NaOH followed by 60 mL PBS. Once all three
replicates had been run, the column was stored in 0.05%
NaNj at 4 °C. One column was used per 100R batch to
avoid lot-to-lot cross-contamination.

Ultracentrifugation

Centrifuge rotor buckets for a SW 32.1 Ti swinging
bucket rotor (Beckman Colter) were cooled to 4 °C. Thin-
wall polypropylene tubes 16 x96 mm (Beckman Coul-
ter) were rinsed with 70% ethanol and allowed to air dry.
Tubes were filled with 16 mL PBS followed by the addi-
tion of 3 mg 100R. Samples were centrifuged at 100,000
xg for 1 h at 4 °C. The supernatant was decanted from
the invisible pellets by pouring smoothly and swiftly in
one motion away from the expected pellet location. The
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pellets were each resuspended in 500 uL. PBS and trans-
ferred to a new tube.

OptiPrep™ density gradient separation
The same ultracentrifuge, rotor, and tubes described
above were used for density gradient ultracentrifugation.
Ultracentrifuge-concentrated MEVs (UC-MEVs) were
transferred to a new, dry polypropylene tube 16 X 96 mm
(Beckman Coulter) and mixed with 1.5 mL OptiPrep
density gradient medium (Millipore Sigma) to achieve a
45% iodixanol solution. Subsequently, 1.5 mL layers of
40-5% OptiPrep’ " in PBS in decreasing increments of
5% were gently overlaid on the sample followed by 2 mL
PBS. Samples were centrifuged at 100,000 x g for 16 h at
4 °C. Fractions were collected with a 1 mL pipette start-
ing from the top of each gradient and transferred to new
tubes. Fractions 8—12, which contained the MEVs, were
pooled. Buffer exchange to PBS was performed with a
100 kDa MWCO Amicon filter (Millipore Sigma) and
centrifugation for 10 min at 2,800 X g, 4 °C. Residual PBS
was discarded from the unit. The filter was refilled with
PBS, and the sample was filtered five additional times to
ensure removal of residual iodixanol. The concentrated
density-gradient-enriched MEVs (DG-MEVs) were trans-
ferred to a new tube, and the filter was rinsed twice with
200 pL PBS. The wash material was pooled with the con-
centrated DG-MEVs, and the final volume was recorded.
All enrichment techniques were performed in tripli-
cate on three different batches of 100R for method com-
parison. The total protein for each enriched sample was
determined by microBCA (Pierce” Thermo Scientific)
following the manufacturer’s recommendations. All MEV
preparations were stored at 4 °C when not in use.

MEYV analysis

Nanopatrticle tracking analysis (NTA)

The concentration and size distribution of the enriched
MEVs were evaluated by NTA using the NanoSight
NS300 (Malvern Panalytical) with an automatic syringe
pump and software version 3.4. MEV samples were
diluted in PBS such that the final concentration was in
the range of 10’—10° particles per mL, per manufacturer/
instrument recommendations. The screen gain was set to
13.1, the camera level 13, and the syringe pump to infuse
at 10. The focus was adjusted as needed for each sample.
Three, 30-s videos were captured for each sample. Analy-
sis settings included a screen gain of 10 and a detection
level of 5 and reported average values from the three
videos. Final sample particle concentration was calcu-
lated based on the NTA results and the volume of sample
diluted for measurement.
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Silver stain and western blot analyses
Samples normalized by either total protein or NTA par-
ticle count were resolved by SDS-PAGE using NuPAGE
Novex 4-12% Bis-Tris Gels (Life Technologies) and
NuPAGE MES SDS Running Buffer (Life Technologies).
Gels were either stained with silver and imaged or
transferred to nitrocellulose for western blots. Western
blot membranes were blocked with 2% bovine serum
albumin in TBS-T for 1 h at room temperature or over-
night at 4 °C. Antibodies to GlcB (Rv1837c), LpqH
(Rv3763), GroES (Rv3418c), lipoarabinomannan (LAM)
(obtained through BEI Resources, NIAID, NIH: Mono-
clonal Anti-Mycobacterium tuberculosis GroES (Gene
Rv3418c), NR- 13824; LpqH (Gene Rv3763), NR- 13606;
GlcB (Gene Rv1837c), NR- 13799; LAM, NR- 13811) or
SodC (Rv0432) [51] polyclonal) were used to probe the
membranes and their target proteins detected after 1 h at
room temperature or overnight at 4 °C incubation with
alkaline-phosphatase conjugated secondary antibody and
development (NBT/BCIP ready to use tablet, Roche, dis-
solved in 10 mL water). Developed membranes were air-
dried and imaged.

Transmission electron microscopy (TEM)

Vesicle samples were fixed by adding an equal volume of
4% TEM grade paraformaldehyde, final concentration of
2%, then stored at 4 °C for a minimum of 24 h. Formvar/
carbon-coated grids (Electron Microscopy Science) were
glow discharged for 30 s before 10 pL of fixed EV sample
was dropped onto the grid and allowed to sit for 5 min.
Excess liquid was blotted away with filter paper. The
grid was washed by floating on a 50 pL drop of ultrapure
water for 30 s. Excess water was blotted away then the
grid was stained by floating on a 50 uL drop of 2% uranyl
acetate for 2 min. Excess stain was blotted away and the
grid air dried. Grids were imaged on a JOEL JEM- 2100
F transmission electron microscope at 200 kV with spot
size 5 and alpha 2.

Mass spectrometry

Twenty micrograms (protein) of each vesicle sample
were resolved by SDS-PAGE, and the gels were stained
with SimplyBlue SafeStain (Invitrogen). Individual sam-
ple lanes were excised from the gel and cut into approxi-
mately 1 mm? pieces, transferred to 1.6 mL centrifuge
tubes, and destained by addition of de-stain solution (60%
acetonitrile (ACN) in 0.2 M ammonium bicarbonate) and
incubation at 37 °C for 30 min. This process was repeated
until the gel pieces appeared to be completely de-stained.
Gel pieces were dried and digest solution (Sequencing
grade trypsin in 0.2 M ammonium bicarbonate at 12 pL
solution per 1 pg trypsin) was added directly to the gel
pieces at a ratio of 1:20 (trypsin: protein). Ammonium
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bicarbonate (0.2 M) was added once the digest solution
was absorbed by the gel pieces, and samples were incu-
bated at 37 °C for 16 h. Tryptic peptides were extracted
by two sequential incubations at 37 °C in extraction solu-
tion (60% ACN, 0.1% trifluoroacetic acid in water). The
supernatant was dried, resuspended in 20 pL of MS
Buffer A (3% ACN and 0.1% formic acid in water) and
peptides quantitated using a NanoDrop UV-Vis spec-
trophotometer, A205. The samples were stored at —20 °C
until liquid chromatography-mass spectrometry/mass
spectrometry (LC-MS/MS) analysis.

Samples were resolved by LC-MS/MS on a Bruker
timsTOF Pro mass spectrometer coupled to an LC sys-
tem (Evosep One). An aliquot of each sample was loaded
onto individual Evotips for desalting and washing. Pep-
tides were separated on a Pepsep column (15 ¢cm, 150 um
inter-diameter), packed with ReproSil C18, 1.9 pum, 120
A resin, using a pre-set 30 samples per day gradient on
the Evosep One system (Evosep, Odense, Denmark). The
Evosep system was coupled to the timsTOF Pro mass
spectrometer (Bruker Daltonics, Bremen, Germany)
via the nano-electrospray ion source (Captive Spray,
Bruker Daltonics). The mass spectrometer was operated
in PASEF mode. The ramp time was set to 100 ms and
10 PASEF MS/MS scans per topN acquisition cycle were
acquired. MS and MS/MS spectra were recorded from
m/z 100 to 1700. The ion mobility was scanned from 0.7
to 1.50 Vs/cm? Precursors for data-dependent acquisi-
tion (DDA) were isolated within +1 Th and fragmented
with an ion mobility-dependent collision energy, which
was linearly increased from 20 to 59 eV in positive mode.
Low-abundance precursor ions with an intensity above a
threshold of 500 counts but below a target value of 20,000
counts were repeatedly scheduled and otherwise dynami-
cally excluded for 0.4 min.

Data analysis

Western blot image analysis

Western blot images were converted to grayscale for
analysis in Image] (version 1.53) [52]. The largest band
of interest on the blot was used for setting the region of
interest (ROI) size for analysis. Measurement for each
band was performed using the mean gray value of the
ROLI. Background values were also generated by selecting
three random areas as the ROI. All values were inverted
by subtracting the pixel density recorded by Image J from
255, the maximum pixel value. The background was then
subtracted to obtain the final intensity value for the rela-
tive quantification of band intensity.

Mass spectrometry data processing and analysis
Database searches were performed on raw MS data files
(in the.d Bruker format) using FragPipe (version 21.1) on
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a Windows 10 system with Java (11.0.9.1), equipped with
MSFragger (version 4.0), lonQuant (version 1.10.12), Phi-
losopher (version 5.1.0), and Python (version 3.9.13) [53—
59]. Mass spectra were searched using MSFragger and an
LFQ-MBR workflow for IM-MS data against an M. tuber-
culosis H37Rv database (UniProt, downloaded March 22,
2024; 8,226 entries with decoys (50%; 4,113 entries) and
common contaminants added). MSFragger parameters
for the search included a precursor mass tolerance of —
20 to 20 ppm and a fragment mass tolerance of 20 ppm,
with ‘Mass calibration, parameter optimization’ selected
and isotope error of 0/1/2/3, with enzymatic (trypsin)
cleavage, with cuts at KR and no cuts at P and one missed
cleavage allowed. Peptide length was set at 10-50 and
peptide mass range at 900-5,000. Oxidized methionine
(mass delta of 15.9949) and cysteine carbamidomethyla-
tion (mass delta of 57.02146) were included as variable
modifications, each with a maximum of 3 occurrences.
Under ‘Advanced Options’ of MSFragger, the default
options were used. Validation tools were used, including
PSM validation and Percolator (min probability set to 0.8;
with command line options: —only-psms —no-terminate
—post-processing-tdc; options to predict RT and predict
spectra under ‘Rescoring Using Deep Learning Predic-
tion’ tab were also selected) along with ProteinProphet
(with command line options: —maxppmdiff2000000).
The option to generate reports was selected, with fil-
ter (—sequential —prot 0.01), and the options to generate
MSstats files, remove contaminants, generate peptide-
level summary, and generate protein-level summary were
selected. MS1 quant was also run with IonQuant, using
the loaded Quant defaults.

Statistical analysis

RStudio (2021.09.0 Build 351) using R for statistical com-
puting (version 4.1.1) was used to generate graphs and
plots [60]. All coding for statistical analyses performed in
RStudio is provided in the Supplementary Material. Prior
to statistical tests for differences among means, samples
were evaluated for normality by histogram, QQ Plot,
and Shapiro—Wilk’s test (Supplementary Material Fig-
ure S2). If normality was met, equal variance was deter-
mined by Bartlett’s test. If normality and equal variance
assumptions were met, ANOVA with post-hoc Tukey or
Student’s t-test was used. If either assumption was vio-
lated (p-value <0.05), the nonparametric Kruskal-Wallis
test followed by pairwise Wilcoxon signed-rank test was
performed. For the proteomics mass spectrometry data
analysis, which occurred later, RStudio (2023.06.1 Build
524) using R for statistical computing (version 4.2.2) on
a Windows 10 system was used to generate graphs and
plots and perform statistical analyses [60-76]. The code
for this can also be found in the Supplementary Material.
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For analyzing the mass spectrometry data, the MaxLFQ
intensity (normalized peptide intensities according to
the MaxLFQ method) values [77] for all samples for the
proteins of interest (see Results section) were extracted
from the entire output (the ‘combined_protein.csv’ file)
provided by Fragpipe from the database search described
above. Then, as above, normality for the MaxLFQ inten-
sity for each protein of interest was evaluated by histo-
gram, QQ plot, and Shapiro—Wilk’s test (Supplementary
Material Figure S3). Normality was not met for any of the
data tested, and therefore the nonparametric Kruskal—
Wallis test and nonparametric pairwise Dunn’s test (with
the Bonferroni method) were performed to evaluate sta-
tistical differences among the samples for each protein of
interest.

Results

EV morphology and size

Visualization of formaldehyde-fixed MEVs from each
method by TEM revealed that regardless of the method,
all samples include MEVs of anticipated sizes and mor-
phologies (Fig. 1). Some of the variation in vesicle shape
is artifactual and can be attributed to the drying process
for TEM grid preparation. In addition, each method
resulted in MEVs of similar size, most of which fall within
a range of 95-110 nm (Fig. 2). ANOVA testing demon-
strated that NTA sizes show no significant difference
across the means (p=0.1).

Purity and reproducibility of EV enrichment across all
methods
In contrast to TEM and NTA results which indicate the
MEVs enriched by each method are relatively similar in
terms of size and morphology, protein recovery for MEVs
enriched by each method varied. Protein recovery is sig-
nificantly higher for CC-MEVs than for vesicles obtained
through the other methods (Fig. 3 and Table S1). UC-
MEVs have a significantly higher protein recovery than
qEV-MEVs and DG-MEVs, while gEV-MEVs have a sig-
nificantly higher recovery than DG-MEVs (Fig. 3). Con-
sistent with total protein recovery, CC-MEVs also have
the highest particle recovery, but the statistical signifi-
cance between CC-MEVs and qEV-MEVs is no longer
present (Fig. 4 and Table S2). There are significantly more
particles recovered by qEV than DG, and by UC than DG,
but there is no apparent difference between qEV and UC.
Technical and biological replication analyses were also
performed. Technical replicates demonstrated acceptable
coefficients of variation (CoV), 11.55, 15.39, and 13.94
for CC, qEV, and DG methods, respectively; versus the
CoV for the UC enrichment method of 28.18 (Table 2).
Replicability was challenged for both ultracentrifuga-
tion methods when the biological replicate CoV was
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A. B.
Fig. 1 Representative TEM images by enrichment method reveal vesicles of varying sizes and morphologies. Representative TEM images are shown
for vesicles obtained through the (A) Capto™Core, (B) Density Gradient, (C) gEV, and (D) Ultracentrifugation methods. For each method, the image

on the right is a zoomed-in view of the white box present in the image on the left. Scale bars represent 200 nm. A representative TEM of PBS
buffer and MEV excluded culture filtrate proteins is provided as supplementary data, Figure S1. (Images adapted from Ryan, Joan M. Enrichment
and separation of Mycobacterium tuberculosis extracellular vesicles with a side of biosafety and biosecurity. Ph.D. diss., Colorado State University,

2022. Fort Collins, CO, USA. ProQuest ID 29065918
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Fig. 2 Box plots of mean particle size by NTA reveal that vesicles
obtained by each method fall within a similar size range. There
was not sufficient evidence to indicate a significant difference
among the means (p= 0.1 by ANOVA)

calculated, with values of 52.9 and 69.1, for UC and DG,
respectively (Table 2).

Finally, analysis of the ratio of particles to protein
across the methods and amongst biological replicates
was performed as the final assessment of MEV purity.
This analysis affirmed the low CoV calculated for
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Fig. 3 Comparing protein recovery reveals that there

were differences in the amount of total protein recovered

across the various MEV enrichment methods. The total protein
recovered is charted by method and color-coded by biological
replicate. CC-MEVs appeared to have the highest protein recovery.
The error bars represent the standard deviation of the technical
replicates within the biological replicate. Significance from pairwise
Wilcoxon signed-rank test indicated as p <0.001***, and p
<0.00071%***

technical and biological replicates of both size exclu-
sion methods, especially CC, and similarly highlighted
the challenge of replication for both ultracentrifugation
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Fig. 4 Comparing total particles obtained across MEV enrichment
methods reveals variation. The number of total particles

recovered is charted by method and color-coded by biological
replicate. Similarly to the protein recovery, there are significant
differences in total particle yield across the methods. The error
bars represent the standard deviation of the technical replicates
within the biological replicate. Significance from Student’s t-test
indicated as p <0.01**, p <0.001***, and p <0.00071****

methods, notably DG (Fig. 5). Analysis of the highest
particle per protein ratios demonstrated that qEV and
DG enrichment methods afforded the highest ratios,
and thus greatest purity, with 2.45 x 10° and 4.45 x 10°
particles per ug of protein. Interestingly, CC enrich-
ment yielded the least pure preparation, with 0.5 x 10°
(or 4.97 x 10®) particles per ug of protein (Table 2 and
Fig. 5).

Analysis of specific protein markers across enrichment
methods

To investigate the proteomic profile of MEVs enriched by
each method, samples were digested with an in-gel-based

Page 8 of 17

trypsin digestion protocol and analyzed by LC-MS/MS.
The resulting data was processed using the database
search tool, MSFragger, within the program FragPipe,
against a database for the proteome of M. tuberculosis
H37Rv. A comparison of the total number of proteins
identified in this search across the MEV enrichment
methods indicates that, as expected, the CFP material
had the greatest number of proteins (Fig. 6). Following
CFP, the 100R material and CC-MEVs had the great-
est number of proteins. UC-MEVs and qEV-MEVs had a
comparable number of identified proteins and DG-MEVs
had the least number of proteins identified (Fig. 6).
Beyond the total number of proteins, we initially looked
specifically at four proteins, LpqH, SodC, GlcB, and
GroES. These proteins are predominantly represented in
MEV literature, with LpqH and SodC described as MEV-
associated proteins and GlcB and GroES as contaminants
[21, 42, 78]. We initially compared the MaxLFQ intensity
for these proteins across MEV enrichment methods. In
the case of LpqH, CC-MEVs had a higher intensity than
the 100R material (p <0.001), DG-MEVs (p <0.0001) and
the UC-MEVs (p <0.01) (Fig. 7A). DG-MEVs had the
lowest MaxLFQ intensity for LpqH amongst all meth-
ods, also having significantly lower intensity compared
to qEV-MEVs and UC-MEVs (p <0.0001 and p <0.01,
respectively) (Fig. 7A). In terms of SodC MaxLFQ inten-
sity, there is a difference between CC-MEVs and DG-
MEVs, qEV-MEVs, and UC-MEVs (p <0.001, p <0.01,
and p <0.05, respectively), with CC-MEVs appearing to
have the highest intensity for SodC. There is also a dif-
ference between DG-MEVs and both qEV-MEVs and
UC-MEVs (p <0.05 and p <0.01, respectively), with DG-
MEVs exhibiting a lower intensity for SodC (Fig. 7B).

Table 2 Particle to protein ratio coefficients of variation for each method and biological replicate

Method Biological Technical Technical Technical Average Technical Method Method Method
Replicate Replicate Average Replicate Replicate CoV Replicate CoV (%) Average Standard CoV (%)
Particles per pg Standard (%) Particles peruyg Deviation
Deviation
CcC 1 403E+08 6.33E+07 15.7 11.55 4.97E +08 1.19E +08 24.0
CcC 2 6.40E +08 5.15E+07 8.0
CC 3 448E+08 4.88E+07 109
qEVv 1 1.98E +09 1.62E +08 82 15.39 245E+09 6.32E +08 258
qEVv 2 3.12E+09 247E +08 79
qEVv 3 2.25E+09 6.77E +08 30.1
uc 1 5.62E +08 4.86E +07 87 28.18 1.07E +09 5.65E +08 529
uc 2 1.53E+09 6.56E +08 429
uc 3 1.11E+09 3.68E +08 33.0
DG 1 6.21E +08 1.06E +08 171 13.94 443E+09 3.07E+09 69.1
DG 2 531E+09 432E+08 8.1
DG 3 7.37E+09 1.22E+09 16.6
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Mass spectrometry analysis reveals that MEVs
obtained by all tested methods do indeed contain LpqH,
although there are differences across the methods
(Fig. 7A). When considering the intensity of SodC fol-
lowing mass spectrometry analysis, CC-MEVs appear
to have the highest intensity, with qEV-MEVs and UC-
MEVs appearing to be relatively similar (Fig. 7B). These
findings indicate that MEVs obtained by DG generally
exhibit lower levels of SodC and LpqH whereas MEVs
obtained by CC exhibit higher levels of these proteins.
This somewhat confounded our analysis of MEVs by
particle quantity and particle purity.

1000

Count of Detected Proteins

0-

CFP 100FT 100R

..IIII
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The MaxLFQ intensity findings for the contaminants,
GlcB and GroES, demonstrated that all MEV enrich-
ment methods result in a lower GlcB intensity than
the 100R starting material, although only the differ-
ence between 100R and DG-MEVs and between 100R
and qEV-MEVs that rises to statistical significance
(p <0.0001 for both). There are also significant dif-
ferences between CC-MEVs and both DG-MEVs and
qEV-MEVs (p <0.001 for both) along with differences
between UC-MEVs and both DG-MEVs and qEV-MEVs
(p <0.0001 for both), with DG-MEVs and qEV-MEVs
exhibiting lower MaxLFQ intensity for GlcB than either
CC-MEVs or UC-MEVs (Fig. 8A). In the case of GroES,
there are no statistically significant differences between
the 100R starting material and any of the MEV enrich-
ment methods. However, the GroES intensity for each
method, apart from UC, appears to be relatively low.
UC-MEVs appear to have the highest GroES intensity
when compared to CC-MEVs (p <0.05), DG-MEVs (p
<0.0001), and qEV-MEVs (p <0.0001) (Fig. 8B). Taken
together, these proteomic findings support that DG and
qEV enrichment methods result in MEV preparations
with the least protein contaminants (GlcB and GroES),
and thus greatest purity.

Visualizing protein variation across enrichment methods

We performed silver staining along with western blots
to validate our mass spectrometry findings. Each MEV
enrichment method was probed with specific antibodies
to detect the protein markers of interest (LpqH, SodC,

qEV uc

DG

cC

Condition

Fig. 6 Number of proteins identified through proteomics analysis followed by FragPipe analysis, across enrichment methods. Untargeted
proteomic analysis by LC-MS/MS followed by analysis with a database search tool (FragPipe) revealed that the number of proteins identified
across MEVs obtained from the various MEV enrichment methods varies, with DG-MEVs resulting in the fewest proteins identified. Error bars
represent protein count plus and minus the standard deviation of protein count
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following mass spectrometry indicates that MEVs obtained by all methods have detectable levels of both proteins, with DG-MEVs exhibiting
the lowest MaxLFQ intensity for both. Significance is indicated as p <0.05%, p <0.01**, p <0.001***, and p <0.0001****
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Fig. 8 MaxLFQ intensity of contaminant proteins across MEV enrichment methods. Analysis of contaminant proteins (GlcB and GroES) by mass
spectrometry indicates that MEVs obtained from DG and gEV exhibit lower MaxLFQ intensities for these proteins than MEVs obtained by CC and UC.
Significance is indicated as p <0.05%, p <0.01**, p <0.001***, and p <0.0001****

GlcB, GrokES). Detection of LAM was added to these
assays as an ancillary mycobacteria marker.The silver
stain and western blot results for biological replicate 2
are shown as representative (Fig. 9). Silver stain and west-
ern blot images for biological replicates 1 (Due to inad-
equate recovery, biological replicate 1 for DG-MEVs was
not included in analyses by silver stain or western blots)
and 3 are available as supplementary material (Figure S4
and Figure S5).

LpgH is detected across all samples in western blot
analysis, and further intensity analysis of the blots

(Fig. 10) confirms that all the methods demonstrate LpqH
enrichment (Fig. 10D) when compared to the 100R mate-
rial. This aligns with our proteomics findings in which
LpqH is detected in MEVs from all methods including a
higher MaxLFQ intensity in all methods compared to the
100R material. Western blot analysis for SodC indicates
that this protein is present in MEVs obtained from all
four methods, again aligning with the proteomics mass
spectrometry analysis. According to mass spectrometry
analysis, the MaxLFQ intensity of SodC is lowest in DG-
MEVs and appears highest in CC-MEVs, with gEV-MEVs
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Fig. 9 Silver stain and western blots of biological replicate 2. A Silver stain and (B-D) Western blots for each technical replicate of biological
replicate 2. All are loaded in the following format: 1=ladder, 2= 5 pg 100R, 3-5 = 1E9 CC-EV 2.1-2.3, 6-8 = 1E9 qEV-EV 2.1-2.3,9-11 =1E9 UC
2.1-23,and 12-14 =1E9 DG 2.1-2.3. Image adapted from Ryan, Joan M. Enrichment and separation of Mycobacterium tuberculosis extracellular
vesicles with a side of biosafety and biosecurity. Ph.D. diss., Colorado State University, 2022. Fort Collins, CO, USA. ProQuest ID 29065918

and UC-MEVs having similar levels. Similarly, western
blot analysis indicates differences in the levels of SodC
present across MEV samples. However, as indicated by
evaluation of band intensity in western blot analysis, CC-
MEVs and qEV-MEVs appear to have higher levels of
SodC than DG-MEVs and UC-MEVs, although the statis-
tical significance of these differences varies across biolog-
ical replicates. While the LAM banding visual patterns
vary by method (Fig. 9C), the overall signal intensity
demonstrates few to no significant differences, including
between 100R and MEV enrichment methods (Fig. 10C).

According to silver stain results, there appears to be
a more efficient reduction in contaminant proteins in
qEV-MEVs and DG-MEVs when compared to the other
methods (Fig. 9A). Neither GroES nor GlcB is visible for
qEV-MEVs and DG-MEVs by western blot analysis (Fig. 9
B and C). In addition, both these proteins demonstrate
very low western blot band intensity (Fig. 10A and B) and
low MaxLFQ intensity results in qEV-MEVs and DG-
MEVs. Interestingly, GroES appears most clearly in UC-
MEVs by western blot (Fig. 9C). This result also aligns
with proteomic analysis in which UC-MEVs exhibit the
highest GroES intensity compared to MEVs from the
other three methods. GlcB also appears in UC-MEVs,
along with CC-MEVs, in western blot analysis. This, too,

aligns with the earlier proteomic findings in which CC-
MEVs and UC-MEVs have a significantly higher MaxLFQ
intensity for GlcB than either DG-MEVs or qEV-MEVs
(Fig. 8A). Overall, western blot analysis, and subsequent
signal intensity analysis, indicates that qEV and DG
most consistently result in MEVs with the least protein
contaminants (GlcB and GroES), aligning with all other
analyses.

Global analysis of proteins across enrichment methods

Based on inconsistencies in LpgH and SodC detection
across methods, by proteomic and western blot analysis,
as well as inconsistencies using these reported proteins
against our other analyses, we performed an unbiased
analysis of all proteins across samples to gain a revised
consensus of MEV markers. To do this, we investigated
the proteins shared among DG-MEVs, CC-MEVs, UC-
MEVs, and qEV-MEVs. Over 1000 proteins were identi-
fied in at least 1 of our 72 LC-MS injections, and over
650 proteins remained when a minimum combined spec-
tra count of 100 was applied (Supplementary spread-
sheet, sheet 1 and 2 respectively). Further, 89 proteins
were found in all methods when a low stringency analysis
of only one injection (1 of 18) per method was used to
compare results (Supplementary Table). When stipulated
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Fig. 10 Western blot intensity comparisons. Average pixel intensity for each technical replicate is shown for western blots against (A) GlcB, (B)
GrokES, (C) LAM, (D) LpgH, and (E) SodC. Each biological replicate had one western blot per antibody so a comparison among pixel intensity
was performed using the Student's t-test. Significance is indicated as p <0.05% p <0.01**, p <0.001***, and p < 0.0001****

that a protein must be found in at least one-third (33%, 6
of the 18 injections) of the samples for each MEV enrich-
ment method, we found a total of 7 proteins to be shared
among MEVs obtained from all these protocols (CC, DG,
qEV, UC) (Fig. 11; Table 3), with the DG method being
the most discriminatory. Shared proteins across CC, qEV,
and UC methods equated to 56 (Fig. 11).

LpgH is included in these common proteins and
remains as an MEV proteomic standard. Four additional
proteins, LprG, TatA, a sec-independent translocase

protein, PstS3, a phosphate-binding protein, and HBHA,
a heparin-binding hemagglutinin, were identified in
all MEV enrichment methods, consistent with other
studies investigating the protein content of MEVs [23].
Through this comparison of proteomics results, we also
found that 199 proteins were identified in CC-MEVs
that were not shared with the other groups, 189 proteins
were identified in UC-MEVs that were not shared, and
only one protein was identified in qEV-MEVs that was
not shared with any other group. In addition, CC-, qEV-,
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Fig. 11 Venn diagram of number of proteins shared among MEVs obtained from each protocol. With the condition that a protein must be found
in at least one-third of samples within each MEV enrichment method, a Venn diagram analysis revealed 7 M. tuberculosis proteins to be shared

among MEVs obtained using the CC, DG, UC, and gEV methods

Table 3 List of proteins shared among CC-MEVs, DG-MEVs,
UC-MEVs, and gEV-MEVs

Protein Protein Description

sp|P9 WGAT[TATA_MYCTU
sp|P9 WGT7|PSTS3_MYCTU
5p|P9 WIP9|HBHA_MYCTU
sp|P9 WK45|LPRG_MYCTU
sp|P9 WK61|LPQH_MYCTU
tr|P95201|P95201_MYCTU
tr|P96277|P96277_MYCTU

Sec-independent translocase protein TatA
Phosphate-binding protein PstS3
Heparin-binding hemagglutinin
Lipoarabinomannan carrier protein LprG
Lipoprotein LpgH

Conserved 13E12 repeat family protein
Tuberculin related peptide

and UC-MEVs appear to have similarities in their pro-
tein profiles, as they have 56 proteins in common, while
CC-MEVs and UC-MEVs additionally have 185 proteins
in common.

Discussion

TB is a pervasive disease in many regions of the world,
and the interaction between M. tuberculosis and the host
is complex. The release of MEVs, as one of the many ways
in which the bacteria interact with the host during infec-
tion and modulate the course of disease, is of increasing
interest and an area of active investigation [21, 24, 37, 43,
79]. The first report of EV production by mycobacteria
was published in 2007, where scanning electron micros-
copy (SEM) imaging revealed vesicles associated with M.
ulcerans biofilms. This observation led to the first puri-
fication of mycobacterial EVs and immunoprecipitation
of these EVs from infected mouse tail tissues [20]. Not
long after this initial publication, production of EVs by
many other environmental and pathogenic mycobacterial

species, including M. tuberculosis, was demonstrated [21,
22]. Despite these findings and ongoing investigations
into MEV biogenesis, content, and function, there is cur-
rently no standardized method for obtaining MEVs or for
qualifying MEV preparations.

In this study, we evaluated the impact of four differ-
ent methods to obtain MEVs (UC, DG, CC, and qEV) on
the characteristics of the resulting MEV preparations,
including MEV size, appearance, yield, purity, protein
composition, and overall method reproducibility. We
found that the qEV and DG enrichment methods result
in MEV preparations with the greatest purity, according
to analysis of the ratio of particles to protein (Table 2 and
Fig. 5) along with both mass spectrometry and western
blot analysis of contaminant proteins, GlcB and GroES
(Figs. 8, 9 and 10). The DG method posed most challeng-
ing for biological replicability and this should be taken
into account when this method is used (Table 2 and
Fig. 5). Although qEV appears to be a promising method
to obtain consistent and relatively pure MEV prepara-
tions, the cost of the supplies needed for this method can
be prohibitive and therefore pose a limitation to wide-
spread use in the field.

We also identified a set of seven proteins shared among
MEVs obtained from all four methods (TatA, PstS3,
HBHA, LprG, LpqH, P95201, and P96277, see Table 3).
Interestingly, TatA, PstS3, HBHA, LprG, LpqH, and
P96277 are all associated with the cell membrane or cell
wall and have been detected in association with MEVs
in proteomic studies conducted by other groups [21, 23,
42]. Proteomic analysis of MEVs in previous studies dem-
onstrated lipoprotein enrichment, with LpqH, a 19 kDa
lipoprotein antigen precursor, and LprG, a conserved
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lipoprotein, both of which are involved in cell wall pro-
cesses, strongly represented [21, 42]. Lipoproteins made
up to 10% of the identified proteins in one study [21],
while they comprise only 1-2% of proteins in the whole
M. tuberculosis genome [80]. Transmission electron
microscopy (TEM) of immunogold antibody-labeled
MEVs also confirmed the presence of LpqH and LprG in
the membrane of MEVs [21]. These results support our
finding of LpqH and LprG among the top shared proteins
across MEV preparations and our proposal that these
proteins be used as standards to evaluate MEV prepara-
tions. In addition, HBHA is displayed on the surface of
the bacteria with a role in adhering to host cells [81].
TatA is involved in the twin-arginine translocation (Tat)
protein export pathway, the components for which are
located at the cytoplasmic membrane. This may explain
the incorporation of TatA, and periodically TatA inter-
acting proteins, into MEVs as they are generated and
released from the surface of the bacterial cell [82]. PstS3
is a phosphate-binding lipoprotein which also serves as a
ligand for host toll-like receptor 2 (TLR2) and is likewise
located at the bacterial cell membrane [21, 42]. P96277
(Rv0431), a tuberculin related peptide, is enriched in the
membrane fraction of M. tuberculosis by mass spectrom-
etry analysis [83, 84] and was identified in previous MEV
proteomics studies [42]. Interestingly, these proteins all
appear to be involved in virulence, a characteristic of
many of the proteins identified in other studies on MEVs
[21, 42]. In fact, even the P95201 (Rv0393) protein, while
its function remains unknown, has been predicted to be
a virulent protein [85], which may partly explain its pres-
ence in our list of shared MEV proteins. These findings
ultimately align with other MEV studies, contribute to
evidence that MEVs play a role in virulence and infection,
and support our proposal that these proteins be used as
standards to assist in qualifying MEV preparations.

In summary, our studies demonstrate that MEV size
and appearance is not affected nor different based on
enrichment method. In contrast, MEV purity and the
replicability of enrichment procedures for consist-
ent MEV populations varied considerably based on the
method, with qEV and DG resulting in the greatest MEV
purity, yet qEV and CC having more reliable replicability
compared to DG and UC. Despite these inconsistencies
across preparations, all methods demonstrated a reduc-
tion in GlcB (Rv1837) as an indicator of the removal of
non-MEV contaminants, and identified a set of seven
proteins (TatA, PstS3, HBHA, LprG, LpqH, P95201, and
P96277, see Table 3) indicative of MEV proteins. We
propose using these protein standards, along with size
and appearance, to qualify MEV preparations as part of
continued studies on these potent contributors to immu-
nomodulation during tuberculosis.
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