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ARTICLE INFO ABSTRACT

Keywords: Tuberculosis (TB) is one of the most widely prevalent infectious diseases that cause significant mortality. Bacillus

TUbe‘rCUIOSB Calmette-Guérin (BCG), the current TB vaccine used in clinics, shows variable efficacy and has safety concerns

Zaccme for immunocompromised patients. There is a need to develop new and more effective TB vaccines. Outer
Xosomes

membrane vesicles (OMVs) are vesicles released by Mycobacteria that contain several lipids and membrane
proteins and act as a good source of antigens to prime immune response. However, the use of OMVs as vaccines
has been hampered by their heterogeneous size and low stability. Here we report that mycobacterial OMVs can
be stabilized by coating over uniform-sized 50 nm gold nanoparticles. The OMV-coated gold nanoparticles
(OMV-AuNP) show enhanced uptake and activation of macrophages and dendritic cells. Proteinase K and TLR
inhibitor studies demonstrated that the enhanced activation was attributed to proteins present on OMVs and was
mediated primarily by TLR2 and TLR4. Mass spectrometry analysis revealed several potential membrane proteins
that were common in both free OMVs and OMV-AuNP. Such strategies may open up new avenues and the uti-

Gold nanoparticles

lization of novel antigens for developing TB vaccines.

1. Introduction

Tuberculosis (TB) is a significant health concern due to its patho-
genicity and mortality. As a pathogen, Mycobacterium tuberculosis (Mtb)
has infected millions of people worldwide and has contributed to one of
the leading causes of global deaths [1]. Around 1.5 million deaths due to
TB were reported in 2020 (Global Tuberculosis Report 2021, World
Health Organization). Hence, there is an urgent need to establish an
effective preventive treatment to curtail the spread of TB. Vaccines are
an integral part of public health to protect the population and control
the spread of various communicable diseases. Bacillus Calmette-Guérin
(BCQ) is the only clinically available vaccine against TB with protection
limited to the pediatric group [2]. Additionally, BCG-associated com-
plications due to immunodeficiency or HIV infection (ones who need the
vaccine the most) restricts its use [3-5]. This highlights the urgent need
for new vaccine strategies that ensure protection throughout adulthood.
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Vaccine development has been an area of active research to substitute
the current BCG vaccine with potent antigens and efficient delivery
systems [6] or by modifying the genetic background of the causative
pathogen [7]. For example, MVA85A (a subunit vaccine) and MTBVAC
(alive attenuated vaccine) have advanced to clinical trials [8]. However,
concerns around using these vaccines in immunocompromised patients
and pre-existing immunity to viral vectors still exist [3].

The efficacy of a vaccine rests in identifying suitable antigens to
trigger the immune system. Several studies have been carried out to
explore the possibility of using immunogenic proteins like Antigen 85,
ESAT6, and CFP10 to develop a potential vaccine for TB [9-11]. While
promising, vaccines using these antigens did not prevent infection
completely [9,12]. Hence, there is a need to develop new approaches
and antigens for TB vaccines. Bacterial outer membrane vesicles (OMVs)
composed of proteins, lipids, and glycans are nanosized structures
(20-250 nm) naturally released by bacteria [13]. These vesicles serve
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several functional roles that include secretion of virulence factors [14],
delivery or transport of bacterial products [15,16], and signaling [17].
The surface proteins on OMVs also contribute to the pathogenicity of the
microbes and can be stimulating for humoral and cell-mediated immune
responses in the host [18,19]. Lipoproteins and glycolipids on the OMVs
act as pathogen-associated molecular patterns (PAMPs) that interact
with host cells. These are recognized by pattern recognition receptors
(PRRs) on the host cells, eliciting a pro-inflammatory response in the
host, mediated primarily by Toll-like receptors (TLRs) [20]. In addition,
several membrane proteins and lipid antigens are also displayed on OMV
surfaces that are known to be important for the induction of protective
immunity [21-24].

Several studies have been carried out to understand the host-OMV
interactions to exploit the full potential of OMVs. OMV vaccine
against Neisseria meningitidis is clinically approved and has shown effi-
cacy against serogroup B meningococcal disease [25]. Designer OMVs
have also been developed where antigens are engineered on OMV sur-
faces to induce a robust immune response [26,27]. Earlier studies have
shown the protective capacity of outer membrane vesicles (OMV) iso-
lated from Mycobacterium smegmatis (M. smegmatis) [28,29] or Myco-
bacterium bovis [30] against TB. Alum adjuvanted OMVs from
M. smegmatis and OMVs from Mycobacterium bovis were shown to elicit
cross-reactive humoral and cellular responses against M. tuberculosis
antigens [29,31] and reduced bacterial load in mice after M. tuberculosis
challenge [28,30]. Despite promising results, some disadvantages such
as compromised vesicle integrity and stability and heterogeneous size
resulting in variable pharmacokinetics are associated with free OMVs
[32-34]. Combining OMVs with synthetic nanoparticles can overcome
some of the disadvantages of free OMVs. The use of nanoparticles allows
control over various physicochemical parameters such as size, shape,
stability, etc. Wu et al. showed that coating OMVs over 100 nm bovine
serum albumin particles induced higher humoral and cellular immunity
against carbapenem-resistant Klebsiella pneumoniae than equivalent free
OMVs [33]. Gao et al. coated OMVs isolated from Escherichia coli over
30 nm gold nanoparticles and showed more potent specific antibody and
T-cell response compared to free OMVs [34]. However, studies involving
nanoparticles coated with OMVs from Mycobacteria and their host-
microbe interaction remain elusive. In this study, we aim to coat
mycobacterial OMVs on gold nanoparticles to modulate the immune
response and understand the interaction of OMVs with innate immune
cells. We found that OMVs can be coated over gold nanoparticles and
form a stable formulation of defined size. Interestingly, OMV coated
gold nanoparticles showed several-fold enhanced immune-modulatory
effects than free OMVs. This approach can open new avenues to
explore mycobacterial OMVs for vaccines against TB.

2. Materials and methods
2.1. Synthesis and characterization of gold nanoparticles (AuNP)

Gold nanoparticles (AuNP) were synthesized by a one-pot seeded
growth method with tris-base [35]. Initially, gold seeds were synthe-
sized by adding 0.5 mL of 25 mM HAuCly (Sigma) to 48 mL of boiling
water and continued heating for another 10 min under stirring. Next,
1.5 mL of 1 % sodium citrate (Sigma) was added to the boiling HAuCl,4
solution. The color of the solution changed from yellow to bluish-grey to
ruby red. The reaction was continued for 30 min to obtain mono-
dispersed gold seeds. For synthesizing AuNP using the seeded growth
method, 2 mL of 0.1 M tris-base was added to 45.5 mL of boiling water
and left for stirring for another 5 min. Two mL of gold seeds were added
to 0.5 mL of 25 mM HAuCl, solution. The reaction was continued for 30
min under heated stirring.

To characterize the synthesized nanoparticles, the reaction was
cooled, and samples were taken for recording the absorption spectra
(Tecan Infinite Pro). The sizes of the seeds were characterized using
dynamic light scattering (DLS, Malvern Zetasizer). The particle size of
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the resulting AuNP was initially characterized using DLS. For trans-
mission electron microscopy (TEM), samples were deposited on a copper
grid and rinsed after 5 min with distilled water before being visualized
using 300 kV Tecnai™ F30 TEM/STEM microscope.

2.2. Bacterial culture and isolation of outer membrane vesicles (OMVs)

OMVs were isolated from M. smegmatis according to the standard
protocols [13]. Briefly, M. smegmatis cell suspension at the late log phase
was centrifuged at 4000g to remove cells and large cellular debris. The
supernatant was collected, sheared using a 22-gauge needle, filtered
using 0.45 pm pore-sized polyethersulfone syringe filters, followed by
0.22 pm pore-sized cellulose acetate syringe filters, and concentrated
using 100 kDa concentrators to concentrate the OMVs. Later, OMVs
were purified and further concentrated by ultracentrifugation (Beckman
L8-60M, Ti-50 rotor) at 150,000 g for 2 h at 4 °C. OMVs pellet was
washed twice, resuspended in 150 pL water, and stored at —80 °C until
further use. The protein content was determined by bicinchoninic acid
(BCA) assay, and the sizes of OMVs were characterized using DLS
measurements.

2.3. Synthesis and characterization of outer membrane vesicles coated
nanoparticles (OMV-AuNP)

To coat gold nanoparticles with OMVs, 50 pg/mL of AuNP were
mixed with the 150 pg/mL OMVs isolated from the non-pathogenic
M. smegmatis and then co-extruded nine times through a 100 nm pore
size polycarbonate porous membrane using a mini extruder (Avanti
Polar Lipids). Excess OMVs and soluble compounds were removed from
the supernatant after centrifugation at 15000¢ for 10 min at 4 °C. The
final concentration of the nanoparticles was measured by plotting the
absorbance at 530 nm (Tecan Infinite Pro) against a standard curve of
AuNP. Transmission electron microscopy (TEM) was used to observe the
morphology of these OMV coated nanoparticles (OMV-AuNP). These
particles were deposited onto a glow discharged copper grid and rinsed
with distilled water, followed by 1 % uranyl acetate staining. Subse-
quently, the grid was dried and visualized using TEM. Long-term sta-
bility was examined by monitoring the size in water using Zetasizer. For
quantifying protein content on OMV-AuNP using SDS-PAGE, extruded
OMV-AuNP were run on a 10 % polyacrylamide gel and visualized by
silver staining (Pierce Silver staining Kit, #24612) using manufacturer's
protocol. Protein gel bands were quantified using ImageJ software. For
each lane, relative band intensities were used to plot a standard curve
corresponding to respective known free OMV protein concentration,
which was then used to quantify the absolute protein content after
extrusion. Additionally, OMV coating on AuNP was determined by
quantifying the protein content in OMV using a CBQCA protein quan-
titation kit (ThermoFisher Scientific). For stability studies of OMV
coated AuNP, nanoparticles and their respective controls were stored at
4 °C. The sizes of these samples were observed using DLS and trans-
mittance was calculated using absorbance measurements at 560 nm on
days 0, 1, 3, 5, 7, 14, and 22 using DLS measurements.

2.4. Cell culture

Human monocytic leukemia cell line, THP-1 cells, were cultured in
25 c¢m? flasks in RPMI media (Gibco) supplemented with 10 % fetal
bovine serum (Sigma) and 1 % penicillin/streptomycin (Gibco). These
cells were maintained in a CO5 incubator (Thermo Scientific) with 95%
humidified air and 5 % CO» at 37 °C. The cells were passaged every third
day or when the culture flasks were 70-80 % confluent.

2.5. Mice

C57BL/6 mice were used for experiments with approval from the
Institutional Animal Ethics Committee (CAF/Ethics/733/2020). These
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mice were housed and maintained under standard laboratory conditions
in the Central Animal Facility at the Indian Institute of Science, Ban-
galore. Both male and female mice were used in this study.

2.6. Isolation of macrophages and dendritic cells from mouse bone
marrow

Bone marrow cells were flushed from femurs and tibias of mice under
aseptic conditions. The cells were washed once with basal media, treated
with RBC lysis buffer (0.8 % NH4Cl in 10 mM Tris buffer, pH 7.5), and
washed again with basal media. The cell numbers were adjusted to the
requirement of the experiment, cultured in RPMI media (Gibco) sup-
plemented with 10 % fetal bovine serum (Sigma), growth factor, and 1 %
penicillin/streptomycin (Gibco), and maintained in a CO; incubator at
37 °C with 95% humidified air and 5 % CO; Depending on the
requirement of bone marrow-derived macrophages (BMDM) or bone
marrow-derived dendritic cells (BMDC), the growth factors M-CSF or
GM-CSF (20 ng/mL, BiolLegend) was added to the above media,
respectively.

2.7. Cell uptake studies of OMV-AuNP

THP-1 monocytes were plated on coverslips at a seeding density of
30,000 cells/well in a 24-well plate and differentiated with 20 ng/mL
phorbol myristate acetate (Sigma). After 18 h, the cells were washed,
replenished with fresh media, and rested for 48 h. For cell uptake
studies, OMVs were incubated with Dil (Thermo) at a 1:1000 ratio for
30 mins at room temperature to make them fluorescent. These fluores-
cent OMVs were extruded with AuNPs and washed twice to remove
excess stain and unbound OMVs. Finally, the cells were washed twice
and incubated with OMV-AuNP at a final AuNP concentration of 20 pg/
mL. Cells treated with free OMVs, unextruded AuNP with free OMVs,
and untreated cells served as controls. After incubating the cells for 24 h,
the cells were stained for actin (Thermo Molecular Probes) and imaged
using an InCell microscope (GE InCell Analyzer 6000). A minimum of 25
cells per well were analyzed for particle uptake by quantifying the mean
fluorescence from Dil using ImageJ (NIH).

2.8. Proteinase K assay and TLR2/4 inhibition studies

20 pg of OMV-AuNP was treated with or without 20 pg of proteinase
K at 37 °C for 20 mins. After incubation, excess proteinase K was
removed by centrifugation at 15000 g for 10 mins, and the OMV-AuNP
pellet was washed twice with water. 20 pg/mL of OMV-AuNP treated or
untreated with proteinase K was added to THP-1 cells and incubated for
24h in a CO4 incubator at 37 °C with 95% humidified air and 5 % CO5.
Cells were processed for RNA isolation to quantify cytokine mRNA levels
using RT-PCR.

2.9. Cytokine mRNA studies
For mRNA studies, RNA was isolated using Tri Reagent (Sigma). 600

ng of RNA was used for cDNA conversion using the manufacturer's
protocol below (High Capacity cDNA reverse transcriptase Kkit).

15 pL Reaction: RNA to cDNA conversion

10x RT Buffer 1.5 uL

Random primers 1.5 uL

dNTPs Mix (100 mM) 0.8 pL.

Reverse Transcriptase (50 U/pL) 1L

RNA 600 ng

Milli Q Makeup volume 15 pL

Reaction temperature cycle:

25°C 10 min
37°C 120 min
85°C 5 min
4 C Hold
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cDNA was diluted four times with ultrapure H,0, and PCR amplifi-
cation was done using gene-specific primers with iTaq SYBR green
(BioRad) in CFX 96 real-time PCR machine. List of primers used is
present in Supplementary Table 1.

Reaction temperature cycle

Temp Time Cycle

95 °C 10 min

95 °C 20s 40 cycles
55°C 25s

72°C 30s

2.10. Evaluation of antigenic properties of OMV-AuNP

THP-1 cells plated at a seeding density of 35,000 cells/well in a 96-
well plate were activated with 20 ng/mL phorbol 12-myristate 13-ace-
tate (Sigma) and incubated. After 18 h, the cells were washed and
replenished with fresh media and rested for 48 h. For studies on BMDM,
cells were seeded at 5 x 10° cells/ well in a 48-well plate. The adherent
cells were washed twice and incubated with free OMVs, uncoated AuNP,
and OMV-AuNP at a final AuNP concentration of 20 pg/mL. Untreated
cells and cells treated with LPS (1 pg/mL) were used as negative and
positive controls. The media collected from each well after 24 h of in-
cubation was used directly or stored at —80 °C until further use. For
quantifying the cytokines released from THP-1 cells, hIL-8 and hIL-6
were estimated using their respective ELISA kits (Peprotech) according
to the manufacturer's instructions. Similarly, for profiling the cytokines
released from BMDM,, levels of mIL-6 and mTNF-o were estimated using
their respective ELISA kits (ThermoFisher Scientific).

2.11. Proteomics sample preparation

2.11.1. Reagents

All reagents were procured from Merk. Trypsin (sequencing grade
modified, porcine) was procured from Promega. Optima LC/MS grade
solvents, water, acetonitrile, and formic acid were procured from Fisher
chemicals.

2.11.2. Protein digestion and sample preparation

The precipitated mixture of protein was reconstituted in 6 M urea at
35 °C with constant shaking. Five pg of protein were subsequently
reduced with 1,4-Dithiothreitol (DTT) and alkylated with iodoaceta-
mide with a final concentration of 10 mM and 37 mM, respectively. The
reactions were quenched with 30 mM DTT. The mixture of linearized
proteins was digested with trypsin (1:5 enzyme/proteins) for 16 h at
37 °C in 50 mM ammonium bicarbonate (pH = 7.8). The reactions were
terminated by adding trifluoroacetic acid. Samples were concentrated to
a final volume of 100 pL using vacuum centrifugation. Peptides were
desalted using custom-made stage tips assembled by fixing Empore™ C-
18 disks and conditioned with acetonitrile. They were pre-equilibrated
with 0.1 % formic acid. Acidified samples were subsequently loaded
and passed through the stage tips thrice. After washing the stage tips
with 0.1 % formic acid, the mixture of peptides was eluted using 50 %
acetonitrile in 0.1 % formic acid. For LC-MS analysis, the samples were
dried in a vacuum centrifuge and resuspended in 0.1 % formic acid.

2.11.3. LC-MS analysis

Desalted peptides were separated on an Ultimate 3000 RSLC nano-
UPLC system (Thermo Fisher Scientific) connected with an Orbitrap
Elite hybrid mass spectrometer. 500 ng of peptides were loaded with
automated injections onto a trap column (Acclaim PepMap™ 100, 3 pm
particle size, 75 pm x 2 cm) for 5 min, with a flow rate of 5 pL min !
with 0.1 % formic acid. The peptides were gradually eluted from the trap
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column using an increasing concentration of acetonitrile and then
separated on C-18 analytical column (PepMap™ RSLC, 2 pm particle
size, 100 A pore size, 75 pm x 50 cm) at 250 nL min~! flow rate. The
solvents used for peptide separation were solvent A - 0.1 % formic acid
in water, and solvent B - 0.1 % formic acid in 100 % acetonitrile (ACN).
After 10 min equilibration, a sharp gradient from 1 % to 5 % B in 3 mins
was run. This was followed by a shallow gradient from 5 % to 22 % B in
135 mins, which was then extended to 28 % B in additional 20 mins. The
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analytical column temperature was set at 40 °C and was directly con-
nected to a nanospray electron ionization source (Thermo Fisher Sci-
entific), which generated a stable spray at a voltage of 1.8 kV. The
capillary temperature was set at 275 °C for effective nebulization and
mobility of peptide ions into the mass spectrometer. The data were ac-
quired in the positive mode using data-dependent acquisition (DDA).
Twenty most abundant parent ions from each MS1 spectrum (350-2000
m/z) were sequentially isolated and fragmented by collision-induced
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Fig. 1. Characterization of synthesized AuNP using one-pot seeded growth method. (A) Representative absorption spectra of AuNP seeds and AuNP in water. The
peaks at 524 nm and 544 nm confirmed the synthesis of AuNP seeds and AuNP, respectively. (B) Size distribution of AuNP seeds and AuNP analyzed by dynamic light
scattering. (C, D) Representative TEM images of AuNP and OMV-AuNP. Scale bar: 50 nm. (E) Zeta potentials of AuNP with and without OMV coating compared to
that of free OMVs. (F) SDS-PAGE image shows several proteins on OMV-AuNP and various concentrations of free OMVs. (G) Quantification of SDS-PAGE protein

bands of OMV-AuNP. Data in graphs represent the mean =+ s.d.
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dissociation (CID). MS1 and MS2 spectra were acquired in Orbitrap at
60,000 resolution and in ion trap at rapid scan mode, respectively. The
maximum filling time for MS1 was set at 100 ms with a limitation of 1 x
106 ions, whereas for MS2 spectra, the filling time was set at 50 ms with
a target ion limitation set at 5 x 10° ions. Peptide fragmentation was
done at a normalized collision energy of 35 % with an activation time of
10 ms. Dynamic exclusion of 30 s was applied with a repeat count of 1.

2.11.4. Protein identification

The raw files for all the samples were analyzed together by Maxquant
(version 2.0.3.0) using the reference proteome of M. smegmatis mc?155
(https://mycobrowser.epfl.ch/; version v3) using its internal peptide
search engine Andromeda. For protein identifications, the following
parameters were used: maximum missed cleavages, 2; mass tolerance for
first and main search, 20 and 4.5 ppm respectively; mass tolerance for
fragment ion, 0.5 Da; variable modifications used were N-terminal
acetylation and methionine oxidation; minimum unique peptide
required for identification, 1; minimum peptide length for identifica-
tion, 7; max. Peptide mass, 4600 Da; peptide spectrum match identifi-
cation and protein inference false discovery rate were set at 0.01;
dependent peptide and match between run options were enabled with a
match time window of 0.7 min and alignment window of 20 min. iBAQ
mode was enabled for protein quantification. Mtb orthologues and
localization of obtained proteins were identified using Mycobrowser
(https://mycobrowser.epfl.ch/) and Uniprot (https://www.uniprot.
org/). For proteins whose localization was unknown, PSORTDb
(https://www.psort.org/psortb/) and Gpos-mPLoc (http://www.csbio.
sjtu.edu.cn/bioinf/Gpos-multi/) were used to predict based on amino
acid sequences.

3. Results
3.1. Synthesis and characterization of AuNP and OMV-AuNP

In order to stabilize OMVs using core solid particles, we first syn-
thesized nanoparticles of diameter ~ 50 nm size that can be used to coat
with nano-sized OMVs. Gold nanoparticles were the material of choice
due to the ease of synthesis, tunable properties, and their ability to
enhance immunogenic activity [36-38]. AuNP were synthesized by the
one-pot seeded growth method [35]. AuNP seeds were synthesized and
used to grow the nanoparticles to the desired size. The synthesis of seeds
and nanoparticles were confirmed from the peaks observed in their
respective absorption spectra (Fig. 1A). Further, the size and shape of
the particles were characterized using DLS (Fig. 1B) and TEM (Fig. 1C).
The seeds were 22 + 3.83 nm in size, and the nanoparticles were 51 +
2.66 nm in size.

For membrane coating on AuNP, OMVs were extruded nine times
with AuNP through a 100 nm porous membrane to generate OMV-AuNP.
Forcing hollow OMVs and AuNP through the membranes ensured
coating of AuNPs with OMVs. TEM imaging of OMV-AuNP showed a
clear core-shell morphology compared to the uncoated AuNP (Fig. 1C-D,
Supplementary Fig. 1). Zeta potential measurements of particles also
suggested the presence of the membrane coating as the zeta potential of
AuNP increased from —33.8 £ 6.96 mV to —1.01 + 6.61 mV after
extrusion with OMVs, which was comparable to free OMVs having
—0.719 + 7.16 mV zeta potential (Fig. 1E).

SDS-PAGE was performed to determine the protein profile of OMV-
AuNP and free OMVs. SDS-PAGE of OMV-AuNP and free OMVs in
differing quantities showed the enrichment of several protein bands on
OMV-AuNP group compared to free OMVs (Fig. 1F). A few new bands
can be seen in OMV-AuNP compared to free OMVs. This could be due to
enrichment of surface proteins in OMV-AuNP as compared to free OMVs
for same amount of protein weight (also seen in our Mass-spectrometry
data described later). Quantifying the bands of OMVs showed 7 + 1.11
ng OMV protein coating per microgram of AuNP (Fig. 1G). The mem-
brane coating was also quantified using the CBQCA assay. Consistent
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with the SDS-PAGE data, CBQCA quantification measured around 7.6 +
0.17 ng of OMV coating per microgram of AuNP. A significant drawback
of using OMVs is their low stability [32-34]. Hence, we checked the
physical stability of synthesized AuNP, isolated OMV, or extruded OMV-
AuNP nanoparticles for over three weeks (Supplementary Fig. 2A).
OMVs showed size variation ranging from 147.3 + 30.78 to 58.29 +
7.51 nm by day 22, possibly due to aggregation and degradation.
However, AuNP and OMV-AuNP showed similar sizes ranging from 36.6
+ 1.56 to 28.49 + 7.62 nm and 39.11 + 4.74 to 24.6 + 3.26 nm,
respectively. To check the suspension stability of OMV-AuNP, absor-
bance readings were taken over time. Transmittance obtained from
these measurements showed stable readings (Supplementary Fig. 2B).
Collectively, these results suggest that AuNP coated with OMVs were
stable.

3.2. OMYV coated gold nanoparticles elicit a high innate immune response

Bacterial OMVs present a wide array of surface antigens and
pathogen-associated molecular patterns (PAMPs) and are capable of
generating an immune response. To evaluate whether OMV-AuNP retain
these immune-activation properties, we first optimized the ratios of
OMVs and AuNP to be used for extrusion to obtain a saturating immune
response. As shown in Supplementary Fig. 3, IL-8 mRNA production in
THP-1 cells increased up to 3:1 ratio of OMV:AuNP, after which no
further increase in mRNA levels was observed when incubated with 20
pg/mL of gold particles extruded with different amounts of OMVs.
Hence, for all future experiments, we used a ratio of 3:1 ratio (protein
content on OMVs: gold particles) for extrusion. Next, we tested the effect
of increasing OMV-AuNP concentration on immune response by human
macrophages. We found that 20 pg/mL of OMV-AuNP (total gold con-
centration) was the saturating concentration as shown by IL-8 mRNA
levels (Supplementary Fig. 4). All subsequent experiments were done
with 20 pg/mL OMV-AuNP.

Remarkably, when cells were treated with free OMVs and OMV-
AuNP (equivalent protein content), we observed several-fold higher
mRNA levels of hIL-8 (25-fold, Fig. 2A) and hTNF-a (5-fold, Fig. 2B) in
cells treated with OMV-AuNP compared to media control. Free OMVs
(unextruded) also showed a slight increase in mRNA levels but was
consistently lower than OMV-AuNP. Subsequent studies carried out at
different time points showed that mRNA levels peaked at 24 h (Sup-
plementary Fig. 5). To determine if this effect was cell line-specific or
general, we performed these experiments on primary bone marrow-
derived dendritic cells (BMDCs) to gauge the potency of OMV-AuNP
to instigate an immune response. In line with the THP-1 data, these
cells also exhibited higher levels of mRNA for mIL-6 (Fig. 3A), mTNF-a
(Fig. 3B), and mIL-1p (Fig. 3C) when compared to mRNA levels in un-
treated cells and cells treated with unextruded particles validating the
effect of OMV-AuNP on cells.

To further elucidate the effects of OMV-AuNP at a functional level,
cell-secreted cytokine proteins were quantified using ELISA. To deter-
mine the optimal time to assay for cytokine release, THP-1 cells were
treated with OMV-AuNP for various time intervals and levels of hIL-8 in
the supernatant were determined. Samples showed a large increase in IL-
8 secretion after 24 h and 48 h (Supplementary Fig. 6). Hence, THP-1
cells were then treated with OMV-AuNP and respective controls for
24 h. The supernatants were collected from these in vitro cultures to
compare the cytokine signature. Higher levels of hIL-8 (Fig. 4A) were
released by THP-1 cells treated with OMV-AuNP compared to cells
treated with AuNP or OMVs alone. Given the co-stimulatory function of
hIL-6 in T cell activation, levels of hIL-6 were also quantified. Analysis of
the cell supernatants using ELISA showed higher levels of hIL-6 (Fig. 4B)
release from cells treated with OMV-AuNP than cells treated with bare
AuNP or OMVs. Similar results were observed when mouse BMDMs were
treated with OMV-AuNP. These cells also showed strong mIL-6 (Fig. 4C)
and mTNF-« (Fig. 4D) release patterns when compared to their respec-
tive controls.
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Fig. 2. THP1 cells treated with OMV-AuNP showed upregulation of (A) hIL-8 and (B) hTNF-a mRNA levels compared to their respective controls. Data in the graphs
represent the mean =+ s.d. ns represents not significant, ****p < 0.0001 and ***p < 0.001. Statistical significance was determined by using ordinary one-way analysis

of variance (ANOVA) followed by Tukey's post-hoc test.
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Fig. 3. Upregulation of cytokines mRNA level in mouse BMDC cells in response to treatment with extruded OMV-AuNP. Cells treated with OMV-AuNP showed
upregulation of (A) mIL-6, (B) mTNF-q, and (C) mIL-1p mRNA levels compared between extruded and unextruded OMVs and AuNP. Data in the graphs represent
mean + s.d. ns represents not significant, ***p < 0.001, and **p < 0.01. Statistical significance was determined by using ordinary one-way analysis of variance

(ANOVA) followed by Tukey's post-hoc test.

3.3. OMV coated gold nanoparticles show high uptake in THP-1 cells

To understand the mechanism for high immune cell activation, we
first evaluated if there was any difference in cell uptake by phagocytic
cells such as macrophages among various formulations. Enhanced cell
uptake can result in high lysosomal degradation and activation of TLRs
present in endosomes and lysosomes [39]. Microscopy studies showed
that OMV-AuNP exhibited enhanced particle uptake in THP-1 cells than
free OMVs and bare AuNPs when incubated with the same protein and
gold content, respectively (Fig. 5A). The mean fluorescence intensity
analysis in the microscopic images showed significantly higher nano-
particle uptake in macrophages treated with OMV-AuNP than free OMVs

or unextruded mixture of AuNP and OMVs (Fig. 5B).

3.4. TLR 2 and TLR 4 are involved in the immune response to OMV-AuNP

Since both proteins and lipids are known to activate the immune
response, we wanted to examine the major component of OMVs that
results in immune activation. Therefore, extruded OMV-AuNP were
treated with proteinase K to degrade exposed proteins (Fig. 6A). First,
the activity of proteinase K was examined by treating free OMVs for 30
min. The absence of several protein bands in the enzyme-treated OMVs
compared to untreated OMVs indicates that proteinase K effectively
degrades exposed proteins (Fig. 6B). Next, the extruded OMV-AuNP
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Fig. 4. THP-1 cells treated with OMV-AuNP showed significantly increased cytokine release. The concentration of (A) hIL-8 and (B) hIL-6 cytokines released into the
media by THP-1 cells as determined by ELISA. Mouse BMDM cells treated with OMV-AuNP showed pronounced release of cytokines (C) mIL-6 and (D) mTNF-« in the
media as determined by ELISA. Data in the graphs represent the mean + s.d. ****p < 0.0001 and **p < 0.01 were determined by ordinary one-way analysis of

variance (ANOVA) followed by Dunnett's multiple comparison test.

particles were treated with proteinase K. Cell studies showed signifi-
cantly decreased mRNA levels for cytokines hIL-8 (8-fold lower, Fig. 6C)
and hTNF-« (3-fold lower, Fig. 6D) in cells incubated with proteinase K
treated OMV-AuNP than those with untreated OMV-AuNP. Together,
these studies show that the proteins in OMV-AuNP play an essential role
in determining the cell response.

Several studies in the past have established TLRs' role in mediating
immune response in the presence of OMVs [40,41]. Lipoproteins and
other PAMPs on OMVs can interact with TLR2 and TLR4 on antigen-
presenting cells [20]. Hence, sparstolonin B (SsnB), a selective TLR
antagonist for TLR2 and TLR4 [42], was used to better understand the
signaling involved during OMV-AuNP and cell interaction. Initial studies
with SsnB on THP-1 cells were focused on optimizing the concentration
to alter the immune response due to LPS. The mRNA levels for cytokines
hIL-8 (Supplementary Fig. 7A) and hTNF-a (Supplementary Fig. 7B)
were downregulated in LPS-exposed cells treated with SsnB, which is
indicative of the blocking of TLRs on the cells. On optimizing the SsnB to
50 pM, studies on THP-1 cells were performed in the presence of OMV-
AuNP. Treating the cells with SsnB in the presence of OMV extruded
particles significantly reduced mRNA levels of hTNF-a (Fig. 7A) and hIL-

8 (Fig. 7B) compared to the no-inhibitor treated group. This shows that
TLR2 and TLR4 are the primary signaling mechanism responsible for
immune response with OMV-AuNP.

3.5. Identification of OMV associated proteins via LC-MS/MS analysis

Since proteinase-K treatment of extruded OMV-AuNP particles
resulted in reduced immune response as confirmed by lower levels of
mRNAs for cytokines hIL-8 and hTNF-a, we next sought to decipher the
protein composition of OMVs. We performed an untargeted LC-MS/MS
analysis of proteins derived from free OMVs and OMV-AuNP. Three
independent samples were prepared, each for free OMVs and OMV-
AuNP. Tandem mass-spectrometry analysis identified a total of 43 pro-
teins, with both peptide (PSM) and protein identification FDR set at
0.01. Proteins identified with at least one unique peptide were included
for the subsequent analysis. The complete list of identified proteins is
given in Supplementary Table 2.

To gain insight into the biology of OMV associated proteins, we
assigned functional category information to each protein from Myco-
browser either directly or derived from Uniprot and their M. tuberculosis



E. George et al.

A)

N’

Free OMV

Untreated

OMV-AuNP

Mean cell fluorescence a

UnExtruded Extruded

orthologues. Out of 43 proteins, 18 proteins have orthologues in
M. tuberculosis. Functional classification (Fig. 8A) showed enrichment of
three major functional categories: intermediary metabolism and respi-
ration (30.2 %), conserved hypotheticals (23.2 %), cell wall and cell
processes (16.2 %), which is in line with a previous report on OMV
associated proteins of H37Rv [43]. Among the cell wall and cell pro-
cesses category, MmpL5 protein and several ABC transporters were
prevalent, which have been previously shown to be surface exposed and
immunogenic [44]. For instance, PstS, a phosphate transporter of
M. tuberculosis, was highly immunogenic and conferred protection
against intravenous M. tuberculosis exposure [45,46]. In addition to cell
envelope-associated proteins, some cytosolic proteins related to meta-
bolism and 10 kDa GroES chaperon were also detected in OMVs. It re-
mains to be investigated if their presence in OMVs is due to their possible
interaction with membrane components or they are selectively packaged
and secreted via OMVs for specific functions.

Next, we wanted to identify the proteins from free OMVs that were
also coated on AuNP. First, from the total list of 43, we confirmed the
presence of 40 proteins in free OMV samples, and similarly, 21 proteins
were confirmed to be present in OMV-AuNP samples. We then per-
formed a comparative analysis to identify the proteins present in both
conditions. A total of 18 proteins were identified in both conditions
listed in detail in Table 1. As expected, most of the OMV-AuNP associ-
ated proteins are a subset of free-OMV proteins, except for the three
proteins, where one is an ABC transporter and two others are of un-
known functions.

Of these 18 retained proteins on OMV-AuNP, eight proteins have
orthologues in M. tuberculosis H37Rv, suggesting the possibility of
generating cross-reactive TB immunity using OMV-AuNP. Similar
functional classification analysis (Fig. 8B) showed proteins belonging to
intermediary metabolism and respiration (33.3 %), conserved hypo-
theticals (22.2 %), cell wall, and cell processes (22.2 %) to be present in
higher frequency in OMV-AnNPs. Few of the proteins have unknown
functions and cellular localization, thus the exact reason for their pres-
ence and possible immune-modulatory roles remains to be understood.
On the other hand, proteins belonging to lipid metabolism, regulatory
proteins, and information pathways were detected at lower frequencies.
Interestingly, MSMEG_3618 (Rv1860) has been reported to be a T-cell
reactive immunogenic protein [47]. It remains to be checked which of
these OMV-AuNP associated proteins are highly immunogenic and can
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Fig. 5. THP-1 cells treated with OMV-AuNP
exhibit enhanced cell uptake. (A) Represen-
tative images of THP-1 cells treated with
free OMVs, extruded or unextruded OMV-
AuNP while untreated cells served as the
control. The OMVs were labeled using Dil
dye (red), and the cells were traced using
actin (green) and nucleus (blue) staining. (B)
Quantification of the fluorescence analyzed
from labeled OMVs. Data in the graphs
represent mean =+ s.d., **p < 0.01 versus all
groups. Statistical significance was deter-
mined by using ordinary one-way analysis of
variance (ANOVA) followed by Tukey's post-
hoc test.
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confer cross-reactive immunity against M. tuberculosis. Together, in this
study, we identify the protein composition of M. smegmatis OMVs and
show that the OMV associated proteins can be coated on gold nano-
particles. These OMV-AuNPs have higher uptake in macrophages show
enhanced immune response via TLR-2 and TLR-4.

4. Discussion

The inability of BCG to prevent M. tuberculosis infection in adults is a
significant concern towards containing or eradicating TB. This necessi-
tates the development of new vaccines strategies [48]. This study
explored the immunomodulating potential of mycobacterial outer
membrane vesicle-coated gold nanoparticles. OMVs contain a large
number of protein and lipid antigens and could help elicit a broad and
robust immune response [21-24]. Our data showed that bio-
functionalizing gold nanoparticles by coating OMVs were capable of
generating immune response as observed by the cytokine profile. This
highlights the possible potential of OMV coated gold nanoparticles in
taking us one step closer to combating TB.

Exosomes derived from Mycobacterium bovis and Mtb infected mac-
rophages were shown to contain mycobacterial lipid components that
can activate macrophages and antigen-specific CD4 and CD8 T cells
[49,50]. Conversely, it was also shown that bacterial OMVs and exo-
somes from Mtb infected macrophages inhibit T-cell activation due to
the presence of immunosuppressive lipoglycans and lipo-proteins such
as lipoarabinomannan [51]. M. tuberculosis lipids are also known to
prevent phagosomal maturation [52-54]. Hence, we focused on using
the OMVs derived from M. smegmatis which are not known to prevent
phagosomal maturation. OMVs from H. pylori [55], P aeruginosa [56],
and P. gingivalis [19] have been shown to stimulate macrophages and
dendritic cells. However, in case of M. smegmatis OMVs, the activation of
macrophages was not very high. A key difference is the absence of LPS in
Mycobacterium species that can act as a powerful stimulant and might
explain the lack of activation with free OMVs in this study. Similar re-
sults had been previously reported that showed the lack of immune cell
activation with M. smegmatis OMVs [43].

The main challenges in using OMVs for vaccine development are
their heterogeneous size and composition, fragile nature, and low sta-
bility in biological buffers. Hence, for the better delivery of vaccines and
enhanced immune response, we combined OMVs with nanoparticles
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[57]. Nanoparticles are a promising platform for developing vaccines
given the high surface area to mass ratio and tunable physical proper-
ties. Additionally, nanoparticles improve antigen stability and immu-
nogenicity, which are imperative for designing and developing vaccines

TNF-a

=]
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Fig. 7. mRNA levels for cytokine pro-
duction by THP-1 cells treated with
OMV-AuNP were mediated by TLR 2
and 4. Downregulation of mRNA level
of (A) hIL-8 and (B) hTNF-« cytokines in
response to OMV-AuNP treatment when
TLR 2 and 4 were blocked using a TLR
agonist. Data in the graphs represent the
mean + s.d. ns represents not signifi-
cant, * < 0.0001, ***p < 0.001, and
**p < 0.01. Statistical significance was
determined by using ordinary one-way
analysis of variance (ANOVA) followed
by Tukey's post-hoc test.

[58]. Gold nanoparticles, being non-toxic and biocompatible, have
garnered a lot of research interest in targeted delivery for several
biomedical applications. Several studies have utilized AuNP for drug
and antigen delivery in cancer and viral diseases [34]. In this study,
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o Cell wall and cell processes

u Conserved hypotheticals
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Common protein IDs = 18

M Intermediary metabolism and respiration

Lipid metabolism

M Regulatory proteins

® Virulence, detoxification, adaptation

Fig. 8. Functional classification of (A) total identified proteins and (B) proteins commonly present on free OMVs and OMV-AuNPs, based on Mycobrower functional

category information.

AuNP were used as the core nanoparticle for delivering and presenting
OMVs to antigen-presenting cells. Since the size of OMVs are <250 nm,
we synthesized 50 nm gold nanoparticles to effectively coat them with
OMVs. Gold nanoparticles bio-functionalized with nanogram levels of
M. smegmatis OMVs resulted in robust activation and cytokine produc-
tion from macrophages and dendritic cells. Dendritic cells and macro-
phages are the major antigen presenting cells and hence their activation
is essential for efficacy of vaccines [59-61]. The exact mechanism of
how gold stabilized OMVs enhance immune response is unclear. We
found that OMV-AuNP had higher uptake compared to free OMVs,
which could enhance the engagement of intracellular TLRs. Further-
more, treatment of proteinase K resulted in a substantial decrease in
cytokine production, suggesting that the major activating moieties are
proteins and glycoproteins. Finally, the use of TLR2 and TLR4 inhibitors
also decreased cytokine production, linking these two TLRs as a major
player in the immune response to OMV-AuNP. TLR2 exists as a hetero-
dimer with other TLRs, such as TLR1 and TLR6, and it is not clear
whether these TLRs are also involved in the activation observed with
OMV-AuNP [62]. More studies are required to understand this effect.

OMV biogenesis and subsequent release into the extracellular envi-
ronment of the microbe are initiated by several factors that include
oxidative stress [63], altered temperature [64], and iron depletion [65].
Therefore, the production of OMVs in an in vitro system can be enhanced
by altering these external stimuli or by genetic manipulation of parent
bacteria, resulting in designer OMVs, that can be isolated and purified to
elicit an immune response or explore therapeutic avenues. The use of
OMVs would also expose new and diverse antigens that can result in
antibody-based immunity against TB, an important player and present in
uninfected healthcare workers who are heavily exposed to TB
[45,66-70].

The efficacy of vaccines depends on the immunogenicity of the
vaccine. In this regard, OMVs seem to be an ideal candidate owing to
their suitable size range [71] and membrane composition [72]. Our
results suggest that THP-1 cells treated with OMVs release several cy-
tokines, including IL-8, a chemokine responsible for recruiting T lym-
phocytes. Earlier reports have also shown the role of OMVs in activating
antigen-presenting cells and inducing specific T cell activation, making
them attractive vaccine candidates [18]. The vaccine's design in this
study combines the merits of two materials, OMVs and AuNP, to elicit a
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favorable immune response. Extruding AuNP with OMVs allows the
coating of AuNP with suitable antigenic properties that imitate the
bacterial pathogen, allowing them to better engage with immune cells.
Additionally, OMV-AuNP maintained uniform particle size, which is a
drawback with free OMVs.

There are a few limitations of this study. We have used gold particles,
which are non-degradable and can accumulate in the body. The use of
degradable polymeric particles could overcome this limitation. All ex-
periments were done in vitro with antigen-presenting cells, and this
platform needs to be further evaluated for induction of adaptive im-
munity and in vivo efficacy. Finally, OMVs exhibit high batch-to-batch
variability, which is expected to be reflected on OMV-AuNP as well.
We did observe slight changes in the magnitude of activation from
different batches of OMVs; however, all batches consistently showed
activation. Nonetheless, OMVs are already in clinical use for Neisseria
meningitidis and have shown efficacy against serogroup B meningococcal
disease [25], which shows that batch variability can be overcome and is
not a significant limitation for clinical translation. In summary, we have
demonstrated that mycobacterial outer membrane vesicle-coated gold
nanoparticles can elicit a high immune response under in vitro condi-
tions and overcome challenges associated with free OMVs. The platform
offers an alternative strategy for the development of TB vaccines.
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Table 1

M. smegmatis mc?155 proteins commonly identified both in free-OMVs and OMV-
AuNPs. PSM and protein FDR < 0.01. Proteins were identified with at least 1
unique peptide.

Protein IDs H37Rv Functional category ~ Function
Ortholog
MSMEG_3618  Rv1860 Cell wall and cell Fibronectin attachment
processes protein immunogenic
protein MPT32
MSMEG_3637  Rv1842c Cell wall and cell Conserved hypothetical
processes membrane protein
MSMEG_6120 #N/A Cell wall and cell ABC transporter
processes
MSMEG_6195  Rv3680 Cell wall and cell Probable anion transporter
processes ATPase
MSMEG_0306  Rv3566¢ Intermediary Arylamine N-
metabolism and acetyltransferase Nat
respiration (arylamine acetylase)
MSMEG_0485  #N/A Intermediary Amidase
metabolism and
respiration
MSMEG_0925  #N/A Intermediary SAM-dependent
metabolism and methyltrasferase
respiration
MSMEG_2681 Rv0840c Intermediary Probable proline
metabolism and iminopeptidase Pip (prolyl
respiration aminopeptidase) (pap)
MSMEG_3306 #N/A Intermediary Zinc-binding alcohol
metabolism and dehydrogenase
respiration
MSMEG_4862  #N/A Intermediary 3-alpha-hydroxysteroid
metabolism and dehydrogenase
respiration
MSMEG_1554  #N/A Conserved Ethanolamine ammonia-
hypotheticals lyase
MSMEG_2226 #N/A Conserved Unknown
hypotheticals
MSMEG_3374 #N/A Conserved Unknown
hypotheticals
MSMEG_6675 #N/A Conserved Unknown
hypotheticals
MSMEG_1140  Rv0564c Lipid metabolism Probable glycerol-3-
phosphate dehydrogenase
MSMEG_3139  Rv1472 Lipid metabolism Possible enoyl-CoA
hydratase EchA12 (enoyl
hydrase)
MSMEG_1365  Rv0652 Information 50S ribosomal protein L7/
pathways L12 RplL (SA1)
MSMEG_2489  #N/A Regulatory proteins  Transcriptional regulator,
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