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Cancer therapy is undergoing a paradigm shift toward immunotherapy focusing on various approaches to
activate the host immune system. As research to identify appropriate immune cells and activate anti-tumor
immunity continues to expand, scientists are looking at microbial sources given their inherent ability to elicit
an immune response. Bacterial extracellular vesicles (BEVs) are actively studied to control systemic humoral and
cellular immune responses instead of using whole microorganisms or other types of extracellular vesicles (EVs).

BEVs also provide the opportunity as versatile drug delivery carriers. Unlike mammalian EVs, BEVs have already
made it to the clinic with the meningococcal vaccine (Bexsero®). However, there are still many unanswered
questions in the use of BEVs, especially for chronic systemically administered immunotherapies. In this review,
we address the opportunities and challenges in the use of BEVs for cancer immunotherapy and provide an
outlook towards development of BEV products that can ultimately translate to the clinic.

1. Introduction

Cancer immunotherapy or immuno-oncology (IO) has emerged as
the fourth pillar in cancer treatment together with surgery, chemo-
therapy, and radiation therapy, where the host immune system is acti-
vated to attack and clear tumor cells [1,2]. IO includes vaccines,
cytokines, immune checkpoint inhibitors, or a combination of these with
themselves or other classes of cancer therapies [3]. While IO has had
immense success with several approaches, such as cell (CAR-T) and
antibody (immune checkpoint inhibitors) therapeutics [3], a number of
strategies still remain experimental and could potentially offer new
avenues for cancer treatment. For example, anticancer immunity was
first observed by William Coley in 1891 when the patient’s tumors
spontaneously disappeared following a bout of streptococcal skin
infection [1]. The bacterial infection stimulated the immune system
with non-specific anticancer immunity, leading to tumor regression [1].
Apart from the pathogenic bacteria, there is an increased appreciation
for the role played by the microbiome (bacteria, fungi and other
eukaryotic cells) and/or their products on influencing the host immune
cells in health and disease [4]. The specific microorganism component’s

interactions with the host immune cells are being explored to bolster
cancer therapy [5]. The use of live and attenuated bacteria in IO, like in
William Coley’s experiment, suffers from uncontrolled and strong im-
mune response, that may outweigh the benefits of immune activation,
raising significant safety concerns [6,7]. An alternate option to over-
come this is the use of bacterial derived extracellular vesicles (EVs).
Bacterial EVs (BEVs) are bacterial membrane-derived spherical ves-
icles from both Gram-positive and Gram-negative bacteria in the size
range of 20-400 nm. BEVs contain a signature of the originating cell,
membrane-bound and cytoplasmic proteins, enzymes, toxins, and
nucleic acids as payload [8] and some of these components along with
surface ligands are immunostimulatory. For the bacteria, BEVs mainly
ensure bacterial survival by forming biofilms, horizontal gene transfer
transformation, transduction and conjugation, and shuttling regulatory
or mRNA between cells [9,10]. BEVs interact with the host immune
system like their parent cell. Since BEVs are derived from bacterial
membranes, they express identical microbe-associated molecular pat-
terns (MAMP), also known as pathogen-associated molecular patterns
(PAMP) that are recognized by host pattern recognition receptors (PRR)
both extracellularly (e.g. Toll-like receptor (TLR)-TLR4, TLR2) and
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intracellularly (e.g. Nucleotide-binding oligomerization
domain-containing protein-1 (NOD1)) [10]. Upon PRR activation, host
immune cells are alerted, and antigen-presenting cells are stimulated,
leading to the maturation of helper T-cells enabling a more compre-
hensive cellular and humoral immunity against the BEV adjuvant [11].
The immunity conferred by BEVs, such as with Outer Membrane Vesicles
(OMVs) is benefitted in use as infectious disease vaccines [12,13] and
likewise, could be utilized in IO.

BEVs are non-replicative and safer to use than their parent bacteria,
especially because they are non-infectious and have better safety profile
[10]. The small size of the BEVs enable passive targeting of the tumor
potentially via the Enhanced Permeability and Retention (EPR) effect
[8]. The parent bacteria can also be genetically engineered or
surface-functionalized [14] with cell-specific markers to enable active
targeting. Many bacterial products, such as toxins, peptides and en-
zymes, etc., have been studied for cancer therapy [5]. BEVs also a bac-
terial product, provide a unique opportunity to combine some of these
products in a delivery vehicle that could initiate an immune response,
making it a sought-after IO candidate. Moreover, meningococcal group
B vaccine (Bexsero®) is an OMV derived from Neisseria meningitidis and
is approved by the FDA for prevention of invasive meningococcal dis-
ease [15]. This approval brings the promise of industrial-scale produc-
tion of OMVs paving the way for utilizing them in the clinic. In this
review, we summarize the current state of BEVs in IO and illustrate the
rationale, and better prospects of using BEVs in terms of ease and
controlled modulation, production, and clinical translation in cancer
therapeutics.

2. Extracellular vesicles

Extracellular vesicles are the non-replicating lipid bilayered particles
released from cells and are devoid of any nucleus [16]. EVs are released
from a myriad of cells-prokaryotes, eukaryotes alike, i.e., all three do-
mains of life- Archaea, Bacteria and Eukarya [17,18]. Once viewed as
simple sticky garbage discarding junk proteins, lipids and RNA, the past
few decades have viewed EVs as complex ubiquitous messengers, cell
communicators, conveying inflammatory mediators, miRNA, promoting
cell survival, proliferation, differentiation, repair, apoptosis and main-
taining homeostasis [19,20]. Their natural origin and the influence on
various physiological and biological processes, make them highly
sought-after drug delivery carriers to most synthetic nanoplatforms
[21].

2.1. Mammalian cell-derived EVs

Among the various EV classes, mammalian cell-derived EVs have
been studied to the most significant detail. Briefly, mammalian cells
have subtypes of EVs, recognized as exosomes (EXOs) for those sized
below 100 nm and as microvesicles, microparticles or ectosomes (MVs)
for those sized up to 1000 nm, and apoptotic bodies for those sized
>1000 nm [21,22]. The exact biogenesis of these EVs and their surface
markers remain elusive and has prompted the Minimal Information for
Studies of Extracellular Vesicles 2018 (MISEV 2018) to accept the term
EV instead of their subgroups (exosomes, ectosomes, etc.) unless there is
enough evidence to indicate otherwise [23]. An increasing interest in
the potential applications of EVs in understanding the diseases’ mech-
anisms, diagnosis, prognosis, and therapy is evident from the pro-
nounced strides in EVs publications [16]. Therapeutic agents can be
loaded into these EVs by pre-transfection of parent or progenitor cells
[24] or post-isolation of EVs using electroporation, sonication,
freeze-thaw cycles, click chemistry or extrusion [25]. According to
ClinicalTrials.gov (accessed, May 22, 2022), 262 studies come up with
the keyword ’exosomes’ and 105 with ’extracellular vesicles’. However,
mammalian cell derived EVs are yet to be successfully approved by
regulatory authorities. Some challenges holding back the rapid clinical
translation of EVs is discussed in the following paragraphs.
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2.1.1. Lack of consensus in isolation and characterization protocols

Most mammalian cell-derived EVs isolation techniques result in bulk
isolates with high protein contamination arising from the cell culture
media containing growth factors and animal-derived serum-like Fetal
Bovine Serum (FBS) containing exogenous vesicles [16,26,27] and
hence, a poorly defined EV purity [28]. There is no consensus on the
subtypes or specific markers of EXOs and MVs [23]. Most of the pub-
lished reports only confirm the presence of EVs [29], and hence there is a
gap in determining the purity and molecular composition of the indi-
vidual subsets [19]. With limitations of mammalian-derived EV identity,
there are high chances of contamination and a heterogeneous mixture of
EV subpopulations. The environment in which the EVs are derived af-
fects the composition, which in turn affects the response that they elicit
in host cells, it adds onto the complexity of studying them [28]. Isolation
techniques may have different degrees of specificity and depending on
the technique, one or multiple measures of purity metrics is sought [23,
30]. While there are general guidelines set by the ISEV community has
evolved from MISEV2014 [31] to MISEV2018 [23] on characterizing the
different components and suggesting the isolation technique to deter-
mining the level of purity, the guidelines are evolving with our under-
standing of the field [32].

2.1.2. Surface and payload molecular heterogeneity

Though EVs have demonstrated their functional capability, their
composition is not a mere copy of the parent or progenitor cell [16].
Their molecular composition and responses are dynamic with the type of
underlying stimuli [16], activation of a progenitor cell, the subcellular
origin of EV, the source of EV, site of release, physiological and patho-
logical state and functional state of biogenesis, despite their origin from
the same progenitor cell [21]. During mammalian-derived EVs’
biogenesis, lysosomal exocytosis and post-translation modification like
ISGylation (Interferon-stimulated gene - ISG) alter the composition and
content [33]. Eukaryotic EVs carry more complexity regarding traf-
ficking pathways and cross-engaging microenvironment and represent
greater diversity. Differences in the EV’s protein, lipid membrane,
cytosolic and genetic composition [34], including the miRNA and mRNA
[19], are reported. Furthermore, the EVs produced during host cell in-
fections will bear the EVs derived from pathogen and host. Also, viral
RNAs and other pathogen-derived molecules can be incorporated into
EXOs, which can either drive host defense or promote pathogen survival
[28,35,36]. This leads to diverse activity and composition and chal-
lenges the function of the EVs with synergistic or antagonist effects on
the progenitor cells [28]. Conceptually, EVs demonstrate their func-
tional capability only with the correct combination of proteins, lipids,
nucleic acids, and antigenicity, free from non-self-host generated mol-
ecules in the EVs [16,19]. To control heterogeneity, more studies are
sought in understanding their biogenesis and developing characteriza-
tion techniques sensitive enough to discern the differences.

2.1.3. Challenges in industrial scale-up and cGMP manufacturing

The yield of EXOs from the mammalian cell culture is low, as such
high costs are incurred for obtaining large quantities. Likewise, selecting
the appropriate mammalian donor cells and maintaining sterile culture
growth conditions at a commercial scale is very high [37]. EVs sourced
from human cells suffer from reduced yield due to senescence or have a
stringent passage number as the cells divide, and non-uniformity as stem
cells that are usually used for production can produce a variety of EVs
[38]. The cell culture parameters like cell seeding density or cell
confluence, passage number and medium composition impact the
quantity and quality of EXOs [39], including characteristics of cells like
polarity [23]. Usually, culture media is supplemented with Fetal Bovine
Serum (FBS), that is not only expensive but can be a carrier large
amounts of exogenous EXOs [39] adding up to the purification costs.
Besides the traditional 2D adherent mammalian cell culture technique
needing growth support and multilayer flasks, large fixed-bed bio-
reactors usually have a limited growth area per volume. The large scale
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production of EXOs from the mammalian cell culture and its translation
is challenging [37]. A 2015 ISEV survey reports that 77% of the re-
spondents start with batch sizes of less than 100 mL of starting material
for EV manufacturing [40]. Nevertheless, stirred-tank bioreactors and
hollow-fiber perfusion bioreactors have also been studied for scale-up
[39,41]. For primary and immortalized cells, a risk-based analysis is
needed for sustained release of EVs without genetic drift and oncoge-
nicity of immortalized cells [42].

2.1.4. Immunogenicity

EVs exhibit antigens that can be used as vaccines against antigens.
Dendritic cells transfer antigen-loaded major histocompatibility com-
plex class I and II in EXOs [43]. EVs derived from tumors have antigens
that stimulate an antitumor response [28]. There may be host-specific
proteins or cross-species factors from derived EVs, posing regulatory
issues [42]. These proteins or foreign antigens may generate unwanted
immunogenic response raising safety concerns. Additional studies and
investigations are needed in this direction [28].

2.2. Other sources of EVs

With the growing interest in this field, efforts have also been made to
explore other naturally derived sources of EVs, such as plant- and milk-
derived in cancer therapeutics, summarized in Table 1. While there are
not many reports on fungal derived EVs for cancer that are reported,
literature does mention them as important targets for immune in-
terventions [44]. Table 2 summarizes the differences between
mammalian, plant-derived and bacterial extracellular vesicles.

3. Bacterial EVs in cancer immunotherapy
Microbe-host interaction in modulating the innate and adaptive

Table 1
Examples of plant- and bovine milk-derived extracellular vesicles (EVs) for
cancer therapy.

Origins of EVs  Active Agents/ Types of cancer References
Mechanisms
Plant-based EVs
Arabidopsis Plant miR159 Breast cancer [167]
thaliana and
soybean
D. morbifera Not elucidated Breast cancer, skin [168,169]
cancer, and metastasis
P. densiflora Not elucidated Breast cancer and skin [169]
cancer
Lemon Not elucidated Gastric cancer, colon [170-172]
cancer, and chronic
myeloid leukemia
Root of Panax Immunomodulator Melanoma cancer [173]
ginseng C.A.
Mey
Grape EVs act as an Oral mucositis during NC
immunomodulator radiation and T01668849
chemotherapy
treatment for head and
neck tumors
Grape and Curcumin Colon cancer NC
grapefruit T01294072
Milk-derived EV
Bovine Not elucidated Neuroblastoma [174]
Bovine Delta catenin Breast cancer [175]
Bovine Celastrol Lung cancer [176]
Bovine Bilberry-derived Lung cancer [177]
Anthos
Bovine Paclitaxel Lung cancer [178]
Bovine siKRASS1%S Lung cancer [179]
Bovine Doxorubicin and Oral squamous cell [180]
anthracene carcinomas
endoperoxide
derivative
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immune system is widely reported [45,46]. Microbes are reported to be
oncogenic [47]; certain strains and their products are studied in the
context of IO [5]. Like host cells, microbes also communicate with each
other and the host cells via direct contact, secretions, and EVs [8].
Recently, the intersectionality of bacteria and EVs, owing to advance-
ments in both areas, has emerged as a promising research endeavor. The
growing appreciation that BEVs can also enter the systemic circulation,
disseminate to neighboring or distant organs, and be detected in body
fluids has triggered a considerable interest of investigation in the
fundamental biology of bacterial EV and EV-based vaccines, therapeu-
tics, as well as delivery systems for the treatment of diseases, particu-
larly in cancer. Besides, they are versatile in being functionalized [42],
scalable and bioengineered [48]. The following section will provide an
overview of BEVs and evidence to show their utility in IO.

3.1. Biogenesis of BEVs

It has become increasingly evident that both Gram-negative and
Gram-positive bacteria produce different EVs through distinct biogen-
esis mechanisms [49-53]. EVs are derived from bacterial membranes, as
such share membrane properties with their parent cell. The biogenesis of
EVs depends on the growth phase and environmental conditions of the
bacteria [9,54]. The environmental stimuli that affect the release of EVs
include temperature, desiccation, starvation, UV light, quorum sensing
molecules, oxygen stress and subinhibitory antibiotics [9]. Fig. 1 sum-
marizes the biogenesis of BEVs.

Gram-negative bacteria is characterized has a thin peptidoglycan
membrane in the periplasm, separating the inner membrane from the
outer membrane [54]. BEVs in Gram-negative bacteria are formed by
either blebbing of the outer membrane, explosive cell lysis or a combi-
nation of both [54]. EVs that are pinched off from the outer membrane
and are known as outer membrane vesicles (OMVs) with a typical size of
20-400 nm [52]. OMVs bud and detach from the underlying peptido-
glycan layer during active growth, relying on areas devoid or lacking
attachments [50]. Other types of EVs in Gram-negative bacteria include
outer-inner membrane vesicles (OIMVs) and explosive outer membrane
vesicles (EOMVs) that result from explosive cell lysis, which, in some
studies, has weakened peptidoglycan layer causing the cytoplasmic
content to spill into the periplasm [49].

Although discovered 30 years later than Gram-negative BEVs, Gram-
positive BEVs are attracting more attention recently due to their po-
tential values for the development of medical advances [55].
Gram-positive bacteria have a thick peptidoglycan membrane protect-
ing the cell membrane. Owing to this thick peptidoglycan layer outside
the cell membrane, there is a lack of consensus on the production of
Gram-positive EVs and some theories have surfaced explaining their
biogenesis. Gram-positive BEVs may be formed under the action of
degradative enzymes such as endolysin and autolysin, which provoke
thinning of the peptidoglycan layer in the bacterial cell wall and facil-
itate the release of EVs [53,56]. Other theories explaining the release of
the EVs include, the turgor pressure enabling release and protein
channels that can guide the EVs to the extracellular environment [51].
The ‘bubbling cell death’ in gram-positive bacteria gives rise to cyto-
plasmic membrane vesicles (CMVs) [49] and can have cytoplasmic
content [49]. Hence it may be difficult to purify unless the cargo
selectivity is studied in detail.

Modulation of BEV biogenesis is actively pursued, with studies
indicating mutations in outer membrane structure lead to hyper-
vesiculation, whereas mutations in oxidative stress response pathways
lead to hypovesiculation [18]. Some methods for hypervesciculation are
listed in Table 3. As such, different methods to modulate the environ-
ment or bacterial genes and other biological responses need to be
investigated to improve BEV output. With mechanistic studies on BEV
biogenesis remaining in their infancy, in-depth understanding will aid in
the clinical translation of BEVs.
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Table 2

Summary of Extracellular Vesicles (EVs) derived from mammals, plants and bacteria [181-185].
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Mammalian-derived EVs (MEV)

Plant-derived EVs (PEV)

Bacterial-derived EVs (BEV)

Gram negative

Gram positive

Types Exosomes, microvesicles multivesicular bodies (MVBs), EXPO
(exocyst-positive organelle), Penetration 1
(Penl)-positive EVs, vacuoles,
autophagosomes
Biog Ex fusion of multivesicular MVBs or MVBs with Tet8 marker (instead
Secretion bodies and cell membrane, of CD63 of animal exosomes) MVBs fuse
Microvesicles — cell membrane budding ~ with vacuoles to form MVB-vacuole hybrid
and fuse with plasma membrane. EXPO-
independent of MVBs
Origin Exosomes — Endosomes Similar to mammalian derived EVs
Microvesicles — plasma membranes
Specific CD9, CD63, CD81, TSG101 Under investigation
markers
Cargo Components of endosomal Metabolites — aminoacids, organic acids,
compartment Shogaol, naringenin, salforaphane,
alkaloids
Proteins ESCRT proteins, Tetraspanin (CD9, Annexins, Actins, Aquaporins, Clathrins,
CD63, CD81), adhesion proteins heat shock proteins, patellins, Syntaxins
(Integrins), transporters and channels,
Actin, tubulin, cofilin-1, Vesicle
trafficking related proteins (Annexin,
TSG101, Alix), Cyosolic proteins (HSPs,
metabolic enzymes)
Lipids Sphingomyelin, phosphatidylcholine, Phosphatidic acid phosphatidylcholine,

Nucleic acids

phosphatidylethanolamine,
phosphatidylserine, ganglioside M3,
phosphatidylinositol

miRNA, mRNA, rRNA, tRNA,
mitochondrial DNA, short DNA
sequences of retrotransposons

phosphopatidylethanolamine,
sphingolipids

IncRNA, miRNA, circ-RNA, siRNA

Applications Majorly as drug carriers and For nutrition and improving health,
regenerative medicine protection against various ailments
Advantages More extensively studied Large-scale manufacturing from number of
beneficial diverse and renewable sources.
PENSs can be tested in a comparably short
time via eco-friendly protocols
Limitations Insufficient clinical grade production, Few targeting moieties for mammalian

Limited yield and incubation-time
dependent, Lack of standardized
isolation and purification method,
Limited drug loading efficiency

cells, Complicated compositions, lack of
clinically validated quality standard,
therapeutic efficacy depends on plant
ingredients, unknown effects from
unidentified substances, cell wall appears
to be a barrier

OMV (Outer membrane vesicles),
OIMV (Outer-inner membrane
vesicles), EOMV (Explosive outer-
membrane vesicles)

OMV-blebbing of outer membrane,
cell wall modifying enzymes
degrading cell wall or EOMV/OIMV-
Turgor pressure, explosive cell lysis

Outer membrane

OmpA and OmpF for E.coli derived
EVs. For others, it is yet a challenge

OMVs don’t have cytoplasmic content.

Lipopolysaccharides.

Periplasmic: AcrA, lipids, proteins,
enzymes (phospholipase C, serine
protease, alkaline phosphatase,
esterase lipase), autolysins, toxins
(cytolethal distending, VacA, PagJ,
PagK1, adenylatecyclase, cholera)
Outer membrane: OmpA, OmpC,
OmpF, lipoprotein (Lpp),

Lipopolysaccharides/endotoxin,
phophotidylglycerol and cardiolipin,
Glycerophopholipids,
phosphatidylethanolamine

SRNA, mRNA, miRNA, luminal and
surface associated DNA

CMV (Cytoplasmic membrane
vesicles)

CMV - Endolysin triggered
cell lysis or Bubbling cell
death

Cytoplasmic membrane
No information

Same as Gram negative but
cytoplasmic content is high,
lipoteichoic acid and
peptidoglycan

Heat-shock protein,
staphopain A, Haemolysins,
penicillin-binding
immunoglobulin,
immunoglobulin G-binding
(protein A),

1gG binding protein Sbl, InIB,
lethal factor, LLO, protective
antigen, anthrolysin

Phospholipids,
Phosphatidylglycerol,
myristic and palmitic acid

SRNA, extracellular and
chromosomal DNA

Primarily, immunomodulatory and/or adjuvants, drug carrier, vaccine
delivery, epigenetic modification, antibiotic resistance

High yields due to rapid proliferative abilities, gene editing techniques
and mature culture methods, low cost and friendly bacterial fermentation

culture

BEV is still under exploration compared to MEV.
Knowledge of host-bacterial and interbacterial interactions of BEVs is
limited. Host susceptibility under homeostatic and pathogenic conditions

is under investigation.

3.2. BEV payload and surface markers

BEVs can carry a variety of biomacromolecules within or on the
surface, including nucleic acids (DNA and RNA), lipids, proteins, en-
zymes, polysaccharides, and peptidoglycan, and can be considered as
proteoliposomes [10,53]. Owing to the differences in the cell structure
and subsequent EV biogenesis pathways, Gram-negative and
Gram-positive bacteria produce BEVs with distinguishable contents
[18]. For OMVs, the inner membrane remains intact, with a peptido-
glycan layer separating the inner and outer membrane; as such cyto-
plasmic components do not have direct access to OMVs [57]. While
OMVs are devoid of cytoplasmic content, they can contain periplasmic
components such as proteins, lipids, lipoproteins etc. [49,52].
Gram-positive BEVs carry a wider array of cargos, such as nucleic acids
and proteins as unlike Gram-negative bacteria, the cytoplasm is not
separated from the outer membrane. More information on the compo-
sition of BEVs can be found in an online database (hhp://evpedia.info)
[58].

BEVs have immunostimulatory ligands and MAMPs such as certain
proteins, Lipopolysaccharide (LPS), LTA and peptidoglycan, just like
their parent bacteria [10,59]. A majority of these enriched proteins are
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virulence factors e.g. cytolysin A (ClyA) of E.coli [60], and Salmonella
enterica serovars Typhi and Paratyphi [61], heat-labile enterotoxin from
enterotoxigenic E.coli [62], leukotoxin of Actinobacillus actino-
mycetemcomitans [63], vacuolating toxin (VacA) from Helicobacter pylori
(60190, 17874) [64], SPA protein of Staphylococcus aureus [65], and
invasion proteins — IpaB, IpaD and IpaC from Shigella flexneri [66]. Some
other vesicle-associated virulent factors like immunomodulatory com-
pounds, proteases, adhesins and toxins are also reported to induce
cytotoxicity, vesicle binding and invasion and modulation of the im-
mune response contributing to their pathogenesis [64,66-68]. Details of
various virulent factors observed in OMVs have been reviewed [69].
Membrane vesicles derived from Gram positive bacteria contain lip-
oteichoic acid (LTA) in addition to  peptidoglycans,
membrane-associated virulence proteins, to name a few [59]. These
immunostimulatory ligands may stimulate the TLRs resulting in a sys-
temic inflammatory response, which may be lethal.

Production of BEVs is a complex metabolically active process with
different regulatory mechanisms determine the content of EVs in ves-
iculogenesis, implying the importance of BEV release and the crucial
impact on the disease or health status of the hosts [70]. The content of
the EV and the surface properties will impact the host cell response. A
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—
e
Thinning of Peptidoglycan Blebbing oMV

Biogenesis of BEVs

Cytoplasmic Membrane Outer Membrane

Fig. 1. Biogenesis of Bacterial Extracellular Vesicles (BEVs). BEVs secreted from Gram-positive and Gram-negative bacteria differ based on the physical char-
acteristics of the parent cell. Gram-positive BEVs may form by the action of degradative enzymes such as endolysin. Degradative enzymes provoke thinning of the
peptidoglycan resulting in release of EVs. After thinning, bubbling cell death results in formation of cytoplasmic membrane vesicles (CMV). BEVs from Gram Negative
bacteria are formed by blebbing or cell lysis of the outer membrane. The EVs pinched off from the outer surface are known as Outer Membrane Vesicles (OMV).
Explosive cell lysis results in formation of outer inner membrane vesicles (OIMV) and explosive outer membrane vesicles (EOMV).

Table 3

thorough understanding would bolster the case of BEVs, an effective
vehicle for IO.

Trigger mechanism for hypervesiculation of bacterial outer membrane vesicles

(OMVs).
Triggers for Vesiculation Mechanism Reference 3.3. BEV mediated immune modulation
Phenanthrene and hexadecane Hydrophobic carbon sources [186,187] . . . .
Toluene intercalates into the [188] . BEYs can rapld.ly adhere, 11.1teract with hosF cells through multiple
hydrophobic region and biological mechanisms, fuse with the mammalian cell membrane, and
changes the membrane enter the cell though clathrin-, caveolin-, or lipid raft-mediated path-
curvature

Misfolded proteins like OmpA

Lack of Lpp (abundant lipoprotein
of E. coli)), L,D-transpeptidases
YcfS, ErfK, degP, degs, fliC,
fIgK, glnA, lysS/herC, nlpA,
nlpl, ompC, ompR, pepP, pnp,
ponB, rmpM, rseA, tatC, wag/
rfaG, wzxE, yieM, ypjM, LpxL2,
LpxM, htrB, waaN, LpxL, msbB,
waaM, LpxL1, msbB and YbiS

Mutation of peptidoglycan
amidase or increase in
peptidoglycan hydrolyzing
enzymes

Genetic modulation like null Nlpl,
increased expression of N-
terminal domain of g3p phage
protein, domains of colicins A
and E3, LpxR, pagL, LpxO,
Hp0021, msbB gene

Increase in lactate

EGTA, a calcium chelator

Regulating spore formation
pathway

ways, or by micropinocytosis and phagocytosis [10,71]. Inherently,
BEVs are used by bacteria to survive and transport virulent factors. As
such, they interact in different ways with the host cells, modulating the
immune system to promote their survival. As briefly mentioned earlier,

decreased location envelope ties [53]
between peptidoglycan and

outer membrane lacking cross-

linking components

Alters the cell envelope [53,91, MAMPs interact with host PRRs (Toll-like receptors TLR, Nucleotide
1511 binding oligomerization domain-like receptors NLR, C-type lectin re-
ceptors CLR, RIG-1 like receptors RLR) expressed predominantly on
epithelial cells, fibroblasts and innate immune cells such as dendritic
cells, macrophages, neutrophils [72]. The TLR stimulation leads to the
activation of various transcription factors such as NF-kB. This leads to
the production of several pro-inflammatory cytokines (eg. TNF-a, IL-6,
increase the outer membrane [131,189] IL-1p), type I interferons (IFN), chemokine, and anti-microbial peptide
material production that either lead to elimination of the pathogen or acts as a
primer for adaptive immunity [72,73]. Within innate immunity, TLRs
. . have been characterized to the greatest extent, are made up of 10
Upregulation or remodeling of [91,99, . . . L.
necessary cell envelope lipids 190.191] members in humans and 12 members in mice [74]. These are distributed
between the cell membrane (TLR1,2,4,5,6, and 10) and the intracellular
compartment (TLR3,7,8,9,11,12, and 13) [74]. The cellular TLRs detect
microbial membrane components with TLR4 predominantly recognizing
bacterial LPS, TLR5 detecting flagellin and TLR2 with TLR1 or TLR6
source of carbon [153] . R X . .
depletes the calcium needed to  [192] recognizing a variety of MAMPs such as lipoproteins, peptidoglycans,
maintain the crystalline surface LTA to name a few [73,74]. Intracellular TLRs detect foreign and
of bacilli self-nucleic acids, such as TLR9 detecting CpG and TLR13 engaging with
- [193]

ribosomal RNA [73,74]. A study compared TLR4 and TLR2 response in

knock out mice to gram-negative (LPS on the surface) and gram positive
bacteria (LTA and peptidoglycan on the surface) [75]. It was concluded
that TLR2 is a signaling receptor for selective components of
gram-positive bacteria while TLR4 is needed for recognition of LPS and
LTA. This finding can be further extended to BEVs derived from the
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respective bacteria. For example, LPS on E. coli OMVs elicit the pro-
duction of TLR4-mediated CXCL8 [76], while lipoprotein from EVs
derived from virulent strains of mycobacteria [77], or crude and purified
LTA from Lactobacillus casei [78], and Lactobacillus fermentum [78]
stimulated the production of proinflammatory cytokines and chemo-
kines in a TLR2-depenedent manner. Such a response while stimulates
innate immunity, can prove to be detrimental if not controlled properly.
Hence when BEVs are used for therapy, PRR-mediated TLR response
should be managed to produce desired efficacy. BEVs can be engineered
prior to biogenesis to elicit a more controlled innate immune response as
will be discussed in section 3.5 and 3.6.

Differentiation of immune cells is dependent on the cytokines pro-
duced by BEV exposure. For macrophages, proinflammatory cytokines
(TNF-a, IFN-Y), MAMPs skew macrophages towards a proinflammatory
phenotype (M1) and anti-inflammatory cytokines such as IL-4, -13 -10,
immune complexes and apoptotic cells, skew them to anti-inflammatory
phenotype (M2) [79]. A study has shown dose dependent binding of
periodontal bacteria derived OMVs to monocytes, differentiated
Macrophage (naive) and IFN-Y differentiated Macrophages [80]. OMVs
from Porphyromonas gingivalis followed by Treponema denticola, and
Tannerella forsythia proving to be potent activators of NF-kB in all three
cells, resulting in the production of TNF-a, IL-1p and chemokine IL-8.
This response leads to recruitment of inflammatory immune cells initi-
ating the pathogenesis of periodontitis [80]. At the interface of innate
and adaptive immunity, the type of T cell response depends upon the DC
population activated by a particular TLR pathway. DCs’ stimulation of
TLR3, 4, 7, 8 and 9 elicits Th1-immune response and TLR2 (with TLR1 or
6) and TLRS elicits Th2-immune response [73]. Furthermore, TLRs also
affect the Treg cell development [73]. OMV led acquisition of adaptive
immunity has been demonstrated by their use as OMV vaccines such as
Norwegian OMV Vaccine (MenBVac) against Neisseia meningitidis where
bactericidal humoral immunity if mounted based on the outer mem-
brane protein PorA, PorB, reduction modifiable protein (RmpM) and
OpcA invasion [81]. EVs from several gram-positive bacteria such as
Clostridium perfringens, Streptococcus pneumoniae, Bacillus anthracis,
Mycobacterium tuberculosis, and Staphylococcus aureus have been
demonstrated as effective vaccines in various mouse models [55]. The
same can be used for cancer vaccines where cancer antigens could be
expressed on the outer membrane, eliciting a similar response against
the tumor.

OMVs can also modulate innate immune response by first eliciting a
proinflammatory response and then playing an anti-inflammatory role
leading to the survival of the parent bacteria '°. Such as OMVs from
Porphyromonas gingivalis, at low concentration mounts a proin-
flammatory response in unprimed cells, proceeded to recruit and prime
macrophages to a proinflammatory profile and at low concentrations
elicited the secretion of anti-inflammatory IL-10 leading to LPS toler-
ance upon second exposure [80]. Bacteria utilize EVs to transmit resis-
tance genes, and EVs carry virulence factors from infected cells and
follow comparable biogenesis pathways [49]. A similar immunomodu-
latory role of BEVs has been observed in the progression of resistance to
infections. From a therapeutic standpoint, such a response would be
favorable to gain tolerance to the vehicle. The diversity of response to
various components of the OMV need to be studied rigorously to be used
for cancer therapy. For example, studies suggest H. pyroli OMVs con-
taining VacA toxin suppresses T-cell immunity [82] and N. meningitidis
OMV containing opacity-associated proteins lead to suppresses ion of
CD4" T-cell function [83]. As such, these OMVs may not be the best
choice for cancer therapy that require the activation of T-cell immunity
[84].

Some other ways, OMVs interact with host cells include its interac-
tion with epithelial cells. OMVs released from bacteria such as Trepo-
nema denticola can modulate the tight junction proteins of the
epithelium and increase permeability without inducing cytotoxicity
[85]. Such OMVs can be used to pass across the epithelial barrier
transporting the therapeutic payload without permanently damaging
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the epithelial cells. To take advantage of epithelial immune stimulation,
one doesn’t need to only rely on pathogenic bacteria derived EVs. Pro-
biotic Escherichia coli Nissel 1917 and commensal ECOR12 OMVs have
shown to colocalize with cytosolic PRRs NOD1 expressed on epithelial
cells, initiating the NOD1-signaling pathway of proinflammatory cyto-
kines mediated by peptidoglycans on the OMVs [86].

BEVs exhibiting immunomodulatory function in the host can be
potentially used as therapeutics to ameliorate diseases and act as adju-
vants. As the BEVs are non-reproducible and devoid of nuclear content,
they are comparably safer than their parental cells [6]. Proof lies in the
clinical translation of the N. meningitidis derived OMV vaccine based on
the tolerability, efficacy and safety that has been demonstrated in 37
countries [87] and is safe in children of two years of age [88]. This sets
the stage for studying OMVs as a therapeutic too.

3.4. Scale-up and potential for clinical translation

BEVs produced from commensal non-pathogenic, or probiotic bac-
teria may be modulated and engineered. BEVs from certain strains
possessing an inherent tendency to specific cell types can be used in
developing targeted diagnostic tools or drug delivery systems [12]. BEVs
can be employed to adjust pharmacodynamics and pharmacokinetics
targets for other nano-sized delivery systems through surface cloaking or
modification [71]. Nanoparticles, especially synthetic can be encapsu-
lated or enclosed by BEVs that act as lipid bilayers protecting the
nanoparticles. The core-shell structure formed, or BEV-cloaked nano-
particles can alter the pharmacokinetics-pharmacodynamics of the
nanoparticles. For instance, poly(lactic-co-glycolic acid) (PLGA) nano-
particles encased within Helicobacter pylori-derived OMVs exhibited a
competitive binding with source bacteria to the host. These exhibited
good binding to the gastric epithelial cells inhibiting H. pylori adhesion
[89]. Likewise, gold nanoparticles cloaked within the OMVs of Escher-
ichia coli improved in vitro stability in buffered solutions. Subcutaneous
administration of these encapsulated gold nanoparticles rapidly acti-
vated the dendritic cells in lymph nodes and their maturation in vacci-
nated mice. IFN-Y and interleukin-17 levels were also elevated [90].

While BEV characteristics are dependent on the media [54], the
components don’t include the expensive animal-derived serum or
growth factors frequently used in mammalian cell culture, which poses
cross-species issues of immunogenic response, as discussed in Section 2.
Since the manufacturing of bacterial EVs could be readily scalable by the
cultivation of EV-producing bacteria in small fermenters this is a
promising avenue for scale-up production of BEVs.

3.5. Engineering OMVs

Genetic and biomolecular techniques have been studied for loading
heterologous proteins in BEVs [91]. OMVs can be genetically engineered
by tuning the host to overexpress the protein. The overexpressed protein
will naturally traffic to the periplasm or outer membrane. Though there
are preferred packaging of proteins and toxins in BEVs [92], the over-
expressed proteins may not always move to the site of vesiculation [92].
Active loading is possible by tailoring the OMV either through a
pathway, protein or genetic engineering for a specific application [91].
Further, it is also possible to use any bacilli membrane anchor or
abundant OMV protein and protein-protein interaction.

Periplasm and lumen of OMVs can be targeted via the export signal
peptide from a substrate of any secretory (Sec) or twin-arginine trans-
location (Tat) pathway and is fused to the N-terminal of a heterologous
protein [93]. While those are meant to be displayed on the outer
membrane of OMV, the heterologous protein or antigens are fused to the
C-terminal domains of membrane protein anchor or autotransporter.
Hence, it co-localizes with the fusion protein to the outer membrane
[94]. For instance, bacterial hemolysin toxin ClyA (SheA/HLyE) is re-
ported to be enriched in OMV. Genetic fusion with ClyA can translocate
heterologous proteins to OMV [67]. The capability of the periplasmic
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disulfide bond and its machinery in the OMVs facilitate ClyA to fuse with
diverse fusion moieties [67]. Chimeric ClyA fusion proteins localized on
E.coli OMV have their activities retained like native unfused ClyA [67].
Enzymes like organophosphorus hydrolase and f-lactamase fused to
ClyA can hydrolyze paraoxon and p-lactam antibiotics, respectively. The
fusion of Green fluorescent protein (GFP) to the C-terminus of ClyA
displayed made OMVs easy to monitor its cellular interactions [67]. E.
coli cells with overexpressed heterologous GFP shed OMVs with GFP in
their lumen [93]. Likewise, organophosphorus hydrolase, p-lactamase,
and a single-chain Fv (scFv) antibody were delivered via OMV [91].
Fusion of antigens to ClyA also enhances immunostimulatory activity
[95]. Alves et al. successfully encapsulated an organophosphate hy-
drolyzing enzyme, Phosphotriesterase (PTE) [96], using transmembrane
porin protein - OmpA or genetic fusion with ClyA of E.coli [97].

Decorating the OMV with cancer-targeting ligands can be potentially
used for specific and antitumor therapy [98]. The ClyA surface was fused
to human epidermal growth factor receptor 2 (HER2) affibody, which
provides tumor-specificity [99]. In another study, protoplast-derived
nanovesicles were designed to express epidermal growth factor (EGF)
in E.coli [100]. Stimuli-responsive multifunctional OMV synthesized
from AmsbB E.coli loaded with a plasmid for melanin, both a photo-
acoustic and photothermal agent, has also been studied [101]. An ice
nucleation protein was also used to display the antibody binding Z
domain on the OMV surface. Further, the OMVs were fused with
dockerin-tagged GFP [102].

3.6. Preclinical evidence of BEV use in cancer

A safer and more controlled way of utilizing the immune-modulatory
effect of microbial parts would be to use BEVs. They elicit a humoral-
and cell-mediated immunity similar to their parent bacteria [103]. BEVs
inherit parent cell’s LPS on the surface and sometimes, host antigens
(adhesins and virulent factors). These can elicit an immune response by
secreting cytokines and enabling immune cell maturation which in turn
can cause tumor damage [104,105]. Their ease of surface modulation
enables them to mount a controlled immune response, carry multiple
epitopes simultaneously [106] whilst also acting as a vehicle to carry
combination of other cancer-therapeutics. As such, BEVs can be utilized
as immune modulators and vaccines.

Interestingly, the presence of LPS and its composition determines the
kinetics in host cell entry [53]. OMVs with O-antigens enter via lipid
raft-dependent following TLR2 interaction [107] and those OMVs
lacking O-antigen internalized via clathrin-mediated endocytosis [108].
While abundant on Gram-negative BEVs, Gram-positive bacteria lack
LPS [109]. Hence, BEV’s from Gram-positive may erase the immune
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stimulation and can solely be explored as bioactive nanocarriers or
targeting vehicles [105]. One study has shown EVs derived from pro-
biotic Lactobacillus rhamnosus GG induces apoptosis in HepG2 cell line
[110], however they don’t mention what part of the BEV induces
apoptosis. Nevertheless, some reports have shown BEVs from
Gram-positive to elicit immunogenic effects but further needs to be
explored in cancer [109]. Any deleterious host-effect can further be
circumvented by using probiotic derived BEVs increasing the scope of
new cancer treatments [92], or modulating the response by addition of
host defense peptides such as cathelicidins [111].

BEVs are versatile delivery vehicles, that inherently are immuno-
genic, but also can be modified to carry plethora of payloads making
them sought after for use in I0. While this field is still nascent and
growing, the promising data from the current body of research is paving
the way for its imminent translation to the clinic. Their use as versatile
drug delivery vehicle is summarized in Fig. 2.

Kim et al. evaluated OMVs from genetically modified Escherichia coli
(E. coli) to impair the expression of the lipid component of LPS in the
outer membrane [112]. Not only did this inhibit the TLR4 signaling
activation in vitro in TLR4/MD2-transfected human embryonic kidney
HEK-293 cells, but it also led to better yields of OMVs as compared to
wild type (WT) bacteria. Intravenous administration of modified OMVs
in CT26 murine colon adenocarcinoma transplanted mice significantly
reduced the tumor volume in a concentration-dependent manner.
Furthermore, to compare the effect of modified OMVs to their parent
bacteria, 5 pg of modified OMV related protein produced by 1 x 10° CFU
of engineered bacteria elicited an antitumor response against the parent
bacteria causing fatalities in all mice within 48h of administration.
Rechallenging the modified OMV treated mice to CT26 transplantation
led to tumor rejection. Biodistribution studies indicated high accumu-
lation in tumors, which the authors attribute to the EPR effect given the
nano-size range of these OMVs (38.7 + 4.2 nm). Mechanistic studies
indicated IFNy plays an essential role in OMV mediated tumor regres-
sion. This study showed the greater immunogenic potential of OMVs
over bacteria and the evidence to explore this further in higher animal
models.

Gujrati et al. explored exogenous loading of siRNA in OMVs secreted
from bioengineered E. coli K-12 W3110 strain [99]. E. coli K-12 W3110
strain was genetically engineered to express a smaller number of acyl
chains on lipid A of LPS, thus rendering it less immunogenic and
consequently less toxic. Furthermore, cellular selectivity was incorpo-
rated genetically fusing ClyA with a HER2-specific affibody. The
resulting modified OMV (mOMV) from these bacteria was about 8-fold
less immunogenic than the wild-type OMV (wtOMV) with cellular
specificity to HER2 expressing cells. The mOMVs were <200 nm in size,
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stable and rigid. Endogenous loading of approximately 15%wt of siRNA
to silence KSP was obtained using electroporation at 700V and 50 pF
without compromising OMV membrane integrity. KSP is an overex-
pressed protein in rapidly diving cancer cells, silencing of which causes
apoptosis via mitotic arrest. In vitro studies of KSP siRNA loaded mOMVs
in HER2 overexpressing cell lines (SKOV3, BT474, and HCC-1954) eli-
cited cytotoxicity when compared to PBS treated group. Cell death was
mediated via KSP downregulation, as seen from the non-coding control
data where mOMV carrying scrambled siRNA did not induce cytotox-
icity. PCR analysis indicated the low levels of KSP. In vivo studies in
HCC-1954 xenografts depicted the modified OMV carrying siKSP (IV
dose, 4 pg/dose siRNA, every other day, total of 12 injections) showed
66.34% tumor growth inhibition as compared to vehicle control. Inter-
estingly, passively targeted OMVs (without HER2 targeting) with siKSP
showed partial tumor regression, most likely via the EPR effect owing to
the accumulation in the TME. Excised tumor evaluation validated the
tumor growth reduction was due to a substantial decrease in KSP protein
levels. In vivo toxicity studies further outlined the safety and tolerability
profile of mOMYVs, bolstering the promise of these mOMVs in cancer
therapeutics.

To overcome the excessive activation of the immune system (cyto-
kine storm) by bacterial vesicles, Park et al. recently studied a way to
minimize bacterial components within these vesicles [113]. They iso-
lated outer membrane vesicles (OMVs) from E. coli supernatants and
then treated them with high pH. This led to the separation of the
membrane sheets from the cell components. Next, the membrane sheets
were sonicated to produce spherical synthetic bacterial vesicles (SyBVs)
with similar morphology and size to natural bacterial outer membrane
vesicles, albeit with less protein, RNA and DNA content. Owing to the
limited cytosolic content, including DNA and RNA, SyBVs were not able
to elicit several TLR responses such as TLR 3, 7, 8, and 9 showing a better
toxicity profile than OMVs. They could engage dendritic cells success-
fully and elicit an adaptive immune response. SyBV worked as an
adjuvant to curb tumor growth when administered with mouse mela-
noma derived EVs (tEV) subcutaneously (5%, three-day intervals, 5 x
10° tEV, 5 x 10° SyBV) in mice inoculated with B16F10 both subcu-
taneous and intravenous route (metastasis model) [113].

Combination therapy suggests using immunotherapeutic agents in
tandem with conventional cancer therapies, makes it harder for cancer
cells to survive [114,115]. This was recently evaluated using OMVs too.
Serendipitously, a low dose of Salmonella typhimutium OMVs led to
extravasation of RBCs inside tumors, in addition to the conventional
anti-tumor immune response [105]. The extravasation of RBCs darkened
the tumor, causing near-infrared light absorbance due to hemoglobin,
paving the way for photothermal therapy mediated tumor ablation.
Another study explored the combination of OMVs with chemothera-
peutics [116]. The group utilized the OMV coating approach to first
elicit an innate immune response as it travels to the tumor microenvi-
ronment (TME), targeting the tumor cells via the RGD peptide deco-
rating the surface, subsequently delivering a prodrug of 5- Fluorouracil
(5-FU) tegafur that would be the chemotherapeutic against the tumor.
The group derived OMVs from attenuated Salmonella and functionalized
them with DSPE-PEG-RGD for cellular targeting, via physical extrusion
of the two. The resulting OMV-DSPE-PEG-RGD (OR) were further
extruded with Pluronic F127 nano-micelles (forming ORFs) that
encapsulated a prodrug of 5-FU tegafur forming ORFT. TEM imaging
validated the core-shell structure. The hybrid nanoparticles were stable
for up to 100 days. ORFT released 40% of the drug at physiological pH
and 65% of the drug at pH 5.4 in 48h, indicating the likelihood of su-
perior release in the acidic TME. In vitro studies revealed ORFs were
internalized mainly by clathrin-mediated endocytosis and were
non-toxic. Moreover, cytotoxicity was elicited with increased payload
upon internalization in B16F10 cells. Successive pre-treatment in mice
with ORFT protected against tumor challenge when tumor volume and
number of tumor-free mice were compared to other controls, acting like
a vaccine. For therapeutic efficacy, 20 pug of ORFT was administered
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thrice against B16F10 melanoma and 4T1 breast cancer murine models.
This elicited repressed tumor growth (4T1 model), reduced metastatic
nodules (B16F10 melanoma model), and better survival than PBS and
tegafur-treated mice. This study shows the promise of using OMVs as a
nanoparticle coating in cancer therapeutics.

Li et al., combined immune activation and blocking TME immune
suppression via check-point inhibitors by combining the two in an OMV
[117]. AmsbB mutant E. coli (strain W3110) was used due to reduced
amount of LPS on the surface. ClyA was made to fuse with murine PD1
ectodomain, that generated OMVs expressing PD1 on the surface
(OMV-PD1). These modified OMVs not only induced a proinflammatory
immune response in DCs due to MAMP recognition, it also interacted
with PD-L1 on the tumor surface. Further, 2.6 mg vesicle protein/kg
body weiht of OMV-PD1 was administered 6 days after B16 or CT26
tumor inoculation, once every three days via tail vein injection, for 4 and
5 treatments, respectively. Other treatments compared to OMV-PD1
included saline, antibody PD-L1, OMV, OMV + antibody PD-L1. Based
on the tumor weight, OMV-PD1 group was the most effective amongst
the groups studied. Moreover, 40% of CT26 model mice exhibited
complete tumor regression. Further analysis depicted significantly
increased levels of pro-inflammatory cytokines IFN-Y, IL-6 and TNF-a in
tumor and serum for all the groups containing OMVs as compared to
antibody PD-L1 group. CD8" T cells infiltration was enhanced in the
OMV-PD1 group. From biosafety analysis in naive mice, it was found
that saline, OMV and OMV-PD1 did not show any indication of damage
in major organs such as liver, spleen, kidney, lungs, heart, to name a few.
Overall, the group demonstrated a promising combination therapy of
OMV and check-point inhibitor to offer a two-pronged therapy against
tumor in the same dosing regimen.

Passively-loaded doxorubicin in OMVs derived from attenuated
Klebsiella pneumonia also not only resulted in cell apoptosis and cytotoxic
effect due to doxorubicin [118], but the OMVs also synergized the effect
of doxorubicin by recruiting macrophages in the tumor microenviron-
ment and generating immunogenicity in BALB/c nude mice induced
with non-small-cell lung cancer model.

OMVs derived from genetically engineered bacteria E. coli BL21
constructed via CRISPR-mediated gene knockout were loaded with
paclitaxel and Redd1 siRNA and served for immune activation as well as
drug carrier [119]. Besides, the OMVs were also loaded with Redd1
siRNA by electroporation. Redd1 is a negative regulator upregulated in
hypoxic and metabolic stress. Moreover, deficiency of Reddl in tumor
associated macrophages modulates the metabolic phenotype of macro-
phages to tumor inhibition. To improve M2 macrophage targeting, the
OMVs were modified with mannose containing lipid conjugated to
paclitaxel. Upon reaching the tumor, pH 6.8 triggered the release of
paclitaxel, followed by uptake by M2 macrophages to increase glycolysis
and siRNA repolarized the tumor associated macrophages and improved
tumor immune activation in the triple-negative breast cancer model.
The presence of paclitaxel regulated the tumor metabolism and inhibi-
ted tumor growth.

While OMVs have been studied as prophylactic vaccines against
bacterial infection [12,120], their interaction with the host immune
system makes them an exciting option for therapeutic cancer vaccines
[103]. Engineered OMVs have elicited an efficient cytotoxic CD8™ T cell
activation by dendritic cells [104]. A recent study has demonstrated
OMV as a cancer vaccine platform, using genetically engineered “Plu-
g-and-Display” technology [121]. The “Plug-and-Display” technology
uses tags and catcher pairs- SpyTag/SpyCatcher (SpT/SpC) and Snoop-
Tag/SnoopCatcher (SnT/SnC), where the protein tags spontaneously
bind to the catchers via isopeptide bonds and is most used for antigen
surface decoration [122,123]. The catchers of the SpC and SnC were
expressed as a fusion protein with ClyA on the OMV surface, and the tags
SpT and SnT-labeled antigens were displayed rapidly by binding to
ClyA-catchers (CC) through isopeptide bonds. The group showed CC
OMVs conjugated to antigenic epitope Tyrosinase-related protein 2
(TRP2) almost eliminated tumor metastasis and induced a strong
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cytotoxic CD8" T cell response, driving anti-tumor immunity. The
beauty of this platform is its ability to display multiple antigens that the
group showed by tagging two different antigens- TRP2 and OVA
engaging multiple T-cell anti-tumor immune response. These OMVs
accumulate in the lymph nodes and can efficiently present multiple
antigens to the dendritic cells, opening the doors to personalized cancer
vaccines.

4. Development and clinical translation of BEVs

Large scale production of BEVs is not explicitly explored except for
FDA-approved and commercial meningococcal OMV vaccine Bexsero®.
While basic biology drives research on a lab-scale, translation requires
scale-up engineering to produce drug products in adequate quantities
without compromising on safety and efficacy. BEVs are biological
products derived from bacteria, just as monoclonal antibodies are
derived from mammalian cells. Processed OMVs used for the meningo-
coccal vaccine are safe and effective when used as an antigen. The
following discussion combines takeaways from biologics drug develop-
ment and extends it to BEVs, particularly OMVs based on the reports
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published for the meningococcal vaccine, Bexsero®, and factors that
affect scale-up.

4.1. Process development, characterization and industrial scale-up

Compared to eukaryotic cells, bacteria have a rapid proliferation
ability, self-adjuvating properties and easy gene-editing techniques to
display [52]. They can be handled at high cell density, which increases
the scope of more production of EVs [52]. Processing and translation of
OMVs is economical and not cost-intensive [109]. Besides, they are
temperature stable, can be produced from the readily available liquid
media [54,124] and are easily bioengineered to display desirable
anti-tumor antigens for utility in 10 [10].

The OMV production workflow can be summarized as follows
(Fig. 3):

a) Upstream process - Optimal cultivation conditions and enhancing the
yield of OMV or bacterial vesiculation

b) Downstream process — Separation and purification of vesicles

¢) Purity assessment and minimizing process-induced contamination
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Fig. 3. Industrial Production and Scale-up of Outer Membrane Vesicles (OMV). (A) Upstream Development comprises of bacterial fermenters to culture the
parent bacteria for deriving and isolating OMVs. Variables affecting upstream development include aerobic conditions [128], peptidoglycan hydrolyzing enzymes
[131,189], iron [77] and lactate [153] availability, genetic modulation of cell envelop lipids [91,99,190,191] (B) Downstream process for large scale production —
The modified bacteria are cultured in industry grade bacterial cultivation tank. Large scale centrifugation separates bacteria from the vesicles. Cellular debris remains
in the supernatant containing the vesicles. The ultrafiltration process eliminates any material larger than 0.22/0.45 pm. Further purification by TFF and SEC purges
unwanted proteins/RNA/cellular material from the suspension. The ultra-purified and filtered OMV are subjected to density gradient centrifugation. Some factors
that affect downstream processing include presence of debris and size [54]. (C) Modification of antigenicity — the LPS on OMV may be therapeutically useful but
might act as antigens producing adverse/undesired side effects. Their antigenicity can be modified and controlled by endotoxin removal using detergent treatment or
genetic engineering. (D) The functionality of OMVs can be modified by using surface peptides to translocate active molecules to OMV periplasm or lumen. Tat
transporter/ClyA protein/secretory proteins can be used to achieve translocation. (E) The isolated and modified OMV must be analyzed for physico-chemical
characteristics. Techniques such as Cryo-TEM and NTA can be used for OMV quantification and physical characterization. LC-MS and SDS-PAGE are used for
protein identification. (F) Storage and stability studies are performed to assess the effect of storage temperature and time.

Abbreviations: OMV- Outer Membrane Vesicles, TFF- Tangential Flow Filtration, SEC — Size Exclusion Chromatography, CryoTEM - Cryogenic Transmission Electron
Microscopy, NTA — Nanoparticle Tracking Analysis, LC-MS — Liquid Chromatography-Mass Spectrometry, SDS-PAGE - Sodium Dodecyl-Sulfate Polyacrylamide Gel

Electrophoresis.
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d) Passive or active loading

4.1.1. Upstream processes

Bacterial fermentation is a more cost-effective and scalable tech-
nique with high chances for industrial scalability [52]. The bacterial
cells may be cultured overnight either in lysogeny broth/Luria Bertani
or any appropriate broth for Gram-negative or Gram-positive bacteria
[54]. Different growth media have a different impact on the production
yields of OMVs [125-127], such as aerobic conditions producing less
Pseudomonas aeruginosa PAO1 derived MVs as compared to denitrifying
conditions [128]. Isolation of OMV from liquid culture media should be
after a suitable long cultivation time [129]. The harvest time should be
according to the growth time and condition of the culture. Late sta-
tionary phases do lead to the production of larger yields of OMV,
however this also leads to bacterial cell lysis and contamination with
cytoplasmic proteins and broken membranes [129]. A balance needs to
be maintained between quality and quantity [39]. The growth phase
influences the vesiculation process.

Naturally derived OMVs are released in low quantities, thus with
inconvenient cost-effective mass production concerns [130]. The pro-
duction process of OMVs from the bacilli may be regulated or stochastic
and is environmental condition-dependent [131]. Various techniques
have been studied to augment vesiculation of the outer membrane of
Gram-negative microbes [49,91]. Vesiculation is always linked to bac-
terial stress, especially membrane stress [91]. These include quorum
sensing, bacterial population size and generating a hostile environment
[91]. More non-ideality growth conditions like inhibiting protein syn-
thesis, increasing growth temperature to 55 °C, adding gentamycin or
autolytic cell wall degradation [94], and altered nutrient availability
[91] can increase large-scale production. Heat shock causes the dena-
turation of proteins, which induces virulent factors and extensive
elimination via OMV. Pseudomonas putida increases OMV release at
55 °C compared to 25 °C, 37 °C, and 39 °C [132]. The opposite is,
however, seen in Serratia marcescens [133]. Table 3 depicts a list of
stimuli for hypervesiculation of OMVs.

4.1.2. Downstream processes
The production of OMVs is followed by their purification. The
cultured bacilli cells, membrane aggregates, cell debris, fimbria, pili and
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flagella are pelleted at low-speed centrifugation, approximately
5,000-6,000 g for 15-20 min at 4 °C [54]. The supernatant is filtered
with a 0.2 or 0.45 pm pore size filter. The pore size of sterilization
filtration should be appropriate for removing bacterial contamination.
At the same time, the membrane filter size should not be smaller to
exclude OMV of larger size and lower the yield. Altered pH values
aggregate the OMYV leading to a loss of 50% after 0.22 pm filtration. The
media may be pre-concentrated to improve the production yields either
using precipitation ultrafiltration, dialysis membrane filter (100 kDa),
ultracentrifugation or precipitation using ammonium sulfate (40%, 75%
saturation) at 4 °C [54]. The small size and the buoyant density of OMV
facilitate the segregation of OMVs from the bacterial cells by ultra-
filtration/tangential flow filtration and/or ultracentrifugation.

Purifying OMV from any soluble proteins is possible using density
gradients of 45% Optiprep different gradients [67] or sucrose or 50%
iodixanol by ultracentrifugation. Gel filtration chromatography based
on pore size exclusion and differential diffusion can also be used as an
alternative to gradient centrifugation, resulting in relatively homoge-
nous OMVs [94]. The use of salts like ammonium sulfate to prepare OMV
may lead to artefacts during vesicle characterization [134]. Alterna-
tively, OMV can be extracted from live bacteria using 10% deoxycholate
[54]. The bacterial debris is removed by centrifugation and treated with
nucleases to remove nucleic acids. The absence of the bacterial cells in
the vesicle preparations is confirmed after plating on their respective
broth/media [67]. Several analytical methods in Table 4 can analyze the
separated and purified BEVs [135].

4.1.3. Minimizing process-induced contamination and purity assessment

The presence of LPS, though, for immunotherapy is essential; the
absolute amount of LPS on OMVs needed to trigger an immunological
response is much lower than the free LPS [105]. The immune response to
LPS also varies with the tissues and its microenvironment. A very low
dose of LPS-bearing OMVs locally concentrated in a tumor may trigger
inflammation, necrosis, and RBC extravasation but with no obvious
response in other organs. This effect may be attributed to the multiple
antigens presented simultaneously on the OMVs other than LPS. Hence
LPS on OMVs have higher safety than free LPS itself [136].

The traditional method for decreasing the endotoxin activity or
extracting the LPS from the outer membrane in OMYV is detergent treated
OMVs [112]. Besides being a cost-intensive and laborious process, it

Table 4
Analytical methods and procedures to characterize bacterial extracellular vesicles (BEVs).
Parameters Method Outcome References
Physical EV number/EV size/Biophysical Nanoparticle Tracking analysis, Dynamic Light Number of EVs/mL, size distribution [148,
Characterization characteristics scattering, Laser diffraction (nm) 194-196]
Resistive Pulse sensing [196,197]
Flow cytometry Size distribution (nm) [198-204]
CryoEM/TEM Size distribution (nm), shape of EVs [195,
205-208]
AFM Physical properties (e.g. - hardness/ [209-212]
softness of EVs)
Membrane Quantification of total proteins Bradford assay Amount of protein ug/mL [23]
Characterization Microbicinchonic assay
Fluorometric assays/global protein stain on SDS PAGE
Quantification of total lipids Sulfophosphovanilin assay Amount of lipid ug/mL [213]
Quantification of total LPS Endotoxin content EU/mL [214]
Content Protein marker identification SDS PAGE Identification of protein markers or [215-228]
Characterization Western immunoblotting protein payload
LC-MS
HPLC-SEC Payload protein purity [148]
Quantification of total RNA Capillary electrophoresis Amount of RNA in ug/mL [229]

Nanodrop
Qubit RNA assay

Bioanalyzer Pico Chip
Bioanalyzer small RNA chip, Quant-it Ribogreen RNA

assay

Abbreviations: CryoEM = Cryo-Electron Microscopy, TEM = Transmission Electron Microscopy, AFM = Atomic Force Microscopy, SDS-PAGE = Sodium Dodecyl
Sulfate Polyacrylamide gel electrophoresis, EU = Endotoxin Unit, LC-MS = Liquid chromatography — Mass spectrometry.
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removes the other antigens such as genome-derived neisserial antigen
(GNA) and lipoproteins fHbp, often reducing the activity. The latter
antigens are vaccine targets and hence this process may not be favorable
for vaccines [137-139]. Endotoxins can also be removed using endo-
toxin removing columns [37]. It is interesting to note, detergent treated
OMVs have properties different from those OMVs generated naturally
[134]. Additionally, the purification of OMVs, which have wide size
distribution, affects the OMV yield [37]. It is thus preferable to have
native OMV vesicles prepared from genetically modified strains with
lower endotoxin activity [140-142]. Bacilli, like Escherichia coli, can be
genetically engineered to biosynthesize therapeutic protein. The
genetically engineered bacilli variant makes it easier to scale up thera-
peutics production [143,144]. For instance, genetically engineered
E. coli for the lipid component of polysaccharide - lipid A acyltransferase
(msbB) decreased severe adverse effects associated with LPS and
increased the yield of the wild type E.coli [112]. A 1 x 10° colony--
forming unit yielded 5 pg of OMVs [112]. Likewise, the endotoxic LPS of
N. meningitidis, E. coli, and S. enterica have six acyl chains. Knockdown of
enzymes facilitating the addition of the fourth or fifth acyl chain of lipid
A can reduce the toxic effects of LPS retaining the adjuvant activity [91].
When producing OMVs for IO purposes, LPS on the OMV will be desir-
able to elicit an immune response. Optimization studies would be
required to ensure the LPS limits are within the toxicity range in pre-
clinical and clinical studies.

4.1.4. Passive and active payload loading
BEVs can be loaded with payloads either during BEV biogenesis or
post isolation. Examples illustrating this is mentioned in Section 3.

4.2. Regulatory considerations

The International Society of Extracellular Vesicles (ISEV) has put
together regulatory considerations for the clinical advancement of EV
based therapeutics [145]. EV-based therapeutics, including those
derived from unmodified cells or genetically modified cells containing
or not containing a transgene, are classified as biologicals by regulatory
agencies in Europe, the United States, and Australia. Unlike their parent
cells, EVs are more or less static after harvest, but the analytical char-
acterization and manufacturing are more complex than conventional
biologics such as proteins [146]. The regulatory requirement for such
therapeutics is like and/or derivative of traditional biologics and can
serve as a roadmap during the regulatory evolution of EVs. As EVs un-
dergo translation from the lab to the clinic, two broad aspects of the
development process evolve in tandem: clinical outcome and
manufacturing.

From a safety, efficacy, and quality standpoint, BEVs need to be
adequately purified, and BEV contaminants should be well-
characterized to obtain regulatory approval. Apart from this, there
must be adequate evidence to show regulatory authorities that consis-
tent large-scale production of BEVs is possible without compromising on
in-process characteristics. While these are applicable to all types of
drugs, early development of BEVs should consider these aspects to make
clinical translation and subsequent regulatory approval a reality.

4.3. Storage and shelf-life of OMVs

OMVs are reported to have long-term stability [87,147]. Recently,
Palmieri et al., conducted accelerated stability studies on OMV vaccines
from different bacteria, to monitor changes in the phyisco-chemical
properties of the OMV and its impact on vaccine efficacy [148]. They
list various critical quality attributes that they monitored during the
stability studies, that can be considered during the Chemistry,
Manufacturing and Control (CMC) development of the drug product.
They found that the OMVs were more stable at higher temperature of
100 °C for 40 min and despite some protein denaturation by DSC, it
didn’t impact the immunogenicity of the OMV. At milder conditions of
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37 °C and 50 °C but for extended time of 4 weeks, the OMV did not show
aggregation, but interestingly reduced in size with time. Another study
looked at using OMV as a carrier for improving the stability of enzyme
PTE, testing the payload functionality them under the following storage
conditions: long term, elevated temperature, freeze-thaw cycles and
lyophilization [149]. It was found that as compared to free PTE,
OMV-PTE maintained activity better after 2 weeks at 37 °C, 4
freeze-thaw cycles, and after lyophilization. Freeze-dried OMVs are also
reported to retain their antigenicity and enzymatic activity upon storage
over long-term, preferably one year at —70 °C [150], —80 °C, and
—20°C[151] or 4 °C [149]. The antigenicity of trivalent (three different
PorA subtypes) OMV, however, decreased upon storage for three months
at 37 °C compared to monovalent (one PorA subtype) [150]. The same
OMVs completely degraded at 56 °C [150]. While the mechanism of
enhanced stability of the OMVs remain elusive, the membrane compo-
sition and packaging of various proteins, phospholipids, and poly-
saccharides may provide superior resistance to environmental factors
[149].

4.4. OMV scale-up with large scale vaccine production

OMVs have been used in the clinic, approved by several regulatory
authorities. Among the five licensed meningococcal vaccines in the
United States, two are recombinant protein, monovalent vaccines,
compared to conjugate vaccines effective against four serotypes (http
s://www.cdc.gov/vaccines/vpd/mening/hcp/about-vaccine.html).
Amongst the two, one is OMV derived vaccine — Bexsero®. Bexsero® has
recombinant group B with a highly specific sero-subtype identified by
reverse vaccinology [152]. GlaxoSmithKline formulated 0.5-mL dose of
Bexsero® contains 50 pg of Neisserial adhesin A recombinant protein,
50 pg of Neisserial Heparin Binding Antigen recombinant protein, 50 pg
of factor H binding recombinant protein, 25 pg of OMV, 5 mg of
aluminum hydroxide (0.519 mg of Al3+), 125 mg of sodium chloride,
776 mg of histidine, 10 mg of sucrose at pH 6.4-6.7 (https://www.cdc.
gov/vaccines/vpd/mening/hcp/about-vaccine.html).

MenBVac, also a meningococcal group B OMYV tested in phases I and
11, was withdrawn after four years due to moderate effect and low uptake
in infants. Finlay Institute also developed VA-MENGOC-BC® in Cuba.
Finlay developed vaccine additionally contains group C poly-
saccharides. VA-MENGOC-BC is also reported to show less incidence of
gonorrhea compared to genital warts and syphilis [152].

Some studies have discussed their production in a batch process in 7L
bioreactors at 36 °C, 0.5 atmospheric pressure, air overlay at 1L/min,
under agitation conditions from 250 rpm to 850 rpm, with a dissolved
oxygen set at 10% of saturation [153,154]. Santos et al., evaluated the
N. meningitidis B OMV process development by assessing the utilization
of nutrient substrates, production kinetics and yield [153]. It was found
that the original Catlin media [155] without iron supplement and
double the lactate and amino acid concentration, and stationary growth
phase produced the maximum yield of OMVs at 162 mg/mL, with
enhanced antigen production [153]. For bulk production of OMV, the
Netherlands Vaccine Institute determined that an in situ sterilizable
stainless steel bioreactor of 1.2 m® would meet the demand for the
product [156]. The bioreactor is equipped with an upward pumping
impeller, a turbine impeller for gas dispersion, and a rotary plate foam
breaker. The stirring speed and gas flow rate can be adjusted according
to the oxygen demand. Comparable growth curves and nutrient con-
sumption profiles could be achieved. Details can be read in Ref. [156].
Cultivation of 40 L obtained after multiple passages are concentrated
using filtration and treated with ethylenediaminetetraacetic acid, fol-
lowed by centrifugation and gel filtration to remove salts, enzymatic
DNA digestion and sterile filtration [147]. Thus, obtaining bacterial
outer membrane vesicles from bacterial sources have high translation
potential. Mass production of bacilli in bacilli growth tanks or bio-
reactors is easy to maintain with relatively lower costs [157].

Alternatively, the Pierre Geurin Tryton bioreactor could handle 3L of
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the medium at 35 °C and kept stirring between 300 and 1000 rpm and a
dissolved oxygen tension controlled at 30% of air saturation [158].
Hypervesiculation was induced by cysteine depletion and oxidative
stress. Downstream processing was performed using tangential flow
microfiltration using a hollow fiber module. This was followed by
enzymatic DNA digestion and sterile filtration using a 0.2 pm filter
membrane [158].

Continuous manufacturing is a technological solution to improve
biotherapeutic yields, reducing costs, and encouraged by regulatory
agencies [159-161]. OMVs have been studied for production through
continuous manufacturing [162] where spontaneous OMYVs from
N. meningitidis were first made to grow in a batch and later diluted to
reach steady state after 100h, producing 4 x 10'* OMVs/mL/day,
equivalent to the maximum production obtained in batch production
evaluated by the same group [163,164]. Steady state of OMV production
was maintained for at least 600h and the group showed reproducibility
[162]. Upstream continuous production of OMVs can be coupled with
continuous purification using techniques such as TFF, with the addition
of appropriate inline analysis to create a fully continuous operation.
With such techniques being implemented for more mature biologics
such as antibodies, such studies on OMVs show how these can be
adopted to produce OMV based therapeutics.

5. Conclusion

It is well established that microbiome holds the key to sickness and
health. As an indicator of host health, microbiome and its EVs find
extensive utility in diagnostics. Recent research indicates their influence
on the outcome of cancer therapeutics [165]. As new approaches to
cancer therapy are discovered and tested within the lab’s confines,
microbiome is finding its place in the potential translation to the clinic.
The current cancer therapeutic landscape focuses on immunotherapy
and activating the immune system against tumor cells [166]. BEVs are
well-positioned in the immunotherapeutic space, as the research in-
dicates the success in eliciting an anti-tumor immune response in pre-
clinical models. Compared to their whole bacterial cell source, BEVs
induce an immunogenic response that is more controlled and
well-tolerated. Their inherent nature of mounting an immune response,
small size that passively accumulates in the tumors via the EPR effect
and the flexibility that platform offers in terms of engineering desired
characteristics such as active tumor targeting, decoration with cancer
antigens, to name a few, makes BEVs a promising drug delivery vehicle.
The growing preclinical evidence utilizing BEVs to find a cure for cancer
further paves way for the imminent clinical translation. BEVs have also
been translated into the clinic as a vaccine that underscores the prospect
of its systematic CMC development.

Lessons can be learnt from the field of biotechnology that use living
cell sources to produce non-living drugs such as proteins. From a drug
development standpoint, OMVs have been manufactured using batch
and continuous upstream processes. When coupled with downstream
purification techniques such as TFF, and superior analytical tools to
assess the sample in-process as well as at the end of production, can
produce robust batches of BEVs that are reproducible in quality and
efficacy. The bacteria itself can be genetically engineered to minimize
toxicity, improve functionality, and improve throughput of the resulting
BEVs. Several other aspects of production such as nutrient media and
improved understanding of vesciculization can further bolster unifor-
mity and yield. BEVs have impressive shelf-life and can protect the
payload from environmental degradants. BEVs are easier to store and
don’t multiply hence easier to control from a drug product quality
standpoint than live or virulent bacteria. While there are still gaps in
understanding vesiculation, prolific research is being pursued to seek
clarity on the biology, content uniformity and superior analytical
methods that will enable to bring these BEVs to the patients. With
dedicated consortia, the EV community is standardizing manufacturing
and analytical processes and providing guidelines to achieve regulatory
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success. BEVs are en route to becoming the new frontier of cancer
immunotherapy.
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