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Abstract

Most infectious pathogens enter the body via mucosal sites, yet very few mucosal vaccines
have been licensed. Major hurdles in mucosal vaccine development, such as stability,
mucosal barriers and immune tolerance, hinder delivery of antigens to mucosa-immune
cells. New vaccine delivery systems are therefore needed to provide broad and long-term
protection against respiratory viruses. To address these issues Bacteroides
thetaiotaomicron (Bt), a human commensal gut bacterium, has been engineered to export
into their bacterial extracellular vesicles (BEVs) Yersinia pestis, influenza virus (IV), or SARS-
CoV-2 antigens. In addition, two means of decorating Bt BEVs with antigens have also been
explored, using highly expressed vitamin B12 receptors and chemical conjugation. Pre-
clinical studies using non-human primates (Y. pestis) or murine models (IAV and SARS-CoV-
2) were used to determine the immunogenicity of Bt BEV vaccines and their ability to

induce protective immune responses.

Native Bt BEVs displayed inherent adjuvanticity after intranasal administration, as shown
by their ability to elicit mobilisation of immune cells and the development of organised
lymphoid structures in the upper and lower respiratory tract. BEV vaccines were safe with
no signs of any adverse effects in immunised animals. Bt BEVs vaccine formulations
induced antigen-specific local and systemic humoral (IgA/1gG) and cellular (IFN-y and/or
TNF-a. producing CD4/8 T cells) immune responses. For Y. pestis BEV vaccines correlates
of protection were obtained from serum antibody mediated neutralisation and
cytotoxicity assays using live plague bacteria. BEV-IAV vaccines provided heterotypic
protection against a lethal dose of HIN1 IAV. Initial pre-clinical studies of SARS-CoV-2 BEV
vaccines showed them to be capable of inducing low levels of antigen-specific mucosal
and systemic IgA and IgG antibodies. Additional studies to optimise antigen expression,
dose and frequency refinements are needed. The results obtained showed that Bt BEV

could be used as a platform to produce mucosal vaccines against respiratory pathogens.
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Chapter 1 Introduction

1.1 Respiratory infections and the importance of mucosal vaccines

Respiratory infections are a prominent cause of worldwide mortality. In 2019,
lower respiratory infections were the fourth leading cause of death globally, causing 2.6
million deaths (4). Global mortality due to respiratory infections has become more
relevant since the SARS-CoV-2 pandemic, making it the third most common cause of death
in the USA (5), and the leading cause in England in 2020 (6). Besides SARS-CoV-2, Influenza
(IV) and Streptococcus pneumoniae are common causative agents of both upper (nasal

mucosa) and lower (lungs) respiratory tract infections (7, 8).

Respiratory virus are amongst the 80% of human pathogens that enter the body
and replicate in mucosal surfaces, which include the ocular site, gastrointestinal tract,
urogenital tract, and respiratory tract (9). However, most vaccines against mucosal
pathogens are administered parenterally and usually intramuscularly. Intramuscular
vaccines elicit circulating antigen-specific B and T cells, but are less effective at eliciting
responses in mucosa-associated lymphocytes (10). Intramuscular vaccines are effective at
preventing severe infections that can require hospitalisation, but they do not always

prevent pathogen replication or transmission (11).

The induction of strong adaptive immunity at mucosal sites has the capacity to
prevent pathogen binding and uptake across epithelial surfaces. It also has the capacity to
block pathogen transmission, essential to control the spread of disease. Mucosal vaccines
are therefore needed to enhance broad protection and block pathogen invasion and
infection. To induce mucosal immune responses, vaccines need to be administered to
inductive sites in mucosal tissues, for example via oral or intranasal delivery. Intranasal
vaccines are needle-free, and can be self-administered, making them better suited to mass

vaccination.

The different architectures and composition of lymphoid tissue in different
mucosal tissues are important factors in determining the effectiveness of vaccine-elicited
immune responses, in terms of their potency and longevity. Moreover, mucosal
immunisation can also benefit from shared mucosal immunity in which the induction of

immune response in one mucosal site leads to responses in other mucosal sites. For
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example, intranasal immunisation can induce immunity in the urogenital tract, with oral
administration inducing immune responses in mammary tissue and salivary glands (12).
In most cases, mucosal vaccination is also effective in priming antigen-specific systemic
immune responses, including serum antibodies with neutralising properties (13),

reflecting the crosstalk between the mucosal and systemic immune systems.

1.2 Immunity in the respiratory tract

The immune system of the respiratory tract includes both innate and adaptive
immunological defences. The first layer of defence is the mucus covering the luminal
surface. It is produced by secretory epithelial cells and contain mucins, antimicrobial
peptides, lysozyme, cytokines, and secretory IgA (14). By mucus entrapment and
mucociliary clearance particles and pathogens can be removed (14). Furthermore, the
respiratory tract contains organised structures made up of B and T cells, named nasal-
associated lymphoid tissue (NALT) which also includes cervical lymph nodes in the upper
respiratory tract (Fig. 1.1). The lower respiratory tract contains bronchial/tracheal-

associated lymphoid tissue (BALT) and mediastinal lymph nodes.

After crossing the mucus barrier, highly conserved pathogen-associated molecular
patterns (PAMPs) expressed by viruses and bacteria are recognised by pattern recognition
receptors (PRRs) (e.g., Toll-like receptors (TLRs) and nucleotide oligomerization domain
(NOD)) on epithelial and resident immune cells (e.g., macrophages) leading to induction
of innate immune responses (15). Viral PAMPs (e.g., glycoproteins, DNA, RNA) can trigger
the production of pro-inflammatory mediators including the cytokines IFN, IL1p, TNF-q,
IL6, IL12, IL8, MCP1, and inflammasome responses. Similarly, bacterial PAMPS such as
lipopolysaccharide (LPS), peptidoglycan, and lipoproteins activate NF-kB signalling
pathway leading to IL6, IL8, IL18, TNFa, and inflammasome response (15). Resident B and
T cells and peripheral innate immune cells, such as neutrophils, monocytes, eosinophils
and natural killer (NK), are then recruited to the sites of infection to contain and clear the

pathogen.

Antigen presenting cells (APC), specifically dendritic cells (DC), capture antigens
directly or indirectly via presentation by epithelial cells and microfold (M) cells and migrate
to local lymph nodes. M cells are cells within the epithelium specialised in taking up

luminal antigens and pathogens, and transporting them to the underlying lymphoid tissue
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(16), typically found on NALT but not in BALT (17). In lymph nodes, antigens are presented
to naive lymphocytes and CD8+ (cytotoxic) and CD4+ (helper (Th)) T cells to undergo clonal
expansion (18). Cytotoxic T cells are important for killing viral infected cells or cancerous
cells. Helper T cells coordinate immune responses and mobilise other immune cells
including CD8+, B cells and macrophages (19). Antigen-specific immune cells can re-
circulate to the original mucosal site of infection using tissue-specific homing receptors,
including integrin a4B7 and chemokine receptor CCR9, which is integral to the common
mucosal immune network (20). The homing receptors bind ligands on peripheral tissue
vasculature, guiding immune cells to the original sites of infection. Activated cells can also

travel to the bloodstream to participate in systemic immune responses.

In draining lymph nodes, CD4+ Th cells induce B cell activation that proliferate and
differentiate into low-affinity 1gG or IgA producing plasma cells (21). These cells can then
traffic to sites of infection or enter germinal centres where B cells differentiate into high-
affinity long-lived memory B cells which then traffic to sites of infection. At the site of
infection, plasma cells produce dimeric antigen-specific IgA and IgG antibodies. Antibodies
can attach to pathogens via their Fab region, resulting in a process called antibody
opsonisation. This coating of pathogens with antibodies enhances their susceptibility to
ingestion by phagocytes such as macrophages. The Fc region of the antibody, on the other
hand, is recognised by Fc receptors in macrophages and monocytes and trigger the
engulfment of antibody-coated bacteria. T cells can also be induced and expanded in the
bone marrow and spleen during intermediate and late stages of a respiratory infection.
After subsequent re-exposure to a pathogen, memory T and B cells recognise prior

exposed antigens and rapidly respond to clear the pathogen infection.

The main immunoglobulin produced by the mucosal immune system is IgA. IgA
has a role in mediating the adaptive humoral response at mucosal surfaces. There are two
types of IgA in humans, IgAl produced in bone marrow plasma cells, predominantly
monomeric and present in serum, and IgA2, polymeric, mainly dimer, and found in
mucosal tissues (22). Dimeric IgA can also be secreted across epithelium as secretory IgA.
The main function of secretory IgA antibodies is to limit access of pathogens to the
mucosal surfaces. Secretory IgA forms large antigen-antibody complexes that inhibit
bacterial and viral adhesion to epithelial cells and facilitates their removal by mucociliary
clearance (23). IgA production avoids induction of inflammatory response by not acting as

an opsonin or activating the classical pathway of complement. However, the efficacy of
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secretory IgA in combating virus infections can be compromised by mutations of viral

surface glycoproteins as seen for IV and SARS-CoV-2 viruses (24).

Tissue-resident T cells are also a key element in mucosal immune responses. After
antigen encounter, they become tissue-resident memory T cells TRMs which proliferate in
situ, acting as a first line of defence by blocking spread of infection. After induction, CD4+
and CD8+ TRM in the nasal cavity are stored for long term, but CD8+ TRM in the lungs are
generally short lived (25). Repeated antigen exposure can however improve longevity (25).
To generate resident nasal and pulmonary TRM, vaccines need to be delivered into the

airways (26) with TRM being pivotal for limiting IV and SARS-CoV-2 virus spread (25).

While the innate immune response is triggered within minutes to hours after
antigen detection, antigen-specific adaptive immune response takes several days to weeks
to develop. Vaccines need to induce both the innate and adaptive immune response to

provide protection.

The respiratory and gastrointestinal tracts have mechanism in place to prevent
the immune system from mounting inflammatory responses to harmless antigens. They
do this by inducing immune tolerance, which trains the immune system to recognise
harmless antigens and not react to them with an inflammatory response (27). Immune
tolerance is the lack of immune response to a substance that could otherwise induce an
immune response. In the lungs, immune tolerance is mainly mediated by regulatory T cells
that limit proliferation of other T cells and produce immunosuppressive cytokines, leading
to B, T and APC inactivation (e.g., anergy) and/or cell death (27, 28). Commensal bacteria
send signals to the immune system that assist in identifying and tolerating them as
harmless and beneficial to the host. For example Bacteroides fragilis capsular

polysaccharide (PSA) that induces regulatory T cells and anti-inflammatory cytokines (29).
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Figure 1.1 Representation of the respiratory immune system NALT. Created in Biorender.com.

1.3 Types of vaccines

Vaccines can be divided into three main types, attenuated, inactivated and

subunit.
1.3.1 Attenuated vaccines

Attenuated vaccines contain weakened whole bacteria or viruses. They are still
immunogenic and replicative but lose ability to cause disease. The attenuation can be
done by repeated culturing of a pathogen in unnatural host or condition (e.g., cold-
adapted conditions for IV), that generate gene alterations which lead to attenuation, or
by genetically modification (30). Attenuated vaccines elicit strong immune responses
which are unsuitable for young children, the elderly or immunocompromised individuals
with co-morbidities. Such populations have weakened immune systems which fight
infections less efficiently than most people and are more likely to get infections. In this
case, delivering attenuated vaccines to populations with weakened immune system can
lead to secondary effects, or cause illness, as their ability to limit the replication of the

attenuated pathogen is compromised (31).
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Examples of live attenuated vaccines include oral poliovirus vaccine (OPV), live
attenuate influenza vaccine (LAIV), and measles, mumps, and rubella vaccine (MMRYV). The
OPV is the most successful mucosal vaccine to date, blocking transmission of the virus with
the number of polio cases being reduced by more than 99% since 1980 (32). However,
there are still disease outbreaks of vaccine-associated paralytic polio (VAPP) that arise due

to small genetic changes occurring in the attenuated poliovirus after vaccination (33).

1.3.2 Inactivated vaccines

Inactivated vaccines contain killed or altered whole bacteria or viruses, whose
genetic material has been destroyed, typically using heat or chemicals such as
formaldehyde or formalin so that they cannot infect cells (30). Inactive vaccines are safer
than attenuated vaccines as they are non-replicative. However, inactivation may destroy
antigens, reducing their immunogenicity and thus requiring multiple doses and the
addition of adjuvants to induce the immune system (34). Some examples are hepatitis A
vaccine (commercial names e.g., Havrix and Vaqta), rabies vaccines (commercial names

e.g., KEDRAB, HyperRab and Imogam) and inactivated polio vaccine (IPV).

1.3.3 Subunit vaccines

Subunit vaccines contain purified parts of the pathogen (e.g., polysaccharides,
proteins antigens, RNA). Similar to inactivated vaccines, they are non-infectious but lack
immunogenicity and depend on multiple doses or adjuvants. Subunit vaccines can be

classified according to their makeup:

Protein/ polysaccharide subunit vaccines include proteins or polysaccharides from
the pathogen. For example, hepatitis B vaccine (commercial names e.g., Engerix-B,
Heplisav-B, and Recombivax HB) contains surface antigen HBsAg (35), and Pneumococcal

vaccine (Pneumovax 23) contains polysaccharides from 23 serotypes (36).

Toxoid vaccines include toxins from the pathogen that are inactivated by heat or
chemicals (37). For example, Tetanus vaccine contains inactivated tetanus toxin produced
by Clostridium tetani, and Diphtheria vaccine contains diphtheria toxin produced by

Corynebacterium diphtheriae (37).

Nucleic acid vaccines incorporate RNA encoding viral or bacterial antigens. Once
the RNA is inside the host cells and translated into proteins, antigens are recognised by

the immune system. RNA vaccines normally use mRNA inside a lipid membrane. The
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Covid-19 vaccines Pfizer/BioNTech and Moderna are examples which use mRNA encoding

Spike protein.

Viral vector vaccines utilise modified harmless viruses, usually non-replicative, as
vectors. Viral vectors can carry antigens or genetic material to produce antigens from a
pathogen when taken up by host cells. The intramuscular Oxford-AstraZeneca Covid-19
vaccine uses a modified non-replicable chimpanzee adenovirus that protects the DNA

sequence of Spike protein (38).

Virus-like particle are particles that mimic the conformation of viruses but are
non-infectious. For example, human papillomavirus vaccine (HPV) is obtained by

expressing the surface capsid protein of human papillomavirus (39).

Bacterial extracellular vesicles (BEVs) are non-replicative lipid bilayer vesicles,
naturally produced by bacteria. Bexsero Neisseria meningitidis vaccine contains BEVs in its

formulation. More information about BEVs is discussed in section 1.7.

1.4 Licensed intranasal vaccines

The first licensed intranasal vaccine was Fluenz (UK and EU)/ FluMist (USA),
against IV. Since the licensing of this vaccine, similar intranasal vaccines against IV have
been licensed including, Ultravac (Russia), Nasovac (India) and Ganwu (China). All of them
are LAIV consisting of four cold-adapted weakened IV strains. The virus can replicate
efficiently at 25°C, which is the temperature found in the nasal cavity, but fails to replicate
at higher temperatures elsewhere in the body, including lungs (40). LAIV retain IV
immunogenicity and produce similar lung CD4+ and CD8+ TRM to those produced after IV
infections (26). Although LAIVs have been licensed and widely used in children, their use
is restricted to healthy and non-pregnant individuals from 2 to 49 years of age for safety
reasons. Similar to intramuscular vaccines, intranasal LAIVs efficacy varies every year (27%

to 65% in the UK, between 2015 and 2020) due to the rapid evolution of the virus (41).

Four respiratory mucosal vaccines against SARS-CoV-2 have been approved for
emergency use in some countries by their health authorities, although none have received
WHO prequalification (as of November 2022) (42, 43) (Table 1.1). These vaccines are
inactivated or subunit vaccines containing adjuvants or viral vectors used as carriers and

adjuvants.
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Table 1.1 Mucosal Covid-19 vaccines in use

Developer (location) Name Vaccine Adjuvants used Ref
type

Bharat Biotech (India) COVAXIN Inactivated  Aluminium hydroxide (44)
and TLR 7 /8 agonist
(imidazoquinolinone)

Razi Vaccine and Serum RAZI-COV Protein RAS-01 (oil-in-water (45)

Research Institute (Iran) PARS subunit emulsion)

CanSino Biologics (China)  Convidecia Viral vector (46)

Air (Ad5-nCoV)
Gamaleya Research Gam-COVID- Viral vector (47)
Institute of Epidemiology  Vac (Ad5-nCoV)

and Microbiology (Russia)

Table adapted from Waltz et al. (47).

1.5 Challenges for developing intranasal vaccines

Mucosal surfaces are constantly exposed to foreign antigens. Immune tolerance

predominates in mucosal sites to prevent induction of inflammatory responses to

harmless antigens and avoid unnecessary tissue damage (27). Immune tolerance is the

lack of immune response to a substance that could otherwise induce an immune response.

Therefore, vaccine candidates with weak immunogenicity require adjuvants to overcome

immune tolerance to the vaccine.

Additionally, the presence of enzymes such as proteases within the mucus barrier,

secreted from the respiratory epithelium, can degrade vaccines and affect their stability

(48). The renewal of mucus and mucociliary clearance also dilute and aid elimination of

the vaccine (49). Antigens can also be physically excluded by the epithelial barrier,

hindering their uptake and presentation by APCs.
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1.6 Adjuvants

Adjuvants are excipients added to vaccine formulations to boost potency,
breadth, and longevity of immune response. They are used to compensate for weak or

low immunogenicity of inactivated or subunit vaccines.

Adjuvants for intramuscular or parenteral vaccines are well known, and their
effectiveness and safety are well established (50). These include aluminium salts, oil-in-
water emulsions, and lipid nanoparticles. The most widely used adjuvant is aluminium
hydroxide, an aluminium salt, collectively called “alum”. Alum was licensed in the 1930s
and has long been used in hepatitis B, diphtheria, tetanus, pertussis, and human
papillomavirus vaccines (50). Alum with adsorbed antigens increases antigen uptake and
induces humoral immunity, but has low ability to induce CD8+ T cell responses essential
for killing viral infected cells (51). Furthermore, alum can also stimulate the release of
damage-associated molecular patterns (DAMPs) and elicit IgA after intranasal

administration (52).

Unique and different characteristics of mucosal versus systemic vaccine target
sites (mucus barrier, pH, lymphoid cell makeup and organisation) can make intramuscular
or parenteral adjuvants less effective in mucosal sites (53). Adjuvants used in intranasal
Covid-19 vaccines are the first ones used for intranasal delivery (alum and
imidazoquinolinone in Covaxin, and RAS-01, oil-in-water emulsion, in the RAZI-COV PARS
vaccine; Table 1.1) and have been approved for emergency use only (44, 45). Mucosal
adjuvants should aim to have mucolytic, mucopenetrative or mucoadhesive properties to
allow penetration of mucus, ensure stability of the vaccine, promote antigen uptake by M
cells, epithelial cells or APC and ideally, stimulate humoral and cellular immunity memory

(54).
Adjuvants can be classified into immunostimulatory molecules and delivery
systems.

1.6.1 Immunostimulatory molecules

Immunostimulatory molecules improve immune responses to vaccine antigens.
An example is toxoid adjuvant, which includes derivatives of E. coli heat-labile enterotoxin
(LT) and cholera toxin (CT). However, the use of these two toxins in intranasal vaccines

has resulted in cases of Bell’s palsy (55, 56). Other modified enterotoxins or synthetic
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derivatives, such as double mutant LT or multiple-mutated CT, are examples of detoxified
endotoxins currently being used in oral or intranasal delivery adjuvants in pre-clinical
studies (57-59). Recombinant cholera toxin subunit B (CTB) is the only adjuvant accepted
for oral use in the Dukoral vaccine against Vibrio cholera bacteria. However, CTB is now
recognised as a subunit antigen and not an adjuvant due to the presence of residual
cholera toxin and LPS in CTB preparations, and their role in inducing cholera toxin-specific

antibodies to eliminate cholera (10).

Other immunostimulatory molecules include sodium alginate or cell-penetrating
peptides that promote uptake of antigens (60), production of cytokines (61) and act as
TLR agonists to promote non-specific immune response (62). Chitosan is another well
studied mucosal adjuvant. It attaches to mucus membranes and reduces cilia clearance of

antigens (63). Chitosan can also be used to create nanoparticles as a delivery system (64).

1.6.2 Delivery system

Delivery systems confer protection and enhance stability of antigens while
inducing effective antigen presentation and activation of immune system. Delivery
systems can be coated or modified with immunostimulants molecules. Delivery systems

used for mucosal vaccines are compared in Table 1.2.
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Table 1.2 Mucosal vaccine delivery systems

Delivery system Structure Advantages Limitations Ref.
Viral vector (e.g.,  Replication-deficient virus e Highly immunogenic o Previous exposure can reduce (65)
Adenovirus) expressing antigens of e Elicit antibody and cellular responses immunogenicity

interest ¢ Can be genetically modified to reduce

reactogenicity

Liposomes Spherical phospholipid e Ease of incorporating distinct types of e Relatively low intrinsic stability for storage (66)

bilayer entrapping an antigens and after administration

aqueous solution core * Adaptable physicochemical properties * Potent toxicity of cationic lipids (dose-

o Self-adjuvanticity dependent)
¢ Non-specific interaction

Lipid nanoparticles  Spherical phospholipid e Sustained drug released ® Non-specific uptake (67)

layer entrapping a non-
agueous core

e Simple formulation

e Poor physicochemical and microbiological
stability

e Poor drug loading capacity

e Highly inflammatory in intranasal delivery
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ISCOM,
ISCOMATRIX

Bacterial
extracellular
vesicles (BEV)

Virus like particles
(VLP)

Emulsions Water in
oil/ oil in water

Cage-like structure
comprised of cholesterol,
phospholipids and saponin

BEVs from Gram negative
bacteria containing
MAMPs and membrane
proteins.

Particles that mimic virus

without carrying genetic
material

Nanosized droplets

e Composition, size, and surface structure
like virus

o Self-adjuvanticity

e Ease of antigen loading

o Self-adjuvanticity
e Easy of manufacture
e Protect antigens from degradation

e Highly immunogenic
e Stable

¢ Slow release of immunogen
e Ease of manufacture
o Self-adjuvanticity

o Difficulty in including hydrophobic antigens

e Chemical detoxification required for
pathogenic derived BEVs— reduced
adjuvanticity

e Variable efficacy

e Purification can be a challenge and expensive
e May have poor quality and consistency
e Contamination by host materials

e Reactogenicity
e Limited stability after administration
e Low preservation of antigen structure

(68)

(69)

(70)

(71)
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Synthetic
polymeric
nanoparticles (e.g.,
Polylactide (PLA)
and poly lactic-co-
glycolic acid
(PLGA))

Natural polymeric
nanoparticles (e.g.,
chitosan)

Nanogel (e.g.,
cationic
cholesterol-bearing
pullulan nanogel
(cCHP))

Lactic acid bacteria
(LAB)

PLA or PLGA based nano-
and micro particles.

FDA approved agents

Chitosan based nano and
micro particles.

cCHP self-assembles with
water due to their
amphiphilic
polysaccharides.

Live recombinant LAB
expressing antigens.
Generally recognized as
safe (GRAS).

e Controlled release of antigens
e Biodegradable and biocompatible
biopolymer

e Mucoadhesive
¢ Self-adjuvanticity

¢ Prolonged binding to nasal epithelium.

e Ability to function as an artificial
chaperone that transcytoses antigens into
the subepithelial mucosa

¢ Easy and safe production and storage
e Survives gastric environment
o Self-adjuvanticity

e Sensitivity to harsh gastric environment

e Low loading capacity

e Irregular distribution
e Low physical stability

e Optimization of biodistribution and

degradation mechanism
e Component toxicity

e Safety concerns using genetically modified
organisms as they can survive if released in

the natural environment

(64)

(72,
73)

(74,
75)

(76)
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Chemically
processed pollen
grains

Terrestrial plants
and algae

Bilosomes

Resistant bilayer pollen
grain shell.

Plant or algae cells with an
antigen created by gene
modification.

Bile salt stabilized vesicles.

e Self-adjuvanticity Protected from harsh
environment

e Highly resilient cell wall

e Easy manufacturing process and scale up
e Suitable for mass vaccination

¢ No cold chain requirement

e Stable in gastric environment
e High stability

e Chemical treatment methods required to
eliminate allergens from pollen grain

e Use of transgenic plants and regulatory body
approvals

o Relatively low antigen dose

(77)

(78)

(79,
80)

Modified table also published in Miquel-Clopes et al. 2019. (81)
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Adenovirus-based intranasal vaccines have been recently developed for SARS-
CoV-2 vaccines by CanSino Biologics (46). Intranasal CanSino vaccine uses a replication-
defective human adenovirus type-5 vector-based vaccine expressing spike S protein from
SARS-CoV-2 (46). Adenovirus vectors are highly immunogenic, however, pre-existing
immunity to adenovirus reduces immune stimulation as the vaccine can be neutralised by

antibodies formed in previous infections (82).

Liposomes are stable bilayer vesicles, that can be modified by chitosan,
cholesterol or Polyetheline Glycol (PEG) to increase particle permeability and stability or
decrease toxicity (83). Liposomes have one ring of lipid bilayer surrounding an aqueous
lumen. Contrarily, lipid nanoparticles contain a single phospholipid outer layer. Lipid
nanoparticles have been used in intramuscular Covid-19 vaccines (Moderna and
Pfizer/BioNTech) to encapsulate mRNA encoding the SARS-CoV-2 Spike protein but

resulted in strong inflammatory responses when administered intranasally (84).

Another delivery vehicle that has gained interest recently for their role in crosstalk
between microbes and host immune system are BEVs. Advantages and challenges of BEVs

are described more extensively in the next section.

1.7 Bacterial extracellular vesicles

All living organisms release extracellular vesicles (EV) (85), with those produced
by bacteria termed bacterial extracellular vesicles (BEVs). BEVs are produced naturally
and continuously throughout their growth cycle. They are non-replicative structures and
can contribute to inter- and cross-kingdom interactions with other bacteria and with their

host, respectively (86). Their functions, composition and size are diverse (87).

Based on the origin of BEVs, they can be classified into four different types of
vesicle (88) (Fig. 1.1). First, Gram positive bacteria produce cytoplasmic membrane
vesicles (CMVs) that carry membrane and cytoplasmic components. Second, gram
negative bacteria produce outer membrane vesicles (OMVs) that have a single bilayer
membrane and are produced by the blebbing of the outer membrane. Gram negative
bacteria also produce vesicles after explosive cell lysis; to produce thirdly, explosive outer
membrane vesicles (EOMVs) and fourthly, outer-inner membrane vesicles (OIMVs), which

have two membrane bilayers that derive from the inner and outer membranes.
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Figure 1.2 Biogenesis of BEVs. BEVs from gram positive bacteria after bubbling form cytoplasmic
membrane vesicles (CMVs). In gram negative bacteria BEVs can be formed during explosive cell
lysis resulting in outer-inner membrane vesicles (OIMVs) and explosive outer membrane vesicles
(EOMVs). Or by blebbing which form outer membrane vesicles (OMVs). Image from Suri et al. 2022
(89).

BEVs of different origin have a similar size, this hinders their individual isolation
and can lead to making general assumptions regarding their characteristics (87). Most
literature use the term OMVs to describe extracellular vesicles made by gram-negative
bacteria. However, due to the inability to separate different BEVs, preparations of OMVs
are heterogeneous, containing a mixture of BEVs. Throughout the thesis | will use the term
OMVs when talking specifically about literature results, but BEVs when talking about

general characteristics and my work.

BEVs are isolated from a bacterial growth by a combination of centrifugation and
ultracentrifugation and/or ultrafiltration. BEVs can be further purified by size fractionation

to eliminate contaminating material and sterile filtered (Fig.1.4) (90, 91).

BEVs composition reflects the structure of the outer membrane of parental cells
and contains immunostimulatory components such as outer membrane proteins (OMPs),
LPS, lipoproteins and glycoproteins that confer self-adjuvanticity to BEVs (92). Periplasmic
proteins, peptidoglycan and RNA/DNA can also be found in BEVs (93). However, BEV cargo
and production is variable according to the bacterial strain, growth conditions, and
environment (94). For example, Helicobacter pylori derived OMVs extracted from different

growth stages are different in size, shape and protein composition (95). Also, different
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growth media supplements modify the cargo of the H. pylori OMVs that can produce

different impacts on macrophages (96).

Periplasmic proteins

I . Transport proteins
-

Lipopolysaccharides

Enzymes

Quter membrane proteins

Figure 1.3 Composition of OMV. Created in Biorender.com.

The complex composition of BEVs and different cargo is related to the multiple
functions of BEVs. The roles and functions of BEVs differ from bacteria and environmental

factors and same BEV can have multiple roles simultaneously.

One of the major roles of BEVs is their capacity to modulate host immune cell
function. Commensal bacteria derived BEVs generally promote homeostatic responses
(29, 97, 98). For example, commensal bacteria Bacteroides fragilis BEVs contain capsular
polysaccharide (PSA) that induces regulatory T cells and anti-inflammatory cytokines (29).
Likewise, BEVs from Lactobacillus rhamnosus (98) and Bacteroides thetaiotaomicron (97)

enhance regulatory IL-10 production in gastrointestinal tract.

BEVs derived from pathogenic bacteria secrete toxins and other virulence factors
that promote colonisation and inducement of pro-inflammatory immune responses (99-
101). For example, Pseudomonas aeruginosa derived BEVs deliver multiple virulence
factors such as hemolytic phospholipase C, alkaline phosphatase, and Cif, to the host cells
that cause cellular death (99). Enterohemorrhagic E. coli (EHEC) BEVs contain Shiga toxin,
EHEC hemolysin and cytolethal distending toxin V, induce DNA damage to host cells

inducing cell death (100). Also, P. aeruginosa BEVs containing short RNA sequences,
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reduce host innate immune response by attenuating neutrophil infiltration and cytokine

secretion (101).

BEVs can also help bacteria to protect against antimicrobial agents. For example,
B-lactam antibiotic resistant E.coli can incorporate proteins involved in degrading B-lactam
antibiotics, and help survive other antibiotic susceptible bacteria (102). BEVs can also carry
antibiotic-resistant genes as seen with K. pneumoniae BEVs transferring B-lactamase gene
to other bacteria through their BEVs (103). Or act as decoy, as Acinetobacter baumannii
negatively-charged vesicles BEVs trapped positively-charged antibiotic polymyxin B

benefiting microbial community (104).

In contrast, BEVs can also contain antibiotics, inducing bacteria mortality in
competing bacteria. For example, P. aeruginosa BEVs contain quinolones demonstrated

to inhibit growth of Staphylococcus epidermidis (105).

Moreover, BEVs contribute to acquire nutrients. For example, Bacteroides
thetaiotaomicron (Bt) BEVs bind to B12, an essential dietary nutrient and deliver it to
parental bacterium and host cells (106). And B. pertussis delivers iron to parental
bacterium in iron-limiting conditions (107). Other BEV roles include detoxification of
bacteria by elimination of misfolded proteins (108), adhesion and biofilm formation. For
example, V. cholerae BEVs containing DegP protein induce secretion of matrix

components (RmbA, RmbB, Bap1) that promote biofilm formation (109).

1.8 Using BEVs in mucosal vaccine formulations

Crossing the mucosal barrier (mucus and epithelial cells) is a major challenge for
mucosal vaccines. However, BEVs can diffuse through the mucus layer and access
underlying epithelial cells (110, 111). Particles bigger than 200nm have a greater
probability of being trapped and removed by mucociliary clearance (112). BEVs of 50-
200nm in size, which is the average size of respiratory viruses, can cross the mucus barrier
(113, 114). In the gastrointestinal tract, BEVs also can permeate the mucus barrier and be
acquired by epithelial cells via endocytic pathways including micropinocytosis, clathrin-
mediated endocytosis, or caveolin-mediated endocytosis (115). BEVs can also be

internalised by respiratory epithelial cells (116) but the exact mechanisms are not known.

BEVs possess innate adjuvant properties and PAMPs that can be recognised by

dendritic cells, M cells and macrophages, thereby stimulating innate immune responses
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(117). For example, the lipid A site of LPS binds TLR4 (118), and lipoproteins and
polysaccharides bind TLR2 (119, 120), leading to activation of NF-KB. Peptidoglycans
present in BEVs can also bind the cytosolic NOD-1 and NOD-2 (121). Thus, BEVs represent

an attractive platform to induce humoral and cell-mediated immune responses.

Moreover, BEVs can carry multiple antigens that retain their native conformation
with the lipid bilayer protecting antigens from dilution and physical, chemical, or

proteolytic degradation (122).

Additionally, BEVs that are naturally released from bacteria in complex or defined
growth media are straightforward to purify and cost-effective compared to conventional
vaccine production costs. The licensed BEV-based vaccine Bexero also demonstrates scale-

up feasibility.

There are limitations to the use of BEVs in vaccine formulations. A major concern
in using pathogen derived BEVs is unintended toxicity. LPS and lipooligosaccharides (LOS)
potent stimulant of pro-inflammatory responses and are expressed in BEVs. LOS and LPS
are both composed of lipid A and core oligosaccharide, and LPS have additional extended
polysaccharide chain (123). The degree of acylation, which refers to the process of adding
an acyl group to the lipid-A component of LPS, is directly related to its affinity for binding
TLR4 receptor. This affinity affects the degree of immune response that is triggered by the
LPS molecule. Hexa-acylated LPS are the most potent activators of TLR4-mediated
signalling that can result in an acute inflammatory response (124). On the contrary, penta-
acylated LPS or LOS molecules, such as those found in Bt BEVs, have a low ability to induce
TLR4 signals, resulting in a weaker inflammatory response. BEVs from bacteria producing
hexa-acylated LPS like N. meningitidis and E. coli, need to be detoxified before they can be
used as vaccine components (125). A common method to detoxify BEVs, used in Bexsero,
is using detergent, which lowers the LPS content and increases vesicle formation. The use
of detergents not only makes the isolation process more prolonged and expensive, but
also compromises vesicle stability, increases cytoplasmic proteins and the loss of

important protective antigens (126).

The toxicity of lipid A can also be removed or modified by engineering the parental
bacterium (126). However, the difficulty in assessing pathogenicity genes for mutation can
result in BEVs which are still toxic due to limited screening or unwanted secondary

mutations (127).

36



The limited production of BEVs can be another limitation. This can however be
overcome by inducing hypervesiculation. Stress conditions such as iron or oxygen
limitation, pH, temperature or exposure to antibiotics increases vesicle production (128).
Bacteria can also be genetically modified to increase blebbing by different mechanisms
such as changes in peptidoglycan dynamics (129), accumulation of misfolded proteins
(130), or phospholipid accumulation in the outer membrane that leads to the formation
of OIMV (131). However, the induction of hypervesiculation can affect size, structure, and
cargo of the vesicles (129-131). Continuous production of N. meningitidis OMV has also
been investigated to increase the yield, showing its feasibility and promise by increasing

volumetric productivity and reducing costs (132).

Other limitations of using BEVs as a vaccine include the heterogenicity of BEVs
during production and difficulty of standardising composition and efficacy. This can be
overcome with more studies observing BEVs variation over different conditions and by
implementing extensive quality controls assessments. Another limitation can be low
expression levels of protective antigens which can be improved by genetic engineering of

BEV-producing strains.

1.9 BEVs as a vaccine

BEVs are highly versatile and can be used in a variety of ways in vaccine
formulations. There are three main approaches to utilizing BEVs: homologous,
heterologous expressed, and heterologous decorated BEVs. Homologous BEVs are
produced by bacteria that express their own antigens, while heterologous expressed BEVs
are generated by genetically modifying bacteria to express different antigens in their BEVs.
Lastly, heterologous decorated BEVs are produced by bacteria and then decorated with

various antigens on their surface after production.

The Bexsero meningococcal vaccine is the only currently licensed vaccine that
contains BEVs. N. meningitidis enters the body through respiratory airways and infects the
lining of the brain and spinal cord, leading to meningococcal disease. The vaccine is
administered intramuscularly and comprises OMVs isolated from N. meningitidis group B
strains, together with recombinant proteins adsorbed on aluminium hydroxide (133). The
protective effect of meningococcus B OMV is mainly mediated by PorA P1.4, which is

highly variable between strains (134). However, other PAMPs (fHbp and NHBA antigens)
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inthe OMVs also induce immune responses and confer protection (135). Previous vaccines
using only homologous N. meningitidis OMV were strain-specific and recombinant

proteins were later added to the vaccine to promote heterotypic protection (136).

Other homologous BEVs vaccines for intranasal delivery have been studied
preclinically. Mixtures of OMVs from H. influenzae strain administered to mice resulted in
robust mucosal humoral responses (137). Also, Bordetella pertussis OMVs induced
humoral and CD4+ T cells induction and prevented colonisation in mice after intranasal
immunisation (138). Indeed, studies have demonstrated that homologous BEVs vaccines

are effective but confer low cross-protection against different strains (136-138).

Most pre-clinical studies examining BEVs have focused on engineering pathogenic
bacteria to reduce toxicity of LPS and to express other pathogen antigens in their BEVs.
For example, OMVs from genetically detoxified V. cholerae modified to express E. coli
antigens induced mucosal immune response after intranasal delivery in mice (139).
Similarly, Salmonella enterica serovar Typhimurium, engineered to express pneumococcal
antigens in the lumen of its OMVs, induced antibody responses after intranasal
immunisation of mice (140). Likewise, genetically detoxified Vibrio cholerae and E.
coli, expressing the receptor-binding domain (RBD) of Spike from SARS-CoV-2 in their

OMVs, induced mucosal humoral response in mice after intranasal immunised (141).

Expression of heterologous antigens can be directed and incorporated into BEVs
by different mechanisms. In detoxified OMVs of Vibrio cholerae and E. coli expressing
SARS-CoV-2 Spike RBD, the receptor binding domain was fused N-terminally to a sequence
consisting of N-terminal signal sequence with 9 amino acids of the major outer membrane
lipoprotein (Lpp), together with 110 amino acids of outer membrane protein A (OmpA)
(Transmembrane porin protein abundantly expressed in bacteria and BEVs (142)). The Lpp
directs the fusion protein to the membrane region of OmpA, which contains five
membrane spanning segments that leads to the presence of RBD at the surface of the
OMV (141). Other techniques include fusing the antigen of interest to the secretion system
of OmpA to bring the protein to the periplasm (142-144). Also proteins known to be
secreted in OMVs such as B-lactamase secretion system (140), or Cytolysin A (E. coli pore-

forming toxin)(145, 146), are used to transport antigens to the periplasmic space.

Decorating BEVs externally has the advantage of conjugating native antigens with
post-translational modifications (glycosylation or disulphide bonds) that bacteria cannot

do. This strategy has been used for SARS-COV-2 vaccines as Spike antigen undergoes
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extensive post-translational modifications. Different decorating methods have been used
including, SpyTag-SpyCatcher. In this case, BEVs are engineered to express SpyCatcher
and SpyTag is conjugated to the antigen of interest. When SpyTag and SpyCatcher are
combined, they form a spontaneous and stable covalent amide bond (147), enabling the
conjugation of antigens to the membrane of BEVs. This method has been applied for
Salmonella enterica serovar Typhimurium-derived OMVs decorated with SARS-CoV-2
spike antigen, which induced both mucosal and systemic humoral response, resulting in
less severe lung pathology after a SARS-CoV2 infection in hamsters immunised intranasally
(148). Another method used is MCRAMP, a short amphipathic peptide that has affinity for
the negative phosphate group in LPS. This was used for the Intravacc 10 vaccine against
SARS-CoV-2, now in phase I clinical trials (149). The vaccine consists of Spike antigen from
SARS-CoV-2 fused to mCRAMP that bound to LPS of genetically detoxified N. meningitidis
derived OMVs (150).

From a manufacturing point of view, expression and purification of antigens and
posterior conjugation to BEVs adds extra steps to the vaccine production process
increasing the difficulty and cost. Expressed heterologous BEVs, which can be used directly
after isolation with no further manipulations, have a simpler production process and are

more cost-effective.

Recently, commercial companies are becoming interested in using BEVs as a
vaccine vehicle including GSK and other relatively new and BEV related companies
Intravacc, Versatope and Biomvis targeting multiple disease. These companies use
pathogenic bacteria (N. meningitidis and E. coli) that are genetically modified to reduce

toxicity and overexpress antigens or decorate BEVs with antigens.

1.10 Bacteroides thetaiotaomicron-derived BEVs

To overcome the issue of toxicity in the use of pathogen derived BEVs our group
has used BEVs from a human commensal gut bacterium Bt (151), as a source of BEVs for
use in vaccine formulations. Bt has been extensively used to study host immune-
microbiota interactions and plays important roles in maintaining homeostasis and gut
health (97, 152). Bt can restore disrupted epithelial tight junction barrier (152) and
promote anti-inflammatory activity (153). Lyophilised Bt is also being used in clinical trials

as a live biotherapeutic in patients with Crohn’s disease (154).
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Naturally produced BEVs from Bt (155) can mediate and replicate the functions of
Bt. For example, Bt BEVs can process dietary nutrients (106, 156) and contribute to
microbiota and immune homeostasis (97, 120). Bt BEVs also contain mucin-degrading
enzymes such as sulfatases and glycosidase hydrolases that degrade mucin glycoproteins
and facilitate crossing the mucus barrier (157, 158) and accessing intestinal epithelial cells
(111). Bt BEVs can also transmigrate epithelial cells via paracellular or transcellular routes
and reach the lamina propria (120). Bt BEVs can interact with and activate immune cells,
in particular APCs via TLR-2 and NF-kB activation, leading to the induction of innate
immune responses (120). Bt BEVs then induce mucosal and systemic immunoregulatory
responses characterised by the production of protective IL-6 and regulatory IL-10 (97). IL-
10is important in the development of T regulatory cells that can contribute to maintaining
immune homeostasis and microbial tolerance (159). Interestingly, this immunoregulatory
IL-10 response of immune cells to Bt BEVs is diminished or absent in inflammatory bowel
disease patients, characterised by leaky gut, inflammation, and inappropriate response to

constituents of the intestinal microbiota (97).

Bt BEVs can also have a role in interspecies interactions as they can modulate the
virulence of Shigella flexneri, ex vivo, by repressing expression of virulent genes (160);
extracted lipids from Bt BEVs had the same effect as that of intact Bt BEVs (160). Bt BEVs
present penta-acylated lipooligosaccharides (LOS) which function as immunological
adjuvants without the cytotoxicity associated with hexa-acylated LPS (161). Relevant to
this thesis, Bt LOS have been defined as adjuvants for antigen-specific immune responses
by Chilton et al. (162), who showed that in vivo mice administration of Bt LOS induces

specific humoral immunity and CD4+ T cells.

Bt BEVs are therefore able to interact and modify both the innate and adaptive
immune system and they are also a versatile and stable mucosal delivery systems. After
oral administration to mice, Bt BEVs have been detected in various tissues, including the
gastrointestinal tract and liver, which illustrates their wide biodistribution and ability to
interact with immune cells throughout the body (111). Moreover, Bt BEVs have been
shown to be an effective means of delivering therapeutic proteins to the gastrointestinal
tract, with oral administration of Bt BEVs containing human keratinocyte growth factor-2,
being effective at treating acute colitis in mice and promoting intestinal epithelial repair

and recovery (3, 120).
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1.11 Aims and objectives

The aim was to evaluate the use of Bt BEVs as a mucosal vaccine delivery system
to generate protective immunity to respiratory pathogens. BEVs from genetically
engineered Bt were used to develop vaccine formulation against Yersinia pestis, Influenza
virus and SARS-CoV-2. The vaccine candidates were tested in different animal models
collecting blood and tissue samples to assess their ability to elicit humoral and cellular

mucosal and systemic immune responses and confer protection.

The overall study plan is depicted in Fig. 1.4.
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Figure 1.4 Overall study plan. The main steps include fusing antigens of interest N-terminally to the signal peptide of Bt OmpA, bacterial culture and BEVs isolation, BEVs

characterisation, antigen detection, immunisation of animal models and sample analysis.
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Chapter 2 Materials and Methods

2.1 Bacterial strains and growth conditions

Strains of bacteria used in this thesis are presented in Table 2.1. Bt strains were
grown under anaerobic conditions at 37°C in Brain heart infusion (BHI) medium (Oxoid)
supplemented with 0.001% haemin (BHIH) or Bacteroides Defined Media (BDM).
Antibiotic-resistance markers in Bt were selected using Erythromycin 5ug/ml. E. coli

strains were grown in Luria-Bertani (LB) medium at 37°C with Ampicillin 100ug/ml.

For small-scale bacterial culture, 20ml of BHIH or BDM was inoculated with a
working stock for 16h. For a medium-scale, 0.5ml of a pre-inoculum (small-scale bacterial
culture) was added to 500ml of BHIH or BDM (starting ODego ~0.005) for 16h with mild

stirring.

To quantify bacterial density, absorbance at 600nm (ODgoo) Was determined using
a spectrophotometer (Eppendorf 6131 BioPhotometer Spectrophotometer) Dilutions of
the culture in growth medium (BHIH or BDM) were prepared to accurately determine

absorbance.

Table 2.1 List of bacterial strains and plasmids used in this study

Species Strain Plasmid Protein Antibiotic Reference
expressed selection

Bt VPI-5482 N/A N/A N/A DMSZ
GH490 pGHO90  N/A Ery (163)
GH487 pGH179 Y. pestisV Ery This study / (2)
GH488 pGH180 Y. pestis F1 Ery This study / (2)
GH503 pGH184 IAV H5F Ery This study / (3)
GH539 pGH215 IAV NP Ery This study
GH536 pGH212 SARS-Cov-2-NP  Ery This study
GH359 pGH117 N/A Ery (164)

E.coli  NEB 5-alpha N/A N/A Tet (BiolLabs)
GH537 pGH213 |AV H5F Amp, Cm  This study
153/R751 N/A Helper strain Trim (165)
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Ery: erythromycin, Amp: ampicillin, Cm: Chloramphenicol, Tet: tetracycline, Trim: Trimethoprim,

DMSZ: German Collection of Microorganisms and Cell Cultures. N/A not applicable.

2.1.1 BDM recipe

Two different BDM media were used; BDM and BDM+.

Table 2.2 BDM media

Compound Concentration BDM Concentration BDM+
H20 N/A N/A
KH2PO4 100mM (pH7.4) 30.4mM
K2HPO4 * 3H20 N/A 69.6mM
NaCl 15mM 15mM
(NH4)2504 8.5mM 8.5mM
Vitamin B12 3.7 10-7mM N/A
Hemin 0.0019mM N/A
Protoporphyrin IX N/A 2uM
Glucose 30mM 30mM
L-Histidine 0.2mM 0.2mM
L-Methionine N/A 200uM
Vitamin K3 (Menadione) N/A 6uUM
MgClI2 0.1mM 0.1mM
CaCl2 50uM 50uM
FeS04* 7 H20 N/A 1.4uM
L-Cysteine * HCI 4mM 4mM

N/A not applicable

To prepare the supplement L-cysteine HCl the stock was dissolved in anaerobic
water and filtrated in the anaerobic cabinet. Stock solutions of FeSO, 7*H,0 stock, MgCl,
and CaCl, were kept in the anaerobic cabinet. To prepare BDM media, KH,PO, was
dissolved in water and then NaCl, (NH4),S04, MgCl,, CaCl, were added. The media was
kept in the anaerobic cabinet for a minimum of 4 days after autoclaving. To prepare BDM+,

first the KH,PO,4 and K;HPO,4 * 3H20 were added together with NaCl and (NH4),SO4. The
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pH was adjusted to 7.4 using 5M NaOH. Media was autoclaved and kept in the anaerobic
cabinet for minimum of 24h. In both medias the rest of the supplements were added the
day of the inoculation. Protoporphyrin IX was prepared fresh each time dissolving

2.2508mg Protoporphyrin IX in 1 mL 0.1 M NaOH and adding 1ml EtOH after.

2.2. Production of bacterial stocks

To produce long term stocks of Bt, the bacteria was grown in 20ml of BHIH or BDM
with Erythromycin (5ug/ml). After 16h, bacterial culture was collected at ODgoo ~2 in a
15ml corning tube. The culture was separated by centrifugation at 12,000g for 15 minutes
at 4°C and the pellet resuspended in 200ul of 40% glycerol. The culture was then added

into a sterile cryotube containing beads and stored at -70°C.

To produce long term stocks of E. coli, the bacteria was grown in 10ml of LB with
Ampicillin (10mg/ml) at 37°C shaking at 250rpm. After 16h, two aliquots of 1.5ml were
harvested and separated by centrifugation at 12,000g for 15 minutes at 20°C. Pellets were
resuspended in 100ul of 40% glycerol, added into a sterile cryotube containing

cryopreservation beads and stored at -70°C.

To create working stocks of Bt, a single cryopreservation bead from the long-term
stock was aseptically picked and added to 10ml of either BHIH or BDM media. After ~24h,
the culture was distributed into 1.5ml Eppendorf and separated by centrifugation at
12,000g for 10 minutes at 20°C.The pellet was resuspended with 100ul of glycerol 40%
and stored at -70°C. Working stocks were prepared from an original long-term stock to

prevent possible mutations in the strains.

To prepare E. coli working stocks, 10 mL of LB culture was grown for 16 hours at
37°C and shaken at 250 rpm. The resulting culture was divided into 13 Eppendorf tubes,
to which 270 pL of 99% glycerol was added to 730 uL of the culture. The tubes were then

stored at -70°C for future use.
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2.3. Cloning

2.3.1  Synthetic gene design

The DNA sequence of the antigen of interest was fused in frame N-terminally to
the signal peptide of Bt OmpA (Bt_3852); MKKILMLLAFAGVASVASA. Starting and terminal
codon were added together with flanking restriction sites. The codon usage was optimised
for expression in Bt and the correct cleavage site of the chimeric protein was tested using
SignallP (http://www.cbs.dtu.dk/services/SignalP/). The Designed DNA sequence was

synthesised de novo using commercial gene synthesis services (Eurofins).
2.3.2 Restriction Digests

New England Biolabs (NEB) restrictions enzymes were used with the appropriate

buffers following manufacturer’s instructions.
2.3.3  Plasmids used

The synthetic genes were cloned into the Eurofins pEX-K168 vector, which confers
Kanamycin resistance. Shuttle expression vector pGH090(163) was used to express
antigens of interest in Bt with Erythromycin resistance. Additionally, the pGH117
expression vector containing a mannan-inducible promoter region was used for the same
purpose (164). For the production of recombinant proteins in E. coli, the pET15b plasmid,

containing an N-terminal His-Tag sequence, was utilized.
2.3.4  Plasmid and DNA isolation and purification

The QIAprepR Spin Miniprep Kit (Qiagen) was used to isolate plasmids from
bacteria. SureClean plus (Bioline) was used for nucleic-acid purification after PCR reactions
or enzymatic digestions. The kits were used according to the manufacturer’s instructions.

Purified DNA samples were stored at -20 °C.
2.3.5 DNA ligation

Fast-LinkTM DNA ligation Kit (Lucigen) was used to ligate inserts into plasmids

using a molar ratio of 3:1. DNA quantification was done using NanoDropTM.
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2.3.6  Transformation of competent cells

Between 1 and 5ul of ligation mixture were added to an ice-thawed vial of high
efficiency transformation NEB 5-alpha competent cells (Biolab). The cells were left on ice
for 30 minutes, heat-shock at 42°C for 30s and incubated on ice for an additional 5
minutes. 950ul of SOC Medium was then added and incubated at 37°C with agitation (250
rom). After 1h, 100ul bacterial suspension was plated onto agar plates containing

ampicillin and incubated for 16-18h at 37°C.

2.3.7  Screening of transformed colonies

Single colonies from the transformation agar plates were picked with a toothpick
or pipette tip and put into 10ul sterile H,0; using the same pipette tip the colony was
plated onto a new agar plate. Colony PCR of each colony was done using GoTag® Green
Master Mix (Fisher scientific) following manufacturer’s instructions. The list of primers

used can be found below.

Table 2.3 List of DNA primers used for colony PCR and sequencing

Name Sequence (5’ to 3’) Tm (°C)
Reverse Universal AGCGGATAACAATTTCACACAGGA 57
Bglll_pUK linker 3’ GGATCTTAAAGACATTACACAA 57

rH5F_Fwr_pET15b  TGACCCATGGATGGGCAGCAGCCACCATCATCATCAC 59

CATTC
rH5F_Rev_pET15b  TGACGGATCCTTAAAGAAAC 59
NPcv_125med_up  GTACTCATGACTGACAACGGTCCGCAGAAC 65
NPcv_125med_rev GTACAGGCCTAGCCTGAGTAGAGTCAGCAG 65

2.3.8  Agarose gel electrophoresis

Agarose gels were used to analyse restriction fragments, ligations, and PCR
products. Gels had 1% (w/v) agarose dissolved in Tris-borate-EDTA buffer, Midori Green
Xtra (Nippon Genetics) was used to stain the gel. Gel Loading Dye, Purple (6x) (New
England Biolabs) and 2 Log DNA Ladder (New England Biolabs) were used as a DNA loading
buffer and ladder.
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2.3.9 DNA sequencing

BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher) was used to

prepare DNA for following sequencing carried out by Eurofins Genomics.
2.3.10 Triparental mating procedure

The plasmids were mobilized from E. coli strains to Bt through a triparental mating
procedure together with helper E. coli J53 (pR751). All three strains were grown for 16h.
E. coli donor strain was grown with 100pg/ml ampicillin and E. coli helper with 200ug/ml
trimethoprim in 10ml of LB at 37°C under agitation. Bt recipient strain was grown in the
anaerobic cabinet in BHIH at 37°C. 10ml of LB was inoculated with 100ul of E. coli donor
and helper strain without antibiotics for 2h at 37°C with agitation. In parallel, 800ul of Bt
culture were inoculated into 30ml of BHIH in a 50ml falcon tube for 2h in the anaerobic
cabinet. Donor and helper cultures were mixed with the Bt in the falcon tube and after a
brief mixing with the vortex, the cultures were separated by centrifugation at 2000g for
15 minutes at 20°C. Supernatant was removed, and pellet resuspended in 100ul of BHIH.
Cells were then transferred to the surface of a sterile 0.45um pore size filter disc (MF-
Millipore) placed on a BHIH agar plate and incubated aerobically for 16h at 37°C. Filter was
transferred into a sterile wide-necked universal bottle and 1ml of BHIH was added to
resuspend with the help of the vortex the bacterial conjugation mixture. Serial dilutions
of the cell suspension were plated onto BHIH agar plates containing gentamicin

(200pg/ml) to remove E. coli and erythromycin (5mg/ml) to select for Bt transconjugants.

2.4. Assessing protein expression

2.4.1  Culture of Bt transconjugants

For assessing protein expression, 1 to 4 colonies were picked from agar plates with
transconjugants. Colonies were re-streaked each one on separate BHIH agar plates
containing gentamicin and erythromycin and incubated anaerobically for 48h at 37°C.
20ml BHIH bottles were inoculated with each colony and incubated anaerobically at 37°C.
After 48h, the cell culture was separated by centrifugation in 50ml tubes at 6,000g for 15

minutes at 4°C. Supernatant was filter-sterilised with 0.22um syringe filter to posterior
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BEV isolation and cell pellet was stored at -20°C prior to analysis for a minimum of 30

minutes.

2.4.2  Preparation of cell extracts

Thawed cell pellets were resuspended in 250ul of 0.2M Tris-HCI (pH 7.2). Cells
were disrupted via sonication using eight 10-second pulses (amplitude, 6um) with 30-
second pauses on ice between each pulse. After, the cells were separated by

centrifugation at 14,000g for 30 minutes at 4°C and the supernatant was collected.

2.4.3  Analysis of total protein

Total protein concentration of bacterial culture or BEVs was done either using
Bradford protein assay (Bio-Rad), or BCA protein assay kit for low protein concentrations
(Abcam) according to manufacturer’s instructions. Standard curves for both kits were

done with Bovine serum albumin (BSA).

2.5. BEVisolation

2.5.1 Supernatant collection

For small-scale, bacterial cultures were separated by centrifugation in 50ml
corning tubes at 12.000g for 15 minutes at 4°C. Supernatant was filter-sterilised with

0.22um pore-size polyether sulfone (PES) membrane (Sartorius).

For medium-scale, bacterial cultures were decanted into two Nalgene PPCO
Centrifuge Bottles and separated by centrifugation at 6037g for 45 minutes at 4°C.
Supernatant was filter-sterilised with 0.22um bottle top filter unit and the filtrate
transferred into a sterile 500ml bottle. Samples were stored at 4°C for up to 24h if the

BEVs isolation was not done immediately.

2.5.2 BEV concentration

For a small-scale bacterial cultures, the filter sterilised supernatant was
concentrated by ultrafiltration using 100kDa molecular weight cut-off Vivaspin 20
(Sartorius). The retentate was rinsed once with 20ml of PBS (pH 7.4) and concentrated to

a final volume of 250pl.
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For medium-scale bacterial cultures, the supernatant was concentrated by
ultrafiltration using 100kDa molecular weight cut-off, Hydrostat model VFO5H4 molecular
weight cut-off Vivaflow 50R (Sartorius). Retentate was rinsed with 500ml of PBS (pH 7.4)

and concentrated to 1mL. BEV isolation was carried out at ~20°C.

In more detail, the system was set up as illustrated in Figure 2.1 Option 2 and the
module was rinsed with 400ml of deionised water. The speed setting was set up at 4-5
(200-300 mL/minutes) until there was ~5ml left in the system that the speed was reduced
to 1-2 (20-40 mL/minutes) to avoid foaming. Once the system had been rinsed and
checked for any leaks it was set up as illustrated in Figure 2.1 Option 1 and the reservoir
was filled with 500ml of filtrate. When ~5ml were left in the system 500ml of PBS was
added to the reservoir. To collect the concentrated sample, the system was set up as
illustrated in Figure 2.1 Option 3 and the sample was collected in either a 15ml tube or
Eppendorf. Additionally, 0.5-1ml of PBS was added to help flush remaining BEVs. Collected
BEVs suspensions were then filter sterilised with 0.22um PES syringe filters and stored at
4°C.

For decontamination and washing, the system was set up as illustrated in Figure
2.1 Option 2 and 400ml of deionised water was added. When water was filtrated, the
system was set up as Option 1 and 25ml of decontamination solution (250ml 0.5M NaOH)
was added, followed by another 400ml of deionised water and 250ml of 10% EtOH. The
system module was dismantled, and the cassette membrane stored with 10% EtOH inside

to avoid any contamination at 4°C.
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Figure 2.1 Isolation module system. Option 1. Sample concentration. Option 2. Module
rinsing/decontamination. Option 3. Collection of concentrated samples. Image also published in

Stentz et al. 2021 (1).

2.5.3  BEVs purification

Contaminants such as proteins or protoporphyrin IX of BEVs were removed by size
exclusion chromatography (SEC) using gqEVoriginal or qEVsingle 35nm (lzon Science)
columns according to manufacturer’s instructions. Briefly, the column, PBS and BEVs
preparations were brought to 20°C. The column was secured into the automatic fraction
collector, 1.5X column volume of PBS was added followed by 0.5ml of BEVs suspension,
after 2.75ml of void volume was discarded, 10 fractions of 0.5ml were collected into 1.5ml
Eppendorf. For cleaning and storing, the columns were flushed with 1.5X column volume

of PBS and stored with 20% Ethanol at 4°C.

2.5.4  Size and concentration BEV analysis

Size and concentration of isolated BEVs was determined by nanoparticle tracking
analysis (NTA), a method to measure particles in suspension based on the analysis of

Brownian motion using ZetaView PMX-220 TWIN instrument from Particle Metrix GmbH.
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The instrument was set up according to the manufacturer’s instructions and 100nm
polystyrene standard bead suspension was used to perform the focus auto-alignment. Size
distribution video was acquired using the following settings: temperature: 25°C; frames:
60; duration: 2 seconds; cycles: 2; positions: 11; camera sensitivity: 80 and shutter value:
100. Data was analysed using ZetaView NTA software (version 8.05.12) with the following
post acquisition settings: minimum brightness: 20; maximum area: 2000; minimum area:
5 and trace length: 30. Samples were diluted with H,O at an optimal concentration for the

instrument to operate.

The size distribution obtained from ZetaView is not the core diameter of the
particle but the hydrodynamic particle size. This is calculated from the behaviour of the
particle to diffuse in a liquid and the result includes the diameter of the particle together

with the hydration layer surrounding it.

2.6. SDS-PAGE and immunoblot

Samples were prepared using NuPAGE Sample Reducing Agent 10X
(Thermofisher) and NuPAGE LDS sample buffer (4X) and denatured by boiling the sample
on a heating block for 10 minutes at 90°C. Pre-stained PageRuler Prestained Protein
Ladder and samples were loaded onto 12% precast NUPAGE Bis-Tris pre-cast gels and
separated by electrophoresis at 200 volts for 40 minutes using NUPAGE MES SDS Running
Buffer and NuPAGE Antioxidant.

For protein visualisation gels were stained with InstantBlue® Coomassie Protein

Stain (Abcam) and gels imaged using BioRad ChemDoc XRS+.

For immunoblotting, proteins were transferred onto a 0.45um pore size
polyvinylidene difluoride (PVDF) membrane (Invitrogen) at 30volts for 1h in a solution
containing NuPAGE transfer buffer with 10% methanol and NuPAGE Antioxidant.
Membranes were subsequently blocked with 10% BSA or 5% Non-fat Dry Milk (NFDM) in
TBS-Tween (TBS [SOmM Tris-HCl; 150 mM NaCl; pH 7.5] with 0.05% Tween) by shaking for
30 minutes at 20°C. Blocking solution was then discarded, and membrane incubated for
16—-18h at 4°C in TBS-Tween with 5% BSA or 1.5% NFDM containing primary antibody.
After washing 3 times with TBS-Tween, membranes were incubated in 5% BSA or 1.5%

NFDM in TBS-Tween containing HRP-conjugated secondary antibody for 1h at 20°C. After
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3 washes with TBS-Tween, Clarity Western ECL Substrate (Bio-Rad) was used to develop
the blot.

2.7. Dot blot

Serial twofold dilution of vesicles in a final volume of 10ul were spotted into
nitrocellulose membranes and air-dried. The membranes were processed as described for
immunoblotting (above). First, membranes were blocked for 30 minutes at 20°C with 5%
NFDM in TBS-Tween. Then, membranes were incubated with primary antibody for 16—18h
at 4°C in TBS-Tween with 1.5% NFDM. After washing the membrane 3 times with TBS-
Tween, membranes were incubated with HRP-conjugated secondary antibody for 1h at
20°C in TBS-Tween with 1.5% NFDM. After 3 more washes, SuperSignal West Pico

chemiluminescent Substrate (Thermo Fisher) was used to detect bound antibody.

2.8. Antigen quantification

Quantity tool of Image Lab Software (Bio-Rad) was used to determine the amount
of antigen expressed in BEVs. For this, a immunoblot with serial dilutions of known

concentration of recombinant proteins was used to compare the bands intensity.

2.9. Proteinase K accessibility/protection assay

Proteinase K accessibility/protection assay was done to establish if heterologous
proteins were expressed in the lumen or at the surface of BEVs. Proteinase K digests
proteins exposed in the surface of the BEVs but not in the lumen. SDS-treated vesicles
were used as a control as SDS breaks the BEVs and makes the luminal content accessible

to proteinase K.

A suspension of 10! BEVs/mL or solubilised (in 1% SDS) BEVs were incubated for
1h at 37°C in the presence of 100mg/L proteinase K (Sigma-Aldrich). After proteinase K
was deactivated with 1mM phenylmethanesulfanyl fluoride (PMSF; Sigma-Aldrich)

samples were analysed by immunoblotting as described above.
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2.10. NiNTA protein purification

E coli strains were grown in 10ml of LB for 16h at 36°C with agitation at 250rpm.
In a 1l flask 200ml of LB was inoculated with the preculture at a starting ODgoo 0.1 with
100ug/ml ampicillin. The culture was induced with 1Mm IPTG at ODggo 0.5 and cells were
harvested after 5h at 37°C or 16h at 20°C. Cells were separated by centrifugation at
6000rpm for 30 minutes at 4°C, and pellet kept at -20°C for at least 30 minutes. Thawed
pellets were resuspended in 10ml of native lysis buffer (50mM NaH,PO,4; 300mM NaCl;
10mM imidazole; pH 8) or denature lysis buffer (7M urea; 0.1M NaH2PO4; 0.01M Tris-Cl;
pH 8) with 10mg of lysozyme and 1ul of Benzonase for 30 minutes on ice. Cells were
sonicated using eight 10-second pulses (amplitude, 6um) with 30-second pauses on ice
between each pulse and separated by centrifugation at 14,000g 30 minutes at 4°C. In the
meantime, Ni-NTA Superflow column (Qiagen) was rinsed with 10ml H,0, and 1ml of Ni-
NTA resin was added and allowed to settle. Next, supernatant was added to the column,
followed by two washes of 4ml native wash buffer (50mM NaH,PO,; 300mM NaCl; 20mM
imidazole; pH 8) or denature wash buffer (8M urea; 0.1M NaH,P04; 0.01M Tris-Cl; pH 6.3).
The protein of interest was eluted into a new tube with the addition of twice 1ml of native
elution buffer (50mM NaH,P0Os; 300mM NaCl; 250mM imidazole, pH 8) or denature
elution buffer (8M urea; 0.1M NaH;PO4; 0.01M Tris-Cl; pH 4.5).

2.11. Animal models

2.11.1 Mice

C57BL/6 or C57BL/6-K18-hACE2 transgenic male mice of 6-8 weeks of age were
maintained in the Disease Modelling Unit (DMU) at the University of East Anglia or the
University of Liverpool. Mice were housed in individually ventilated cages and exposed to
12h light/dark cycle with free access to drinking water and standard chow diet. Animal
experiments were conducted in full accordance with the Animal Scientific Procedures Act
1986 under UK Home Office (HMO) approval and HMO project license 70/8232 (UEA) and
70/8599 (University of Liverpool).
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2.11.2 Macaques, Ethics statement

Cynomolgus macaques (Macaca fasciculuaris) were housed and managed by PHE
(UKHSA), Porton. Animals were housed in compatible social groups, in accordance with
the Home Office (UK) Code of Practice for the Housing and Care of Animals Bred, Supplied
or Used for Scientific Purposes, December 2014, and the National Committee for
Refinement, Reduction and Replacement (NC3Rs), Guidelines on Primate
Accommodation, Care and Use, August 2006. All animals were aged between 3 and 5 years
and none of the animals had been used previously for experimental procedures, were free
of herpes B-virus, tuberculosis (TB), simian immunodeficiency virus (SIV) and simian T-cell
leukaemia virus (STLV) and were inspected by the named veterinary surgeon prior to entry
into the study. All animal procedures and study design were approved by the Public Health
England, Porton Down Animal Welfare and Ethical Review Committee, and authorized

under an appropriate UK Home Office project licence (30/2993 and P76404B45) (2).

2.12. Immunisation

Macaques or mice received a primary immunisation of filtered sterilised BEVs via
intraperitoneal, intranasal, or oral route with or without a booster immunisation 4-10 days
later. Some experiments followed with infectious challenge after further 7-10 days. At

necropsy body fluids and tissues were harvested for downstream analysis.

2.13. Saliva and BAL extraction

Saliva was taken from sedated NHP by gentle insertion of a 1ml syringe (without
needle) into the oral cavity. At necropsy the lungs were removed to leave the full length
of the trachea intact (from larynx down) and to avoid any blood contamination. The BAL
was performed using a 3mm flexible catheter to infuse PBS in two aliquot volumes of
10ml. The diluent was collected by inversion of the lung set and gentle massage to

encourage removal of fluid into a receiving vessel.

BAL obtained from scarified mice was isolated by opening the ribcage to near the
clavicle, isolated the trachea using forceps, clamping it, and inserting a needle with sterile

0.8ml PBS to inflate and withdraw BAL from the lungs.
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2.14. ELISA

96 well Nunc MaxiSorp plates (Thermo Fisher) were coated with 50ul of target
antigens in 0.1M NaHCO3 and incubated for 16h at 4°C. Recombinant proteins used for
coating the plate were Y. pestis V and F protein provided by DSTL and used at 15ug/ml;
IAV H5 HA (P5060, 2B Scientific Ltd) used at 10pg/ml, IAV NP from Sino Biological used at
1ug/ml, S and NC provided by University of Kent used at 10pg/ml. After washing three
times with 100pl of ELISA Wash buffer (PBS supplemented with 0.05% Tween 20 (PBST)),
plates were blocked with 100ul of ELISA blocking buffer (PBST with 2% BSA) at 20°C with
gentle agitation. After 3h, buffer was flicked out and diluted samples with PBST 2% BSA
were added to the plate wells and incubated for 16h at 4°C. Serum samples were diluted
1:10 prior to serial 1:4 dilutions and saliva, salivary glands, bronchoalveolar lavage and
nasal wash samples were added in the plate in 1:2 serial dilutions. Plates were then
washed six times with PBST and incubated with blocking buffer containing secondary HRP-
antibody for 1h at 20°C with gentle agitation. Plates were washed six times with PBST and
then incubated in darkness with 100ul TMB high Sensitivity substrate solution (BioLegend)
for 15 minutes at 20°C. The reaction was stopped by adding 50ul of 2N H2S0O4 and the
optical density was measured at 450nm using a TECAN infinite f50 spectrophotometer

(Mannedorf, Switzerland).

For quantification of absolute amounts of IgG and IgA a modified ELISA
incorporating a range of concentration of purified monkey IgG (Bio Rad) and IgA (Life
Diagnostics, Inc., West Chester, PA, USA) were used to generate standard curves from

which IgG and IgA concentrations of individual animals were determined.

TNF-a and IFN-y secretion from splenocytes was measured using the Invitrogen

TNF-a or IFN-y mouse ELISAs (Thermo Fisher) according to manufacturer’s protocols.

2.15. Antibodies used

All antibodies used are listed in Tables 2.4 and 2.5.
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Table 2.4 List of primary antibodies used

Antigen Clone Assay Origin Supplier Dilution
detected used
V protein of Polyclonal WB, ELISA Rabbit DSTL 1:1000
Yersinia pestis
F protein of Polyclonal Dot blot, Rabbit DSTL 1:1000
Yersinia pestis ELISA
Influenza Monoclonal WB, ELISA Mouse Abcam (1:300 -
Nucleoprotein 1:1000)
SARS-CoV-2 Monoclonal WB, ELISA Human Abcam 1:1000
Spike S1
SARS-CoV-2 Polyclonal WB, ELISA Rabbit Thermo 1:2000
Nucleocapsid fisher
Hexa-His tag Monoclonal WB Mouse Sigma- 1:3000
Aldrich
Multiple Polyclonal ELISA Monkey IgA  Bio Rad 1:200 -
1:20000
Multiple Polyclonal ELISA Monkey IgG Life 1:200 -
Diagnostics  1:20000
Table 2.5 Secondary antibodies used linked to HRP
Antigen detected Assay Origin Supplier Dilution used
Anti-rabbit IgG WB, ELISA Goat Thermo fisher 1:3000
Anti-macaque IgG ELISA Goat Sigma 1:10000
Anti-macaque IgA ELISA Goat Sigma 1:10000
Anti-mouse IgG WB, ELISA Goat Abcam 1:10000
Anti-mouse IgG WB, ELISA Goat Thermo fisher 1:2000
Anti-mouse IgA ELISA Goat Thermo fisher 1:2000
Anti-Human IgG H&L  WB, ELISA Goat Abcam ELISA 1:1000
WB 1:100

57



2.16. Recombinant proteins used

All recombinant proteins used are listed in Table 2.6.

Table 2.6 Recombinant proteins used

Protein Strain Supplier

\Y Y. pestis CO92 DSTL

F1 Y. pestis CO92 DSTL

HA A/Hong Kong/483/1997 (H5N1) 2B Scientific Ltd
NP A/Puerto Rico/8/34/Mount Sinai (H1IN1) Sino Biological

S B.1 SARS-CoV-2 University of Kent
B12.S B.1 SARS-CoV-2 University of Kent
NC B.1 SARS-CoV-2 University of Kent

2.17. T cells analysis

2.17.1 Splenocytes isolation and culture

Mice spleens were removed and collected into a falcon containing ice cold PBS.
With the help of a 5ml syringe plunger, spleens capsules were disrupted by pressing the
tissue through 100um cell strainer (Fisher scientific). 10ml of PBS was used to wash the
cells into a 50ml falcon tube and were kept on ice prior to further processing. Cells were
pelleted after 5 minutes at 13,000rpm centrifugation at 15°C. Supernatant was discarded
and cells resuspended in 3ml ACK lysis buffer (Gibco). Cells Medium was prepared adding
100U/ml of Penicillin-Streptomycin (Gibco) into TexMACS Medium (MACS Media). After 5
minutes at 20°C 5ml of Cells Medium was added to inactivate the lysis buffer. After
another centrifugation 13,00rpm for 5 minutes 15°C.cells were resuspended in 2ml Cells
Medium and counted by Countess Automated cell counting (Invitrogen). 108 cells were
aliquoted in 100ul of TexMACS Medium into individual wells of Corning U-bottom 96-well
polystyrene plate. Plates were incubated at 37°C with 5% CO, for 30 minutes. Later, 80l
of peptides or BEVs were added to a final concentration of 5ug/ml in a final volume of

200ul, or 300 BEVs/cell plated. TexMACS™ Medium alone was used as a negative control
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and 1X Cell Activation Cocktail (CAC) containing PMA + ionomycin (Biolegend) as a positive
control. 10ul of IL-2 was also added for a final concentration of 0.05ug/ml. Plates were
then incubated for 1h at 37°C with 5% CO2. 10ul of 20X Protein inhibitor Brefeldin A (BFA)
solution (Biolegend) was then added to all wells to block the cytokine transport through

the secretory pathway. Plates were incubated for another 5h.

2.17.2 Flow cytometry

Cells were washed with 100ul PBS and separated by centrifugation at 350g for 5
minutes. All wash steps were carried out at the same speed and duration. The buffer was
decanted from the plates and 100ul of Zombie NIR at dilution 1:500 was added. Cells were
incubated at 20°C, in the dark for 30 minutes. Cells were washed with 200ul of Cell Staining
Buffer (PBS+ 4% Fetal calf serum (FCS) (Gibco)). Dilutions of antibodies used to detect
extracellular markers (Table 2.7) were prepared in advance, fluorescence minus one
(FMO) control, isotype controls, full cocktail and singles for compensation as listed in table
2.7. 100ul of the previously prepared antibodies were added to each well and incubated
on ice for 30 minutes in the dark. Cells were washed with 200ul of Cell Staining Buffer
(Biolegend). For cell fixation and membrane permeabilization 100l of Cyto-Fast Fix/Perm
Buffer (Biolegend) was added to each well, mixed and incubated for 30 minutes at 20°C.
After a cell wash with 100ul of Cell Staining Buffer, cells were resuspended and washed
with 100ul of 1X Cyto-Fast Perm Wash (Biolegend) solution priorly diluted with deionized
water. Cells were resuspended in residual volume after plates were flicked out and volume
adjusted to 50ul with 1x Cyto-Fast Perm Wash solution. Moreover, 2.5ul of normal
mouse/rat serum was added to each well for blocking unspecific binding and incubated at
20°C for 15 minutes. Without washing, 50ul of previously prepared intracellular antibodies
diluted in 1x Cyto-Fast Perm wash solution were added and incubated for 10h in the dark
at 4°C. Cells were washed first with 100l 1x Cyto-Fast Perm Wash solution and secondly
with 200ul of Cell Staining Buffer. Samples were acquired on BD LSRFortessa Flow

cytometer.

Spectral overlap between channels was automatically compensated in FlowJo
software Version 10, after measurement of single-stained compensation controls
prepared using either a mix of splenocytes for extracellular markers or using AbC™ Total
Antibody Compensation Bead Kit (Thermofisher) for intracellular markers. The gating
strategy used to visualise and enumerate TNF-a and/or IFN-y producing CD8+ and CD4+ T

cells is shown in Figure 2.2 using FlowJo software Version 10.8.
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Table 2.7 List of antibodies used for Flow cytometry

Antigen Clone Conjugated Amount Isotype Supplier

detected used pg/ml

CD45 30-F11 PerCP-Cy5 0.4 Rat IgG2b, k  Biolegend

CD3e 145-2C11 APC 2 Armenian Biolegend
Hamster I1gG

CDh4 GK1.5 Alexa 488 0.6 Rat 1gG2b, k Biolegend

CD8 53-6.7 BV605 1 Rat IgG2a, K Biolegend

IFN -y XMG1.2 PE-Cy7 2 Rat IgG1, k Biolegend

TNF -a MP6-XT22 PE 0.4 Rat 1gG1, k Biolegend

Rat IgG2b « RTK4530 Alexa 488 0.6 Rat IgG2b,k  Biolegend

Isotype Ctrl

Rat 1gG1, k GO0114F7 PE-Cy7 2 Rat 1gG1, k Biolegend

Isotype Ctrl
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Figure 2.2 Example of gating strategy used to analyse cytokine production on CD4+ and CD8+ T cells
in splenocytes. After debris and doublets exclusion live cells were selected and subsequently gated

as CD45+ and CD3+. CD8+ and CD4+ cells were further selected and plotted against TNF-a IFN-y.

2.18. DNA extraction from stool samples and nasal swabs

Stool samples were collected using the OMNIgene—GUT microbial collection and
stabilisation kit (DNAgenotek # OMR-200). Samples were stored and shipped from PHE to
QIB at ambient temperature. 250ul of sample was transferred using a tip with the end cut
to the bead tube of QlAamp PowerFecal DNA Isolation Kit (Qiagen) and extraction

followed the manufacturer instructions.

Nasal swabs. Two FLOQSwabs® 516C (Copan) were used and tips snapped off and
dropped into OMNIgene-GUT tubes (from which the ball-bearing was previously

removed). Samples were stored and shipped from PHE to Ql at room temperature. Swabs
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were added to a Lysing Matrix E, 2ml tube (MP Biomedicals) containing 1.4mm ceramic
spheres, 0.1 mm silica spheres, and one 4mm glass bead. And extraction was done using
QlAamp PowerFecal DNA Isolation Kit (Qiagen) following manufacturer instructions with
using the bead beater, two times for 40 seconds at speed 6, instead of 10 minutes Vortex

horizontally.

Taxonomic profiles were analysed by 16S rRNA amplicon sequencing of V4-V5
regions  using  US515F  (5-GTGYCAGCMGCCGCGGTA) and  U927R  (5'-
CCCGYCAATTCMTTTRAGT) primers were analysed by Animal and Plant Health Agency
Scientific (APHA) based on lllumina MiSeq using v3 Chemistry obtaining >100k reads per
sample. Analysis of data and bubble chart was created with MEGAN Community Edition
by Dr Andrea Telatin (QIB).

2.19. Storage of BEVs

After isolation BEVs were stored at 4°C for no longer than 1 month. For in vivo

studies BEVs were used within 7 days of isolation.

For stability experiments (Chapter 6), BEVs samples were stored in 10mM
Histidine + 3% sucrose or 10mM Tris-HCl + 3% sucrose buffer. Aliquots of 250ul of each
sample were kept in LoBind tubes (Fisher Scientific). For lyophilisation, samples were snap

frozen with dry ice and then dried for 16h using ModulyoD Freeze Dryer.

2.20. TEM imaging

BEV samples were visualized using negative staining with TEM performed by Dr
Catherine Booth (QIB). Briefly, carbon coated 400Cu TEM grid (EM Solutions) were glow-
discharged and 10ul OMV suspension applied for 1 minute. The sample was removed
by wicking the edge of the grid with Whatman filter paper and this was followed directly
by a 1 minute incubation with 2% Uranyl Acetate solution (BDH 10288). UA was removed
by wicking and grids were air-dried before analysis using a FEI Talos F200C electron

microscope with a Gatan Oneview digital camera.
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2.21. Statistical analysis

Statistical comparisons were made using one-way analysis of variance
(ANOVA) using either Dunnett’s or Bonferroni for multiple comparison test or two-way
ANOVA with Bonferroni post-test for grouped analysis. The statistical methods Bonferroni
and Dunnett’s were chosen specifically to analyse groups that have unequal variances and
to handle experiments with a low number of samples. All statistical analysis was
conducted on GraphPad Prism 5.04. P values of less than 0.05 were considered significant.

*P < 0.05, #**P < 0.01, *x*P < 0.001, ****P < 0.0001.
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Chapter 3 Use of Bioengineered Bt BEVs

as a plague vaccine

3.1 Introduction

Yersinia pestis is the causative of plague disease and has been responsible for
devastating pandemics, including the Black Death during the fourteenth century, which
caused over 50 million deaths in Europe (166). This zoonotic disease continues to cause
outbreaks in various parts of the world; with the Democratic Republic of Congo, Peru and
Madagascar being the three most endemic countries (166). The last outbreak reported

was in 2017 in Madagascar, with 2417 confirmed cases and 209 deaths (167).

Plague can manifest in three different ways: bubonic, septicaemic, and
pneumonic. Bubonic plague is the most common and is transmitted from rodent
reservoirs to humans by the bite of an infected flea (166, 168). After transmission, Y. pestis
disseminates to the nearest lymph node where it proliferates and causes flu-like
symptoms. Untreated infected lymph nodes can become necrotic and cause
haemorrhages leading to death in approximately 50-60% of cases (166, 168). Survival rates
increase significantly if treatment is initiated within 24 hours of first symptoms appearing.
Septicaemic plague is caused by flea bites, direct contact with infected materials or in the
advanced stages of bubonic plague. In septicaemic plague, Y. pestis enters the
bloodstream and multiplies, releasing endotoxins that induce intravascular coagulation
that can lead to gangrene of extremities. Untreated infections are usually fatal, yet
treatments can increase patient survival (166, 168). Pneumonic plague arises when Y.
pestis infects the lungs through the transmission of contaminated airborne droplets and

is usually fatal (168).

Today, most registered cases are bubonic and with rapid diagnostic and antibiotic
treatment, most infected people survive. Pest control and good sanitation are also key in
helping prevent plague pandemics (169). Still, with the rise of multi-drug resistant strains,

treatment has become more complicated (170, 171). Furthermore, due to the nature of
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Y. pestis, this pathogen could be used as a biological weapon if distributed in aerosol and
cause a pneumonic epidemic. Hence Y. pestis is described to have high risk to the public

and national security (172).

Overall, due to the rapid course of the disease, high mortality, and the potential

application as a bioweapon, effective plague vaccines are needed.

Since the mid-1930s, a live attenuated vaccine against Y. pestis (EV76) has been
used in Russia, Mongolia, and China. The vaccine can be administered in three different
ways: percutaneously (skin scarification), intradermally or via aerosol (173, 174).
However, the vaccine is associated with several adverse effects, short duration of
immunity and concerns about risk of reversion to fully virulence. Therefore, the vaccine is

only recommended in endemic areas, and it is not licensed in other countries (175-177).

Another vaccine derived from a highly virulent formalin-killed Y. pestis strain
named USP was used for American military personnel during the Vietnam war. The vaccine
helped ameliorate bubonic disease but was ineffective against pneumonic plague (178,
179). The vaccine was discontinued due to questionable efficacy and reactogenicity and

failed to provide long-term protection against bubonic plague (176, 177).

Subunit vaccines are safer and recent efforts have focused on developing new
vaccines using mainly two antigens, the capsular antigen fraction 1 (F1) and the low
calcium response protein (V) (180, 181). Other antigens less frequently used are YscF
antigen and pesticin coagulase (182). F1 is encoded by the cafl operon comprising
transcriptional factor regulator CaflR, chaperone CaflM and outer membrane protein
CaflA (183, 184). F1 forms fibres of a single subunit that creates a capsule-like envelope
and has significant antiphagocytic activity (185). Although F1 is immunogenic, natural
occurring strains without F1 proteins are still virulent (186). V is a structural component
of the type three secretion system (T3SS) that is used to bind Y. pestis with a host cell to

inject toxins and other proteins into host cells (Fig. 3.1).

F1 and V, have been used in vaccines as a mixed cocktail or fusion formats
showing protection against bubonic and pneumonic plague in different animal models
(187-191). Furthermore, two different subunit vaccines using F1 and V are currently in
clinical trials (192, 193). However, these vaccines have some limitations, for example: they
need adjuvants to increase their immunogenicity, require several doses to confer
protective immunity or they induce weak or no protection at mucosal sites (187-191, 194).

As pneumonic plague is the most serious form of disease and can be spread from person
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to person, according to the WHO target product profile (TPP) for plague vaccines (169),
pneumonic plague vaccines should be delivered either orally gave (OG) or intranasally (IN)

to induce mucosal immune response at the entry site of Y. pestis.

The aims of this chapter are to:

e Engineer commensal Bt to express conformationally correct Y. pestis antigens

F1andV

e Assess the capacity of BEVs containing F1 and V antigens to activate systemic

and mucosal immune response in mucosal vaccinated macaques.

e Determine the optimal dose and immunisation route for the BEV vaccine,

orally or intranasally.

The goal is to determine the safety and suitability of F1-BEV and V-BEV vaccines

as a plague vaccine.

To do this, Bt was engineered to produce either the V or the F1 antigen from Y.
pestis. The BEVs containing the antigen were isolated and characterised followed by
intranasal or oral immunisation to macaques (non-human primates (NHP)). Samples were
collected and analysed to quantify antibody levels by ELISAs, cytokine levels by flow

cytometry, histology, microbiome relative abundance and bactericidal assay (Fig. 3.1).
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Figure 3.1 Overview of bioengineered Bt BEVs as plague vaccine study design. Created in

BioRender.com

3.2 Results

3.2.1 Construction of Y. pestis F1 and V antigen expression vectors

To express F1 protein Drs Udo Wegmann and Regis Stentz designed a synthetic
construct consisting of caf1M followed by cafl1A and cafl with the OmpA signal peptide
(SPompA) fused to the N-terminal. For the V antigen, the 986 base pairs that encode for V
were also fused to the SPompA N-terminal. BspHI and EcoRl restriction enzyme sites were
added to both gene sequences at their 5 and 3’ ends and synthesised de novo. The
resulting gene cassettes for F1 and V were cloned into Escherichia coli plasmids pEX-K4
and pEX-A2 (Eurofins, Hamburg, Germany), respectively. The genes encoding F1 or V were
excised from the pEX-K4 and pEX-A2 using BspHI and EcoRl and ligated into
the Ncol/EcoRl-restricted pGHO90 expression vector (163), resulting in pGH180 and
pGH179, respectively. Sequences integrities of the cloned fragments were verified

through sequencing.
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3.2.2 Expression of Y. pestis vaccine antigens in Bt BEVs

Genes encoding the F1 and V were cloned and expressed in Bt BEVs.
Approximately 8ug of V-BEV and WT-BEV produced in BDM media together with 20ng of
recombinant V (rV) were loaded on to SDS gels and immunoblotted with rabbit polyclonal
antibody anti-V to confirm expression of V antigen in V-BEVs. Based on the intensity of the
antibody-reactive bands, there were 15ug of V protein in 600ug V-BEVs total protein (Fig.
3.2.a). The appearance of higher bands in Fig. 3.2.a could be due to non-specific binding
resulting from the use of high quantity of antibody, or potentially to poor quality of the

antibody.

Luminal versus outer membrane distribution of V in V-BEVs was established using
a proteinase K protection assay. Proteinase K or PBS was added to V-BEVs and rV and
analysed by immunoblotting. rV protein was degraded when proteinase K was added but
V protein in V-BEVs was not. As proteinase K cannot degrade luminal proteins, it was

assumed that V protein in V-BEVs was expressed within the lumen of V-BEVs (Fig. 3.2.b).
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Figure 3.2 Detection of V in V-BEVs by immunoblotting . WT-Bt and V-Bt strains were grown in
BDM media and BEVs isolated following a method described at materials and methods chapter. (a)
Immunoblot of V-BEVs using recombinant V (rV) and wild-type BEV (WT-BEV) as controls. (b)
Localization of V in V-BEVs after treatment with proteinase K (PK) or not treated (NT). Molecular

weight (MW) expressed in kDa.

Expression of F1 protein in F1-BEV could not be confirmed by immunoblotting and
instead relied on proteomics analysis of F1-BEVs carried out by the Proteomics Facility at

the University of Bristol using liquid chromatography-mass spectrometry (LC-MS) (Table
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3.1). Other proteins found in abundance in the samples were uncharacterised proteins,
outer membrane proteins, and OmpA. Additionally, periplasmic proteins were identified
such as a peptidoglycan hydrolase and a lipocalin-like domain-containing protein.
Peptidoglycan hydrolases are enzymes responsible for cleaving the bonds in peptidoglycan
chain (195), while bacterial lipocalin proteins work mainly as transport and carrier of

proteins (196).

An immuno-dot-blot assay also confirmed F1 protein expression in F1-BEV (Fig
3.3). Approximately 6ug of F1-BEV and WT-BEVs in their natural, intact, state and 120ng
of recombinant F1 (rF1) were serially diluted (1:2) and spotted into nitrocellulose
membranes. Since F1-BEV samples showed a more intense signal than WT-BEV dots, it was
assumed that F1 protein was expressed in F1-BEVs and that it was expressed on the
surface of BEVs. Based on the intensity of the dots, it was calculated that there were 10ug

of F1 in ~600ug total protein of F1-BEVs (Fig. 3.3).

Table 3.1 Detection of F1 in F1-BEV by proteomics

Name Media Coverage Relative abundance

F1 BDM 55.7% 131/1228

F1-BEVs

WT-BEVs

Samples diluted 1:2

Figure 3.3 Detection of F1 in F1-BEVs by immuno-dot-blot. Bt strains were grown in BDM media
and BEVs isolated following a method described at materials and methods chapter. Samples of

intact F1-BEVs, wild-type BEVs (WT-BEVs) or recombinant F1 (rF1) were serially diluted 1:2, added
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to the nitrocellulose membrane, and analysed using anti-rabbit IgG to detect the binding of rabbit

anti-F1 IgG.

BEVs were analysed by ZetaView producing hydrodynamic particle size
distribution curves. The size of BEVs ranged from 50-200nm, with an average
hydrodynamic peak size + SD of 112.7nm % 3.4 for WT-BEVs, 118nm + 9.5 for F1-BEVs and
115.9nm % 6.4 for V-BEVs (Fig. 3.4).
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Figure 3.4 Quantification of hydrodynamic particle size of WT-BEVs, F1-BEVs and V-BEVs by NTA.
WT-Bt, F1-Bt and V-Bt were grown in BDM media, BEVs isolated and (a) WT-BEVs, (b) F1-BEVs and
(c) V-BEVs analysed using Zetaview PMX-220 TWIN instrument (Particle Metrix GmbH). Data is

represented by the mean value for each value + standard deviation from 3 different isolations.
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3.2.3 BEV immunisation

Cynomolgus macaques (Macaca fasciculuaris) were used as an animal model for
these experiments to better understand Bt BEV efficacy and safety in humans. The NHP

were housed and used at Public Health England (now UK Health Security Agency), UK.

To evaluate the immune response to the recombinant antigens and refine the
experimental protocols, two NHP received 50pg of rF1 with 20% (v/v) alum adjuvant, while
two others received 50ug of rV with 20% (v/v) alum adjuvant. All animals were given a
booster shot 28 days after the initial injection to enhance their immune response. Serum
was collected on day 42 and analysed by ELISA. Stool, rectal and nasal swabs were also

taken to optimise DNA extraction protocol.

The aim of the following experiments was to evaluate the safety and effectiveness
of the BEV vaccines in inducing an immune response through oral gavage or intranasal
administration (Fig. 3.5). These experiments were conducted on four NHP that had not
been used in previous studies. To identify the optimal vaccination route, both local and
systemic F1 and V-specific IgG and IgA antibodies were measured. A dose of 50ug of F1
or V antigen was used orally gavage, as similar doses have been previously used and are
equivalent to the dose used in humans (197-199). The same dose was used for intranasal
administration in addition to 12.5ug and 25ug to determine the lowest dose required to
induce an immune response. The vaccines formulations consisted of BEV isolated from
BDM media and rinsed with PBS. A concentrated bulk batch was produced for each
immunisation and vaccines concentrations were adjusted using PBS. Total protein of the
batch was calculated by Bradford protein assay kit and the three different vaccines doses
were adjusted using the previously calculated antigen concentration in BEVs, so that a

dose of 1ml contained either 12.5ug, 25ug or 50ug of F1 or V.

Vaccinations consisted of a prime-boost regimen. Blood, saliva, nasal swabs,
salivary glands, bronchoalveolar lavage (BAL) and stool were collected on two pre-
immunisation days, -14 and 0, and three post immunisation days, 28, 42 and 56. Each
animal served as their own control for evaluating vaccine responses (Fig. 3.5). Antibody
titres were determined using an in-house developed ELISA using commercial sources of

capture and detection antibodies and in-house generated recombinant protein antigens.
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Figure 3.5 Overview of animal studies to determine immune response to of V-BEV and F1-BEV

vaccinations. NHPs were immunised with either V-BEV, F1-BEV or V-BEV with F1-BEV intranasally

or orally gavage containing either 12.5, 25 or 50ug of V or F1 antigen in PBS. NHPs were primed

and boosted within 28 days and study ended at day 56. From day -14 until endpoint, blood, saliva,

nasal swabs, salivary glands, BAL and stool were collected. Health and body weight were also

closely monitored.

3.2.4 Host response to recombinant F1 and V antigens

NHPs immunised with rF1 or rV intramuscularly with alum adjuvant showed three

times higher levels of specific serum anti-F1 or anti-V IgG at log reciprocal serum dilution

3.4 compared to the other group (Fig. 3.6). Values from saturated reactions that formed

dark precipitates in the wells of the ELISA were discarded.
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Figure 3.6 Quantification of serum IgG antibodies to recombinant V or F1 by ELISA. NHPs were
immunised with 50ug of recombinant F1 or V with 20% (v/v) alum and boosted 28 days later. Blood
was collected on day 56 and analysed to detect antibodies anti-F1 (a) and anti-V (b). Data is

represented by the mean value for each group n=2 + standard deviation.
3.2.5 Host response to F1-BEV plague vaccine

F1-BEV vaccine immune response was evaluated by measuring antigen-specific
IgG levels in serum (Fig. 3.7) and IgA in mucosal secretions (Fig 3.8) of immunised animals
by ELISAs. In F1-BEV vaccinated animals, serum anti-F1 IgG levels reached ~1.5ug/ml at
day 42 and decreased thereafter to ~1ug/ml at day 56. There was no clear evidence for an
effect of antigen dose nor for administration route as all groups showed similar levels of
IgG. It was not possible to detect F1-specific IgA in saliva samples. By contrast, NHPs that
received the lower dose showed double level of F1-specific BAL and salivary glands 1gG
than NHPs immunised orally.

The mean concentration of serum IgG in rhesus macaques is around 20mg/ml
(200), while the concentration of IgA in saliva is 0.6mg/ml (201). Although the proportion
of increased antibodies after vaccination is low, it is important to note that there is no

universally defined good or optimal 1gG or IgA level that guarantees protection.
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Figure 3.7 Quantification of systemic antibodies to F1-BEV vaccine. NHPs were immunised with F1-BEV
isolated from BDM media culture containing either 12.5 or 25ug of V intranasally or 50ug intranasally
and orally. Blood was collected and analysed on day -14, 28, 42 and end point day 56. Data represented
by the mean value for each group n=4 * standard deviation. Statistical analysis was performed using

one-way ANOVA with Dunnett test. *<0.05; **<0.01; ***<0.001.

75



a Saliva anti-F1 IgA b Saliva anti-F1 IgA

IN12.5pg IN25pg
0.201 0.08
= >
= 2
» 0.15- © T
:  0.067
3 E 2
2 010 E,
< . g 0'04-
ln <
- B L
w ' -
"E' 0.05 % % 0.021
g €
<
0.00- 0.00 |
Day-14  Day28  Day42  Day56 " Day-14 Day28 Day42  Day56
c Saliva anti-F1 IgA d Saliva anti-F1 IgA
IN50ug 0G50ug
0.081 0.08-
©
E .
= =
@ 0.06- S 0.06- T y
é |
2 0041 v i’fo.m-
o ® —— ) °
: — - b
£ 0.021 i % 0.02- [ |
|+ H
N v <
0.00 T 0.00 T L T T
Day-14  Day28  Day42  Day56 Day-14 Day28 Day42  Day56
e f
BAL anti-F1 IgA Salivary glands anti-F1 IgA
0.25
0.6
'| IN 12.5pg '| IN 12.5g
- N 25ug - - N 25pg
. —A— N 50pg =+ N 50pug
< 0G 50ug OG 50pg
"3
2
<
O.M T T T T T 1 1
00 05 10 15 20 25 0.0 05 10 15 20
Log reciprocal BAL dilution Log reciprocal SG dilution

Figure 3.8 Quantification of mucosal antibodies to F1-BEV vaccine by ELISA. NHPs were immunised
with F1-BEV isolated from BDM media culture containing either 12.5 or 25ug of V intranasally or
50ug intranasally and orally. (a, b, c, d) IgA from saliva collected and analysed on day -14, 28, 42
and 56. (e) BAL and (f) salivary glands specific anti F1 IgA titre. Data represented by the mean value
for each group n=4 * standard deviation. Statistical analysis was performed using one-way ANOVA

with Dunnett test (a,b,c,d) and two-way ANOVA with Bonferroni post-test (e,f). *<0.05; **<0.01;

**%<0.001.
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3.2.6 Host response to V-BEV plague vaccine

V-BEV vaccine administered intranasally generated higher titres of V-specific IgG
in serum than in orally vaccinated animals (p<0.001) (Fig. 3.9). The highest levels of V-
specific 1gG (~25ug/ml, with one NHP reaching 42ug/ml) at the study endpoint were in
animals intranasally vaccinated with the 25ug dose. Titres of anti-V IgG increased from
~8ug/ml to~20-25pug/ml over the study period in animals immunised with either the 12.5
or 25ug dose. Two animals immunised with 50ug showed higher levels of IgG (30-60
pug/ml) at both pre-immunisation time points (day -14 and 0) than the other two in the

group. Levels of 1gG in oral immunised animals remained at 5-8ug/ml over time.

Low levels between 0-0.1pg/ml of V-specific IgA were recorded at mucosal sites
at all time points (Fig. 3.10). Consistent with the superior performance of the 25ug dose
in serum levels of antibodies, 0.15ug/ml of V-specific IgA were recorded in NHPs
immunised with the 25ug dose with one NHP reaching 0.2ug/ml at day 42. Comparable to
systemic I1gG levels, V-specific IgA reached 0.29ug/ml at a pre-vaccination time point (day

-14) in NHPs immunised with 50ug intranasally.

Similar to the antibody response generated by F1-BEVs, V-BEVs administered
orally showed almost half the levels of mucosal antibodies in BAL and salivary glands
compared to intranasally delivered vaccine. The 50ug dose of orally administered V-BEVs
achieved the highest titres of V-specific IgA in BAL (p<0.001), compared to oral
administered vaccine. There was no evidence of dose-dependent response in salivary

glands as each dose elicited similar levels of V-specific IgA.
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Figure 3.9 Quantification of systemic antibodies to V-BEV by ELISA. NHPs were immunised with
V-BEV isolated from BDM media culture containing either 12.5 or 25ug of V intranasally or 50ug
intranasally and orally. Blood was collected and analysed on day -14, 0, 28, 42 and end point day
56. (a) Titre of V-specific IgG at endpoint. (b, c, d, e) Quantification of V-antigen specific IgG over
time. Data represented by the mean value for each group n=4 * standard deviation. Statistical
analysis was performed using two-way ANOVA with Bonferroni post-test (a), or one-way ANOVA

with Dunnett test (b, c, d, €).*<0.05; **<0.01; ***<0.001.
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Figure 3.10 Quantification of mucosal antibodies to V-BEV by ELISA. NHPs were immunised with V-
BEVs isolated from BDM media culture containing either 12.5 or 25ug of V intranasally or 50ug
intranasally and orally. (a, b, c, d) IgA from saliva collected and analysed on day -14, 0, 28, 42 and
56. (e) BAL and (f) salivary glands specific anti-V IgA titre. Data represented by the mean value for
each group n=4 * standard deviation. Statistical analysis was performed using one-way ANOVA with
Dunnett test (a,b,c,d) and two-way ANOVA with Bonferroni post-test (e,f). *<0.05; **<0.01;

**%<0.001.
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3.2.7 Host response to combined V-BEV and F1-BEV vaccines

The immune response to a combined F1-BEV and V-BEV vaccine was evaluated by
measuring antigen-specific 1gG levels in serum (Fig. 3.11) and IgA in mucosal secretions

(Fig 3.12 and Fig. 3.13) using ELISA.

NHPs that received V-BEVs and F1-BEVs together did not show an increase of
serum F1-specific I1gG over time compared to NHPs immunised with F1-BEVs alone (Fig.
3.11). Specific anti-V 1gG reached 20pg/ml in intranasally vaccinated NHPs at day 28 or 42
post-vaccination and decreased thereafter to 10ug/ml. Differently to some NHPs

immunised with only V-BEVs that reached 40ug/ml after the boost.

In mucosal samples, low titres of F1 and V-specific IgA in saliva were recorded in
all groups (Fig. 3.12). Only one NHP that received the 50ug dose intranasally showed
0.13pg/ml of anti-V IgA at day 56, compared to the 0-0.05ug/ml the other groups showed.
Consistent with the superior performance of intranasally delivered F1-BEVs and V-BEVs
for generating IgA antibodies, levels of V-specific IgA were recorded to be double in the
BAL and salivary glands, of animals immunised intranasally with the combined vaccines,
compared to those immunised orally (Fig. 3.13). Similar levels of anti-F1 IgA were analysed

in all the immunisation groups immunised with the combined vaccine.
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Figure 3.11 Quantification of systemic antibodies to F1 and V by ELISA. Humoral systemic immune

response to combined V-BEVs and F1-BEVs vaccines. NHPs were immunised with V-BEVs and F1-
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BEVs isolated from BDM media culture either 12.5 or 25ug of V intranasally or 50ug intranasally
and orally. Blood was collected and analysed on day -14, 0, 28, 42 and end point. (a, b, c, d)
Quantification of Fl-antigen or (e, f, g, h) V-specific 1gG over time. Data represented by the mean
value for each group n=4 * standard deviation. Statistical analysis was performed using one-way

ANOVA with Dunnett test. ¥<0.05; **<0.01; ***<0.001.
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Figure 3.12 Quantification of saliva antibodies to F1 and V by ELISA. NHPs were immunised with V-
BEVs and F1-BEVs isolated from BDM media culture containing either 12.5 or 25ug of V intranasally
or 50ug intranasally and orally. Saliva was collected on day -14, 0, 28 42 and analysed by ELISA. (a,
b, ¢, d) Quantification of V-antigen and (e, f, g, h) F1-specific IgA in saliva. Data represented by the
mean value for each group n=4 + standard deviation. Statistical analysis was performed using one-

way ANOVA with Dunnett test.
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Figure 3.13 Quantification of BAL and salivary glands antibodies to F1 and V by ELISA. NHPs were
immunised with V-BEVs and F1-BEVs isolated from BDM media culture containing either 12.5 or
25ug of Vintranasally or 50ug intranasally and orally. BAL and salivary glands were collected on day
56 and analysed by ELISA. (a, b) Quantification of F1 and V-specific IgA in BAL and (c, d) in salivary
glands. Data represented by the mean value for each group n=4 + standard deviation. Statistical

analysis was performed using two-way ANOVA with Bonferroni post-test. *<0.05; **<0.01;

**%<0.001.
3.2.8 Cell-mediated immune responses

Cytokine production from restimulated peripheral blood lymphocytes (PBMC),
analysed by Drs Ana Carvalho and Emily Jones (QIB), was used as an indicator of cell-
mediated immune responses. PBMC from animals immunised intranasally or orally with

F1-BEVs and V-BEVs were restimulated with either PBS, rF1, or rV antigen in vitro for 72h
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and cytokine content of supernatants determined using a bead-based multiplex assay
(LEGENDplex Human Inflammation Panel 1 (13-plex)) and BD LSRFortessa flow cytometer.

The detailed protocol can be found in Carvalho et al. 2019a (2).

Stimulation with rV or rF1 increased levels of IL-6 in all the immunisation groups
with the higher values seen in the NHPs immunised with the 12.5ug dose reaching
2000pg/ml of IL-6 compared to the other groups that had ~1000-1500pg/ml (Fig. 3.14).
The vaccine also significantly increased MCP-1 (p<0.0001 and p<0.01), IL-8 (p<0.001 and
ns) and IL-23 (p<0.05 and p<0.05) in PBMC restimulated with rF1 and rV compared to PBS
from NHPs immunised with the lowest dose of the combined vaccine. I-6, MCP-1, IL-8 and
IL-23 are inflammatory cytokines. IL-6 induces proliferation and differentiation of T and B
cells. MCP-1 attracts monocytes and regulates their migration to sites of inflammation. IL-
8 is responsible for recruiting neutrophils to the site of infection, and IL-23 promotes
proliferation of T helper 17 cells (202). Other cytokines including TNF-a, IL-12, IL-18, IFN-
vy, IL-10, INF-a and IL-17A were also analysed but were below the assay detection limit (<

1pg/ml).
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Figure 3.14 Quantification of cytokine expressed in stimulated PMBCs from NHPs immunised with
F1-BEV + V-BEV by flow cytometry. PMBC were cultured with either rF1, rV or PBS for 72h and
supernatant analysed for cytokine content using multiplex bead assay and flow cytometry. Data
represent quantified cytokines levels in pg/ml, represented by the mean value for each group n=4
+ standard error of the mean. Statistical analysis was performed using one-way ANOVA using a

Bonferroni post-test. *<0.05; **<0.01; ***<0.001; ****<0.0001.

3.2.9 Reactogenicity of F1-BEVs and V-BEVs vaccines.

All animals immunised with F1-BEVs, V-BEVs or a combination of the two had no
reported adverse reactions (PHE veterinary surgeon reported observations). Additionally,
screening tests were clear of high-consequence pathogens such as tuberculosis, measles,
simian immunodeficiency virus, Salmonella, Campylobacter, Giardia. However, a routine
rectal swab identified Pseudomonas aeruginosa in a single NHP that received the 50ug V-

BEV dose intranasally.
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Histology of the lungs, lymph nodes, brain, heart, liver, spleen, kidney, and regions
of the gastrointestinal tract was carried out by PHE using haematoxylin and eosin staining
and light microscopy. The results revealed no macroscopic signs of pathogenic infection

or pathology consistent with the biosafety of F1-BEVs and V-BEVs vaccines.

In three out of four NHPs from all immunisation groups showed evidence of an
ongoing or recent immune response as evidenced by histopathology of spleen and lymph
nodes. The immune response was characterised by the presence of scattered secondary
follicles with mitotic figures and apoptotic cells within splenic white pulp (Fig. 3.15.a) and
cortex of the lymph nodes (Fig. 3.15.b). NHPs also had a mild to moderate infiltration of
lymphoplasmacytic cells in the mucosa of the duodenum (Fig 3.15.c), stomach, jejunum
(Fig 3.15.d), ileum (Fig 3.15.e), caecum and colon. This was noted by the veterinary
surgeon as a common finding in NHPs in the PHE facility, that might reflect a low-grade
gastritis/enteritis/colitis. Although a noteworthy difference between groups was not
observed, NHPs immunised with V-BEVs, dose 25ug and 50ug, showed increased
prominence of bronchus-associated lymphoid tissue, without any presence of pathogens
within the parenchyma (Fig. 3.15.f), suggestive of a recent, mild inflammatory immune

response. The remaining tissues (kidney, liver, brain, heart) were normal.
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Figure 3.15 Histopathological sections of immunised NHPs. Haematoxylin and eosin-stained
sections are from NHPs that received the highest dose of either F1-BEVs (a, b) or V-BEVs (c, d, e, f)
collected on day 56. (a) Spleen with splenic follicles (F); (b) Lymph node; (c) Duodenum with
lymphoplasmacytic infiltration (black arrow). (d) Jejunum with proliferated lymphoid follicle like
structures (black arrow); (e) lleum with activated Peyer Patches. (arrow); (f) Lung with focal

proliferation of bronchus-associated lymphoid tissue (black arrow).

The taxonomic profile of the gastrointestinal tract and respiratory microbiota was
also evaluated as part of assessing the biosafety of BEVs vaccines. This is because the
immune response to a vaccine can impact the gut or respiratory microbiome by altering
conditions such as pH, nutrient availability, potentially leading to temporary changes in
the microbial composition for example overgrown of a specific strain (203). By assessing
the taxonomic profile before and after vaccination can help understand how BEVs vaccine
impact the microbiome and identify potential risks and benefits associated. DNA
extraction from faecal samples and nasal swabs was optimised prior to sequencing. The
DNA from the samples was first isolated using OMNIgene® GUT microbial DNA purification
protocol using MoBio® PowerFecal® DNA Isolation Kit. Genomic DNA was amplified by PCR
with primers targeting the hypervariable V1-V9 region of the 16S rRNA gene and analysed
with 1% (w/v) agarose gel to assess the integrity of DNA. The concentration extracted
using this method quantified by NanoDropTM was 50ng/ul for stool DNA and 3.3ng/ul and
0.4ng/ul for rectal and nasal swabs respectively. The protocol was optimised by using two
Neonatal FLUOswabs per sample instead of one and adding them to a Lysing Matrix E (MP
Biomedicals) used to lyse cells from a wide variety of starting materials. The isolation kit
was also changed to the QlAamp PowerFecal DNA lIsolation Kit (Qiagen), and the vortex
step was substituted by the beat beater to increase cell lysis (Fig. 3.16). After optimisation,
an average yield of 100ng/ul DNA was obtained from faecal samples, nasal and rectal

swabs.
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Figure 3.16 Comparison of DNA extracted from faecal samples, rectal and nasal swab. 1% (w/v)
agarose gel of genomic DNA amplified by PCR with primers targeting V1-V9 region of 16S to assess
integrity of DNA. Stool DNA: 50ng/ul. Rectal swab: 3.3ng/ul. Nasal swab: 0.4ng/ul. (a) DNA
extracted using OMNIgene GUT microbial DNA purification protocol using MoBio® PowerFecal®
DNA Isolation Kit. S (b) DNA extracted using Lysing Matrix E, 2ml tube (MP Biomedicals) with
QlAamp PowerFecal DNA Isolation Kit (Qiagen). Nasal swab: 117.8ng/pl. Rectal swab: 120.2ng/ul.

Due to budgetary and time considerations only stool and nasal swabs from V-BEV
vaccinated animals were sequenced. 16S rRNA community profiling revealed considerable
interindividual variation in nasal microbiota of NHPs in pre-immunisation samples (Fig.
3.17.a). Vaccination did not noticeably alter nasal microbiota profile at any dose. V-BEVs
orally immunised animals produced small changes in the faecal microbiota (Fig. 3.17.b).
This included an increase in the prevalence of Prevotellaceae from 30% at pre-
immunisation to 44% after immunisation and a decrease in the prevalence
of Succinivibrionaceae from 9 to 0-4%. Collectively this analysis suggests that V-BEVs have

only a minor impact on the faecal microbiota.
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Figure 3.17 Bubble chart from 16S rRNA sequences (V4-V5) obtained from animals immunised
with V-BEV. Size of bubble is proportional to the number of sequences. Number 1-16 represent
individual animals. (a) Nasal microbiota pre- and post-immunisation from animals immunised
intranasally. (b) Faecal microbiota from pre and post immunisation of animals immunised orally

gavage. Figure created with MEGAN Community Edition by A. Telatin (QIB).

3.2.10 Functionality of BEVs-elicited IgG antibodies

A common way to assess functionality of activated immune response after
vaccination is by infection challenge. Due to biosafety, containment concerns and use of
high-cost biosafety level 3 facilities, we used in vitro correlates of plague protection using
a competitive ELISA (developed and performed at DSTL) and a bactericidal assay
(developed and performed at PHE/UKHSA).

The competitive ELISA quantified the ability of vaccine-generated IgG to compete
with a monoclonal antibody (mAb 7.3), that confers protection in mice against Y. pestis
infection (204), for the binding to rV. The data represent the loss of binding of mAb 7.3 to
rV with increasing concentration of pulled serum samples. Serum from NHPs immunised
with rV and alum was used as a reference. Non-specific activity was corrected by
subtracting values from serum from non-immunised animals. The detailed protocol can

be found in Carvalho et al. 2019a (2).

Serum from animals intranasally immunised with 25ug or 50ug of antigen in V-
BEVs inhibited the binding of mAb 7.3 at dilution 1:100 similar to the reference serum with
an absorbance value of 0.2. In contrast, serum from NHPs immunised with the lowest dose
orally showed an absorbance of 0.8 for all the dilutions of serum from the NHPs showing

no binding to the rV (Fig. 3.18).
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Figure 3.18 Functionality of immune sera from V-BEVs immunised animals analysed by competitive
ELISA. Pooled serum from V-BEVs immunised animals were serially diluted and tested for their
ability to displace a monoclonal V antibody bound to rV antigen. Reference immune serum was

from NHPs immunised intramuscularly with rF1 and rV antigen plus alum adjuvant.

The bactericidal assay assessed the level of antibody in serum samples able to kill
Y. pestis in the presence of exogenous complement. The assay simulates the natural
response that would take place against an infection with Y. pestis. Serum samples from
animals immunised with F1-BEVs or V-BEVs were pooled and compared to a reference
serum generated by immunising NHPs intramuscularly with rF1 and rV with alum adjuvant.

The detailed protocol can be found in Carvalho et al. 2019a (2).

The immune response induced by 25ug dose of V-BEVs or F-BEVs administered
intranasally provided similar or higher bactericidal cytotoxic antibody titres than that
generated by recombinant proteins with alum ~10% (Table 3.2). However, serum from
NHPs immunised with 25ug or 50ug either with F1-BEVs or V-BEVs showed high
background reactivity at day 0 (0.6-12%) (Table 3.2). Intranasal administration induced
higher serum bactericidal response (from 0.6 to >45%) than oral administration (>45%).
On day 28 or 42, all groups (except the lowest intranasally dose for both vaccines)
demonstrated functional immunity to Y. pestis, while at day 56, the activity in some groups

was weakened.
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Table 3.2 Summary of serum antibody bactericidal assay outputs. ED50 in units of % serum*. Results
are shown in percentages of serum necessary to be able to kill 50% of Y. pestis. The lower the

number, the higher their ability to kill Y. pestis.

Vaccine Dose (ug) Route Day 0 Day28 Day42 Day56
F1-BEV 125 IN >45 216 >45 39-2
V-BEV 12.5 IN >45 >45 20-9 22:5
F1-BEV 25 IN 14 1-6 1.5 6-2
V-BEV 25 IN 19 0-5 15-3 13.7
F1-BEV 50 IN 121 36-2 14-9 >45
V-BEV 50 IN 0-6 55 0-8 14-9
F1-BEV 50 oG >45 17-0 130 >45
V-BEV 50 oG >45 1-8 63 >45
rF1+rV Alum 50 IM - - - 10-7*

T The initial dilution of antibody in the assay was 45%, hence the limit of the assay was nominally
set at 45%. 50% Effective dose (EDso), Alhydrogel (Alum), * Average of six determinations, — Not
included in the study design. Sera with an EDso below the limit of detection were assigned an EDsp of

> 45%.

3.3 Discussion

Y. pestis still causes outbreaks of disease in various parts of the world today (166,
168). Due to their high mortality, rapid spread, and potential use as a bioweapon, effective
vaccines are needed (169). In this study, | have shown that engineered BEVs from the
commensal gut Bt expressing F1 and V proteins induce humoral response in NHPs which

supports the potential use of Bt engineered BEVs as a vaccine technology for plague.

The use of parenteral BEVs vaccines (Bexsero) has been demonstrated to be safe
and effective in preventing Neisseria meningitidis infections in adults and children (205).
Their use as intranasal vaccines was studied in 1998 in humans but did not progress further

because of lack of immune stimulation (206). This study therefore represents one of the

94



first to explore the efficiency and safety of BEVs delivered orally and intranasally in a NHP

model.

Bt engineered BEV vaccines were shown to be safe. Animals immunised
intranasally or orally with Bt engineered BEVs displayed no adverse clinical reaction and
post-mortem tissue histology showed evidence of immune activation and formation of
organised lymphoid follicles in the absence of any pathology. Gastrointestinal tract and
respiratory tract microbiota profiles were not significantly altered post-vaccination. These
findings are consistent with Bt engineered BEV vaccines being safe and able to induce an

immune response in NHPs.

Bt can be engineered to express both antigens, F1 and V in their native
immunogenic form in BEVs. The difficulties in identifying F1 protein in BEVs by
immunoblotting might be attributable to the antibody used which is reactive with the
native F1 protein and may therefore lack sufficient reactivity to denatured F1 in
immunoblotting assays for detection. Consistent with this interpretation is the ability to
detect F1 protein with this antibody in an immune-dot-blot assay which incorporates

native and not denatured protein.

Both vaccine formulations F1-BEVs and V-BEVs induce some degree of systemic
and mucosal humoral response when administered separately. However, F1-BEVs did not
induce specific antibodies when co-administered with V-BEVs. Vesicles were quantified
before immunisation and the total protein and vaccine antigen content were equivalent
in the single and combined formulations. It is possible therefore that different BEV
characteristics occur when combined producing different responses. For example, co-
administration of different BEVs could interfere with their uptake by host APC although
there is no evidence of this from in vitro studies (207). More detailed analysis of BEV
formulations may help determine how, and under what conditions, BEV-elicited immune
response occur. This could include assessing lipid content and composition, additional
purification steps, and biological activity using indicator immune cells lines (e.g., the
human monocytic cell line THP1 with activation reporter genes; THP-1 Blue cells) to

increase batch-to-batch consistency.

Systemic antibody responses from F1-BEVs, V-BEVs immunised animals increased
over time, reflecting the importance of the booster immunisation, although antibody
titres decreased by day 56. Over time, immunity generated by vaccines fades and the

objective is to keep them high for as long as possible and at least one year (169). The live
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attenuated vaccine used in endemic areas maintain high serum antibody levels for around
8 months and is therefore administered yearly (173). The waning of antibody levels is also
observed in the clinical trial of a vaccine from the Lanzhou Institute of Biological Products
consisting of rF1 with rV and alum administered intramuscularly (198). The vaccine
induces high levels on IgG that peak at day 56 post immunisation but decrease after 6
months (198). It is also important to note that antibody levels may not be a direct correlate
of protection (208) with low levels of high affinity antigen-specific antibodies being as or

more protective than high levels of low affinity antibodies

In this study, a second booster may increase the strength and duration of the
immune response generated by the BEV vaccines. The latest Neisseria meningitidis-based
BEV vaccine formulation, Bexsero, relies on two or three intramuscular immunisation
regimens to protect against Meningitides B disease (209). Moreover, two plague vaccines
undergoing clinical trials require two (University of Oxford) (192) or three (Lanzhou
Institute of Biological Products) intramuscular injections (193). Although one dose is the
preferred option, adding an extra boost could be feasible and acceptable for mucosal BEV
vaccines as they are non-invasive, easy to administer and are more acceptable than

repeated injections.

The most effective route of mucosal BEV vaccine administration is intranasal, as
shown by the production of antigen-specific IgA and neutralising and cytocidal serum IgG
antibodies. Moreover, intranasal administration also elicits cellular immune responses as
indicated by proinflammatory cytokine production by in vivo primed PBMC cells after re-
stimulation with F1 and V antigens. The weaker immunogenicity of BEVs delivered orally
might be due to the harsh conditions of the Gl tract including low pH, digestive enzymes,
dilution, and the mucus barrier impacting on their uptake and acquisition by cells in
inductive immune sites in the intestinal mucosa. The ability of Bt WT-BEVs to transmigrate
the intestinal epithelial barrier after oral administration (210) and activation of mucosal
APC has been demonstrated (97), although this remains to be determined for BEVs

expressing vaccine antigens.

Although there is no clear evidence of one dose being superior, an intermediate
dose of 25ug F1 or V generally performed as well as, if not better, than a two-fold higher
dose in terms of B cell (antibody) and T cell (cytokine) responses. Similarly, African green
monkeys vaccinated intramuscularly with flagellin-F1-V showed that a dose of 25ug and
100pg had comparable results in the animals (211). Moreover, the Lanzhou vaccine

undergoing clinical trials phase Ilb, is based on a 30ug of F1 and 30ug V dose (193).
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Different vaccination routes may require different doses to generate effective immune
responses. The doses used in this study are compared with intramuscular doses for
recombinant protein-based vaccines as no mucosal vaccination study has been performed

in NHPs or humans.

Identifying Pseudomonas aeruginosa in one of the NHPs immunised with 50ug V-
BEVs may be related to the high response that some NHPs had on pre-vaccination days as
shown in ELISA and bactericidal assays. P. aeruginosa together with, Vibrio spp., and
Aeromonas spp. encode homologs of Y. pestis V antigen (212, 213). Antibodies generated
against these homologs through natural infection by P. aeruginosa or against a related
commensal bacteria may cross-react with V antigen (214). Although P. aeruginosa was
only found in one animal, the bacteria could have also infected other animals without
being detected, as it could have been eliminated earlier by theirimmune system. Similarly,
in a human study, (198) participants have been shown to have serum anti-V antibodies,
without any known infection with Y. pestis, before vaccination. The authors of the study
suggest that participants may have prior exposure to Yersinia
pseudotuberculosis or Yersinia enterocolitica that have significant homology to Y. pestis
antigens (215). Extra caution in identifying infections from strains with homology to Y.
pestis should therefore be considered in future experiments. With extensive test,
participants or animal models should be removed from the studies, if positively identified

with any homologues of Y. pestis, to avoid misinterpretation of any immune based assays.

Although interpretation of the bactericidal assay was complicated due to the
suggestive cross-protection, together with the competitive ELISA, both assays identified Y.
pestis neutralising antibodies in BEV vaccinated animals. Antibodies binding V antigen that
are cytocidal for Y. pestis are good correlates and indicators of protection induced by the
vaccine. ldeally, this would be confirmed in a lethal infectious challenge experiment, which
was not possible due to logistical issues, including cost and biosafety containment

considerations.

Neutralising antibodies are needed to protect against plague, but cell-mediated
immunity is also essential. Cellular immunity against plague has been difficult to analyse
as cytokines levels are not detected in active or recovering pneumonic plague patients
(except for IL-6) (216, 217). However, the important role of cellular immunity has been
proven in animal models where T cells, in the absence of antibody, confer protection to Y.
pestis infection (218-220). Also, animals transfused with CD4+ and CD8+ from immune

animals are protected against infection (221).
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The relative importance of individual cytokines in protecting against Y. pestis
infection is unclear. Live attenuated plague vaccine in humans induce IL-17 producing CD4
T helper cells (Th17) after many rounds of vaccination with no differences in IFN-y, IL-10
and TNF-a seen between vaccinated and non-vaccinated individuals (222). Contrary to
this, mouse studies show that IFN-y, TNF-a, and NOS2, are key elements of cellular
immunity to protect against Y. pestis infection (223). Furthermore, two independent
studies of subunit intramuscular vaccines in NHPs identified increases in IL-2 and IFN-y
(224, 225) together with TNF-a, IL-4, IL-5 and IL-6. (225). Additionally, in a clinical trial
using live Yersinia pseudotuberculosis as a plague vaccine, IFN-y levels are associated with
protection, however some immunised individuals produced no detectable IFN-y (226).
This suggest that there is no clear correlation between cytokines and protection as

multiple mechanisms and multiple cytokines might be involved in plague protection.

In this study, BEV vaccines induced the proinflammatory of IL-6, IL-1b, IL-23, MCP-
1 and IL-8 cytokines that can activate an immune response to protect against plague
infection. Of note, F1-BEVs and V-BEVs induced high levels of IL-6 that promotes B cell and
CD4 differentiation and was the only cytokine that distinguishes between pneumonic
plague patients and healthy individuals (216). It is interesting to note that the lowest dose
of the F1-BEVs and V-BEVs vaccine produce more cytokines than higher doses. Although
the reasons for this are unclear, the higher doses of F1-BEVs + V-BEVs may elicit a
tolerogenic immune response. The inclusion of additional control groups, such as animals
immunised with WT-BEVs and PBS in infectious challenge experiments, would help
confirm these findings. By using larger groups of animals would also help to understand

the significance of any changes in cytokine production in conferring protection.

In summary, Bt BEVs have been engineered to produce F1 and V antigens. These
BEVs have shown to be capable of eliciting antigen-specific mucosal and systemic humoral
responses able to kill plague bacteria, primarily when a dose of 25ug of V or F1 in BEVs
were delivered intranasally. No adverse effects were seen in immunised animals and
therefore, the findings suggests that the engineered BEVs could be used for developing

safe and effective plague vaccines.
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Chapter 4 Use of bioengineered Bt BEV

as an Influenza vaccine

4.1 Introduction

Flu is a contagious acute respiratory infection caused by IV that spreads by air
through contaminated droplets, and it infects the nose, the throat and sometimes the
lungs. lliness range from mild to severe and even death (227). WHO estimates that IV is
responsible for 3 to 5 million cases of severe illness and between 290,000 and 650,000
deaths annually worldwide (227). During the emergence of the Covid-19 pandemic, the

number of cases declined but rose again during the 2021-2022 influenza season (228).

The rapid evolution of IV can make a significant proportion of the population,
particularly immunocompromised, young children, and elderly individuals, vulnerable to
infection by new strains resulting in high morbidity. The rapid changes of the virus are
mainly mediated through minor but gradual mutations occurring in the viral RNA called
antigenic drift (229). This happens when Influenza error-prone polymerase replicates the
viral genome and introduces errors that cannot be corrected afterwards. Antigenic drift
creates new virus strains able to evade the immune recognition and cause influenza
epidemics (230). Moreover, major genetic changes, called antigenic shift, occurs when
different strains of IV swap gene segments when they infect the same cell. The segmented
viral genome of IV and the diversity of infected hosts facilitate this reassortment which

can create new pandemic subtypes (229).

Although influenza affects humans, their reservoirs are animals, mainly wild
aquatic birds (231). There are 4 types of IV: A, B, C and D. Each type of IV has different
pathogenicity and hosts. IV A (IAV) has been responsible for recent pandemics and
epidemics and has a broad host distribution. IV B also causes yearly epidemics with IV C
and D very rarely causing infections in humans (227). IV B are separated into two main
lineages Victoria and Yamagata. IAVs are classified into subtypes based on the surface

glycoproteins hemagglutinin (HA) and Neuraminidase (NA). There are 18 HA and 11 NP
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subtypes (232). The most prevalent subtypes currently circulating globally are HIN1 and
H3N2 in humans and H5N1 and HIN2 in poultry (233-235). Each subtype of IAV can be

divided into further clades and sub-clades.

Following the international naming of IV published by WHO in 1980 (236), each IV is
named by first the antigenic type (A, B, C, D), followed by the host of origin if it is an animal,
geographical origin (e.g., Vietnam, Sydney), strain number, year of collection and virus
subtype in case of IAV. The two strains used in this thesis are

A/Vietnam/1203/2004(H5N1) and A/Puerto Rico/8/1934(H1N1).

Although influenza vaccines are available and are the best line of defence against
the disease, their efficacy ranges from 40% to 60% (237). There are two main types of
licensed vaccines against IV, attenuated and inactivated vaccines. These vaccines contain
attenuated or inactivated strains of IV that are selected 6 months ahead of vaccine
distribution based on surveillance. They induce strain-specific immunity that is ineffective
if the strains used do not match the circulating strains. As the virus change rapidly, new
vaccines are offered every year that contain the expected strains to cause the next
seasonal flu epidemic (238). These vaccines also offer little or no protection against

emerging pandemics or new zoonotic IV subtypes (238).

Most licensed vaccines are administered via the parenteral route and therefore,
produce weak or no mucosal immune responses needed to provide protection at the
initial site of infection (239). There are currently 4 intranasal licensed LAIV vaccines,
FluMist (USA), which is Fluenz in the UK and EU, Ultravac (EU), Nasovac (India) and Ganwu
(China). All contain three or four attenuated IV strains that generate cross-strain
protection via the induction of mucosal IgA and lung-localised T cells (26, 240, 241).
However, the vaccine is only suitable for ages 2 to 49 years old, and is not recommended
for immunocompromised people, pregnant women, asthmatics, or people with other
underlying medical conditions. This is because the attenuated strain can lead to secondary
effects in these population that have weakened immune system (240, 242, 243).
Moreover the efficacy of LAIV vaccines has varied every year ranging from 27% to 65%,

between 2015 and 2020, in the UK (41).

Improved or new mucosal influenza vaccines are therefore needed to generate
long-lasting protection against multiple IV subtypes, including newly emerging strains and
subtypes. Recently, vaccine development has focused on recombinant vaccines using

conserved epitopes (244).
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The most utilised antigen for vaccines is HA, which generates antibodies that
neutralise the virus. HA is formed by a trimer of the variable globular head domain (HA1)
and a more conserved stem or stalk domain (HA2) (Fig. 4.1) (245). The head domain
mediates binding to sialic acid residues of cell surface glycoproteins expressed by host
cells. The stalk domain fuses the viral and endosomal membranes to allow the release of
the IV genome into the cytosol. However, due to evolutionary selection pressure, most
mutations accumulate in antigenic sites on the globular head domain (246). Vaccines
based on the head domain of HA become ineffective when the glycoprotein change (230).
Recent studies use the stalk domain to produce cross-protective antibodies that block viral
fusion and entry of the viral genome (247-249). Stalk domain antibodies can also inhibit
NA by binding close to the enzymatic active site or close to the sialic acid preventing its

cleavage (250).

Hemagglutinin

? | Head
| Stalk

Neuraminidase

=
=

Matrix 1

Matrix 2

0
g Ribonucleoprotein. Complex of viral
RNA and Nucleoprotein

Figure 4.1 Diagram of IV indicating major protein components. The IV genome consists of single-
stranded RNA negative-sense genome divided into 8 segments and is surrounded by a lipid
envelope. Hemagglutinin, neuraminidase, nucleoprotein, matrix 1, and matrix 2 are the main target

antigens proposed for universal vaccines.

Conserved regions of the virus can be used for generating broad-spectrum
immunity against different viral strains. The common epitopes can be recognised by the
same antibodies and T cells, and therefore an individual who has developed immune
responses against one strain may also be able to attack other strains that share epitopes.
Hence, by focusing on conserved regions of the virus, it is possible to generate immune

responses that can target a broad range of viral strains.

Apart from the stalk or stem domain of the HA, the ectodomain of the ion channel

M2 (M2e), the matrix protein (M1) and the Nucleoprotein (NP) are also highly conserved
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cross-reactive antigens of IV (251). Amino acids sequences of NP are 90% identical across
different strains (252), with their heterosubtypic immunity been attributed to T cells (253).
While the stem domain of HA and M2e are accessible to antibodies, the internal proteins
of the virus, M1 and NP are mainly targeted by CD4+ T cells and cytotoxic T cells (254-256).
CD4+ T cells promote effective antibody responses and cytotoxic CD8+ lymphocytes limit
viral replication and shedding by eliminating infected cells. Both cells secrete a variety of
inflammatory cytokines such as TNF-a and IFN-y that promote inflammatory and anti-viral

immune responses (257).

In this chapter, we used Bt BEVs as a delivery system to confer protection and
enhance the immunogenicity of the conserved stem region of HA and NP from IAV H5N1.
By using conserved epitopes, we aimed at generating a broad-protection vaccine that can
be effective against different strains that share these conserved epitopes. Moreover, the
aim was to produce a broad-protection IAV vaccine that induces both humoral and cellular
immune responses at mucosal sites. H5N1 is a highly pathogenic strain for poultry and

humans, and it was selected for incorporation into Bt BEVs as an IV vaccine for both hosts.

The aims of this chapter are to:

e Engineer commensal Bt to express IAV HA and NP antigens.

e Assess the capacity of BEVs containing conserved region of HA to activate

systemic and mucosal humoral response.

e Assess the capacity of BEVs containing NP to activate a cellular immune

response.

e Assess adjuvanticity of WT-BEVs

The goal is to determine the suitability of engineered Bt BEVs containing HA and

NP as an influenza vaccine.

After assessing adjuvanticity of WT-BEVs Bt was engineered to produce either the
conserved part of HA from the H5N1 subtype, called H5F, or the NP antigen (Fig. 4.2). H5F-
BEVs were intranasally administered to mice followed by a challenge with heterotypic IAV
HIN1 subtype. Virus titre and antibody levels were analysed. NP-BEVs were
intraperitoneally administered to mice and the T cell response was analysed using flow

cytometry.
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Figure 4.2 Overview of bioengineered Bt BEV as influenza vaccine study design. Created with

BioRender.com.

4.2 Results

4.2.1 Adjuvanticity of Bt BEVs

The adjuvant properties of WT-BEVs were investigated by administering ~10* WT-
BEVs or PBS intranasally to mice. The head and lungs were collected after 5 days and

analysed by immunohistology by Dr Anja Kipar (University of. Zurich).

The results show that mice receiving WT-BEVs had large organised lymphoid tissue
in both the NALT (Fig. 4.3.a) and the BALT (Fig. 4.3.b). By comparison no such structures
were seen in PBS administered animals. The enlarged lymphoid tissues contained mainly
B cells (CD45R+; clone B220, BD Biosciences) and smaller numbers of T cells (CD3+; clone

SP7; Bioscience) and macrophages/dendritic cells (Iba-1+; Wako).
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Figure 4.3 Adjuvanticity of Bt BEVs by immunohistology. Mice were intranasally administered with

PBS or with 10 WT-BEVs isolated from BHIH media and heads and lungs were collected 5 days

later and processed for immunohistology. The tissue samples from NALT (a) and BALT (b) were

stained with anti CD45R for B cells, anti CD3 for CD3+ T cells and anti-lba-1 for macrophages and

dendritic cells to visualise immune cell activation. Red arrows indicate nasal-NALT and BALT in a

and b respectively. NC: nasal cavity, NS: nasal septum, P: hard palate.
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4.2.2 Construction of IV H5F and NP antigen expression vectors

The sequence of the conserved region of the stem domain of HA used was design
by Valkenburg et al. (258). The sequence is an epitope focused fragment of the HA of the
A/Vietnam/1203/2004(H5N1) strain. The fragment is called H5F, F for fragment, it also
contains a N-terminal His-tag. The synthetic genes encoding H5F and NP (Uniprot
Reference: Q5EP28 - Q5EP28 9INFA) of the same strain were both fused N-terminally to
the signal peptide of Bt OmpA. Furthermore, BspHI and EcoRI restriction enzyme sites
were added to SPompa_lAV-H5F and SPompa_IAV-NP at its 5" and 3’ ends, TAA was used
as a terminal codon and ATG from the restriction enzyme as a start codon. Both sequences
were obtained through gene synthesis and cloned into the E. coli plasmid pEX-K168
(Eurofins, Germany). SPompa_IAV-H5F and SPompa_IAV-NP were digested and ligated to
Ncol/EcoRl-restricted shuttle vector pGH090 resulting in pGH184 and pGH215
respectively. The plasmid was mobilised from E. coliinto Bt through triparental mating
procedure. Finally, the sequence integrities of the cloned fragments were confirmed by
DNA sequencing. Dr Udo Wegmann (QIB) produced the H5F construction expression

vector, and | produced the NP construction expression vector.

4.2.3 Expression of H5F vaccine antigen in Bt BEVs

The presence of heterologous H5F protein in BEVs could not be detected by
immunoblot nor immune-dot-blot using either a commercial anti-his tag antibody or an
anti-HA antibody. Instead, detection of H5F was confirmed by proteomics (Proteomics
Facility in John Innes Centre, Norwich) using Thermo Orbitrap Fusion LC-MS. The relative
abundance position of the protein in the sample was determined using MaxQuant

Software in relation to iBAQ algorithm by Gerhard Saalbach (Table 4.1).

Table 4.1 Detection of H5F in H5F-BEVs by proteomics.

Name Media Coverage Relative abundance

Influenza_ H5F BHIH 44% 223/913

Bt BEVs isolated from BHIH media were analysed by ZetaView, which produced

hydrodynamic particle size distribution curves. The size of H5F-BEVs ranged from 50-
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200nm, with an average hydrodynamic peak size + SD of 100.4nm * 10.8 for WT-BEVs and
98.88nm + 13.83 for H5F-BEVs (Fig. 4.4).
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Figure 4.4 Quantification of hydrodynamic particle size of WT-BEVs and H5F-BEVs by NTA. WT-Bt
and H5F-Bt were grown in BHIH media, BEVs isolated and (a) WT-BEVs and (b) H5F-BEVs analysed
using Zetaview PMX-220 TWIN instrument (Particle Metrix GmbH). Data is represented by the

mean value for each value + standard deviation from 4 different isolations.
4.2.4 Generating recombinant H5F protein

E. coli was engineered to express recombinant H5F protein for use as a control in

immunoblotting and serum H5F antibody detection by ELISA.

H5F cDNA was generated by PCR from SPompa_H5F-pGHO090 construct using the
following designed primers: -forward-
TGACCCATGGATGGGCAGCAGCCACCATCATCATCACCATTC containing Ncol restriction site,

MGSS amino acids used by Poon et al. (258) prior to the 6-His sequences to aid with the

106



solubility of the protein and -reverse- TGACGGATCCTTAAAGAAAC containing BamH1
restriction site. The cDNA was cloned into the Ncol/BamHi restriction sites of pET-15b
plasmid (Novagen) and transformed to high competent cells DEB DH5a. After positive
colonies were confirmed by sequencing, the plasmid was then transferred to Rosetta2
(DE3) pLysS cells which stabilise pET recombinant encoding proteins that could affect cell

growth and viability.

For the H5F extraction and purification, E. coli-rH5F was grown in 200ml of LB
media at 37°C to an ODgoo 0.1 with ampicillin and induced at ODggo 0.5 with 1Mm IPTG.
Cells were harvested either after 5h of induction at 37°C or 16h of induction at 20°C,
separated by centrifugation, and kept at -20°C. Proteins from both cultures were purified
using Ni-NTA columns under native conditions and eluted using imidazole gradient (Fig.
4.5.a) and under denaturing conditions using urea and eluted with pH gradient (Fig. 4.5.b).
The different fractions collected were analysed by SDS gel electrophoresis (Fig. 4.5). The
results show a more intense band, at the expected size 25kDa, in samples from the culture
induced for 5h at 37°C and purified under denaturing conditions and these conditions
were selected for the next extractions. As other proteins besides the expected H5F were
observed in the elute, an extra washing step was added during purification under
denaturing conditions. The extra wash successfully decreased unwanted proteins (Fig.
4.5.c). The concentration of recombinant protein isolated was 0.14mg/ml, as determined
by nanodrop at 280nm, and had the expected molecular weight in immunoblots detected

using a monoclonal anti-histidine antibody (Fig. 4.5.d).
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Figure 4.5 Production of recombinant H5F. SDS gel electrophoresis of recombinant H5F purified
using Ni-NTA columns under native conditions (a) or denaturing conditions (b) induced for 5h at
37°C or 16h at 20°C. Elute obtained under denaturing conditions using an extra washing step (c).
Immunoblot of recombinant eluted proteins using a monoclonal anti-histidine antibody (Sigma
#H1029) (d). Molecular weight (MW) expressed in kDa. Red arrows indicate expected size of H5F.

P: pellet, L: E. coli lysate S: supernatant, FT: flow through, W: wash, E: eluate.

4.2.5 H5F-BEVs immunisations

The selected animal model for this study were mice. Ferrets are the preferred
animal model to study transmission and susceptibility to infection with human IV (259).
However, mouse models are more convenient for preliminary vaccines studies for their
relative low cost, ease of handling and the availability of reagents to assess immune
responses (260). For this study, mice were kept and used at the animal facility at the

University of Liverpool.

Mice were immunised intranasally with either H5F-BEVs, WT-BEVs or PBS and
received a booster immunisation after 14 days (Fig. 4.6). BEVs were isolated from Bt grown
with BHIH media and purified using the protocol described in the Materials and Methods
section. All animals were immunised with 70ug of BEVs total protein (Bradford assay)
which equated to approximately 10! BEVs. On day 28, animals were challenged with a 10-
fold lethal dose of a mouse adapted A/Puerto Rico/8/1934 (H1N1) strain. Animal weight
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was assessed daily for 5 days after the challenge and blood, BAL and lungs were collected

on day 33 (Figure 4.6).

H5F-BEVn=5 | INPrime  INBoost  HIN1 Study end
WT-BEV n=5 Challenge

SN
| |

Day 28 Day 33

!

Collect blood, BAL and lungs

Figure 4.6 Animal study to determine flu protection from H5F-BEVs vaccination. C57BL/6 male mice
were immunised intranasally with 70ug of H5F-BEVs, WT-BEVs or PBS and boosted after 14 days.
On day 28" all mice were challenged with a 10-fold lethal dose of IAV strain A/Puerto Rico/8/1934
(H1N1). Mice weight were assessed daily after the challenge and at necropsy on day 33™ blood,

BAL and lungs were collected.

Table 4.2 Characteristics of BEV vaccines used for IAV lethal challenge experiment.

Media SEC Concentration / dose Route

BHIH No 70ug/ ~10% BEVs IN

4.2.6 Host response to H5F-BEVs

HS5F-BEVs immune response was evaluated by measuring IAV-specific IgG in serum
and IgA in BAL. Antibody titres, weight loss and viral titre were determined at the
University of Liverpool by Prof James Stewart and Dr Eleanor Bentley using commercial
sources of capture and detection antibodies and commercial protein antigen H5F or UV-
treated viruses. Commercial HA protein was used as the protocol for the generation of
recombinant H5F protein that | was developing was still being optimised when the
experiment started. A reference serum from mice infected with HIN1 was used as a

positive control.
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H5F-BEVs induced higher levels of serum 1AV IgG compared to PBS (p <0.05) (Fig.
4.7.a). IAV-specific 1gG levels in BAL were between two to four times higher in mice
immunised with WT-BEVs or H5F-BEVs (p<0.01) compared to mice receiving PBS (Fig.
4.7.b). In both cases, antibody levels in immunised mice were lower than those in the
reference serum. Regarding mucosal antibodies, mice immunised with H5F-BEVs had
levels of IgA in BAL with a mean absorbance at 450nm of 0.4, similar to the positive control
and higher than the 0.2 value seen in mice immunised with WT-BEVs or 0.1 value in PBS
administered mice (Fig. 4.7.c). Levels of H5-specific IgA in BAL were also higher in H5F-BEV
immunised animals compared to the other groups (p<0.05) (Fig. 4.7.d). In this case, the
positive reference serum had a signal comparable to the one induced by PBS showing that
the reference serum H1N1-infected mice had developed anti-H1 antibodies but not anti-

H5 antibodies. Contrarily, H5F-BEVs induced antibodies against homologous H5 and

heterotypic H1 molecules.
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Figure 4.7 Quantification of antibodies to IAV and H5 by ELISA. Mice were intranasally immunised
with H5F-BEVs, WT-BEVs or PBS, boost after 14 days and challenged on day 28" with a 10-fold dose
of IAV strain A/PR/8/34 (PR8, HIN1). At the endpoint, blood (a) and BAL (b, c) were analysed by
ELISA using UV-inactivated IAV PR8-H1N1 to coat the plates. BAL was also analysed for H5 HA-
specific IgA by ELISA plates coated with H5 HA recombinant protein (P5060, 2B Scientific Ltd). Data
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represented by the mean value of each group * standard deviation. Statistical analysis was

performed using one-way ANOVA with Bonferroni multiple comparison post-test. *<0.05; **<0.01.

During infection, the weight loss of each mouse was recorded. The mice group
that received PBS had the greatest weight loss compared to the other groups, having lost
around 20% of their body weight (Fig. 4.8). Animals immunised with H5F-BEVs or WT-BEVs
lost weight more gradually reaching a loss of 10% of their body weight pre-challenge.
Animals immunised with the H5F-BEVs had no further decline between day 4 and day 5

post-infection (Fig. 4.8).

The viral lung titre from animals immunised with H5F-BEVs was significantly lower
than the other groups being 7 to 8-fold lower in mice immunised with H5F-BEVs than those
receiving PBS. The virus titre of mice immunised with WT-BEVs was comparable to mice
receiving PBS, except for one mouse that had levels similar to mice receiving H5F-BEVs

(Fig. 4.8).
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Figure 4.8 Host response to H5F-BEV vaccine. Mice were intranasally immunised with H5F-BEVs,
WT-BEVs or PBS, boost after 14 days and challenge on day 28" with a 10-fold dose of IAV strain
A/PR/8/34. (a) weight of animals was recorded every day after challenge. (b) viral load (PFU/g) of
lung tissue was assessed in lung homogenates. Data represented by the mean value of each group
+ standard deviation. Statistical analysis was performed using two-way ANOVA with Bonferroni
post-test (a) or one-way ANOVA with Bonferroni multiple comparison post-test (b). *<0.05;

**<0.01; ***<0.001; ****<0.0001.

4.2.7 Bt Growth Media Optimisation

BHIH was used in the H5F-BEVs as is a rich medium that provides Bt an optimal
environment for growth. However, human vaccines should not contain animal products
to avoid adverse reactions and address ethical and religious considerations. BHIH was
therefore replaced with chemically defined Bacteroides defined media (BDM) for
producing BEVs. As the BDM that was previously used contained Hemin, which comes

from bovine or porcine origin, a modified BDM, with Protoporphyrin IX instead of Hemin,
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was created called BDM+. Protoporphyrin IX is the iron-free form of the hemin and
precursor of heme. The media was also supplemented with iron (1) sulphate heptahydrate
and Vitamin K3 analogue menadione, as it enhances Bt growth (261-263). A table
comparing BDM and BDM+ can be found in Table 2.2 in the materials and methods

section.

Vitamin B12 replaced L-methionine at the suggestion of Dr Rokas Juodeikis.
Vitamin B12 acts as a cofactor for methionine synthase, which converts homocysteine to
methionine, that is essential for bacterial growth. Bt BEVs contain vitamin B12 receptors
for capturing and transporting vitamin B12 (106). The use of L-methionine instead of
vitamin B12 ensures that the BEVs produced and used as a vaccine do not contain any

bound vitamin B12.

Other benefits of BDM+ media are that all the exact chemical ingredients are
known and can be adapted and changed accordingly, unlike the BHIH, which is a complex
media that can have variation batch to batch. Additionally, the chemically defined media
contains minimal particle counts, contrarily to BHIH media, that contain microvesicles that

can copurify with BEVs (87).

During optimisation of BDM, Bt was grown in BHIH, BDM, and BDM+ and growth
curves were analysed over time (Fig. 4.9). Bt was inoculated at a starting ODggo of 0.05, for
all three cultures. Bt reached stationary phase of ODego 3 after 7h in BHIH media at which
time BDM and BDM+ media cultures were still in exponential phase. In BDM+ media the
lag phase was shortened compared to BDM media and the culture reached an ODgqo of 4

at 12h while the culture in BDM had a long exponential phase reaching ODggo 2.7 after 18h.
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Figure 4.9 Growth curves of Bt cultured in BHIH, BDM, or BDM+ media. WT-Bt was grown in the
three different media starting with an ODeoo of 0.05 and readings of ODsoo were taken at different

time points.

As an indication of immune reactivity change of BEVs THP1 cells were used. THP1-
Blue NF-kB cells (Invivogen) are cells used for monitoring NF-kB signal transduction
pathway in modified human THP1 monocyte cell. The cells have an integrated NF-kB-
inducible secreted embryonic alkaline phosphatase (SEAP) reporter construct. As a result,
THP1-Blue cells allow the visualisation of NF-kB signal transduction activation, seen as the
production of a chromogenic (blue) product measurable by spectrophotometer. The assay
was realised by Dr Sonia Fonseca and the detailed protocol can be found in Fonseca et al.

2022 (120).

The results show no significant difference in the scores in any of the samples

showing equivalent ability to activate human macrophages (Fig. 4.10).
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Figure 4.10 Activation of NF-KB by BEVs isolated from BHIH and BDM+ media using THP1-Blue cells.
WT-BEV, H5F-BEV or NP-BEV were isolated and cultured at 20 BEV/cell with THP1-Blue NF-kB cells
for 24h at 37°C and 5% CO.. PBS and heat killed Listeria monocytogenes (HKLM) were used as a

control.

4.2.8 Expression of NP vaccine antigen in Bt BEV

The presence of NP in BEVs isolated from either BHIH or BDM+ media was
confirmed by immunoblotting (Fig. 4.11). Approximately 10 NP-BEVs, 0.5ug of total
protein cell extract and NP at three different concentrations were loaded onto SDS gels.
Recombinant NP was detected in the gel using a mouse anti-influenza nucleoprotein
antibody at the anticipated molecular weight of 58.1 KDa. NP was identified in the cell
extracts of Bt-NP and in NP-BEVs isolated from both BHIH and BDM+ media but not in the
WT cell extract or WT-BEVs. Additional non-specific bands were present in the
immunoblot, particularly in BHIH-derived samples. Samples prepared from BDM+ media
showed a higher band intensity than those prepared in BHIH. Based on the intensity of the
antibody-reactive bands, it was calculated that there were approximately 275ng and 33ng

of NP in 10! NP-BEVs prepared in BDM+ and BHIH media, respectively.

Luminal versus outer membrane distribution of NP in NP-BEVs was established
using a proteinase K protection assay. Intact NP-BEVs or NP-BEVs solubilised in 1% SDS
were incubated with proteinase K prior to immunoblotting. A band corresponding to the
expected size of NP was seen in BEVs incubated with proteinase K but was absent when

SDS was added, consistent with NP being localised to the lumen of NP-BEVs.
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Figure 4.11 Detection of NP in NP-BEV by immunoblotting. Bt strains were grown in BHIH and BDM+
media and BEVs isolated following a method described in the materials and methods chapter. (a)
Immunoblot of different samples of cell extract (CE) or BEVs from WT or Bt-NP (NP) grown in BHIH
or BDM+. Recombinant NP( rNP) was used at different concentrations as a positive control. (b)

Determination of protein location in BEVs by treating with proteinase K (PK) alone or with 1% SDS.

Molecular weight (MW) expressed in kDa.

The presence of NP in NP-BEVs was also confirmed by proteomics (Proteomics
Facility, John Innes Centre, Norwich) using Thermo Orbitrap Fusion LC-MS (Table 4.3). NP
had a coverage of 69% and 66% and appeared in the 21t and 22" position in relative
abundance in NP-BEVs samples isolated from BDM+ with or without size exclusion
chromatography (SEC) purification, respectively. SEC was included in the isolation and
purification protocol to enhance the purity of crude BEVs extractions, remove unwanted
free proteins, and increase the reproducibility of samples. The addition of SEC purification
did not alter the concentration of NP expressed in NP-BEVs based on the relative

abundance determined by Orbitrap mass spectrometry.

Table 4.3 Detection of NP in NP-BEV by proteomics

Name Media Coverage Relative abundance
Influenza_ Nucleoprotein BDM+ 69% 21/558
Influenza_ Nucleoprotein  BDM+ with SEC 66% 22/738
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The size and concentration of isolated BEVs from BDM+ media with SEC purification were
determined by NTA using ZetaView PMX-220 TWIN instrument (Particle Metrix GmbH).
BEVs from WT-Bt and engineered Bt expressing NP showed a similar hydrodynamic size

distribution with an average peak +SD of 101.3nm £26.3 for WT-BEVs and 105nm +22.5
for NP-BEVs (Fig. 4.12).
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Figure 4.12 Quantification of hydrodynamic particle size of WT-BEVs and NP-BEVs by NTA. WT-Bt
and NP-Bt were grown in BDM+ media, BEVs isolated, SEC purified and (a) WT-BEVs and (b) NP-
BEVs analysed using Zetaview PMX-220 TWIN instrument (Particle Metrix GmbH). Data is

represented by the mean value for each value + standard deviation from 5 different isolations.

118



4.2.9 Optimisation of T cell flow cytometric assay

Flow cytometry was used to analyse the T cell response against BEVs vaccines. A
panel of antibodies was designed to identify live cells, CD45+, CD3+, CD4+ or CD8+ T cells
expressing IFN-y and TNF-a. Optimal concentration of antibodies was determined from
antibody titration experiments and calculating the separation between the positive and
the negative peak by the Separation Index (SI). The SI was calculated by the equation
below, derived from the fluorescence intensity of the antibody staining using FlowJo v.10.
The higher the Sl value, the greater the separation between the positive and the negative
populations is.

MedianPositive — MedianNegative

MedianNegative
0.995

Separation Index =
84% Negative —

Based on the results in Figure 4.13, the optimal concentration of antibody was
chosen based upon a compromise between the best Sl and lowest antibody usage:
0.4pg/ml for CD45, 2ug/ml for CD3, 0.6 pg/ml for CD4, 1ug/ml for CD8, 2ug/ml for IFN-y,
2ug/ml TNF-a and 1:400 dilution for NIR.
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Figure 4.13 Concatenated data of splenocytes against different concentration of antibodies and SI
analysis by flow cytometry. Isolated splenocytes from mice were stained with NIR and either anti-
CD45 PerCP-Cy5.5, anti-CD3 APC, anti-CD4 Alexa 488, anti-CD8 Alexa BV605 for 30 minutes on ice
or IFN PE-Cy7 or TNF-PE for 30 minutes after fixing and permeabilising the cells. After gating out
dead cells, the positive and the negative peaks were manually selected, and the Sl was analysed by

FlowJo.
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4.2.10 NP-BEV Immunisations

Animal experiments were done with 6 to 8 week old C57BL/6 male mice to

analyse whether NP-BEVs could induce a cellular response. Mice were bred and
maintained in the Disease Modelling Unit (DMU) at the University of East Anglia and
vaccination and sample collections was carried out by Drs Aimee Parker and Sonia

Fonseca.

Previous experiments done with Bt BEVs in an independent dose response study
showed that a 10° dose elicited high immunogenicity. Therefore, 10° and 10%° doses of
BEVs were analysed here in two different experiments. IP administration of the vaccines
was done prior to IN delivery to assess the vaccine immunogenicity. In experiment one,
three groups of 3-6 mice were immunised IP with 10° WT-BEVs, 10° NP-BEVs or with 1ug
of recombinant NP (Fig. 4.14). In the second experiment, two groups of mice received
either 101 WT-BEVs or 10%° NP-BEVs. Both experiments consisted of a single immunisation

and mice were sacrificed after 14 days to collect serum and spleens

1% exp 2" exp
9 10
- = WT-BEV 10 n=3 .
WT-BEV 109 n=3 g IP Prime Study end
NP-BEV 10 n=6 NP-BEV 10 n=5 l
rNP (1pg) n=4 l

Day 0 Day 14

!

Collect blood and spleen

Figure 4.14 Animal studies to determine immune response of NP-BEVs vaccination. C57BL/6 male
mice were immunised intraperitoneally (IP) with 10° WT-BEVs, 10° NP-BEVs or 1ug rNP in the first
experiment and with 10 WT-BEVs and 10'° NP-BEVs in the second experiment. In both

experiments blood and spleen were collected after 14 days at the study end.
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Table 4.4 Characteristics of BEV vaccines used for NP-BEVs experiments

Experiment Media SEC BEVs dose Route
1 BDM+ YES 10° IP
2 BDM+ YES 10% IP

4.2.11 Host response to NP-BEVs

Serum antibody responses to NP-BEVs was evaluated by measuring antigen-

specific 1gG levels in serum of immunised animals by ELISAs (Fig. 4.15). There were no

significant differences in the levels of anti-NP IgG seen in animals immunised with NP-BEVs

versus WT-BEVs or rNP in either experiment.
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Figure 4.15 Quantification of antibodies to NP by ELISA. Mice were immunised IP with 10° WT-BEVs,
10° NP-BEVs or 1ug rNP in the first experiment (a) and with WT-BEVs 10'°or NP-BEVs 10%° on the
second experiment (b). Blood was collected and analysed on day 14. Data represented by the mean
value for each group n=3-6 t standard deviation. Statistical analysis was performed using two-way

ANOVA with Bonferroni post-test

BEVs vaccine induction of T-cell responses was analysed by intracellular staining
for TNF-a and IFN-y production by CD4+ and CD8+ T cells after restimulation ex vivo with
antigens. Splenocytes from vaccinated mice were cultured ex vivo with either media as a

negative control or media containing rNP (5ug/ml).

In the first experiment, cells were restimulated for 6h, and the Golgi transport
inhibitor brefeldin A (BFA) was added after 1h of induction to accumulate intracellular
cytokines in the cells. After, stimulation cells were stained, analysed, and gated as
described in the Materials and Methods section. The results show that mice receiving WT-

BEVs, NP-BEVs or rNP had similar levels of CD4+ and CD8+ T cells expressing TNF-a (Fig.
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4.16). Mice receiving WT-BEVs had higher levels of CD8+ TNF-a compared to mice
immunised with NP-BEV when restimulated with rNP (p<0.05). The levels of CD4+ or CD8+
T cells expressing IFN-y were significantly higher for mice immunised with WT-BEV
compared to mice receiving rNP (p<0.05 for CD4+ and p<0.01 for CD8+) (Fig. 4.16.c.d).
Similarly, CD4+ or CD8+ T cells expressing both TNF-ae and IFN-y from WT-BEVs immunised
animals, and cultured in media alone, had double the level of cytokine expressing cells
compared to the other groups (Fig. 4.16.e.f). In all three vaccinated groups, stimulation of
cells by rNP had only a marginal effect on the levels of cytokine-expressing T cells (Fig.

4.16).

124



a
CD4+ TNF-a
151
|
L
8 10-
-
c
o A
2 e *
w5 [ ]
° .
R 3 ES
3 &
O'_'. .|. * v'Iv'v ’I &_
Media rNP Media rNP Media rNP
WT-BEV NP-BEV rNP
¢ CD4+ IFN-y
25+ L * |
L) '_|—|
[}
P 204
]
Q |
+ 154
o
g v
2 10+ v
5]
o
X 54 o R
A A
LA
0-
Media rNP Media rNP Media rNP
WT-BEV NP-BEV NP
e
CD4+ TNF-a IFN-y
54 I |
. L) 1
* *k * Fokk
o 4
]
(8]
£ 31
< 3
32- ™ A
S L 2
] AA
X 14 . vy 2
vV
Y % a_ % 0,
O'_I_-%_‘I‘_&_

Media

rNP  Media
']

rNP  Media rNP

WT-BEV

NP-BEV rNP

(=2

CD8+ TNF-o
254
—_
w 207 .
]
(%]
£ 151 u
Q
© . = A
2 107 N . o
5 ° .
X v o
153 LA ®
ol ae vy ¢
Media rNP Media rNP Media rNP
WT-BEV NP-BEV rNP
d CD8+ IFN-y
40- : T : 1
° * * ** *%
2 301
[]
(%]
o
[=
2 204
B4 [ v
K v
X 104 A
o® A .
0-
Media rNP Media rNP Media rNP
WT-BEV NP-BEV rNP
CD8+ TNF-a IFN-y
6- L fakalalal 1l
L) I 1 1
2 | %*
8 4-
o
]
o
5 2- A
°\22 ° A v .
i
° | v
N~V 2P

rNP

Media Media rNP Media rNP
[ '] [ '] [ ']

WT-BEV NP-BEV rNP

Figure 4.16 Frequency of CD4+ and CD8+ T cells expressing TNF- and/or IFN- from splenocytes from

first NP-BEVs experiment by flow cytometry. Mice were immunised with WT-BEVs, NP-BEVs or rNP,

splenocytes collected at day 14 and analysed following a stimulation ex vivo with media or rNP for

6h. Data represented by the mean value for each group n=3-6 + standard deviation with two

technical replicates. Statistical analysis was performed using one-way ANOVA with Bonferroni post-

test. *<0.05; **<0.01; ***<0.001; ****<0.0001.
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In the second experiment, the concentration of stimulant rNP was increased to
10ug/ml. Additionally, other stimulants (WT-BEVs and NP-BEVs (200 BEV/Cell)) were
included in an attempt to optimise detection of cytokine producing T cells. The pre-
stimulation period was increased to 21h with BFA added on the last 5h. Rat serum was

also included in the intracellular staining protocol to reduce unspecific binding.

The increased incubation time resulted in more than 40% higher amounts of cell
death and debris compared to experiment one as determined by the average percentage
of cell versus debris observed by FlowlJo in side scatter (SSC) against forward scatter (FSC)
gating. Adding rat serum in the staining protocol decreased non-specific binding. This was
observed by the reduction in signal using isotype matched control antibodies which made

the gating strategy more reliable.

After the debris was gated out, cells were gated for live/dead (Materials and
Methods). In splenocytes stimulated with Cell Activation Cocktail (CAC) containing PMA
and ionomycin, which is the positive control used, the percentage of live cells was more
than double than the negative control, which is a mix of splenocytes from both
immunisation groups with media as stimulant (Fig. 4.17). Two groups that also showed a
significant difference between the negative control group were cells from mice immunised
with WT-BEVs and NP-BEVs stimulated with WT-BEVs, (p<0.05 and p<0.01, respectively).
Cells stimulated with rNP or NP-BEVs had similar levels of live cells compared to groups

cultured with media alone.
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Figure 4.17 Percentage of live cells from splenocytes stained with live/dead NIR from the second
NP-BEVs experiment by flow cytometry. Splenocytes from mice immunised with WT-BEVs or NP-

BEVs were stimulated with media, CAC, rNP, WT-BEVs or NP-BEVs for 21h. Cells were stained with
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live/dead staining and quantified by flow cytometry. Data represented by the mean value for each
group n=3-5 + standard deviation. Statistical analysis was performed using one-way ANOVA with
Dunnett post-test comparing all columns versus media stimulated control group. *<0.05; **<0.01;

***<0.001.

The levels of CD4+ or CD8+ expressing TNF-a and/or IFN-y were not significantly
different between WT-BEVs and NP-BEVs immunisation groups (Fig. 4.18). The cytokine
levels in both immunisation groups were also comparable using different cell stimulants

(Media, rNP, WT-BEVs, NP-BEVs), analogous to experiment one.
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Figure 4.18 Frequency of CD4+ and CD8+ T cells expressing TNF-a and/or IFN-y from splenocytes
from the second NP-BEVs experiment by flow cytometry. Flow cytometry analysis of splenocytes
from mice immunised with WT-BEVs or NP-BEVs stimulated ex vivo with media, rNP, WT-BEVs or
NP-BEVs for 21h. Data represented by the mean value for each group n=3-6 + standard deviation
with two technical replicates. Statistical analysis was performed using one-way ANOVA with

Bonferroni post-test.
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4.3 Discussion

IV evolves rapidly causing yearly epidemics and increasing the likelihood of
pandemics caused by new virus strains (227). Due to their quick spread and high morbidity

effective cross-protective vaccines are needed.

In this study, engineered BEVs from the commensal gut Bt expressing a conserved
region of H5N1 subtype HA induce systemic and mucosal humoral response that protect
mice against a heterotypic IAV strain (HIN1). Moreover, BEVs expressing NP have also
been created, although demonstrating their capacity to induce T cell immune response
requires further optimisation. Given that Bt BEVs possess intrinsic adjuvanticity

properties, there is potential to use them as a mucosal vaccine technology for flu.

Bt was successfully engineered to express H5F antigen, and its presence was
confirmed by proteomics but not by immunoblot or immune-dot-blot. For the
immunoblots, two different antibodies were used (anti-his tag and anti-HA) and neither
identified H5F in BEV extracts. This might be attributable to the lack of accessibility of his-
tag or lack of epitopes in the H5F protein. The anti-HA antibody used (CR6261) is a
monoclonal antibody that recognizes a highly conserved region in the stem of HA capable
of protecting mice from a lethal challenge with HIN1 and H5N1 (264). However, in this
experiment, CR6261 was unable to detect the conserved fragment of H5. The reason
might be related to the concentration of H5F expressed in BEVs being below the detection
limits of the immunoblot and immune-dot-blot. Consequently, the amount of H5F that
mice received in each immunisation is unknown. Amounts of HA as low as 0.1ug might be
enough to induce protection, given that Quan, et al. designed a vaccine using VLPs
containing either 0.5ug of HA alone or 0.1ug of HA with E. coli mutant heat-labile

enterotoxin adjuvant, both of which protected animals against IV infection (265).

The isolation and purification of recombinant H5F was done under denaturing
conditions to allow the histidine residues to bind the Ni-ions on the Ni-NTA columns. Using
native conditions for protein isolation, results in H5F appearing in the flow through. This
suggests that the 6xHistag is inaccessible and unable to bind the Ni-NTA. High expression
of recombinant protein in E. coli can result in partially folded or misfold proteins resulting
in aggregation and formation of inclusion bodies (266). Lowering the temperature can help
reduce protein aggregation, however, when the induction was carried out at 20°C for 16h,
as described by Poon et al. (258), the concentration of protein in the elute was not

increased. To produce rH5F E. coli-H5F can be grown and induced for 5h at 37°C and the
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protein purified using denatured conditions. The recombinant protein can then dialyse to
eliminate urea and enable the protein to revert to its native conformation for use in future

experiments.

Intranasal administration of BEVs expressing H5F and WT-BEVs generated
systemic IgG and mucosal IgA antibodies in the lower respiratory tract. It is perhaps not
surprising to see that both WT and H5F expressing BEVs induce mucosal humoral
responses as WT-BEVs alone can promote the development and enlargement of organised
nasal and bronchus-associated lymphoid follicles essential for generating effective
mucosal immune response. We have also observed that within 24h of mice receiving WT-
BEVs intranasally, BEVs are acquired by CD103- CD11b+ DC in the upper and lower
respiratory tract mucosa and draining cervical lymph nodes (3). These DC can traffic the
antigen to the lymph nodes and activate a T cell response (267). Bt BEVs possess therefore
adjuvanticity properties without the need to detoxify their LOS as is required for Neisseria

meningitidis, E. coli or Salmonella BEVs prior to their use in vaccine formulations (268).

BEVs expressing H5F conferred a significant level of protection against HIN1, an
unrelated subtype of IAV. This is consistent with Valkenburg et al. (258) showing that H5F
administered intramuscularly to mice with Addavax adjuvant protected the mice against
unrelated HIN1 and H3N2 virus subtypes. H5F-BEVs are therefore a good candidate for

the formation of heterologous antibodies able to neutralise multiple strains.

In future experiments, long term protection needs to be assessed after for
example, challenging the mice 1, 3, 6 and 10 months after H5F-BEVs immunisation.
Subtypes H3N2 or H5N1, current major health concern in the UK, could be used for the
infection challenge (234, 235).

Contrary to HA, NP is known to induce antigen-specific T cells (4, 5) in addition to
non-neutralising antibodies that are important to clear virus infections (269). The cellular
immune response was analysed by stimulation of vaccinated mice splenocytes using flow
cytometry. Despite using two different protocols for the splenocytes stimulation, the
cellular response was similar in all vaccinated groups and was not induced by restimulation
ex vivo with various combinations of antigens. To optimise the protocol, the period of ex
vivo re-stimulation was increased to allow more time for the recombinant protein to be
processed and re-activate in vivo primed antigen-specific T cells. The longer stimulation

period, however, resulted in increased cell death while the expression levels of
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intracellular cytokines remained unaltered, a relationship also observed by Kavehet, et al.

(270).

Additional booster immunisations may elicit more robust and stronger immune
responses. Still, the poor immunogenicity of NP and NP-BEVs might be attributable to sub-
optimal amounts of NP in the BEV vaccine formulations. Other recombinant vaccines in
pre-clinical stages using NP delivered either intramuscularly or intraperitoneally use
amounts of rNP ranging from 30ug to 100ug per dose per mice (271-274). It is important
to note, that all these vaccines also contain adjuvants or carriers. Although Bt BEVs have
inherent adjuvant properties and can confer protection to the antigen, a dose of 0.27ug
NP in mice immunised with 10'* NP-BEVs may still be insufficient. Future experiments
need therefore to consider increasing the concentration of NP per dose. Options to
increase NP concentration in BEVs could include changing the promoter in plasmid
construct and signal peptide. Previously used signal peptides (140, 141) or secretion
sequences of highly expressed proteins observed from proteomics of BEVs, cold also be
used. Another option is to decorate BEVs externally. Different mechanisms, such as
SpyTag-SpyCatcher, could be used to bind antigens covalently to BEVs; effectively used

previously in E. coli, N. meningitidis and Salmonella BEVs (148, 275-277).

Further optimisation to detect antigen-specific T cells could be considered for
example, using tetramers. Tetramers are four Major Histocompatibility Complex (MHC)
molecules associated with a specific peptide attached to a streptavidin-coated bead and
linked to a fluorochrome (278). The tetramers bind to T cells that recognises the peptide
in the MHC molecules. The use of tetramers facilitates specific, simple, and direct
visualisation without the need for restimulation ex vivo. To this end, two tetramers (Class
Il I-A(b) NP 311-325 QVYSLIRPNENPAHK and Class | H-2D (b) NP 366-374 ASNENMETM
were obtained from the NHI Tetramer Core Facility (USA) for use in future experiments.
These tetramers will enable the identification of NP-specific CD8+ and CD4+ T cells as done

in other studies (279-281).

In response to the Covid-19 pandemic this project was halted and re-aligned to develop

BEV based SARS-CoV-2 mucosal vaccine, which is described in the next chapter.
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Chapter 5 Use of bioengineered Bt BEVs

as a Covid-19 vaccine

5.1 Introduction

Coronavirus disease 2019 (Covid-19) is a highly transmissible iliness caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The virus emerged in late
2019, and quickly spread, evolving into a global pandemic causing more than 600M cases

and 6.6 M deaths worldwide up to 18 November 2022 (282).

SARS-CoV-2 is an enveloped, non-segmented, positive-sense single-stranded RNA
virus (283). Its genome encodes numerous open reading frames, including coding
sequences for 4 structural proteins: Spike (S), Envelope, Membrane, and Nucleocapsid
(NC) proteins (284). S protein is displayed as a trimer that covers the surface of the virus.
Its function is to mediate the viral cell entry by binding to angiotensin-converting enzyme
2 (ACE2) receptors. S is heavily glycosylated with numerous mucin-type O-glycosylation
sites and 22 predicted N-glycosylation consensus sites (285, 286). Except for the receptor
binding domain (RBD), the glycans shield the protein from antibody recognition and help
the virus to evade the human immune system (287). Despite this, S is the main protein
that generates neutralising antibodies, especially against the RBD (288), and therefore, is
the main targeted protein for vaccines. Per contra, antibody binding sites of S are under
selective pressure, and are prone to mutate and escape the immune system. Moreover,
the antibody titre against S can quickly drop shortly after SARS-CoV-2 infection or
vaccination with S-focused vaccines, which can cause people to reinfect within 3 months
(289). S protein also generates T cells after infection which remain functional for longer
compared to antibody titres (290, 291). NC protein can also induce B and T cell responses
(292), and has the highest density of epitopes recognised by CD8+ T cells from Covid-19
convalescents patients (293). T cells are less susceptible to viral mutations and play a key
role in heterotypic protection (294). The CD8+ T cells are positively associated with

effective viral clearance and less severe disease (295).
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NC is responsible for packaging the viral genome and is less prone to mutation,
probably, as their most immunogenic epitopes are not under selective pressure (296). NC
triggers the fastest IgA response after a SARS-CoV-2 infection, earlier than S-specific IgA
(297, 298).

Many Covid-19 infections are asymptomatic or cause mild to moderate
respiratory illness, whereas more severe, chronic, infections can cause multiple organ
failure and death. The incubation period is around 5-6 days but it can take up to 14 days
to develop symptoms (299). The virus can quickly spread from person to person via virus-
containing droplets and aerosols, and then enter the body by binding to ACE2 receptor
expressed in mucosal epithelia of the lungs, eyes, and digestive system (300). The virus
can also infect other organs that express ACE2 receptors such as heart, kidney and liver

(300).

The evolution of SARS-CoV-2 through spontaneous mutations have allowed it to
escape neutralising immune responses and increase transmissibility (301). Most
mutations appear on the RBD of the spike protein, making binding to ACE2 receptors
stronger (302). Ancestral B.1 SARS-CoV-2 virus evolved into different variants of concern
(VOC), named using two nomenclatures, WHO labelling and Pango, some of which include:
Alpha or B.1.1.7, Beta or B.1.351, Gamma or P.1, and Delta or B.1.617.2 (303). The current
circulating VOC is Omicron or B.1.1.529, the most mutated strain discovered so far which

is highly contagious but leads to less severe disease compared to other VOCs (304).

The first vaccines approved against Covid-19 became available within 1 year and
were mRNA based. These vaccines delivered parenterally reduced the risk of disease by
94%-95% in adults within two months of vaccination and the protection decreases to 46%-
66% within four to five months (305). Covid-19 mRNA vaccines consist of a messenger RNA
encoding S protein that enables infected host cells to produce S protein and generate
neutralising antibodies and T cells (306). Other intramuscular vaccines have since been
licensed including inactivated virus, viral vector vaccines and subunit vaccines (306).
However, the vast majority rely on a single protein (S). These vaccines reduce severity and
mortality, but the longevity of immunity induced is relatively short and does not reduce

transmission or reinfection by different strains of SARS-CoV-2 (307, 308).

Recently, four new mucosal vaccines for delivery to the respiratory mucosa
against Covid-19 have been approved for use in Iran, Russia, India and China (Table 1.1)

(309). These mucosal vaccines include live inactivated vaccines, vector vaccines and
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recombinant subunit vaccines. Mucosal vaccination has the potential to prevent initial
infection by SARSCoV-2 and suppress transmission. IgA dominates the neutralising
humoral response to SARSCoV-2 in the early stages of infection (310), and is able restrict

infection to the upper respiratory tract in mild or asymptomatic diseases (311).

While intranasal vaccines have the potential to prevent transmission, they are
focused on S, which is susceptible to mutation. To provide a stronger and broader T cell
response the inclusion of NC protein has gained interest and dual vaccines including S and
NC proteins have been shown to enhance heterotypic protection in different vaccine

studies (312-314).

The goal of this chapter is to determine the suitability of Bt BEVs containing the S

and NC as a Covid-19 vaccine.
The aims are to:
e Produce Bt BEVs containing S
e Engineer Bt to express SARS-CoV-2 NC

e Assessthe capacity of Bt BEVs containing NC and or S to generate systemic

and mucosal immune responses in vaccinated mice

To adopt the correct 3D structure of the glycosylated S protein, it requires to be expressed
in insect or mammalian cells capable of doing both O-glycosylation and N-glycosylation
(315, 316). E. coli and Bt have the ability to add O-linked glycans. However, they do not
naturally produce N-glycosylation proteins with mammalian-style glycans and fail to
correctly fold S protein (316, 317). For this reason, S protein was produced using
mammalian cells, at the University of Kent, and bound to the outer membrane of Bt BEVs.
The conjugation of S with BEVs was done by two methods. The first one using highly
expressed vitamin B12 receptors (ButG) present in Bt BEVs and S complexed with B12 (Dr
Rokas Juodeikis). And the second, by amine-based conjugation using click chemistry
(Professor Mark Smales and Dr Dave Beal, University of Kent). Bt BEVs containing S and or
engineered to express NC were isolated, characterised and administered to mice via
intraperitoneal or intranasal to mice models. Tissue and blood samples were collected and

analysed to quantify antibody levels by ELISA and cytokine-producing T cells by flow
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cytometry (Fig. 5.1). Both proteins S and NC were obtained from the B.1 parental lineage

of SARS-Cov-2.

All animal experiments were conducted in the Disease Modelling Unit (DMU) at

the University of East Anglia unless stated otherwise. Drs Aimee Parker (I3A8468C9) and

Sonia Fonseca (I9ABE642A) performed the vaccinations and sample collections.
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Figure 5.1 Overview of bioengineered Bt BEVs as Covid-19 vaccine study design. Created in

BioRender.com.

5.2 Results

5.2.1 Complexing S to Bt BEVs

The binding of S protein to Bt BEVs was done using a novel method developed by

Dr Rokas Juodeikis and Professor Simon Carding utilising vitamin B12. Bt BEVs naturally

express high-affinity B12 binding receptors (BtuG) that play a role in scavenging B12 for

parental bacterium or host cells (106). BEVs can bind vitamin B12 conjugated to S protein

(Fig. 5.2). The conjugation of B12 to S, named B12.S, was carried out at the University of

Kent. First, S protein was expressed and purified from mammalian cells. Secondly, B12-
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succinate-pentafluorophenyl ester (PFP) was synthesised in a method described by
Juodeikis, et al (106) and conjugated with S protein. The succinate bridge allows the amine
(NH2) of lysine residues in S to form a covalent bond with the PFP ester, resulting in an

amide bond. Finally, S-succinate-B12 (B2.S), is mixed with Bt BEVs to form B12.S-BEVs (Fig.

|
F 1 I

¥ 1 & =

F/‘\‘,,x«\o/‘v* °

NH, F NJ\/\O\'
H

PFP-succinate-B12

S S-succinate-B12
g &
2 ’;\

& Foy @ .

B12.S-BEV

5.2).

3
o

Bt BEV B12 receptor

Created in BioRender.com bio

Figure 5.2 Representation of S linked to Bt BEVs using vitamin B12 and B12 receptor. Novel method
to bind proteins to BEVs using naturally expressed B12 receptors with conjugated B12.S. Created

in BioRender.

Initially, 10® BEVs were conjugated with 10ug S. Later, based on starvation and
rescue culture assays performed by Dr Rokas Juodeikis, the predicted maximum amount

of B12.S able to bind 108 BEVs was 3.6ng.

After conjugation, B12.S-BEVs were analysed by ZetaView PMX-220 TWIN
instrument (Particle Metrix GmbH), which produced hydrodynamic particle size
distribution curves. The size of B12.S-BEVs ranged from 50-200nm, with an average

hydrodynamic peak sizet SD of 90.3nm * 12.5 (Fig. 5.3).
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Figure 5.3 Quantification of hydrodynamic particle size of B12.S-BEVs by NTA. Bt was grown in

BDM+ media and BEVs isolated, SEC purified and analysed using Zetaview PMX-220 TWIN

instrument (Particle Metrix GmbH). Data is represented by the mean value for each value +

standard deviation from

5 different isolations.

5.2.2 B12.S-BEVs immunisation

Mice were immunised intraperitoneally with 10® and 10° B12.S-BEVs or WT-BEVs.

Recombinant B12.S was also administered as a control and reference (Fig. 5.4). On day 10,

blood was collected for S-specific IgG antibody determination.

8 N
B12.S-BEV 10° n=6
B12.S-BEV 10 n=6
WT-BEV 10° n=6

WT-BEV 10° n=6
B12.S 10ug n=6

Figure 5.4 Animal study

> |IP Prime Study end
I |
Day 10
Collect blood

to determine optimal dose of B12.S-BEV vaccination. C57BL/6 male mice

were immunised with either 10ug B12.S-BEV 108, 10ug B12.5-BEV 10°, WT-BEV 108, WT-BEV 10°or

B12.S 10ug intraperitoneally. Blood was collected on day 10.
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Table 5.1 Characteristics of optimal dose of B12.S-BEVs

Media SEC Spike conjugation Spike concentration Route

BDM+  No B12 10pg I

Mice vaccinated with 10ug B12.S or B12.S-BEVs showed three times higher S-
specific 1gG in serum than mice immunised with 10° or 1028 WT-BEVs (Fig. 5.5). At higher
serum dilutions mice receiving the lower dose of B12.S-BEVs showed more than double
amounts of antibodies than the higher dose, although the difference was not statistically

significant (Fig. 5.5).
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Figure 5.5 Quantification of serum IgG antibodies to B12.S in response of B12.S-BEV dose study by
ELISA. Mice were immunised with either B12.S-BEV or WT-BEV at two doses 108 and 10° BEV or
with recombinant B12.S. Blood was collected and analysed on day 10. Data is represented by the
mean value for each group n=6 + standard deviation. Statistical analysis was performed using two-

way ANOVA with Bonferroni post-test. *<0.05; **<0.01; ***<0.001; ****<0.0001.

After confirming the immunogenicity of B12.S-BEVs after intraperitoneal
immunisation, the vaccine was administered intranasally to K18-hACE2 transgenic mice
that are susceptible to SARS-CoV-2 infection (318). Wild type mice lack ACE2 receptors
and are resistant by SARS-CoV-2. For this experiment, mice were kept and managed by the

University of Liverpool.

Mice were immunised with 10® BEVs, selected from the previous experiment,
bound to two different amounts of S, 10ug as previously used and 3.6ng as the maximum
theoretical binding capacity. The two doses of B12.S were also administered alone. Also,

a control group received 108 WT-BEVs (Fig. 5.6). On day 30, mice were challenged with a
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10-fold lethal dose of Alpha SARS-CoV-2. After 7 days, blood, BAL and lungs were collected
(Fig. 5.6).

Alpha
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Collect blood, BAL, and lungs

Figure 5.6 Animal study to determine covid-19 protection from B12.S-BEVs vaccination. Transgenic
K18-hACE2 male mice were immunised with either 10ug B12.S-BEV 108, 3.6ng B12.S-BEV 108, 10ug
B12.S, 3.6ng B12.S or WT-BEV 108 intranasally. On day 30, mice were challenged with a 10-fold
lethal dose of Alpha SARS-CoV-2. Mice weight was assessed daily after the challenge and at

necropsy, on day 38, blood, BAL and lungs were collected.

Table 5.2 Characteristics of intranasally administered B12.S-BEVs

Media SEC Spike conjugation Spike concentration Route

BDM+ No B12 10pg or 3.6ng IN

Serum collected 8 days post challenge was analysed by ELISA to quantify specific
anti-Alpha variant-derived S 1gG in serum. Results show that all groups had similar levels
of serum S-specific 1gG (Fig. 5.7). However, mice immunised with 10ug B12.S-BEVs had
approximately two-fold higher levels of antibodies at the highest serum dilutions than

mice immunised with 3.6ng B12.S-BEVs.
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Figure 5.7 Quantification of serum IgG antibodies to B12.S in response of B12.S-BEV protection
study by ELISA. Mice were immunised IN with B12.S-BEV containing either 10ug or 3.6ng of S or
WT-BEVs. After 30 days mice were challenged with a 10-fold lethal dose of SARS-CoV-2 and serum
was collected on day 38 and analysed by ELISA to quantify specific anti-alpha S IgG. Data is
represented by the mean value for each group n=6 * standard deviation. Statistical analysis was

performed using two-way ANOVA with Bonferroni post-test.

During infection, mice receiving both doses of recombinant S protein alone and
the lower dose of B12.S-BEVs had the greatest weight loss of 15% to 20% of their body
weight compared to pre-challenge. Mice immunised with 10ug B12.S-BEVs and WT-BEVs

had a more gradual loss reaching ~10% reduction in their initial weight (Fig. 5.8).

The viral load in the lungs of immunised mice was reduced more than 10-fold in

mice receiving WT-BEVs and in 3 out of 4 mice receiving 10ug B12.S-BEVs (Fig. 5.8).
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Figure 5.8 Host response to B12.S-BEV vaccine. Mice were intranasally immunised with B12.S-BEV
containing either 10ug or 3.6ng of S or WT-BEVs and challenged with a lethal dose of Alpha SARS-
CoV-2. (a) weight of animals recorded every day after the challenge for 7 days. (b) Virus titre in lung
qguantified by the number of copies of NC per pug of RNA analysed by qPCR. Data is represented by
the mean value for each group n=6 * standard deviation. Statistical analysis was performed using
two-way ANOVA with Bonferroni post-test (a) or one-way ANOVA with Bonferroni multiple

comparison post-test (b).

5.2.3 Construction of SARS-CoV-2 NC antigen expression vector

Two plasmids were used, pGH090 and a mannan expression vector (164). The

construction of both NC expression vectors were design with Dr Regis Stentz.

The 1257bp synthetic gene encoding NC (UniProt Reference: PODTC9) was fused
at its N-terminal to the OmpA signal peptide (SPompA). The gene was also fused to either
BspHI and EcoRl or Ncol and EcoRl restriction enzymes sites and synthesised de novo
(Eurofins, Germany). The resulting gene cassettes were digested and ligated to

Ncol/EcoRl-restricted shuttle vector pGH090 or to the Ncol and EcoRI-pGH177 mannan
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expression system vector. Positive transformants were sequenced to verify their identity.

Bt strains containing NC gene in pGH177 plasmid were then further characterised.
5.2.4 Expression of SARS-CoV-2 NC antigen in Bt BEVs

Bt expressing NC (NC-Bt) was grown in BDM+ media using xylose instead of
glucose, as glucose negatively affected the mannan promoter in the pGH177 plasmid
(164). Expression was induced with mannan for either 4h or 15h. Approximately 0.5ug of
cell extract protein or 10! BEVs from both WT-Bt and NC-Bt together with different
amounts of recombinant NC were loaded onto SDS gels and immunoblotted with a
SARS/SARS-CoV-2 NC polyclonal antibody to confirm expression (Fig. 5.9). Based on the
intensity of the antibody-reactive bands 10'* NC-BEVs contained approximately 200ng of

NC.

Luminal versus outer membrane distribution of NC in NC-BEVs was established
using a proteinase K protection assay. Proteinase K, with or without SDS, was added to
NC-BEVs obtained from cultures stimulated for 15h with mannan and analysed by
immunoblotting. NC was degraded when proteinase K was added, consistent with the

antigen present on the outer membrane of NC-BEVs (Fig. 5.9).
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Figure 5.9 Detection of NCin NC-BEV by immunoblotting. Bt strains, (WT and Bt-NC) were grown in
BDM+ media and induced with mannan for either 4h or 15h before BEV isolation and cell extraction
(CE). BEVs were isolated following a method described in the materials and methods chapter. NC-
BEV were treated with Proteinase K (PK) with or without SDS to identify the location of NC. The red

arrow indicates the expected size of NC. Molecular weight (MW) expressed in kDa.
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Expression of NC in NC-BEVs was also confirmed by LC-MS (Proteomics Facility,
John Innes Centre) using Orbitrap mass spectrometry. Similar relative abundances were

observed in two independent samples (Table 5.1).

Table 5.3 Detection of NC in NC-BEV by proteomics

Name Media SEC Coverage Relative abundance
SARS-CoV-2 Nucleocapsid BDM+ NO 21% 433/741
SARS-CoV-2 Nucleocapsid BDM+ YES 23% 832/1135

B12.S conjugated NC-BEVs (B12.S-NC-BEVs) were analysed by ZetaView PMX-220
TWIN instrument (Particle Metrix GmbH) to produce hydrodynamic particle size
distribution curves. The hydrodynamic size of B12.S-NC-BEVs ranged from 50-200nm, with
an average peak sizex SD of 85nm + 5.4 (Fig. 5.10).
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Figure 5.10 Quantification of hydrodynamic particle size of B12.5S-NC-BEV by NTA. Bt was grown in
BDM+ media and BEVs isolated, SEC purified and analysed using Zetaview PMX-220 TWIN
instrument (Particle Metrix GmbH). Data is represented by the mean value for each value *

standard deviation from 3 different isolations.
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5.2.5 B12.5-NC-BEV preparation

10ug of B12.S were conjugated to 10® NC-BEVs followed by SEC purification to
remove non-bound S protein (Fig 5.11). The amount of B12.S bound to BEVs after SEC was
undetectable by Immunoblot but was quantified in a solid phase ELISA. For the ELISA, the
wells of the plate were coated with serial dilutions of a known concentration of B12.S or
with B12.S-NC-BEVs and detected using a monoclonal anti-SARS-CoV-2 S glycoprotein S1
antibody and anti-human IgG-HRP. The amount of B12.S bound to NC-BEVs after SEC
purification was calculated to be 0.025ng +0.003 in 108 B12.S-NC-BEVs.
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Figure 5.11 Detection of B12.S in B12.5-NC-BEV before and after SEC by immunoblotting. Bt-NC
strain was grown in BDM+ media and induced with mannan for 16h before BEV isolation. Isolated
BEVs were bind to B12.S for 30 minutes at room temperature and SEC purified. The red arrow

indicates the expected size of S. Molecular weight (MW) expressed in kDa.

5.2.6 B12.S-NC-BEVs immunisation

To determine if SEC purified B12.S-NC-BEVs could induce a humoral or cellular
immune response, mice were immunised using a two-dose regimen. Mice received either
SEC purified 108 B12.S-NC-BEVs, 108 WT-BEVs or 1ug recombinant B12.S of recombinant
NC with 1% Alhydrogel (Invivogen). Mice received a booster immunisation on day 10 and

serum and spleens were collected on day 17 (Fig. 5.12).
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Figure 5.12 Animal study to determine cellular immunity to B12.S-NC-BEV vaccination. Overview of
B12.S-NC-BEV animal study. C57BL/6 male mice were immunised with either B12.S-NC- BEV 108,
WT-BEV 108 or B12rS+NC+Alum intraperitoneally and boosted on day 10. Blood was collected at

the end of the study on day 17.

Table 5.4 Characteristics of cellular immunity to B12.S-NC-BEV experiment

Media SEC Spike conjugation Spike concentration Route

BDM+ YES B12 0.025ng IP

Systemic antibody response against NC, in mice immunised with the recombinant
S and NC with adjuvant, were approximately three times higher than in mice immunised
with WT-BEVs. B12.S-NC-BEVs vaccinated animals also show higher level of NC-specific IgG
than WT-BEVs, reaching levels approximately 2-fold higher in one of the serum dilutions

(p<0.05) (Fig. 5.13.a).

The level of anti-S IgG was approximately four times higher in mice vaccinated
with recombinant S and NC than the other two groups of mice that had equivalent levels

(Fig. 5.13.b).
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Figure 5.13 Quantification of serum IgG antibodies to NC and B12.S in response of B12.S-NC-BEV
by ELISA. Mice were immunised IP with B12.S-NC-BEV, WT-BEV or recombinant B12.S with NC and
Alum and boosted 10 days later. Blood was collected on day 17 and analysed by ELISA to detect
specific antibodies anti-NC (a) or anti-S (b). Data is represented by the mean value for each group
n=4 * standard deviation. Statistical analysis was performed using two-way ANOVA with Bonferroni

post-test. *<0.05; **<0.01; ***<0.001; ****<0.0001.

Cellular immune response induced by B12.S-NC-BEV vaccine was evaluated by ex
vivo T cell stimulation and cytokine production using intracellular staining and flow
cytometry. Splenocytes were re-stimulated with a combination of S and NC peptides or
with media for 6h. The peptides were selected based on their ability to bind H-2K/Db or
H-21Ab class | and Il molecules expressed in C57BL/6 mice that were identified using the
DTU Health Tech service (services.healthtech.dtu.dk) and protein sequences from UniProt
(S: PODTC2 and NC: PODTC9). A list of peptides with predicted high binding were selected
(Table 5.5). For Class | and Class Il molecules server NetMHC-4.0 and NetMHCII-2.3 were
used respectively. Peptides (Table 5.6) were generated de novo (GenScript) with a 90%

purity and TFA removal and were reconstituted with DMSO upon arrival.
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Table 5.5 Peptides used for restimulation of splenocytes

Class Allele Sequence Length Protein
Class | H-2KP VNFNFNGL 8 S

Class | H-2DP SAPHGVVFL 9 S

Class | H-2DP LALLLLDRL 9 NC
Class | H-2KP TASWFTAL 8 NC
Class Il H-2IAP PAQEKNFTTAPAICH 15 S

Class Il H-2-1AP WPQIAQFAPSASAFF 15 NC

After stimulation, cells were stained, analysed, and gated as described in the

Materials and Methods section.

The results show comparable levels of cytokines expressed in cells from all three
vaccinated groups (Fig. 5.14). Stimulation with peptides increased IFN-y by two-fold and
decrease TNF-a production in CD4+ and CD8+ in mice immunised with B12.S-NC-BEVs.
Samples from mice immunised with the recombinant proteins show levels of CD4+ and
CD8+ cells expressing INF-y around 8% compared to WT-BEVs immunised mice that had
~2.5% (Fig. 5.14. c, d).
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Figure 5.14 Quantification of cytokines expressed in splenocytes from mice immunised with B12.S-
NC-BEV by flow cytometry. Mice were immunised IP with B12.S-NC-BEV, WT-BEV or recombinant
B12.S with NC and Alum. Animals were boosted 10 days later, and spleens were harvested on day
17", Splenocytes were cultured in complete media alone or stimulated with a combination of S and

NC peptides for 6h prior to analysis. Data represented by the mean value for each group n=4 +
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standard deviation. Statistical analysis was performed using one-way ANOVA with Bonferroni

multiple comparison post-test. *<0.05; **<0.01; ***<0.001.

5.2.7 S complexed to BEVs using chemical conjugation

Dr David Beal and Professor Mark Smales, from the University of Kent, designed a
novel conjugation system by amine-based conjugation chemistry, using click chemistry to

link S to BEVs.

Click chemistry (319), is a spontaneous, robust and selective chemical reaction
with high yields that generates minimal and non-toxic by-products. There are several types
of click chemistry, the one used here is Strain-promoted azide-alkyne cycloaddition
(SPAAC). The reaction use azide (N3) to react with alkyne, in this case a cycloalkyne named

Bicyclononyne (BCN), without the need of a catalyst, to form triazole.

To conjugate S to BEVS, first, amines on lysine residues in S protein were activated
by N3-Hex-CO2PFP to produce activated S-N3 (Fig. 5.15). The amines (NH2) created a
covalent bond with the pentafluorophenyl ester (PFP) that conjugate the S protein with
azide (N3), which is very reactive, and necessary for the click chemistry. At the same time,
BEVs were activated by modifying the amines with BCN-OSu. BCN is the bicyclononyne

that reacts with the Azide in S to form c.S-BEV.
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Figure 5.15 Representation of S linked to Bt BEVs using chemical conjugation. N3-Hex-CO2PFP
linked to S create activated S-N3. BCN-OSu is linked to BEVs to create BEV-BCN that when mixed

with S-N3 binds the S to the BEVs. Created in BioRender.
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The presence of S in SEC purified c.S-BEVs was confirmed by proteomics
(Proteomics Facility, John Innes Centre) using Orbitrap mass spectrometry with a coverage
of 55% (Table 5.6). The presence and relative protein abundance in the sample, based on
intensity and number of detected peptides, established good coverage of S protein in the

sample, confirming the presence of S protein in the BEV formulations.

Table 5.6 Detection of S chemically attached to NC-BEV by proteomics

Name Media SEC Coverage Relative abundance

SARS-CoV-2 Spike BDM+  YES 55% 112/1135

Quantification of S in ¢c.S-BEVs, based on ELISA, indicated that 102 c.S-NC-BEVs
contained 0.031ng +0.012 of S, comparable to the 0.025ng S in 108 B12.S-NC-BEV.

c.S-NC-BEVs were analysed by ZetaView PMX-220 TWIN instrument (Particle
Metrix GmbH), which produced hydrodynamic particle size of 50-200nmfor c.S-NC-BEVs,
with an average peak size+ SD of 93.3 + 17.4 (Fig. 5.16).
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Figure 5.16 Quantification of hydrodynamic particle size of ¢.S-NC-BEV by NTA. Bt was grown in
BDM+ media and BEVs isolated, SEC purified and analysed using Zetaview PMX-220 TWIN
instrument (Particle Metrix GmbH). Data is represented by the mean value for each value %

standard deviation from 5 different isolations.
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5.2.8 ¢.S-NC-BEVs immunisation

The new vaccine formulation was tested in animal models increasing the

concentration of BEVs to increase the amount of antigen administered.

Mice were immunised intraperitoneally with either 108 or10  c.S-NC-BEVs or WT-
BEVs at 10 and received a booster immunisation at day 10. At the study end, blood and

spleens were collected for IgG antibody and T cell stimulation analysis (Fig. 5.17).

¢.5-NC- BEV 10" n=4

8 IP Prime Boost Study end
¢c.S-NC- BEV 10 n=4
1 l l l
WT-BEV 10 n=4
Day 0 Day 10 Day 17

!

Collect blood and spleens

Figure 5.17 Animal study to determine dose response to c.5S-NC-BEV vaccination. Overview of c.S-
NC-BEV animal study. C57BL/6 male mice were immunised with either ¢.5-NC- BEV 10, ¢.S-NC-
BEV 108 or WT-BEV 108 intraperitoneally and boosted on day 10. Blood and spleens were collected

at the study end on day 17.

Table 5.7 Characteristics of dose response to c.5S-NC-BEV experiment.

Media SEC Spike conjugation Spike concentration Route

BDM+  YES  Chemically 31ngfor 10 BEVs IP
0.031ng for 108 BEVs

¢.S-NC-BEV vaccine administered intraperitoneally generated similar titres of NC-

specific 1gG in serum from all three groups (Fig.5.18. a). Higher anti-S titres in mice

immunised with 1011c.S-NC-BEVs were generated compared to the other groups. (p<0.05;

p<0.001) (Fig.5.18. b).
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Figure 5.18 Quantification of serum IgG antibodies to NC and c.S in response of c.S-NC-BEV dose
study by ELISA. Mice were immunised IP with either 102 or 10%* of ¢.5-NC-BEV or 10! WT-BEV and
boosted on day 10. Blood was collected on day 17 and analysed by ELISA to detect titre of specific
antibodies anti-NC (a) and anti-S (b). Data is represented by the mean value for each group n=4 +

standard deviation. Statistical analysis was performed using two-way ANOVA with Bonferroni post-
test. ¥*<0.05; ***<0.001.

The capacity of c.S-NC-BEV vaccine to induce cellular immune response was
calculated using flow cytometry. Splenocytes were re-stimulated with a combination of S
and NC peptides, S-NC-BEVs, WT-BEVs or with media alone for 6h. After stimulation, cells
were stained, analysed, and gated as described in the Materials and Methods.

Mice receiving the higher dose of the c.S-NC-BEV expressed approximately two-
fold higher frequencies of CD8+ T expressing INF-y and TNF-a and CD4+ T cells expressing

INF-y compared to samples cultured with media alone (Fig. 5.19).
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Figure 5.19 Quantification of cytokines expressed in splenocytes from mice immunised with c¢.S-NC-
BEV by flow cytometry. Mice were immunised with c.S-NC-BEV 10'%, ¢.S-NC-BEV 10% or WT-BEV 10!
and boosted on day 10. Spleens were collected on day 17" and splenocytes were cultured in
complete media alone for 6h prior to analysis. Data is represented by the mean value for each
group n=4 t standard deviation. Statistical analysis was performed using one-way ANOVA with

Bonferroni multiple comparison post-test. *<0.05; **<0.01.

In splenocytes from ¢.S-NC-BEV 10! immunised mice, levels of CD4+ and CD8+ T
cells expressing INF-y and TNF-a were increased compared to stimulation with WT-BEVs
(p<0.05) (Fig. 20. a, b). Mice that received 108 S-NC-BEVs showed an increase in cytokine
levels in CD8+ T cells when stimulated with S-NC-BEVs (p<0.01) (Fig. 20. d). Contrarily, mice
immunised with WT-BEVs showed no change in levels of cytokines compared to cultures

containing media alone (Fig. 20. e, f).
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Figure 5.20 Quantification of cytokines expressed in stimulated splenocytes from mice immunised
with ¢.5-NC-BEV by flow cytometry. Mice were immunised with ¢.5-NC-BEV 10 (a, b), ¢.S-NC-BEV
108 (c, d) or WT-BEV 10*! (e, f) and boosted on day 10. Spleens were collected on day 17* and
splenocytes were cultured in complete media alone, stimulated with a combination of S and NC
peptides, c.S-NC-BEV or WT-BEV for 6h prior to analysis. Data is represented by the mean value for
each group n=4 * standard deviation. Statistical analysis was performed using one-way ANOVA with

Dunnett multiple comparison post-test. *<0.05; **<0.01.
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Splenocytes were also stimulated for 72h without any BFA and analysed using an
ELISA to quantify IFN-y and TNF-a levels in cell conditioned supernatants. As seen
previously, peptides had a marginal effect on cytokine stimulation. Number of cytokines
expressing T cells were comparable between cells cultured in media alone or with peptides
(Fig. 5.21). Contrarily, both S-NC-BEV and WT-BEV stimulated production of cytokines in
all three vaccinated groups, particularly in mice immunised with ¢.S-NC-BEVs. Mice that
received 10 c.s-NC-BEV had a mean value for IFN-y production of 328pg/ml +60 and
318pg/ml +148 respectively, when stimulated with S-NC-BEV and WT-BEV. While cells
from 102 c.s-NC-BEV immunised mice produced 368pg/ml +264 and 556pg/ml +485 of IFN-
y. Contrarily, the levels of TNF-a produced in mice immunised with 10! c.S-NC-BEVs and
108 were similar when stimulated with S-NC-BEV or WT-BEV (113pg/ml and 127pg/ml for
10 dose and 94pg/ml and 92pg/ml for 108 dose) (Fig. 5.21).
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Figure 5.21 Quantification of cytokines expressed in stimulated splenocytes from mice immunised
with ¢.S-NC-BEV by ELISA. Mice were immunised with c.S-NC-BEV 10'%, c.S-NC-BEV 108 or WT-BEV
and boosted on day 10. Spleens were collected on day 17 and splenocytes were cultured in
complete media alone, stimulated with Cell activation cocktail (CAC) containing PMA/ionomycin, a
combination of S and NC peptides, c.S-NC-BEV or WT-BEV for 72h prior to analysis. Data is
represented by the mean value for each group n=4 + standard deviation. Statistical analysis was
performed using one-way ANOVA with Dunnett multiple comparison post-test. *<0.05; **<0.01;

**%<0.001.
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Based on the previous experiment mice were vaccinated intranasally with either
¢.5-NC- BEVs 10%, WT-BEVs 10 or PBS and boosted on day 10. On day 17 blood, BAL,

nasal wash (NW), and spleens were collected (Fig. 5.22).
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|

Collect blood, BAL, NW, and
spleens

IN Prime Boost Study end

Figure 5.22 Animal study to determine mucosal immune response to c.S-NC-BEV vaccination.
C57BL/6 male mice were immunised with either ¢.5-NC- BEV 10*!, WT-BEV 10! or PBS intranasally
and boosted on day 10. Blood, BAL, NW and spleens were collected at the end of the study on day

17.

Table 5.8 Characteristics of intranasal ¢.S-NC-BEV experiment

Media SEC Spike conjugation Spike concentration Route

BDM+ YES Chemically 31ng IN

The levels of both NC and S-specific I1gG in serum collected at the end point of the

study were similar in all three immunisation groups (Fig. 5.23).
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Figure 5.23 Quantification of serum IgG antibodies to NC and c.S in response of intranasal c.S-NC-
BEV study by ELISA. Mice were immunised IN with ¢.S-NC-BEV 10!, WT-BEV 10! or PBS and
boosted on day 10. Blood was collected on day 17 and analysed by ELISA to detect titre of specific
antibody anti-NC (a) and anti-S (b). Data is represented by the mean value for each group n=6 +

standard deviation. Statistical analysis was performed using two-way ANOVA with Bonferroni post-

test.

Antibodies analysed from NW also showed similar levels of anti-NC and anti-S IgA
in all three groups (Fig. 5.24. a, b). In BAL samples, levels of NC-specific IgA were
significantly higher in mice immunised with WT-BEVs than in mice immunised with ¢.S-NC-
BEVs or PBS (p<0.0001) (Fig. 5.24.c). Contrarily, levels of S-specific IgA were higher in mice

immunised with c.S-NC-BEVs than the other two groups, although not statistically

significant (5.24.d).
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Figure 5.24 Quantification of mucosal antibodies to NC and c.S in response of intranasal c.S-NC-BEV

study by ELISA. Mice were immunised IN with ¢.S-NC-BEV 10!, WT-BEV 10! or PBS and boosted on

day 10. NW (a,b) and BAL (c,d) were collected on day 17 and analysed by ELISA. Data is represented

by the mean value for each group n=6 £ standard deviation. Statistical analysis was performed using

two-way ANOVA with Bonferroni post-test. ****<0.0001.

Splenocytes analysed by flow cytometry showed approximately two-fold higher

levels of CD4+ and CD8+ T cells expressing TNF-a or IFN-y in mice immunised with either

¢.S-NC-BEVs or WT-BEVs than with PBS (Fig. 5.25). No difference was observed between

samples from c.S-NC-BEVs and WT-BEVs immunised animals.
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Figure 5.25 Quantification of cytokines expressed in splenocytes from mice immunised IN with c.S-
NC-BEV by flow cytometry. Mice were immunised with c.S-NC-BEV, WT-BEV or PBS and boosted on
day 10. Spleens were collected on day 17%" and splenocytes were cultured in complete media alone
for 6h prior to analysis. Data is represented by the mean value for each group n=4 * standard

deviation. Statistical analysis was performed using one-way ANOVA with Bonferroni multiple

comparison post-test. *<0.05.

Stimulation of splenocytes did not induce production of cytokines in any of the
vaccinated groups. Higher numbers of both TNF-a and IFN-y producing CD4+ T cells were

seen in mice immunised with WT-BEVs with a mean of ~2% compared to ~1% in c.S-NC-

BEV group and ~0.3% in PBS group (Fig. 5. 26).
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Figure 5.26 Quantification of cytokines expressed in stimulated splenocytes from mice immunised
IN with c.S-NC-BEV by flow cytometry. Mice were immunised with c¢.S-NC-BEV, WT-BEV or PBS and
boosted on day 10. Spleens were collected on day 17" and splenocytes were cultured in complete
media alone, c.S-NC-BEV or WT-BEV and stimulation for 6h prior to analysis. Data is represented by
the mean value for each group n=4 * standard deviation. Statistical analysis was performed using

one-way ANOVA with Bonferroni multiple comparison post-test. *<0.05.
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BAL collection was difficulty and only one sample could be collected, from the PBS
treated group. The results show that levels of cytokines in CD4+ or CD8+ T cells were

equivalent in all three immunisation groups (Fig. 5.27).
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Figure 5.27 Quantification of cytokines expressed in BAL cells from mice immunised IN with ¢.S-NC-
BEV by flow cytometry. Mice were immunised with c.S-NC-BEV, WT-BEV or PBS and boosted on day
10. BAL was collected on day 17t" and cells were cultured in complete media alone for 6h prior to
analysis. Data is represented by the mean value for each group n=4 £ standard deviation. Statistical

analysis was performed using one-way ANOVA with Bonferroni multiple comparison post-test.
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5.3 Discussion

SARS-CoV-2 virus causes life-threatening disease (Covid-19) and although vaccines

have limited the spread of the virus, new vaccines are needed to provide front line,

mucosal, long-term immunogenicity. In this study, | have shown that Bt BEVs may be an

option for mucosal vaccine for SARS-CoV-2. Bt BEVs can be decorated with viral proteins

using vitamin B12 receptors (ButG), highly expressed by Bt BEVs, and S conjugated with

vitamin B12, or by amine-based conjugation using click chemistry. With the aim of

generating a multi-valent vaccine, Bt has been engineered to export NC to BEVs. Different

vaccine formulation containing S and NC proteins have, in initial immunisations studies,

provided evidence of immunogenicity (Table 5.9). However, further optimisation of dose

formulation is required to generate effective cell and humoral immune responses that can

provide long-lasting mucosal and systemic immunity.

Table 5.9 Comparison of all SARS-CoV-2 Bt BEVs vaccine experiments

Experiments | 1% 2 3 4th 5th

Route IP IN IP IP IN
Formulation | B12.S-BEV  B12.S-BEV B12.S-NC-BEV  ¢.S-NC-BEV  ¢.S-NC-BEV
Dose 108 108 108 10t 10M

S dose 10ug 10ug 0.025ng 31ng 31ng

SEC no no yes yes yes
Systemic Ab | ++ + ++ ++ -

Mucosal Ab | n.a n.a n.a n.a +

T cell n.a n.a - ++ +
Protection n.a + n.a n.a n.a

n. a: not assessed, - : no stimulation, + : weak stimulation, ++ : strong stimulation.

In the 2" experiment, intranasally vaccinated mice were challenged with a

heterotypic strain, and the vaccine formulation containing 10ug B12.S-BEV had a bigger

impact on reducing viral load than the lower 3.6ng dose. This indicates that the amount of
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S protein delivered, bound or unbound to Bt BEVs, is an important factor. SEC purification
eliminated non-bound proteins and reduced the amount of S delivered per dose in 10%
BEVs to 0.025ng. This could explain the week immune responses elicited by SEC-purified
BEV vaccines in experiments 3-5. Other BEV-based SARS-CoV-2 vaccines in the literature
contain between 280ng to 25,000ng of S per dose (141, 148, 150) with or without
additional adjuvants (320, 321). In these studies, the lowest dose of S found to be
protective was 3-10'° Salmonella enterica serovar Typhimurium BEVs decorated with
280ng of S delivered intranasally (148). Which is approximately ten times higher than the

amount of S delivered using Bt BEVs.

Quantification of S protein attached to Bt BEVs was made difficult due to small
amounts expressed that could not be reliably detected by conventional sandwich-ELISAs
using available antibodies. The maximum amount of S bound to BEVs via the B12 receptor
was calculated based on the amount of vitamin B12 added to BEVs that could sustain the
growth of vitamin B12-dependent Bt (Dr Rokas Juodeikis). An in-house solid phase ELISA
was used to verify this approach. Although this approached was able to provide an
estimate of bound S, the results should be interpreted with caution. The results were
based on only a small number of replicates and relied on NTA (Zetaview) to determine the
concentration of BEVs. NTA can display variance in yield that contributes to the accuracy

of quantification.

The two methods of decorating BEVs have similar capacity to conjugate S protein.
Due to protocol and methodological differences, it was not possible to ascertain which
method was superior in terms of inducing immune responses. This requires a side-by-side
comparison of the same dose of BEVs obtained using the same purification method. Both
methods are however highly versatile as both can be used to decorate BEVs with

structurally different antigens including sugars, peptides, and proteins.

Future experiments would include optimising further the chemical conjugation by
for example, using different S concentrations and binding times. More replicates and other
guantification techniques could also be used to improve the accuracy of the results. For
example, dyes (Cy5 or GFP) bound to S or N3 could be used to quantify S binding to BEVs
using reference concentrations. Also, increasing further the expression of high affinity B12
receptors or B12 binding protein in BEVs, by engineering, could also be considered to

increase the amount of B12.S conjugated to BEVs.
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Quantification of NC in BEVs relied on immunoblotting, resulting in 0.2ug of NC
expressed by 101! NC-BEVs. Of note, NC coverage by proteomics-based analysis was ~20%
which is lower than previous expressed proteins (40-70%). The coverage indicates that
from 26 tryptic peptides produced by NC, six are detected (23% of the detectable size
range) with the other peptides being undetectable. Detection of peptides vary as different
proteins produce different numbers of detectable tryptic peptides, which bind differently
to the liquid chromatography columns and ionise differently in MS electrospray. Also, in
complex samples such as BEVs, the MS is not able to analyse all peptides from the proteins
coming in continuously form the liquid chromatography because of time limitations.
Proteomics is also not quantitative and relies on calculating relative abundance. Accurate

guantification requires special targeted methods with synthetic peptide standards.

The marginal effect of NC-BEVs in generating specific immune responses
compared to WT-BEVs in intranasal delivery could be related to sub-optimal amounts of
NC delivered. Other vaccine formulations containing NC together with S and adjuvants

parenterally deliver between 10 to 120ug of NC (322-324).

Regarding the dose of BEVs, the higher dose of 10 chemically attached S-NC-BEV,
when delivered parenterally, induces the highest levels of anti-S and anti-NC IgG
antibodies, as well as IFN-y and TNF-a producing CD4+ and CD8+ T cells. This is analogous
to our prior study using ~10! BEVs containing Influenza H5F which induced protection
against infection by a heterotypic virus. However, when the same S-NC-BEV vaccine
formulation and dose was administered intranasally no significant difference was
observed in humoral or T cell response compared to WT-BEVs. Different immunisation
sites might need different optimal vaccine doses to elicit protection. Also, different
vaccine formulations might need different doses. Future experiments should focus on
doing an intranasal dose response experiment to assess the best dose for this vaccine

formulation.

Levels of cytokine-expressing antigen-specific T cells induced by vaccine antigens
are expected to be low (325-327) with small variations in compensation, gating or number
of events recorded potentially making it difficult to reliably detect and quantify
responding, antigen-specific, T cells. ELISAs were used to obtain an independent
assessment of cytokine production by vaccine-elicited immune cells. The results obtained
confirm the flow cytometry data and show production of IFN-y and TNF-a by splenocytes

from S-NC-BEV and WT-BEVs vaccinated mice stimulated with BEVs. The difference in
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incubation time between the flow cytometry assay (6h) and ELISA (72h) made a difference

in cytokine expression T cells cultured in media alone.

Higher levels of cytokines produced by cells cultured in media alone, compared to those
that were re-stimulated with antigen/BEVs, in the flow cytometry assay, could indicate
that T cells stimulated in vivo are refractory to re-stimulation (possibly anergic) ex vivo or,
that the conditions used for re-stimulation were sub-optimal. Also of note, splenocytes
from mice immunised IP with 10 ¢.S-NC-BEVs and then cultured with WT-BEVs produced
higher cytokine levels compared to those re-stimulated with c.S-NC-BEVs. Although the
reasons for this are unclear, S binging to BEVs externally might hide or make PAMPs, such
as LOS, recognised by APC inaccessible, modifying therefore the uptake distribution of

BEVs.

Administering WT-BEVs reduces weight loss and viral titre in mice challenged with
SARS-CoV-2 and increases IFN-y and TNF-a production by CD4+ and CD8+ T cells in
splenocyte cultures. Although the mechanisms of this effect are unclear it is consistent
with the prior studies where WT-BEVs also improved clinical symptoms in mice challenged
with IV (3). Recent work from our group has shown that BEVs are potent inducers of innate
immune responses (120) and by activating APCs (97) may act to trigger or amplify T and B

cell responses.

In summary, Bt BEVs engineered to express NC and decorated with S protein using
two different methods can elicit modest antigen-specific responses and with further

refinement and optimisation prove to be useful mucosal vaccines for SARS-CoV-2.
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Chapter 6 Stability of Bt BEVs

6.1 Introduction

Stability of vaccines is an important factor that has an enormous influence on the
success of immunization plans worldwide. Most vaccines are in liquid form, which are cost-
effective and convenient, requiring no reconstitution or manipulation prior to use.
However, most liquid vaccines are not stable at ambient temperatures and require cold
or ultra-cold storage (42). Maintenance of continuous cold chain can be challenging,
particularly in developing countries, and significantly increase vaccination costs. Ideally,
vaccines should be stable and stored at ambient temperature with a long shelf life.
However, this has been rarely achieved by current vaccines, with the vast majority needing
cold, frozen, or ultra-cold storage and distribution (328). The WHO recommends vaccines

to be stable and stored at +2 °C to +8 °C (329) for a minimum of 18-36 months (330).

A common approach to improve thermal stability of vaccines is lyophilisation.
Freeze-drying a sample by lyophilisation involves freezing the sample followed by
sublimination of water into gas in a vacuum. Lyophilisation slows degradation of
molecules, hence, improving shelf life and reducing dependency on cold chain storage
(331). Other benefits include reduction of product weight and reduced shipping and
distribution costs. Conversely, lyophilisation adds an additional manufacturing cost and
requires the extra step of reconstitution before administering the vaccine. For this reason,
lyophilisation is an option for vaccines that requires freezing or ultracold storage. The
licensed SARS-CoV-2 Pfizer/BioNTech vaccine is at present distributed using ultra-cold
storage, with a lyophilised formulation currently being evaluated in a phase lll clinical trial

(332).

The lipid bilayer of BEVs confers protection of luminal content. Porin proteins in
the membrane mitigate the pressure caused by temperature changes by allowing transfer
of small molecules and water in and out of the BEVs (333). BEVs from E. coli have been
used to package enzymes, which after several freeze and thaw cycles and challenging
storage conditions, maintain their enzymatic activity (333, 334). BEVs are complex
structures and the interaction of all their components influences their overall stability

(122). As BEV cargo varies for different bacterial strains their stability will also differ (335).
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Hence, stability characteristics need to be determined for each strain and vaccine

formulation.

The N. meningitidis OMVs based vaccine, Bexero, is stored at +2 °C to +8 °C and
has a shelf life of up to 4 years (133). However, three months storage of N. meningitidis
OMVs at 37°C results in loss of immunogenicity (336). When N. meningitidis or E. coli
OMVs are stored at temperatures higher than 30°C they can suffer degradation of
proteins, chemical and conformational changes in LPS, and change of overall structure, or
even lysis (122, 336). Some studies suggest using lyophilisation to increase the stability of
BEVs at higher ambient temperatures (333, 335, 336), accepting their particle
concentration may be reduced as a consequence of BEV aggregation (335, 336). N.
meningitidis OMVs stored for three months in lyophilised form show aggregation but their
immunogenicity was preserved (336). The use of cryoprotectant agents and other
excipients to prevent formation of ice crystals and damage in BEVs have been used in N.

meningitides vaccines since 1987 (Table 6.1).

Table 6.1 N. meningitidis OMV vaccine excipients

Vaccine Protective agent/preservative
formulation
Thimerosal Aluminium Sodium Sucrose  Tris-  Histidine
(preservative) hydroxide chloride HCI buffer
1987 VA-MENGOC- v v v
BC (Cuba)(337)
2000 MonoMen v v v

(Netherlands) (338)

2000 MenBvac v v v
(Norway) MenZB
(New Zeland) (339)

2015 Bexsero v v v v
Novartis (90)
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Thimerosal was a widely used antiseptic and antifungal with aluminium hydroxide
being used as an adjuvant. Sodium chloride, Tris-HCl and sucrose solutions are added to
obtain an isotonic preparation and prevent pH fluctuations. Additionally, sucrose confers
stability by maintaining the native state of globular proteins against chemical denaturants
and temperature. Sucrose is used as stabiliser in mRNA vaccines (340), intranasal influenza
vaccine (FluMist and Fluenz) (341), and oral rotavirus vaccine (342). Histidine buffers
adjusts pH, assure antigen adsorption to aluminium hydroxide, and reduce antigen
hydrolysis to improve product stability (90). Tris and sucrose excipients are also
incorporated in an OMV formulated Covid-19 vaccine now in phase | clinical trials

(Intravacc 10) (150).

The goal of this chapter is to analyse the stability of Bt BEVs and determine how

different storage conditions affect their biophysical characteristics.
The aims are to:

e Determine the impact of different storage conditions on the stability of

antigens expressed in BEVs.

e Select the optimal buffer for stabilising Bt BEVs: PBS, Histidine buffer +

sucrose or Tris-HCl + sucrose.

e Select the optimal means of long-term storage of Bt BEVSs: liquid or

lyophilised

6.2 Results

6.2.1 Thermostability of V-BEVs

To assess thermostability of V-BEVs expressing V antigen of Y. pestis (Chapter 3),
duplicate aliquots were stored for 8 weeks at 4°C and 40°C prior to analysing V antigen
expression by immunoblotting. The results (Figure 6.1) show that the level of V in V-BEVs
in preparations stored at 4°C was equivalent to pre-storage levels (Chapter 3). However,
when stored at 40°C the level of V antigen was reduced compared to pre-storage levels.
To detect loss and leakage of BEVs during storage, the storage buffer was analysed in
parallel to BEV lysates. It was not possible to detect V antigen in the buffer of BEVs stored
at either 4°C or 40°C.
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Figure 6.1 Thermostability of V-BEVs by immunoblot. V-BEVs were isolated in PBS and stored for 8
weeks at 40°C and 4°C. Stored samples were filtrated using 100K membrane ultrafiltration spin
columns and both, the extracts containing BEVs (E), and the storage buffer (B) were analysed using

an anti-V antibody. Molecular weight (MW) expressed in kDa.

6.2.2 Stability of NP-BEVs

The influence of different storage buffers on BEV stability was assessed using BEVs
expressing Influenza antigen NP, (Chapter4). Multiple aliquots of SEC-purified NP-BEVs
(2-10* BEVs/ml) were stored in either PBS, 10mM Histidine + 3% sucrose, or 10mM Tris-
HCl + 3% sucrose buffer at different ambient temperatures in liquid or lyophilised forms
for 15 weeks (Fig. 6.2). After day 1 and week 4 and 15, total protein, THP1 cell activation,
particle concentration and peak size was measured and compared to pre-storage, day zero

(set to 100%).
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Figure 6.2 Storage conditions of NP-BEVs to assess stability. NP-BEVs were isolated, and SEC
purified in either PBS, 10mM Histidine + 3% sucrose or 10mM Tris-HCl + 3% sucrose buffer. Samples
were stored for 15 weeks under different conditions (liquid form at 4°C and 40°C, and in lyophilised

form at 40°C) in triplicates. Figure created in BioRender.

The results (Fig. 6.3) show that total protein remained constant in PBS samples
but increased by more than 5-fold in Histidine-sucrose buffer, or 10-fold in Tris-HCI-
sucrose samples stored at 40°C. The activation of THP1 cells remained constant, except
for samples stored at 40°C in Histidine-sucrose that displayed a reduced (by ~90%) ability
to activate THP1 cells after 15 weeks. The particle concentration was reduced in all
samples, with those stored in PBS at 4°C having the lower reduction compared to
lyophilised samples, where the concentration decreased 70% after 15 weeks. The particle
peak size of samples in PBS and Histidine-sucrose increased by day 1, which was not seen
in those stored in Tris-HCI sucrose. By weak 15, samples from all three buffer groups

showed similar peak size than day 0.

To assess structural integrity after storage, NP-BEVs in PBS and Histidine-sucrose
stored at 40°C and lyophilised samples were analysed by TEM using negative staining (Fig.
6.4). BEVs appeared heterogeneous in size having the characteristic cup shaped structure
of BEVs: after drying the negative stain is retained at the outer surface of the vesicles and
has a darker, deflated ball like, appearance (Fig. 6.4). Vesicles stored in PBS appeared
individually disperse contrarily to NP-BEVS stored in PBS at 40°C that were aggregated.

NP-BEVs in Histidine-sucrose and stored at either 40°C or lyophilised show less
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aggregation than NP-BEVs in PBS stored in lyophilised form. This suggests that sucrose
reduces aggregation after lyophilisation. Based on this analysis samples stored in PBS at

4°C best retained their original characteristics and appearance (97, 111).
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Figure 6.3 Stability of NP-BEV upon different storage conditions. NP-BEVs were isolated and purified in either PBS, 10mM Histidine + 3% sucrose or 10mM Tris-HCI + 3%

sucrose buffer and stored for 15 weeks under different conditions (liquid form at 4°C and 40°C, and in lyophilised form at 40°C) in triplicates. Total protein concentration,
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activation of THP1 cells, particle concentration and peak size analysed by NTA were assessed on days 0 and 1, and weeks 4 and 15 of storage. Data is represented by the

mean value for each group n=3 + standard deviation. Results expressed in 100% based on results from day O.

PBS4°C PBS 40°C PBS Lyoph Histidine-Sucrose 40°C Histidine-Sucrose Lyoph

e
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5

Figure 6.4 TEM images of NP-BEV upon different storage conditions. NP-BEVs were isolated and purified in either PBS or 10mM Histidine + 3% sucrose and stored for 15
weeks under different conditions (liquid form at 4°C and 40°C, and in lyophilised form at 40°C) in triplicates. After 15 weeks the triplicates were pulled together and analysed

by TEM using negative staining. Images show two different magnifications, 28Kand 73K, of each sample analysed.
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NP-BEVs stored for 15 weeks in liquid form at 4°Cand 40°C, and in lyophilised form
at 40°C, were assessed by immunoblotting. Similar to BEVs expressing Y. pestis antigens,
NP-BEVs stored at 4°C for 15 weeks exhibited high stability with minimal loss of NP.
However, storage at 40°C led to a decrease in antigen detection, seen by the decrease in
intensity of the antibody-reactive band compared to pre-storage levels (Chapter 4). After
storage at 40°C, the lyophilised formulation showed increased antigen protection
compared to the liquid formulation. No antigen was detected in the buffer storage after

NP-BEVs were filtrated using 100K membrane ultrafiltration spin columns.
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Figure 6.5 Thermostability of NP-BEVs by immunoblot. NP-BEV were isolated, and SEC purified in
PBS and stored for 15 weeks at 4°C and 40°C, and in lyophilised form at 40°C. Stored samples were
filtrated using 100K membrane ultrafiltration spin columns and both, the extracts containing BEVs
(E) and the storage buffer (B) were analysed using an anti-NP antibody. Molecular weight (MW)

expressed in kDa.
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6.3 Discussion

Vaccine stability is integral to the success of global vaccination programmes. BEVs
are stable structures when stored at 4°C but tend to aggregate and loose immunogenicity
at higher temperatures (333, 335, 336). In this study, Bt BEVs were shown to be stable at
4°C but tended to aggregate and lose antigen at higher temperatures or after

lyophilisation.

Antigen levels were reduced in V-BEVs and NP-BEVs after storage at 40°C for 8 or
15 weeks. This is analogous to denaturation of antigen followed by chemical degradation
seen in N. meningitidis OMV after storage at 56°C for 12 weeks (336). Contrarily,
substitution of PBS with Histidine-sucrose or Tris-HCl-sucrose buffer led to an apparent
increase in total protein at 40°C and 4°C. The results are comparable to enrichment of
proteins in storage buffer of extracellular vesicles stored at -80°C (343-345). The increase
in total protein in stored EVs is defined as a result of leakage from vesicles, possible due
to lysis during storage (343-345). This would mean that BCA total protein quantification
only measures surface proteins and not luminal. However, when freshly isolated BEVs
were supposedly lysed using 2% SDS 10 minutes at 90°C, the total protein measured using
BCA method was similar, demonstrating that BCA can detect luminal and surface proteins.
Sterility of samples was also confirmed by plating the sample in LB and BHIH plates stored
at 37°C, 20°C and in the anaerobic cabinet and by using simple microscopy. The increase
could also be consequence of an artifact created while quantifying total protein. Repeating
the experiments and using other total protein methods and lysis methods could be used

to understand why total protein increased in those samples.

Sucrose was effective at decreasing aggregation as seen by TEM. During
lyophilisation and storage at 40°C the aggregation of BEVs is probably the result of freezing
the sample which can cause crystal formation and disruption of vesicle structure, leading
to aggregation after reconstitution. The presence of sucrose reduced but did not eliminate
vesicle aggregation. Similarly, the addition of 3% sucrose to N. meningitidis OMV
formulations limited but did not prevent aggregation after lyophilisation (336). On the
other hand, N. meningitidis OMVs maintained their conformation and immunogenicity
after lyophilisation (336). Lyophilisation is a good alternative for long-term storage or
storage at higher temperature. The use of other cryoprotectants could be investigated
such as trehalose, which has been successfully used to stabilise EV (346, 347) and could

be a good alternative to sucrose.
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This study has been based mainly on external changes to Bt BEVs. The ultimate
way to assess immunological properties of stored Bt BEVs would be to do in vivo
experiments and compare stored versus freshly prepared Bt BEVs vaccines. Also, more
biological replicates should be used to determine reproducibility. This is also important for
the TEM analysis as the staining and drying steps for the TEM sample preparation can

impact on aggregation of vesicles or produce artifacts.

In conclusion the best performing storage conditions for Bt BEVs are in liquid form

in PBS at 4°C which can protect BEV integrity for at least 15 weeks.
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Chapter 7 Discussion

Vaccines for respiratory pathogens would ideally comprise particles that can be
self-administered for example, via nasal drops or sprays, and be resistant to enzymatic or
chemical degradation. Vaccines would be able to diffuse through mucus layers, avoiding
entrapment and removal by mucociliary clearance, and access boundary epithelial cells
and underlying APC. Moreover, vaccines should induce innate and adaptive immune
responses and confer long-term protection against heterotypic strains, with a single dose,
in the absence of any adverse effects. Finally, vaccines should be thermostable across a
range of ambient temperatures, be straightforward to produce, and cost effective. The
difficulty in meeting these essential criteria explains in large part why there are so few

successful, licensed mucosal vaccines (10, 27).

The aim of this thesis was to evaluate the use of Bt BEVs as a mucosal vaccine
delivery system to protect against respiratory pathogens. The work described in this thesis
has demonstrated that Bt BEVs match up to many of the characteristics of an ideal vaccine
and with the disease Target Product Profiles (TPP) for plague, IV and SARS-CoV-2, as
defined by WHO (169, 348, 349) (Table 7.1).

Table 7.1 Correlation of Bt BEVs with TPP for plague, IV and SARS-Cov-2 vaccines

Vaccine characteristic  Preferred characteristics Bt BEV
matching
Vaccine type Non-replicative YES
Target population Children, adults, and others at risk ND
Stability Thermostable YES
Storage Minimum of 2 months at 2-8°C for Covid-19 YES
vaccine
Administration route Non-parenteral YES
Indication for use Protection against multiple strains YES
Efficacy ~70% against symptomatic disease and 90% ND

against severe disease for Covid-19

Safety Minor contraindication and reactogenicity YES
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Dose regimen Single ND

Durability Protection conferred for 1 year in Covid-19 ND
vaccines and 5 years for flu vaccines

ND: Not Determined

Vaccines should be suitable for individuals across the lifespan, from infants of 6
weeks old, to the elderly, including high-risk immunocompromised individuals (169, 348,
349). Intranasal vaccines need to achieve a balance between safety and efficacy;
sufficiently immunogenic to overcome immune tolerance yet avoiding eliciting aggressive

immune responses that could result in tissue injury and compromise function.

This thesis has demonstrated that Bt BEVs administered intranasally to NHPs have
no adverse reactions, pathology, or impact on the nasal microbiota. Also, intraperitoneal,
or intranasal deliver of WT-BEVs in mice, results in no adverse impact on body weight or
tissue pathology. Future experiments building on these safety evaluations would include
analysis of acute toxicology, reproductive and developmental toxicity including toxicity in
the offspring (350). It also could include carcinogenicity, mutagenicity and safety
pharmacology assays which analyse physiological functions including the central nervous
system, respiratory system and cardiovascular system (350). Bexsero vaccine is currently
the only licensed vaccines containing BEVs and is administered intramuscularly to adults
and children from 2 months of age (133). While this cannot be compared with the Bt BEV
vaccine formulations developed and used here, it demonstrates the feasibility of BEVs

being used as a safe vaccine for high-risk individuals.

In terms of stability, TPP for Covid-19 vaccines requires them to have a minimum
of 2-month stability at 2-8°C. Bt BEVs maintain their biophysical characteristics after
storage at 2-8°C for more than 3 months. Building on this, Bt BEVs stability for longer
periods and across a wider range of ambient temperatures, particularly those associated
with tropical climates could be evaluated. Additionally, other excipients such as trehalose
could be assessed for further improving thermostability. More importantly,
immunogenicity assays in appropriate pre-clinical models would help determine the

immunological properties of stored versus freshly prepared Bt BEVs vaccines.

Needle-free delivery is the preferred means of vaccination for respiratory
infections (169, 348, 349). Bt BEVs have been delivered intranasally in liquid suspensions

to mice as nasal drops, which benefits mass vaccination and ensures patient compliance.
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Their size (50-200nm), and biophysical and immunogenicity characteristics, enables Bt
BEVs to diffuse through mucus barriers in the respiratory and gastrointestinal-tracts and
be taken up by mucosa-associated APCs, such as DCs, non-professional APC and epithelial
cells (111, 115). Intranasal delivery of WT-BEVs in mice elicits the formation of organised
lymphoid tissue in both the NALT and BALT including lymphoid structures and follicles
containing DCs, B cells and T cells. NHPs also exhibit similar responses within their BALT
after receiving V-BEVs intranasally. Collectively, this demonstrates that intranasally
administered Bt WT-BEVs can cross the respiratory mucosal barriers and induce local and

systemic immune responses.

Immunostimulant properties of Bt BEV vaccines are seen in the lower reduction
of weight loss of mice challenged with IV or SARS-CoV-2, previously immunised
intranasally with WT-BEVs, compared to mice that receive PBS or rS. Mice immunised with
WT-BEVs and challenged with SARS-CoV-2 also show reduction in viral titre. Moreover,
intranasal delivery of WT-BEVs induce mucosal and systemic antibodies which are
probably polyreactive and of low affinity. Polyreactive antibodies bind to a variety of
structurally unrelated antigens through their flexible antigen-binding pocket (351). These
antibodies are probably activated by LOS in BEVs the same way as LPS induce polyreactive
antibodies in mice by TLR4 (352). Similarly, intranasal delivery of WT-BEVs also induce T
cells probably by bystander T-cell activation, where T cells respond to cytokines and TLR
signalling (TLR2, TLR4) in a T-cell receptor independent manner (353). Proliferation of

bystander T cells has also been observed in mice injected with LPS (353-355).

To stimulate pathogen-specific adaptive immune responses, Bt was engineered to
produce BEVs containing antigens. Two immunodominant and protective antigens, able
to elicit both B and T cells, were selected for each pathogen with the aim of inducing broad
immune responses: Y. pestis BEV vaccines expressed F1 (surface) or V (lumen) antigens,
IAV BEV vaccines contained H5F (not known) and NP (lumen), and SARS-CoV-2 BEV vaccine
contained S (surface) or NC (surface). S protein was complexed to BEVs externally using
two different systems, B12 receptors on Bt BEVs or by chemical conjugation using click
chemistry. Antigen-specific antibody and T cell responses have been observed in response
to antigens located in the lumen and surface of BEVs (139, 356-358). More studies are
needed to determine the optimal conditions and location for antigen expression in BEVs
for generating potent T and B cell responses, including comparing immune responses to

BEVs expressing the same antigen on the surface versus the lumen.
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Regarding recombinant BEVs, Y. pestis BEV vaccines induce antibodies that have
properties consistent with providing protection. However, it was not possible to test this
directly due to biosafety and (Biosafety level 4) containment requirements. H5F-BEV
vaccines induce mucosal and systemic IgA and IgG antibodies and provide heterotypic
protection in mice against a lethal challenge, suggesting it could be used as a universal IV
vaccine protecting against different IAV strains. Moreover, S-NC-BEVs induce low levels of

IFN-y and/or TNF-a producing CD4/8 T cells and mucosal antibodies.

A single vaccine dose should generate protection to infection that lasts for a
minimum of five years for flu or at least 1 year for Covid-19 (348, 349). For H5F-BEVs, a
two-dose regimen protects mice against a heterotypic strain. A two-dose regimen also
shows the highest levels of immune responses and correlates of protection for plague and
Covid-19 BEV vaccines. The importance of a booster immunisation was observed with the
V-BEVs and F1-BEVs in increasing antibody levels. This could be particularly important for
TRM cells which need repeated antigen exposure to improve the durability of otherwise
short-lived lung TRM cells (25). Yet, the number of doses in intranasal vaccines may not

be a major issue due to their ease of administration and high patient compliance.

The duration of immune protection has not been studied in this thesis and needs
to be analysed in future experiments. This would consist of vaccinating mice and analysing
their protection ability against a lethal challenge after several time points, for example 1,

3, 6 and 10 months.

Future consideration should also be given to increasing the amount of antigen
expressed in Bt BEVs to assess the dosing regimen that generates long lived protection
against infection. As a starting point, the use of alternative promoters in plasmid
constructs and signal peptides could increase the incorporation of antigens into BEVs.
Lipoprotein export systems (359, 360) or a combination of lipoprotein export system with
OmpA (141) are also options. Valguarnera et al. (361) found that lipoproteins enriched in
Bt BEVs contained a lipoprotein export sequence that mediates lipoproteins translocation
from the periplasm to the BEV surface, and could be used as alternative to the OmpA

secretion system.

Future experiments could also improve the conjugation of external antigens to
BEVs by either increasing B12 receptors by engineering Bt, or by using different S
concentrations and binding times in the chemical conjugation. Alternatively, other

methods such as SpyTag-SpyCatcher could be used.
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Additionally, it would be beneficial to combine multiple antigens into the same
BEV preparation to determine the capacity of multi-antigen BEVs to provide greater
protection than single antigen containing BEVs. Multi-antigen BEVs would also reduce
preparation time including isolation, quality control assessment and costs. Production of
BEVs uses readily accessible manufacturing technology as demonstrated for the Bexsero
vaccine. However, scale up and continuous production is needed to improve BEV yield and
would reduce costs. This would involve yield quantification and comparison of BEVs
characteristics (structure and composition) between batch to batch. For continuous

production the dilution rate and the possible mutations in Bt should also be assessed.

Bt BEVs have many attractive features that make them good vaccines candidates.
However, as highlighted throughout this section of the thesis, there is room for further
improvements and refinements to improve their performance. Understanding the
composition of BEVs at different phases of the growth cycle is important for
reproducibility and minimising batch-to-batch variability. This would include assessing
lipid and protein composition, size, structure, and yields. Accurate quantification is also
integral to ensuring reproducibility. BEV quantification has relied on NTA, Bradford, and
BCA-based protein content. Although NTA analysis is quick and easy, results can be
variable. Protein content in N. meningitidis BEVs is dependent on the growth stage, while
lipid content is more consistent and less variable (362). Therefore, lipid quantification
would be a useful additional quantification method to use in future experiments. Lipids in
BEVs have been quantified using lipophilic dyes (FM4-64) (363), phosphate assays
(Malachite Green) (364), ELISA and LPS quantification (365) and by modified liquid gas
chromatography (150). It is important to note that there is no universally accepted
method for determining BEV vyield and quantity. Future experiments should assess
different techniques for lipid assays, such as phosphate assays and lipophilic dyes, in
parallel with NTA and total protein. The results could be used to establish a reproducible
means of reliably determining Bt BEV yield. This, together with sterility assessments and
biological quality control methods including immune cell (e.g., THP-1 cells) activation

would increase the reproducibility of samples.

Collectively, this thesis supports the use of Bt BEVs as a platform to produce

mucosal vaccines against respiratory pathogens.
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Introduction

Vaccination is an efficient and cost-effective form of
infectious disease prevention that can lead to global
eradication, as seen for smallpox (1980) and rinderpest
(2011). However, there is an urgent and growing need
for the development of new and improved vaccines to
further reduce the global burden of infectious disease
morbidity and mortality, particularly against those target-
ing the respiratory and gastrointestinal (GI) tract. The
paucity of effective vaccines is also acute in veterinary
medicine, which is compounded by increasing multi-drug
and antibiotic resistance [1]. Vaccines to combat zoonoses
are a particularly urgent priority, as 60% or more patho-
gens with the potential to harm humans originate in
animals [2]. Current vaccines are delivered by injection
with associated problems of safety, compliance, morbidity
and the high cost of mass immunization, particularly in
resource-poor developing countries. Injected vaccines also
provide partial or no protection at mucosal sites.
Considering that >90% of pathogens gain access to the
body via mucosal sites, using mucosal vaccination to
generate protective immunity at mucosal sites could over-
come the limitations of current injection-based vaccines
in providing front-line protection against pathogen inva-
sion and dissemination [3]. However, only a handful of
mucosal vaccines are currently licensed. This limited

Keywords: bacterial, mucosal, vaccines, viral

availability of mucosal vaccines is related to the lack of
effective delivery systems able to preserve vaccine antigen
integrity and strong adjuvanticity, which is compounded
by the intrinsic nature of the mucosal immune system
to induce tolerance [4].

Mucosal immunity and vaccine responses

The majority of mucosal vaccines are administered by the
oral and nasal routes with the vaginal, rectal, ocular and
sublingual routes being less frequently used. However, not
all routes of administration induce an equivalent immune
response in terms of potency and longevity, reflecting
differences in the organization and cellular make-up of
lymphoid structures in different mucosal tissues [5,6]. For
example, oral immunization usually stimulates immune
responses in the GI tract in addition to the oral mucosa
and nasal-associated lymphoid tissues (NALT) and mam-
mary glands. Intranasal delivery effectively induces antibody
production in salivary glands, the NALT and the bronchus-
associated lymphoid tissue (BALT) of the lower respiratory
tract, and in the urogenital tract. Rectal immunization
elicits a more pronounced immune and antibody response
in nasal secretions, tears and the rectal mucosa. Thus,
depending on the mucosal sites targeted by different
pathogens, the route of immunization needs to be care-
fully considered [6-8]. In most cases, mucosal vaccination
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is also effective in priming systemic immune responses
and generating serum antibodies with neutralizing proper-
ties, reflecting the cross-talk between the mucosal and
systemic immune systems. Serum immunoglobulin (IgG)
responses in vaccinated animals can be a useful correlate
of protection, either alone or in combination with secre-
tory mucosa-derived (IgA) antibodies [9].

Size is another important consideration in the design
of mucosal vaccines and targeting uptake to inductive
immune sites to generate T cell and/or B cell responses.
Goblet cell-associated passageways allow the entry of
soluble protein antigens, but not inert particles
(0-02-2 pm) into the underlying lamina propria [10]. Via
endocytosis, enterocytes readily take up nanosized soluble
particles of 20-40 nm, whereas M cells are the major
route by which larger-sized inert particles of more than
100 nm are taken up [11]. While nanoparticles lead pre-
dominantly to T cell responses, larger microparticles are
more effective at inducing humoral responses [12,13]. The
fate of particles delivered via the intranasal route is influ-
enced by their size with particles smaller than 5 pm being
transported across the nasal mucosa for delivery to cells
of the BALT. By contrast, larger particles exceeding 10 um
are taken up by alveolar macrophages and dendritic cells
(DCs) [14,15].

Table 1. Licensed mucosal vaccines

Current licensed mucosal vaccine formulations

Human use

The majority of currently licensed human mucosal vac-
cines comprise attenuated strains of pathogenic bacteria
or viruses that retain their immunogenicity during transit
through the upper GI tract and can target inductive
immune sites in the small and large intestine or upper
respiratory tract (Table 1). The oral polio vaccine, OPYV,
is the most successful mucosal vaccine to date [16]. A
significant drawback to using attenuated pathogen-based
vaccines is the risk of reactogenicity and reversion to a
virulent pathogen following vaccination, usually in immu-
nocompromised infants, elderly people or in individuals
with a specific immunodeficiency. Although the use of
OPV has decreased the number of polio cases by more
than 99% since 1988, there are still disease outbreaks of
vaccine-associated paralytic polio (VAPP) that arise due
to small genetic changes occurring during OPV replica-
tion in humans [17,18]. Another concern for live attenu-
ated vaccines is the possibility of retrograde transport to
the brain after nasal or intranasal vaccination, as happened
with a replication-defective adenovirus vector carrying
three proteins from human immunodeficiency virus type

Delivery route
Target Pathogen Trade name (form) Formulation (+adjuvant)
Human Vibrio cholerae Dukoral’ Oral (liquid) Inactivated (recombinant
cholera toxin subunit B)
ShanChol’, Euvichol Oral (liquid) Inactivated
Vaxchora Oral (liquid) Live attenuated
Influenza type Aand B FluMist™ Intranasal Live attenuated
virus (spray)
Poliovirus Biopolio™ B1/3, and other oral polio Oral (liquid) Live attenuated
vaccines — OPVs
Rotavirus Rotarix and RotaTeq Oral (liquid) Live attenuated
Salmonella Typhi Vivotif Oral (capsules)  Live attenuated
typhimurium
Adenovirus Not trade name Oral (tablets) Live attenuated
Approved for military
Animal Rabies virus RABORAL-V-RG Oral (bait) Recombinant
(Vaccinia virus vector)
Bovine parainfluenza 3  Rispoval Intranasal Live attenuated
bovine respiratory (spray)
syncytial virus
Bordetella Nobivac’ Intranasal Live
bronchiseptica (drops)
Canine parainfluenza
virus
Newcastle disease virus  Avinew NeO™ Oral, ocular or Live attenuated
nasal (spray,
drinking water
or drops)
206 © 2019 The Authors. Clinical & Experimental Inmunology published by John Wiley & Sons Ltd on behalf of British Society for
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1 that was found in the central nervous system of mice
after intranasal delivery, which may have reached the brain
via olfactory neurones [19].

Apart from live attenuated vaccines, three World Health
Organization (WHO) prequalified inactivated oral vaccines
are in use for cholera (Dukoral’, Shanchol™ and Euvichol'),
which have been shown to provide high levels (60-95%)
of long-lived (>2 years) protection in support of the concept
that non-living vaccines can be effective for mucosal delivery
and vaccination [20]. Although inactivated vaccines are, in
general, safe, the process of inactivation (heat and/or formalin
treatment) can reduce their immunogenicity and require
the addition of adjuvants such as recombinant cholera toxin
subunit B, which is included in the Dukoral vaccine [20].

Subunit vaccines comprising synthetic recombinant pep-
tides and proteins, toxoids, DNA or mRNA offer significant
safety advantages over attenuated and inactivated vaccines.
They are inert and non-infectious, although they can suffer
from weak immunogenicity and a requirement for adju-
vants. To date, subunit vaccine formulations have failed
to confer long-lived protective mucosal immunity in humans
[21]. The weak immunogenicity of inert molecules and
protein subunit antigens after delivery to mucosal sites is
due in large part to their inefficient uptake by the mucosal
epithelium and delivery to the delivery to the mucosa-
associated lymphoid tissue (MALT) [22,23]. This reflects
the significant physical, biochemical and microbial obstacles
orally and nasally administered vaccines must overcome
in the GI and respiratory tracts in order to access and
activate mucosal immune cells. During transit through the
GI tract, vaccine antigens are diluted and can be retained
or trapped in mucosal secretions and by mucus and be
subsequently degraded by non-specific host or microbial
enzymes prior to reaching the mucosal immune system.
The acidic environment of the upper GI-tract also impacts
on the stability and integrity of oral vaccines [24]. In the
respiratory tract, physical discharge due to high mucocil-
lary clearance rates, or peristalsis action in the GI tract,
also impact upon vaccine integrity and retention time [25].

Veterinary use

Mucosal vaccines have been more successful in the vet-
erinary field, with spray and drinking water vaccines rou-
tinely used for mass vaccination in poultry farming. Recent
introduction of edible gel-bead-based vaccine systems offer
a more stable mucosal delivery, protecting live vaccines
against environmental inactivation to improve bioavailability.
Use of gel-beads to deliver Eimeria spp. oocysts to day-old
chicks offers greater uptake of oocysts than water spray
containing Eimeria spp. oocysts, and significantly higher
weight gain post-challenge infection [26]. The livestock-
wildlife interface consistently poses difficulties in vaccination
programmes for animals. Mucosal delivery of vaccines

Mucosal vaccines and technology

through baiting allows free-ranging animals to voluntarily
uptake vaccines, in order to break down interspecies trans-
mission of infectious disease between wild and domesticated
animals. Arguably, the most successful bait vaccine is
RABORAL V-RG which, following distribution into wildlife
habitats, has aided eradication of wildlife rabies from
Belgium, France and Luxembourg [27]. Wildlife bait vac-
cination has also helped to control other pathogens, includ-
ing classical swine fever in wild boar (Sus scrofa) in Europe
[28] and plague in prairie dogs (Cynomys spp.) in the
United States [29,30]. Currently, licensed vaccines for par-
enteral application could be administered orally where it
may not be possible, or feasible, to trap an animal to
inject them. Mycobacterium bovis is a causative agent of
tuberculosis (TB), and remains one the most difficult dis-
eases of livestock to control, due largely to the prevalence
of a wildlife reservoir. Bacillus Calmette-Guérin (BCG)
vaccines were developed to protect cattle against bovine
tuberculosis with subsequent experimental and field studies,
showing that they may be efficacious in the control of M.
bovis in wild animals after mucosal administration. White-
tailed deer (Odocoileus virginianus) vaccinated with BCG
Danish strain 1331 by oral bait or oral liquid had fewer
tuberculosis lesions 5 months post-M. bovis challenge than
control deer [31]. Badger BCG is a licensed injectable vac-
cine for European badgers (Meles meles) against TB; however,
capturing animals for injection is labour-intensive and
stressful. Oral administration of BCG has been shown to
reduce M. bovis lesions in badgers [32], with 75% of cap-
tured badgers in a further study testing positive for BCG
vaccine markers where the vaccine was administered in
bait [33]. Dispersing mucosal vaccines in baits into high-
risk areas could help to reduce endemic TB in wildlife
reservoirs, reducing the risks of devastating TB outbreaks
in livestock. Despite promise from field trials, there is still
a lack of vaccines licensed for distribution into wildlife.
A major drawback is the risk of non-target species con-
suming the bait; however, with further research into the
use of subunit or inactivated mucosal vaccines, instead of
live, this threat may be withdrawn.

The need for human mucosal vaccines

Despite many trials, there are no licensed vaccines for
many human mucosal-transmitted pathogens (Table 2),
or the currently available vaccines generate incomplete
protection.

Improving mucosal vaccines

New technologies are being developed with the aim of
protecting and preserving antigen structural integrity, as
well as increasing bioavailability and induction of local
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Table 2. Infectious diseases in need of mucosal vaccines

Pathogen Mortality/annum Morbidity/annum Ref.
Respiratory tract

Seasonal influenza 470 000 4 million [34]
RSV-ALRI 128 000 33.8 million [35]
Streptococcus pneumoniae 1-6 million [36]
Mycobacterium tuberculosis 1-6 million 10 million [37]
Gastrointestinal tract

Rotavirus 215000 [38]
Helicobacter pylori 14 500 [39]
Enterotoxigenic Escherichia coli (ETEC) 400 000 [40,41]
Salmonella 32 000 (Africa) 1 2 million (USA) [42,43]
Shigella 700 000 80 million [44]
Clostridium (difficile/perfringens) 14 000 500 000 [45]
Urogenital tract

Syphilis 205 000 [46]
Gonorrhoea 78 million [47]
Herpes simplex virus 2 417 million [48]
Human papillomavirus (HPV) 270 000 [49]
Hepatitis B 887 000 [50]
Hepatitis C 399 000 71 million [51]
HIV 940 000 36-9 million [52]

and systemic neutralizing immune responses (Table 3).
All these delivery vehicles can be modified or comple-
mented with immunostimulatory molecules or coating
agents [e.g. polyethylene glycol (PEG), chitosan] to change
their charge, adhesive properties, shape, size and/or pH
to improve their characteristics, interactions with host
cells and targeting sites of inductive immune responses.
The incorporation of PEG into polyactide (PLA) nano-
particle vaccine formulations has been shown to be effec-
tive for the oral delivery of hepatitis B surface antigens
in mice [53]. Chitosan is a biodegradable, biocompatible,
muco-adhesive, non-toxic polymer that has been used in
a similar way to protect Escherichia coli O157:H7 vaccine
formulations during oral delivery [54].

The inclusion of alginate, polyvinyl alcohol, hyaluronan
and cellulose to micro- and nanoparticle-based vaccines
increases their viscosity and augments the retention time
at mucosal surfaces promoting antigen uptake. Molecules
that target the carrier or vaccine antigen directly to surface
receptors on M cells or antigen-presenting cells [e.g. Toll-
like receptors (TLRs)] have also been used [76]. The use
of adjuvants includes aluminium hydroxide to facilitate
antibody and T helper type 2 (Th2) CD4 T cell responses,
or Vibrio cholerae toxin (CT) and heat-labile enterotoxin
from E. coli to non-specifically boost cellular and humoral
immune responses [77,78]. To date, recombinant cholera
toxin subunit B (rCTB) is the only adjuvant accepted for
inclusion in licensed mucosal vaccines (i.e. Dukoral” vac-
cine). rCTB stimulates the production of both anti-bacterial
and anti-toxin antibodies without any side effects [79].
Genetically modified enterotoxins are being developed to

reduce toxicity without adversely affecting their
adjuvanticity.

Plants can be used as bioreactors to produce large
quantities of vaccine that are then purified from plant
extracts or can be consumed directly as an edible plant
vaccine. The plants of choice are rice, lettuce or maize,
with an edible rice-based cholera vaccine containing rCTB
(MucoRice-CTB) currently in Phase I clinical trials [80].
An experimental lettuce-based hepatitis B virus vaccine
has been tested in mice and shown to be effective at
inducing neutralizing antibodies after oral administration
[81]. Algae are a particularly cost-effective bioreactor option
for producing large quantities of recombinant vaccines,
and due to their high structural integrity and resilience
of their cell walls have the potential to be used intact as
vaccine delivery vehicles [74]. Chlamydomonas reinhardtii
has been used in experimental Staphylococcus aureus vac-
cine formulations [82] and Schizochytrium sp. have been
used to develop novel zika virus vaccines [83]; in both
cases, these algae-based vaccines have been shown to be
effective at eliciting both mucosal and systemic humoral
immune responses.

Immunostimulatory complex (ISCOM) technology has
been incorporated into commercial veterinary vaccines
such as Equip F vaccine against equine influenza for
parenteral delivery, although Ghazi et al. have demonstrated
protection in mice immunized orally with influenza virus
subunit vaccines that incorporate ISCOM [84]. Liposomes
and emulsions carriers have been used in experimental
vaccines for respiratory virus infections with incorporation
of the soybean oil-based emulsion W805EC into influenza
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Table 3. Novel mucosal vaccine delivery systems

Delivery system Structure Advantages Limitations Ref.
Liposomes Spherical phospholipid « Ease of incorporating distinct « Relatively low intrinsic [55]
bilayer entrapping an types of antigens stability for storage and after
aqueous solution core « Adaptable physicochemical administration
properties « Potent toxicity of cationic
 Lepidic compounds with lipids (dose-dependent)
adjuvant properties
Archaeosomes Liposomes composed of « Stable formulations « Preparation and purification [56]
Archaea-derived polar « Improved immunogenicity of Archaea lipids
lipids compared with liposomes o Need optimization of
production and formulation
Bilosomes Bile salt stabilized vesicles o Stable in gastric environment «+ Relatively low antigen dose [57]
« High stability
ISCOM, ISCOMATRIX Cage-like structure « Composition, size and surface « Inclusion of antigens into the ~ [58]
comprised of cholesterol, structure like virus ISCOM can be difficult
phospholipids and « Self-adjuvanticity due to saponin
saponin
Bacterial outer membrane OMVs from Gram-negative « In-built adjuvanticity + Chemical detoxification [59,60]
vesicles (OMV) pathogens containing « High stability over a wide range required - reduced
microbe-associated of temperatures and pH adjuvanticity
molecular pattern « Safe use in children and adults « Variable efficacy
and effective in controlling o Strain-specific - limited
(MAMPs) and membrane disease outbreaks heterotypical strain
proteins protection
Virus-like particles (VLP) Natural virus without « Highly immunogenic without o Purification can be a [61,62]
carrying genetic material addition of adjuvant challenge
« Antigens can be chemically « May have poor quality and
conjugated or genetically consistency
inserted « Contamination by host
materials
Gene gun (DNA DNA-coated colloidal gold « Fast and simple « Costly device and reagents [63]
vaccination) particles o Efficient DNA transduction « Limited to exposed tissues
» Requires small amounts of DNA o Depth of penetration versus
(0-1 mg/dose) tissue damage
« Can be used to deliver multiple o Preferentially induces T
DNAs helper type 2 response
o Multiple factors influence
efficacy
Emulsions Water-in-oil/ Nanosized droplets o Slow release of immunogen « Reactogenicity [64,65]
oil-in-water « Ease of manufacture o Limited stability after
o Self-adjuvanticity administration
« Low preservation of antigen
structure
Synthetic polymer Polylactide (PLA) or « Controlled release of antigens « Sensitivity to harsh gastric [66,67]
nanoparticles (e.g. PLA/ polylactic-co-glycolic acid Biodegradable and biocompatible environment, low loading
PLGA) (PLGA) based nano- and biopolymer capacity
micro particles
FDA-approved agents
Natural polymer nanoparti-  Chitosan based nano- and « Biocompatible, biodegradable, o Irregular distribution, low [68]
cles (e.g. chitosan) microparticles mucoadhesive and physical stability
immunostimulating
Hydrogel (e.g. cCHP Cationic cholesterol-bearing o Ability to function as an artificial ~ « Optimization of biodistribu- [69]

nanogel)

pullulan nanogel,
self-assembles with water
due to their amphiphilic
polysaccharides

chaperone
« Prolonged binding to nasal
epithelium

tion and degradation
mechanism
« Component toxicity
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Table 3. (Continued)
Delivery system Structure Advantages Limitations Ref.
Lactic acid bacteria (LAB) Live recombinant LAB « Easy and safe production and o Safety concerns using [70]
expressing antigens storage genetically modified
Generally recognized as « Survives gastric environment organisms
safe (GRAS) « Self-adjuvanticity
Chemically processed Resistant bilayer pollen grain ~ « Self-adjuvanted « Chemical treatment methods ~ [71,72]
pollen grains (PGs) shell « Protected from harsh required to eliminate
environment allergens from pollen grain
Terrestrial plants and algae Plant or algae cells with an « Highly resilient cell wall « Use of transgenic plants and [73-75]

antigen created by gene
modification

Easy manufacturing process and
scale-up
Suitable for mass vaccination

regulatory body approvals

o No cold chain requirement

Modified from Corthesy et al. [54].

virus and inactivated respiratory syncytial virus (RSV)
vaccines, both of which are effective at eliciting protective
systemic and mucosal antibody immune responses, and
RSV vaccine also induces cellular immunity after intranasal
administration [85,86]. Similarly, pneumococcal surface
protein A (PspA)-based subunit vaccines incorporating a
cCHP-based nanogel has been shown to induce both
mucosal and systemic neutralizing antibodies in cynomol-
gus macaques after nasal delivery [87].

Virus-like particles (VLP) are an attractive option as
a vaccine delivery vehicle due to their useful proper-
ties, such as the ability to induce adaptive immune response
and to induce long-term expression of non-self-proteins
(88,89]. VLPs from adeno-associated viruses (AAV) have
been used to develop novel influenza virus vaccines encod-
ing camelid-derived anti-influenza antibodies transgenes
that when administered intranasally protected mice against
lethal influenza A and B challenge [89,90]. Other preclini-
cal studies using AAV as a carrier include norovirus
vaccine formulations containing viral protein and RNA,
that have shown promise in a Phase I clinical trial [91],
and a chimpanzee-derived AAV expressing hepatitis C
virus antigens that is currently in Phase II clinical trials
[92,93].

Gene gun bombardment is a biolistic system for
mucosal DNA vaccination. This needle-free technology
is based on propelling DNA-coated colloidal gold micro-
projectiles at exposed tissue surfaces (e.g. skin, vulva
and mouth) and penetrating the cytosol and cell nucleus
of cells within deeper layers of the tissue. [94] Epidermal
DNA vaccines delivered via a gene gun have been shown
to elicit both humoral and cell-mediated mucosal immune
responses in experimental animals and cattle [63,95,96].
To improve the potency of immune responses gene to
gun gene immunizations, DNA can be combined with
adjuvants such as recombinant protein antigens and
plasmids encoding cytokines [94,97]. However, gene

gun-mediated delivery has limited or no control over
where and how effective DNA transduction is in host
cells and is generally ineffective at inducing immune
responses of sufficient potency to provide effective and
long-lived protection.

The use of genetically modified probiotic strains of
bacteria to deliver vaccine antigens has been explored for
human papilloma virus (HPV) vaccines. Although a com-
mercial HPV vaccine is available, it does not confer pro-
tection to all HPV-related cancers [49]. Generally
recognized as safe (GRAS) strains of Lactoccus lacti engi-
neered to express the HPV-16 E6 oncoprotein generated
humoral and cellular immune response in mice after oral
administration, as well being shown to have an inhibitory
effect on tumour growth [98]. There are, however, biosafety
and environmental contamination concerns in using geneti-
cally modified bacteria [99].

A safer alternative to using viable bacteria as vaccine
delivery vehicles are non-viable nanometer-sized lipid-
containing microvesicles (outer membrane vesicles;
OMYVs) that are naturally produced and secreted by
most Gram-negative bacteria [59]. Formulations of
Neisseria  meningitidis OMVs (VA-MENGOC-BC,
MenBvac, MeNZB and Bexero) have been successfully
used to vaccinate both adults and children and to con-
trol outbreaks of meningococcal B infection in several
countries [100,101]. OMVs from other Gram-negative
pathogens are also promising vaccine candidates, includ-
ing those from Salmonella [102], Shigella flexneri [103]
and V. cholerae [104]. However, their potential for
unintended toxicity due to associated toxins is a safety
concern and limits their widespread use, although chemi-
cal detoxification can overcome this, but at the loss of
immunogenicity and adjuvanticity [105]. In principle,
these limitations could be overcome by bioengineering
the parental bacterium to improve their OMV drug-
delivery capability [60]. Alternatively, non-pathogenic
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commensal bacteria could be used as a source of OMVs
to reduce toxicity and improve safety. We are develop-
ing an OMV-based drug and biologicals delivery tech-
nology platform based on the use of OMVs produced
by strains of human commensal Bacteroides engineered
to express in their OMVs bacterial or viral vaccine
antigens or human therapeutic proteins for delivery to
the respiratory and GI tracts.

In summary, while mucosal vaccines represent the ideal
means of protecting against the majority of infections,
there are very few licensed vaccines for either humans
or animals. A raft of new technologies and innovations
in vaccine antigen encapsulation and delivery are being
developed to overcome the obstacles of protecting and
preserving antigen structural integrity as well as increasing
bioavailability and induction of local and systemic neu-
tralizing immune responses during transit to mucosal
inductive immune sites, particularly in the GI tract.
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Introduction

Summary

Plague caused by the Gram-negative bacterium, Yersinia pestis, is still
endemic in parts of the world today. Protection against pneumonic plague
is essential to prevent the development and spread of epidemics. Despite
this, there are currently no licensed plague vaccines in the western world.
Here we describe the means of delivering biologically active plague vac-
cine antigens directly to mucosal sites of plague infection using highly
stable microvesicles (outer membrane vesicles; OMVs) that are naturally
produced by the abundant and harmless human commensal gut bacterium
Bacteroides thetaiotaomicron (Bt). Bt was engineered to express major
plague protective antigens in its OMVs, specifically Fraction 1 (F1) in the
outer membrane and LcrV (V antigen) in the lumen, for targeted delivery
to the gastrointestinal (GI) and respiratory tracts in a non-human primate
(NHP) host. Our key findings were that Bt OMVs stably expresses F1
and V plague antigens, particularly the V antigen, in the correct, immu-
nogenic form. When delivered intranasally V-OMVs elicited substantive
and specific immune and antibody responses, both in the serum [immu-
noglobulin (Ig)G] and in the upper and lower respiratory tract (IgA); this
included the generation of serum antibodies able to kill plague bacteria.
Our results also showed that Bt OMV-based vaccines had many desirable
characteristics, including: biosafety and an absence of any adverse effects,
pathology or gross alteration of resident microbial communities (micro-
biotas); high stability and thermo-tolerance; needle-free delivery; intrinsic
adjuvanticity; the ability to stimulate both humoral and cell-mediated im-
mune responses; and targeting of primary sites of plague infection.

Keywords: antibodies, gut bacteria, humoral immunity, mucosal vaccine,
non-human primates, outer membrane vesicles, plague

(listed in the US Pharmacopeia) were available and pro-
vided protection against bubonic, but not pneumonic plague.

Plague is caused by the Gram-negative bacterium,
Yersinia pestis. It is an ancient disease, accounting for
many deaths over hundreds of years, and still exists
in parts of the world today. To protect against infec-
tion vaccines must be able to elicit both humoural
immunity with neutralizing antibodies and cell-mediated
immunity that is effective at primary mucosal sites of
infection [1,2].

There are currently no licensed plague vaccines in the
western world. In the past, heat-killed whole-cell vaccines

However, due to unacceptable reactogenicity these vaccines
were discontinued [3]. Live-attenuated vaccines have been
used in countries of the former Soviet Union and China
although, due to unacceptable reactogenicity and the risk
of reversion to full virulence, they have not been licensed
for use elsewhere, including the United States [4].
Fraction 1 (F1) and LcrV (virulence; V antigen) Y.
pestis proteins encoded by the Fra/pMT1 and pCD1
plasmids, respectively [5], have been identified as the
major protective antigens responsible for preventing
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phagocytosis of Y. pestis (F1) and regulating type III
secretion (V antigen) [6]. The present emphasis on
developing F1- and V antigen-based vaccines is on
recombinant protein-based subunit vaccines (rF1V) that
incorporate chemical adjuvants. If a Y. pestis variant
occurs with a mutation in the V antigen then these
F1-V vaccines may not provide protection via immunity
to the V component; however, immunity to the F1
component could still provide some limited protection
[7,8]. In addition, the duration of protection against
pneumonic infection provided by these as a subunit
vaccine, in which the F1 and V antigens are presented
as a fusion protein, is also uncertain [9]. Furthermore,
the requirement for injection by needle to deliver these,
and other current vaccines, is problematical. It is associ-
ated with: risks of cross-contamination; lack of patient
compliance; the high cost of mass immunization; and
a requirement for cold chain delivery and storage.
Importantly, injected vaccines provide only partial or
no protection at the primary mucosal site of plague
infection [2,10]. Collectively, these issues constrain the
use of existing plague vaccines, particularly in resource-
poor low-income settings, and these restrictions are
reflected in the World Health Organization (WHO)’s
draft therapeutic product profile [11].

The use of nanoparticle-based platforms is a new
approach to the development of more effective mucosal
vaccines against pathogens such as those that cause the
plague. These include virus-like particles, immune stimu-
lating complexes, polymeric nanoparticles, inorganic nano-
particles, liposomes and emulsions - all of which have
the potential to overcome the high production costs and
safety concerns associated with live vaccines and the weak
immunogenicity and adjuvanticity issues associated with
subunit and recombinant protein-based vaccines [10].
These nanoscale carrier technologies enable conformation-
ally correct antigens to be incorporated into highly stable
nanoparticles. This allows for control over the spatial and
temporal presentation of antigens to the immune system,
leading to their targeted and sustained release. An over-
looked component of platform nanoscale vaccines are
bacterial microvesicles, and in particular, outer membrane
vesicles (OMVs) of Gram-negative bacteria [12]. While
many synthetic nanoparticles are capable of transferring
heterologous antigens to antigen-presenting cells (APC),
the ability to efficiently stimulate the immune system is
often not inherent [13]. However, OMVs can combine
high stability with antigen presentation and native adju-
vanticity, making them an attractive vaccine platform for
further development [14].

OMYV production by vesiculation is a fundamental char-
acteristic of Gram-negative bacteria that is unrelated to
bacterial lysis or membrane instability that fulfils the key

requirements of a prokaryotic secretion process [15].
Nanoscale OMV proteoliposomes that contain immuno-
genic components derived from the bacterial outer mem-
brane and periplasm are capable of targeting APCs
[including dendritic cells (DC)] [16-18], leading to T and
B cell immunity. Recent research on OMVs from patho-
genic bacteria, including Neisseria meningitidis and Vibrio
cholerae, supports the case for their being good vaccine
candidates [19]; OMVs derived from N. meningitidis have
been used safely and effectively as vaccine platforms for
the control of serogroup B meningococcal (MenB) disease
outbreaks [20,21]. OMV-based vaccines offer significant
advantages over conventional vaccines because they are:
non-replicating; provide needle-free delivery; target
mucosal sites; have an established safety record; can elicit
innate and antigen-specific adaptive immune responses;
and possess self-adjuvant properties [i.e. microbe associ-
ated molecular pattern molecules (MAMPs) such as
lipopolysaccharide (LPS)]. The current limitations of
pathogen-derived, OMV vaccines are: the potential for
unintended toxicity due to associated toxins; low expres-
sion levels of protective antigens; variable efficacy depending
on source and formulation; the need for exogenous adju-
vants; and only incomplete protection because of strain
variation. In principle, these limitations could be overcome
by using OMVs from non-pathogenic commensal bacteria,
engineered to improve their application as vaccines. In
support of this, it has recently been shown that OMVs
produced by the common human commensal gut bacte-
rium, Bacteroides thetaiotaomicron (Bt), are able to access
and influence the host’s intestinal epithelial and immune
cells [22,23]. This identifies a means by which commensal
gut bacteria can influence host cell physiology.

Here we describe the development of a novel vaccine
delivery technology, based on engineering Bt, to express
the V and F1 antigens of Y. pestis in their OMVs for
targeted delivery to the gastrointestinal (GI) and respira-
tory tracts in a non-human primate (NHP) host. Our
findings demonstrate that OMV-based plague vaccines are
an effective means of eliciting both mucosal and systemic
antibody responses and systemic cell-mediated responses.
Delivery of OMV vaccines via the respiratory route was
particularly effective at eliciting production of antigen-
specific IgG antibodies that were protective in two inde-
pendent surrogate assays.

Materials and methods
Bacteria, media, growth conditions and
transformations

Strains of Escherichia coli were grown in Luria-Bertani
medium at 37°C. Bt strain VPI-5482 and derivative strains
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were grown under anaerobic conditions at 37°C in brain
heart infusion (BHI) medium (Oxoid, Basingstoke, UK)
supplemented with 0-001% haemin (BHIH) or with
0-00005% haemin for OMV preparations. Antibiotics were
added as selective agents when appropriate: ampicillin
200 ug/ml and erythromycin 5 pg/ml. The E. coli strain
J53/R751 was supplemented with trimethoprim 200 ug/
ml when grown for 18 h. E. coli GC10 was transformed
by electroporation using a Gene Pulser II (Bio-Rad, Watford,
UK). Plasmids were mobilized from E. coli into Bt fol-
lowing a triparental filter mating protocol [24] using the
helper strain J53/R751. The Y. pestis strain CO92 (biovar
Orientalis, NR641; BEI Repositories) was supplied by the
Biodefence and Emerging Infections (BEI) Research
Repository (Bethesda, MD, USA) in accordance with
International Export and Import Regulatory Requirements
and used with kind permission from National Institute
of Allergy and Infectious Diseases (NIAID). The organism
was stored and handled in accordance with US Biological
Select Agent or Toxin requirements and was grown using
the conditions and methods described previously [25].

Construction of Y. pestis F1- and V1-antigen expression
vectors

A synthetic gene construct of 1043 base pairs (bp) encod-
ing the V antigen and a synthetic operon construct of
3826 bp encoding cafIM, caflA and cafl genes of the
cafl operon that generates the F1 protein were N-terminally
fused to the OmpA signal peptide of Bt. This created
in-silico constructs with codon usages optimized for expres-
sion in the same species. Signal peptide prediction was
obtained by SignalP at http://www.cbs.dtu.dk/services/
SignalP/. During the design of the synthetic constructs
the unique Bacteroides ribosomal binding site [26] required
for efficient expression in Bacteroides was accounted for.
The resulting gene cassettes for V and F1 were obtained
through gene synthesis and subsequently cloned into the
E. coli plasmids pEX-A2 and pEX-K4 (Eurofins, Hamburg,
Germany), respectively. The cassettes contained BspHI and
EcoRlI restriction sites at their 5" and 3’ ends, respectively,
allowing for the translational fusion of the encoded gene
to the start codon in the Bacteroides expression vector
pGHO090 [26]. The genes encoding V1 or F1 were excised
from the pEX derivatives using BspHI and EcoRI and
ligated into the Ncol/EcoRI-restricted pGH090 expression
vector, resulting in pGH179 and pGH180, respectively.
Finally, the sequence integrity of the cloned fragments
was verified through sequencing.

OMYV isolation and characterization

OMVs were isolated following a method adapted from
Stentz et al. [27]. Briefly, cultures of Bt (500 ml) were
centrifuged at 5500 g for 45 min at 4°C and the

Gut bacteria microvesicle-based mucosal plague vaccines

supernatants filtered through polyethersulphone (PES)
membranes (0-22 um pore-size) (Sartorius, Gottingen,
Germany) to remove debris and cells. Supernatants were
concentrated by ultrafiltration (100 kDa molecular weight
cut-off, Vivaspin 50R; Sartorius), the retentate was rinsed
once with 500 ml of phosphate-buffered saline (PBS) (pH
7.4) and concentrated to 1 ml (approx. 700 ug/ml total
protein). The final OMV suspensions were filter-sterilized
(022 pum pore size). The protein content of the final
OMV suspensions was determined using the Bio-Rad
Protein Assay.

The distribution of heterologous proteins within Bt OMV's
was established in a proteinase K accessibility/protection
assay [27]. Briefly, a suspension of 250 ug of OMVs in
0-1 M phosphate/1 mM ethylenediamine tetraacetic acid
(EDTA) buffer (pH 7.0) was incubated for 1 h at 37°C
in the presence of 100 mg/l proteinase K (Sigma-Aldrich,
Poole, UK). Proteinase K activity was stopped by addition
of 1 mM phenylmethanesulphonyl fluoride (PMSF) and
samples analysed by immunoblotting.

Nanoparticle analysis

Videos were generated using a Nanosight nanoparticle
instrument (NanoSight Ltd, Malvern, PA, USA) to count
OMYV numbers in each OMV sample. The mean squared
displacement (X) was measured simultaneously for each
OMV tracked. The particle diffusion coefficient (D,), and
hence sphere equivalent hydrodynamic radius (r,) were
determined using the Stokes-Einstein equation,
— ksT
6mnry

>

t

where k; is Boltzmann’s constant, T is temperature and
n is solvent viscosity.

Immunoblotting

OMV-V extracts were added to sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer (NuPage; Invitrogen, Carlsbad, CA, USA) containing
dithiothreitol (Invitrogen). Approximately 7 pg of OMV-V
was loaded onto 12% precast Tris-glycine gels (Novex/
ThermoFisher Scientific, Fremont, CA, USA) and separated
by electrophoresis at 180 volts for 40 min. Gels were
transferred onto a polyvinylidene difluoride membrane at
25 volts over 2 h in a solution containing Tris—glycine
transfer buffer (Novex). The membrane was blocked with
10% bovine serum albumin (BSA) in Tris-buffered saline
(TBS) (50 mM Tris-HCI, 150 mM NaCl, pH 7.5)-Tween
(0-05%) for 30 min at 20°C. Blocking solution was then
discarded and the membrane incubated for 16 h at 4°C
in a 1: 1000 dilution of a primary mouse anti-V antibody
(Defence Science and Technology Laboratory, Porton
Down, UK) in TBS-Tween with 5% BSA. After washing
with TBS-Tween three times, membranes were incubated
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for 1 h at 20°C in 5% BSA in TBS-Tween with a 1 : 1000
dilution of horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (ThermoFisher). After three washes in
TBS-Tween, SuperSignal West Pico chemiluminescent
Substrate (ThermoFisher) was used to detect bound
antibody.

The F1 content of F1-OMYV formulations was determined
using a dot-blot assay in which serial twofold dilutions
of extracts of F1-OMVs (10 ul) were spotted onto nitro-
cellulose membranes and air-dried. Serial dilutions of
recombinant F1 protein (rF1) and extracts of native OMVs
were also applied to the membranes. The membranes were
then processed as described for immunoblotting as above,
using a rabbit anti-F1 anti-sera (Defence Science and
Technology Laboratory) and a secondary HRP-conjugated
goat anti-rabbit IgG (ThermoFisher). Localization of F1
in Bt OMV preparations was determined by liquid chro-
matography and mass spectrometry (LC-MS)-based pro-
teomics (Proteomics Facility, University of Bristol, Bristol,
UK).

Cytokine analysis

Frozen PBMCs obtained from whole blood by density
gradient centrifugation over Ficoll-Paque Plus (Amersham
Biosciences, Chalfont St Giles, UK) were thawed, washed
twice with RPMI media containing 10% FBS, 2 mM glu-
tamine and 100 U/ml penicillin/streptomycin and adjusted
to a concentration of 5 x 10° cells/ml. Aliquots of 10°
cells were plated into individual U wells of 96-well plates
and incubated in triplicate with media alone or media
containing 15 pg/ml rV protein for 72 h at 37°C in an
incubator with 5% CO,. Control cultures contained media
only. Conditioned media was then harvested, and cytokine
content determined using a bead-based multiplex assay
and BD LSRFortessa flow cytometer (BD Biosciences, San
Jose, CA, USA), according to the manufacturer’s instruc-
tions (BioLegend, San Diego, CA, USA).

Antibody enzyme-linked immunosorbent assay
(ELISA)

Nunc-Immuno Microwell 96-well plates (ThermoScientific)
were coated with 15 pg/ml of Y. pestis V (BG032/VDJPE1)
or F (BG032/FD5Pst2) recombinant proteins (Defence
Science and Technology Laboratory) in ELISA coating
buffer (0-1 M NaHCO,) and incubated for 16 h at 4°C.
After washing three times with ELISA wash buffer (PBS
with 1 : 2000 Tween-20), plates were blocked for 3 h
with blocking buffer (PBS with 2% BSA) at 20°C with
gentle agitation. Serum, saliva, salivary gland and bron-
choalveolar lavage (BAL) samples were added in dilutions
ranging from 1 to 163 840 and the plates were incubated
for 16 h at 4°C. After six washes with ELISA wash buffer,
50 ul of 1 : 10 000 goat anti-monkey immunoglobulin

(Ig)G peroxidase conjugated (Sigma; A2054-1ml) or
1 : 10 000 goat anti-monkey IgA-HRP antibody (Sigma;
SAB3700759) were added and plates were incubated for
1 h at 20°C with gentle agitation. Plates were then washed
six times with ELISA wash buffer and incubated with
100 pl of TMB high sensitivity substrate solution
(BioLegend, San Diego, CA, USA) for 20 min at 20°C
in darkness. The reaction was stopped by adding 50 pl
of 2 N H,SO,. The plates were analysed in a microplate
reader at Abs, . Absolute amounts of IgG and IgA
antibodies in serum and mucosal samples, respectively,
were determined using a modified ELISA incorporating
a range of concentrations of purified monkey IgG (Bio
Rad) and IgA (Life Diagnostics, Inc., West Chester, PA,
USA) and the protocol and reagents described above to
generate standard curves from which IgG and IgA con-
centrations of individual animals were determined.

Bactericidal assay

This prototype bactericidal assay (BCA) was developed
in a series of experiments which optimized incubation
times, using a standard anti-rF + rV anti-serum generated
in cynomolgus macaques. All activities associated with
the BCA assay were performed at ACDP3 level contain-
ment within a BSL3 safety cabinet. Y. pestis CO92, origi-
nally sourced by Public Health England (PHE) from the
BEI research repository (catalogue number: NR-641) was
used to make a working stock. Working stock was propa-
gated on Columbia blood (COH) agar for 2 days at 26°C.
A bacterial suspension was then created by harvesting
the bacteria from the surface of the agar and subsequent
resuspension in TSB. Sterile TSB broth was then inocu-
lated with sufficient bacterial suspension to result in an
OD,,,,., of 0-1. After 3 h incubation at 26°C, the mid-log
culture was diluted to an expected Y. pestis concentration
of 33 x 10° colony-forming units (CFU)/ml ready for
use as the inoculum for the bactericidal assay. This process
was used in all protocols.

Heat-treated (to deplete individual sample complement)
primate sera were incubated with live Y. pestis bacteria
in the presence of 25% v/v rabbit complement (Pellfreeze
Biologicals, Roger, AR, USA) for 1 h with orbital agita-
tion on a 96-well plate shaker. After this incubation, the
mixture was plated onto COH agar and permitted to be
absorbed into the agar at 37°C. In preliminary experi-
ments, human volunteer and baby rabbit complement
(Pellfreeze Biologicals) were found to be similar in sen-
sitivity to antibody-directed bactericidal activity against
Y. pestis CO92. After this incubation, the mixture was
plated onto COH agar and permitted to be absorbed
into the agar. The COH plates were then incubated at
37°C for 2 days before manual enumeration to determine
relative viability. Incubation at 37°C only began once the
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antibody, complement and bacterial mixture was created
in the assay plate. This protocol simulated the natural
infection process that would take place once a flea has
bitten a mammalian host. No-antibody, complement-only
controls were included in all assays.

The number of bacteria counted for each test serum
anti-serum was used to calculate the degree of reduction
in counts compared with the plate spread with the no-
antibody complement control. The dose of test serum
[expressed as percentage (v/v) of serum] required to kill
50% of live Y. pestis CO92 was calculated by interpolation
of the dose response curve for each sample. Each assess-
ment was conducted in duplicate. Bactericidal antibody
assessment assays were conducted at PHE on samples
taken on each of the 4 sample days with serum pools
from each of the 12 vaccine groups. In all studies, the
reference standard anti-rV plus anti-rF1 primate serum
was also assessed as a means of comparison and measure
of reproducibility. In all studies, this standard anti-serum
killed Y. pestis in a reproducible manner. All controls
(including the no-antibody, complement-only no antibody
control) were assessed and performed as expected.

Competitive ELISA

A competitive ELISA (CE-ELISA) assay was used (as
previously described [1]) to detect antibodies in immune
sera from V-OMV immunized animals that were able to
compete with a monoclonal antibody (mAb 7-3) for bind-
ing to recombinant V protein. Briefly, rV antigen was
coated onto 96-well microtitre plates (Dynex, Lincoln, UK)
at 5 pg/ml in 0-05 ml PBS (16-18 h, 4°C). After washing
in PBS with 0-02% Tween 20, plates were blocked with
0-2 ml 5% w/v skimmed milk powder in PBS (37°C, 1 h).
After further washing, 0-05 ml mAb 7-3 (1 : 32000 in
1% w/v skimmed milk powder in PBS) was added to
each well (equivalent to 80 ng/well) and plates were incu-
bated at 4°C for 16 h. Normal, non-immune NHP serum,
also diluted to 1 : 32 000, was added to negative control
wells (0-05 ml per well). Plates were then washed prior
to adding the test serum at a dilution of 1 : 10 in 1%
w/v skimmed milk powder in PBS. A positive control
was included comprising a reference serum created by
pooling equal aliquots of sera from four macaques previ-
ously parenterally immunized with rF1 + rV antigens and
prior to surviving challenge with Y. pestis. Test and control
serum samples were assayed in duplicate. Plates were
incubated (1 h, 37°C) prior to washing and addition of
HRP-goat anti-mouse IgG (Serotec, Kidlington, UK;
1 : 2000 in PBS) followed by incubation (37°C, 1 h).
Plates were washed prior to addition of ABTS substrate
(Sigma) with subsequent reading of absorbance at 414 nm.
The optical diameter (OD),,, — determined for each test
and the reference serum was adjusted by subtraction of

Gut bacteria microvesicle-based mucosal plague vaccines

the OD,,, . determined for the appropriate control serum.
The data were calculated from a titration curve for loss
of binding of the mouse antibody, with increased con-
centration of human serum.

Ethics statement

All animals used in these studies were cynomolgus
macaques (Macaca fasciculuaris) obtained from the char-
acterized breeding colonies managed by PHE that have
been established and maintained as closed colonies for
more than 20 years. Animals were housed in compatible
social groups, in accordance with the Home Office (UK)
Code of Practice for the Housing and Care of Animals
Bred, Supplied or Used for Scientific Purposes, December
2014, and the National Committee for Refinement,
Reduction and Replacement (NC3Rs), Guidelines on
Primate Accommodation, Care and Use, August 2006.
All animals were aged between 3 and 5 years and none
of the animals had been used previously for experimental
procedures, were free of herpes B-virus, tuberculosis (TB),
simian immunodeficiency virus (SIV) and simian T-cell
leukemia virus (STLV) and were inspected by the named
veterinary surgeon prior to entry into the study. All animal
procedures and study design were approved by the Public
Health England, Porton Down Animal Welfare and Ethical
Review Committee, and authorized under an appropriate
UK Home Office project licence (30/2993 and P76404B45).

Generation of standard NHP reference anti-sera

In order to enable development of a functional biological
assay of relevance to these studies, anti-sera to F1 and
V were generated by immunizing two cynomolgus
macaques with either recombinant F1 (batch BG032\
FD5Pst2; Defence Science and Technology Laboratory) or
recombinant V (batch BG032\VDJPE1; Defence Science
and Technology Laboratory) antigens produced from E.
coli [1] and formulated into 20% (v/v) alhydrogel adjuvant.
Both vaccines were prepared and supplied to PHE by
Defence Science and Technology Laboratory. Two primates
(one male, one female) were immunized with either vac-
cine on two occasions 3 weeks apart. The dose on each
vaccination occasion was 50 pg injected intramuscularly
in a 250 pl volume. Once an immune response was con-
firmed to have been induced via ELISA, subjects were
anaesthetized by intramuscular injection of ketamine
(15 mg/kg) and blood samples were collected from the
heart prior to euthanasia by intracardiac injection of a
lethal dose of anaesthetic (Dolelethal, 140mg/kg; Vétoquinol
UK Ltd, Towcester, UK) in order to generate the refer-
ence stock anti-sera 56 days after primary immunization.
The sera were collected after centrifugation of serum sepa-
ration tubes which had permitted the blood to clot. Serum
aliquots were created and frozen at below -20°C until
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required. Stool samples were also collected for reference
purposes into OMNIgene GUT OMR-200 tubes.

OMYV vaccines and vaccination

The immune status for each NHP was assessed with regard
to Y. pestis antigens at 14 and 0 days before immuniza-
tion. For OMV-V/F1 vaccine studies, animals were ran-
domly allocated to groups of four (two males and two
females per group) and were immunized with OMV-V
or OMV-FI vaccine formulations containing 12.5, 25 or
50 pg of V or F1 protein via the intranasal route or with
50 ug of V/F1 protein via the oral route in a total volume
of 1 ml PBS. Nasal dosing of vaccine was conducted using
a stepwise droplet method to alternate nares using a sterile
flexible plastic tube (13GA plastic feeding tube; Instech
Laboratories Inc., Plymouth Meeting, PA, USA) and oral
administration was performed using a flexible dosing tube
to ensure accurate delivery. Twenty-eight days later, all
NHPs received a booster immunization via the same route
of administration. Blood, stool, saliva and rectal and nasal
swab samples were collected at days -14, 0, 28, 42 and
at the study end-point of 56 days with body weight, tem-
perature, axillary and inguinal lymph node scores and
haemoglobin concentration determined at each sampling
time-point. Animals were sedated by intramuscular (i.m.)
injection with ketamine hydrochloride (Ketaset, 100 mg/
ml; Fort Dodge Animal Health Ltd, Southampton, UK;
10 mg/kg) for simple procedures such as blood sampling
and vaccination that required removal from their housing.
At the end of the study, animals were sedated with keta-
mine (15 mg/kg, i.m. administration), weighed and clinical
data collected. Prior to euthanasia, anaesthesia was deepened
using medetomidine hydrochloride (Sedator, 1 mg/ml;
Dechra Veterinary Products, Shrewsbury, UK) 50 mg/kg
and a BAL was performed. BAL fluid samples were col-
lected using a bronchoscope (Allscope XE30 4-mm flexible
bronchoscope; VES, Rochford, UK). BAL consisted of three
consecutive washes performed, each using 20-ml volumes
of Hanks’ balanced salts (Sigma-Aldrich, Poole, UK), which
was instilled in the lungs and collected. Exsanguination
of each animal was affected via the heart before termina-
tion by the injection of a lethal dose of anaesthetic (140 mg/
kg) (Dolethal; Vétoquinol UK Ltd). At necropsy, lung,
spleen, liver, heart, lymph nodes, kidney, brain, stomach
and intestine were collected for histopathology and rou-
tinely processed. The tissues were stained with haematoxylin
and eosin (H&E) and examined by light microscopy and
evaluated subjectively by a pathologist, blinded to the
treatments and groups in order to prevent any bias.

Statistical analysis

CE-ELISA data were analysed using Graph Pad Prism
software version 6 and expressed as mean + standard

error of the mean (s.e.m.). Statistical comparisons were
made using one-way analysis of variance (ANOvA) or
unpaired ¢-test. The survival data were expressed as Kaplan-
Meier survival curves and statistical significance was
determined by log-rank test. P < 0-05 was considered
statistically significant. Cytokine multiplex data were ana-
lysed using one-way aNova with Bonferroni’s multiple
comparison post-test to compare PBS and rV values for
each cytokine.

Results

Study rationale

The aim of this immunogenicity and reactogenicity study
was to determine the suitability of OMVs produced by
the human commensal gut bacteria, Bt, as a delivery plat-
form for plague vaccine antigens that could activate mucosal
and systemic immune responses in an NHP host, and be
capable of protecting against plague infection. Mice are
a common experimental model system used in preclinical
studies of human drugs and vaccines. However, the NHP
model is better suited to answering key questions about
Bt OMV vaccine efficacy and safety in humans. This is
because the genetic relatedness of primates, and hence
greater physiological and microbiological similarity to
humans, requires less interpolation compared to other
animal model systems [28-31]. Therefore, the use of NHPs
de-risks the development pathway for Bt-OMV vaccine
by providing assurance that the NHP microbiome and
histological integrity of the GI tract, and other associated
tissues, are not adversely affected following immunization.
In addition, the use of NHP anti-sera as a surrogate to
quantify bactericidal activity and protection against infec-
tion will help to pave the way for assessment of the
protective effect of Bt OMV vaccination in humans.

Expression of Y. pestis vaccine antigens in Bt OMVs

It is possible to engineer Bt to target protein antigens to
a specific location in OMVs. The antigen can be either
secreted as a soluble protein in the lumen of OMVs by
making a fusion with an appropriate secretory signal pep-
tide or, alternatively, it can be targeted to the surface of
OMVs by making fusions of the antigen with OMV surface
proteins. Accordingly, genes encoding the V and F1 Y.
pestis proteins were successfully cloned downstream of
sequences encoding the N-terminal signal peptides of the
major OMV protein OmpA (BT_3852), the products of
which were contained within the lumen or outer mem-
brane of OMVs (Fig. 1a). The constructs were generated
in E. coli hosts and then mobilized into Bt via a triple-
filter mating protocol using a helper strain. Immunoblotting
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Fig. 1. Bacteroides thetaiotaomicron (Bt) outer membrane vesicle (OMV) plague vaccines. (a) Schematic of cloning procedure for the expression

of Yersinia virulence proteins Fraction 1 (F1) and V antigen (V) at the surface or in the lumen, respectively, of Bt OMVs. The Bt secretion signal
sequence is indicated in yellow and is fused at the N-terminus of the FI and V genes. (b) Expression of V antigen in OMV lysates determined by
immunoblotting (IB). (c) Determination of protein location after treatment with proteinase K (PK). IB of V antigen with and without pretreatment of
V-OMVs or recombinant V (rV) with proteinase K. NT = not treated. (d) Size distribution of Bt V-OMVs by nanoparticle tracking analysis. The
OMYV suspension was diluted 100 times. (e) Thermostability of V-OMV’s assessed by storing preparations at different temperatures for 8 weeks prior
to analysing OMV extracts (E) or storage buffer (B) for presence of V antigen by IB. Molecular weight (MW) is expressed in kDa.

of whole cell and OMYV lysates of recombinant Bt strains
confirmed expression of the V antigen (approximately
15 pg/ml of total protein) (Fig. 1b). A dot-blot assay was
used to detect F1 protein in OMV lysates (approximately
10 pg/ml of total protein) with its presence being con-
firmed by LC-MS proteomics of OMV lysates (data not
shown). The luminal versus outer membrane distribution
of the proteins in Bt OMVs was established using a pro-
tease protection assay. This assay demonstrated that V
protein distribution was within the lumen of OMVs (Fig.
Ic). The presence of F1 protein in extracts of F1-OMV
was confirmed by LC-MS proteomics, with its absence in
F1-OMV samples pretreated with proteinase K being con-
sistent with its localization to the OMV outer membrane.

© 2019 The Authors. Clinical & Experimental Immunology published by John Wiley & Sons Ltd on behalf of British Society

for Immunology, Clinical and Experimental Inmunology, 196: 287-304

V and F1 containing OMVs had an average size of ~400
nm (Fig. 1d) and exhibited high thermostability with
minimal loss of vaccine antigen content after storage for
6 weeks at either 4°C or 40°C (Fig. le and data not shown).

OMYV immunization

OMYV vaccination followed a prime and a single boost
dosing regimen as depicted in Supporting information,
Fig. S1, with each animal serving as their own control
and reference for evaluating OMV vaccine responses. Levels
of antigen-specific antibodies were assessed in serum sam-
ples obtained at two pre-immunization time-points (days
-14 and 0) and at three time-points post-immunization
(days 28, 42 and 56). Oral and nasal administration are
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the preferred routes of vaccination to generate protective
immunity at primary sites of plague infection [9]. To
identify which of these routes was optimal for Bt OMV
plague vaccines we measured both local and systemic
antigen-specific V and F1 IgA and IgG antibodies follow-
ing delivery. For oral delivery we used a dose of 50 pg
of V antigen formulated in Bt OMVs, which is mid-range
of the vaccine dose used previously in cynomolgus macaques
[32], and is equivalent to that required for a human dose
[7]. In considering the potential risks of administering
agents via the intranasal route and its accessibility to the
systemic circulation and the brain, we used a range of
OMYV vaccine antigen doses (12-5, 25 and 50 pg) to assess
safety and tolerability and determined the lowest dose
required to induce a strong immune response.

Host response to F1-OMV plague vaccines

F1-OMYV vaccine formulations were evaluated by measuring
antigen-specific IgA levels in mucosal secretions and tissues
and antigen-specific IgG levels in the serum (Fig. 2 and
Supporting information, Fig. S2). F1-OMVs generated
antigen-specific IgG serum antibodies (~0-5-1-5 pug/ml) after
both oral and intranasal immunization at day 42 and then
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decreased (~0-5 pg/ml) at day 56. The fact that the antibody
levels did not increase until day 42 reflects the importance
of and requirement for a booster immunization (at day 28).
There was no clear evidence for an effect of antigen dose
on the levels of F1 antibodies produced, as similar levels
of F1-specific IgG were recorded in animals receiving 12-5,
25 or 50 ug of F1-OMVs (Fig. 2a). There was also no
clear evidence for the superiority of oral versus nasal delivery
of F1-OMVs in terms of levels of antigen-specific IgG
antibodies generated (Fig. 2a). By comparison with serum
IgG antigen-specific responses, F1-OMVs elicited weak
mucosal immune responses with low levels of antigen-
specific IgA present in saliva (Supporting information,
Fig. 2a-d) and BAL (Supporting information, Fig. S2e)
samples, irrespective of the route of administration. It was
not possible to detect Fl-specific IgA antibodies in the
salivary glands of F1-OMV immunized animals (Supporting
information, Fig. S2f).

Host response to V-OMYV plague vaccines

V-OMYV vaccines generated strong antibody responses
systemically and at mucosal sites (Fig. 3 and 4). Analysis
of serum anti-V-specific IgG antibodies showed that the
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Fig. 2. Humoral systemic immune response to Fraction 1-outer membrane vesicles (F1-OMV) vaccines. The quantity and titre of F-antigen-specific

immunoglobulin (Ig)G in the sera of animals immunized with F-OMVs via the intranasal or oral route was determined prior to immunization (day

-14) and at three time-points post-immunization (days 28, 42 and 56) by enzyme-linked immunosorbent assay (ELISA) using an initial serum
dilution of 1 : 10 prior to serial one in four dilutions. Data expressed as mean + standard error of the mean (s.e.m.). *< 0-05: **< 0-01; ***< 0-001.
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Fig. 3. Humoral systemic immune response to V antigen-outer membrane vesicles (V-OMV) vaccines. The quantity and titre of V-antigen specific
immunoglobulin (Ig)G in the sera of animals immunized with V-OMV’s via the intranasal or oral route was determined prior to immunization (days
-14 and 0) and at three different time-points post-immunization (days 28, 42 and 56) by enzyme-linked immunosorbent assay (ELISA) using an
initial serum dilution of 1 : 10 prior to serial one in four dilutions. Each line graph represents the mean value for each group (1 = 4). The levels of
V-specific IgG in individual animals immunized with 25 pg of V-OMV:s via the intranasal route is shown in the bottom right graph with the

horizontal lines in each category representing the mean + standard error of the mean (s.e.m.).

intranasal immunization route for V-OMV immunization
generated higher titres of antibodies than oral immu-
nization (Fig. 3); in contrast, for F1-OMVs there were
no differences in IgG responses between the two vaccine
delivery routes (Fig. 2). The highest titres of V-specific
IgG at the study end-point were in animals intranasally
vaccinated with 25 ug of V-OMYV, with antibody levels
increasing over the study period (Fig. 3). In mucosal
samples, low titres of V-specific IgA were recorded in
the saliva at all time points analysed (Fig. 4a), with the
highest titres being seen at day 42 (Fig. 4b). Consistent
with the superior performance of intranasally delivered
V-OMVs for generating V-specific IgG antibodies, higher
levels of V-specific IgA were recorded in the saliva of
animals immunized intranasally compared to those
immunized via the oral route (Fig. 4ab). The 25-ug
dose of intranasally administered V-OMVs achieved the
highest titres of V-specific IgA in saliva (Fig. 4a), and
were similar to serum V-specific IgG antibody responses
(Fig. 3). By comparison, salivary gland V-specific IgA
antibody titres at day 56 were similar in animals immu-
nized with 12.5, 25 or 50 pg of antigen (Fig. 4c). The
titre of V-specific IgA antibodies in the BAL were lower

than in either the saliva or the salivary glands, with no
evidence of vaccine dose-level-dependent responses, as
each dose of V-OMVs elicited similarly low levels of
V-specific IgA (Fig. 4c).

As an indicator of cell-mediated immune responses
to OMV vaccines, we analysed the recall response of
peripheral blood lymphocytes from animals immunized
intranasally or orally with V-OMVs after restimulation
with rV antigen in vitro. PBMCs from V-OMV immu-
nized animals constitutively produced varying levels of
monocyte chemoattractant protein (MCP)-1, IL-6, IL-8
and/or IL-23 during culture in complete media alone
(Fig. 5). In the presence of rV, significant increases in
the levels of IL-6 (P < 0-0001) were seen in all PBMC
samples irrespective of the immunization route or the
dose of V-OMVs used. Significant increases in IL-1(
(P < 0-001), MCP-1 (P < 0-0001), IL-8 (P < 0-001) and
IL-23 P < 0-0001) were also seen in rV-stimulated PBMC
samples from animals immunized intranasally with the
lowest dose of V-OMV (12-5 pg). At higher doses of
intranasal or oral administered V-OMVs IL-8 was the
only cytokine, in addition to IL-6, that was secreted at
levels significantly higher (P < 0-05) after rV stimulation
compared to control cultures. Other cytokines included
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Fig. 4. Mucosal humoral immune response to V antigen-outer membrane vesicles (V-OMV) vaccines. (a) The quantity and titre of V-antigen specific
immunoglobulin (Ig)A in the saliva of animals immunized with V-OMVs via the intranasal or oral route was determined prior to immunization (day
0) and at three different time-points post-immunization (days 28, 42 and 56) by enzyme-linked immunosorbent assay (ELISA) using serial one in two
dilutions. Each line graph represents the mean value for each group (n = 4). (b) Levels of V-specific IgA in saliva samples of individual animals
immunized with 25 pg of V-OMVs via the intranasal route. The horizontal lines in each category represent the mean + standard error of the mean
(s.e.m.). (c) Levels of V-specific IgA in salivary glands and bronchoalveolar lavage (BAL) samples for animals immunized intranasally or orally with

V-OMVs analysed at day 56 post-immunization.

in the analysis that were not detected in any PBMC
sample or were present at levels below the detection
limit of the assay (< 1-0 pg/ml) included IFN-y, TNF-a,
IL-10, IL-12p70, IL-17A and IL-18 (data not shown).

Reactogenicity of V-OMYV vaccines

Biosafety of F-OMV and V-OMV vaccines were based
on histopathology of tissue routinely recovered at necropsy
(Supporting information, Fig. S3), and profiling of the
resident microbial populations (microbiotas) of the GI
and respiratory tracts using 16S rRNA sequence-based
community profiling of faecal- and nasal swab-derived
DNA samples taken pre- and post-OMV immunization
(Fig. 6). Independent blinded evaluation of various tissues
(lung, spleen, liver, heart, lymph nodes, kidney, brain and
regions of the GI tract) at necropsy revealed no macro-
scopic signs of pathogenic infection or pathology.
Evidence of recent immune activation were seen in the
lymphoid tissues of the spleen and lymph nodes in a
proportion of animals in each group receiving F1-OMV
immunization; this comprised the presence of scattered

secondary follicles with mitotic figures and apoptotic cells
in the splenic white pulp (Supporting information, Fig.
S3a) and cortex of the lymph nodes (Supporting informa-
tion, Fig. S3b). Microscopic examination of tissues from
animals receiving the highest dose of V-OMVs (50 pg)
identified regions of organized and enlarged lymphoid
structures and follicles within the spleen and lungs
(Supporting information, Fig. S3f) in the absence of any
infection or bacteria. Lymphoplasmacytic cell infiltrates
were observed with some frequency in the mucosa of all
parts of the GI tract (Supporting information, Fig. S3c-e);
this is a common finding in our experience with macaques,
and their presence probably reflects a low-grade, chronic-
active gastritis/enteritis/colitis that may or may not have
been associated with clinical signs such as diarrhoea.
16S rRNA community profiling and bubble chart
analysis of sequence data revealed that there was con-
siderable interindividual variation in both the nasal
(Fig. 6a) and faecal (Fig. 6b) microbiotas of NHPs at
baseline. Post-immunization with V-OMYV3s via the intra-
nasal routes did not noticeably alter the profiles of nasal
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Fig. 5. Cytokine production by peripheral blood mononuclear cells (PBMCs) from V antigen-outer membrane vesicles (V-OMV)-immunized animals.
PBMCs obtained from animals previously immunized with V-OMV’s via the intranasal (i.n.) or oral route at day 56 post-immunization were cultured

in the presence or absence [phosphate-buffered saline (PBS)] of recombinant V protein (rV) for 72 h, after which time supernatants were analysed for

cytokine content using a multiplex bead assay and flow cytometry. Limit of detection for given values was interleukin (IL)-1f < 1-11 pg/ml, MCP-

1< 1-61 pg/ml, IL-6 < 1-45 pg/ml, IL-8 < 1-02 pg/ml, IL-23 < 1-44 pg/ml. Given values represent the group mean =+ standard error of the mean (s.e.m.)

of duplicate samples, n = 4 per group. One-way analysis of variance (ANova) with Bonferroni’s multiple comparison post-test was used to compare

PBS and rV values for each cytokine; *P < 0-05, *** P < 0-001, *** P < 0-0001.

microbiota at any vaccine dose (Fig. 6a). In faecal
microbiota the bacterial composition did not significantly
change, although small changes in relative abundance
were noted (Fig. 6b). For example, the average preva-
lence of Prevotellaceae increased from 30% at pre-
immunization to 44% after immunization. By contrast,
there were decreases in the average prevalence of
Succinivibrionaceae (from 9 to 0-4%). These findings are
consistent with V-OMVs having a minor impact on
resident prokaryotic communities in the upper respira-
tory tract.

Functionality of OMV-elicited IgG antibodies

Two independent assays were used to assess the func-
tionality of immune sera from OMV immunized animals
and to determine their usefulness as potential immune
correlates for protection in humans. The first assay used
was a CE-ELISA [1] that quantified the ability of immune
IgG to compete for binding to the Y. pestis V antigen.
This assay utilizes a monoclonal antibody (mAb 7-3) which

has previously been shown to protect mice fully by pas-
sive transfer against direct exposure to Y. pestis [33].
Alongside a passive transfer assay, we have previously
demonstrated that the competitive ELISA provides a
potential in-vitro correlate of protection for plague [1].
The second assay was a prototype BCA specifically devel-
oped for this study, which assessed the level of antibody-
mediated complement killing of Y. pestis in serum samples
using the Y. pestis reference strain CO92 as the target.

Serum samples collected at the study end-point from
representative animals within each of the different routes
of immunization and dose-level groups were assayed for
their ability to displace mAb 7.3 from binding to rV in
vitro. The data are presented as a titration line for loss
of binding of the mouse monoclonal antibody with increas-
ing concentrations of test samples (see Materials and
methods) using, as a reference, macaque immune sera
obtained by parenteral immunization with rF1+ rV pro-
teins (Fig. 7). Values were also corrected for any non-
specific activity by subtracting values obtained using
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Fig. 6. Bubble charts constructed using MEGAN Community Edition for 16S rRNA sequences in which the radius of each bubble is proportional to
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normal, non-immune, sera. The sera from animals intra- higher serum concentrations were comparable to the activ-
nasally immunized with V-OMVs at all doses inhibited, ity of the reference sera. Sera from animals immunized
to some extent, the binding of mAb 7.3, which at the with 25 or 50 pug of V-OMVs had the highest titres of
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Fig. 7. A competitive enzyme-linked immunosorbent assay (ELISA)
assay to assess the functionality of immune sera from V antigen-outer
membrane vesicles (V-OMV)-immunized animals. Serial dilutions of
sera from animals immunized with V-OMVs identified by individual
code numbers shown in the key were tested for their ability to displace
a monoclonal V antibody from the surface of the V antigen
immobilized in microtitre plate wells. The level of competing activity
of immune non-human primate (NHP) serum was determined after
subtraction of the activity of non-immune serum. Reference immune
serum was from NHPs immunized intramuscularly with recombinant
Fraction 1 (F1) and V antigen plus adjuvant.

competitive antibodies (Fig. 7). In contrast, sera from
animals immunized orally with V-OMVs had low levels,
or no antibodies, capable of competing with mAb 7.3
for binding to V antigen.

The BCA provided a functional activity assessment of
the different test groups of samples taken from the immu-
nized NHPs. Throughout the assays conducted, the refer-
ence anti-sera (generated by immunizing macaques with
recombinant rFl1 and rV) provided consistent dose-
response BCA behaviour (Table 1).

There was, however, a high background BCA reactivity
in many of the macaques at day 0 which was not specific
to a particular housing group. Assessment of the health
records of the study subjects did not uncover any unre-
ported health conditions and no veterinary adverse health
observations were made. Although screened and found
to be clear of all known high-consequence pathogens in
primates, a routine rectal swab was able to identify
P. aeurugenosa in one study participant. Although this
organism was not causing disease or inducing any observ-
able clinical sign of illness, it is possible that natural
background immunity to such a commensal could cross-
react with the type three secretion system (TTSS) com-
ponents of Y. pestis. Conservation of the TTSS has been
discussed and demonstrated in other studies [34-37]. Thus,
it is postulated that the high background BCA observed
in some study animals is due to immunity to TTSS
elements of commensal bacteria present in the colony.
This hypothesis was further supported by ELISA, which
confirmed that there was pre-existing immunity in some
primates which cross-reacted with Y. pestis recombinant
V antigen at day 0 (Fig. 3). This immunity was also
confirmed in the CE-ELISA (Fig. 7).

Gut bacteria microvesicle-based mucosal plague vaccines

Intranasal administration appeared to result in higher
serum bactericidal responses for both OMV-antigens. All
groups immunized with V-OMVs showed bactericidal
activity during the study, with the best response seen at
day 42 post-immunization in the group immunized with
50 pg OMV-V intranasally. For F1-OMVs the data also
suggested that an intranasal immunization dose of 25 pg
was optimal. While day 56 BCA data (Table 1) suggested
that there was some waning of immune functional activity
in some groups, at day 42 almost all groups (except the
lowest intranasally dosed F1-OMV group) appeared to
demonstrate functional immunity to Y. pestis.

Discussion

Using bacterial OMVs generated by the bioengineering
of the major human commensal bacterium, Bt, we have
successfully developed formulations of plague vaccine
antigens suitable for direct delivery to mucosal sites includ-
ing the respiratory tract, the site of pneumonic plague
infection. Bt OMVs incorporating the V antigen generated
robust humoral and cell-mediated immune responses in
both the upper and lower respiratory tracts, and/or in
the systemic circulation. Using two independent surrogate
assays to measure levels of protection, V-OMV elicited
properties in the sera that were important in immune
protection, including the ability to kill Y. pestis.

Protection against pneumonic plague is essential to
prevent epidemic spread. An outbreak in Madagascar in
2017 resulted in more than 2400 confirmed cases of plague
(confirmed, probable and suspected) and more than 200
deaths; the majority (~77%) of reported cases were clini-
cally classified as pneumonic plague [38]. Foremost among
the virulence factors secreted by Y. pestis are the F1 and
V proteins that are pivotal in preventing phagocytosis
(F1) and regulating type III secretion (V) by Y. pestis.
When secreted by Y. pestis, V and other Yersinia outer
proteins (Yops), also play roles in inhibiting cytokine
production, platelet aggregation and apoptosis of mac-
rophages in addition to immune suppression [39]. When
combined as purified recombinant proteins, V and F1
represent a powerful candidate vaccine that is amenable
to alternative formulations other than typical liquid sus-
pension with alum [40] or alhydrogel [3]; this allows for
mucosal or dual route [41] delivery.

Using a prime and single boost oral or nasal immu-
nization protocol, V-OMVs effectively induced antigen-
specific IgA in mucosal sites and IgG in the blood; intranasal
delivery was the most effective route of administration,
particularly for the induction of mucosal IgA responses.
Intranasally delivered V-OMVs were also able to elicit
cell-mediated immune responses, as evidenced by strong
recall responses of PBMCs from immunized animals and
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Table 1. Summary of serum antibody bactericidal assay outputs (ED,, in units of % serum?)

Vaccine Dose (ug) Route Day 0 Day 28 Day 42 Day 56
OMV-F1 50 in. 12-1 36-2 149 >45
OMV-V 50 in. 0-6 55 0-8 149
OMV-F1 25 in. 14 1-6 15 6-2
OMV-V 25 in. 19 0-5 153 13.7
OMV-F1 12.5 in. >45 21-6 >45 39:2
OMV-V 12.5 in. >45 >45 20-9 22-5
OMV-F1 50 oG >45 17-0 130 > 45
OMV-V 50 oG >45 1.8 6-3 >45
rF1+rV Alhydrogel 50 in. - - - 10-7*

OG = orogastric administration; i.n. = intranasal administration; i.m. = intramuscular administration; OMV = outer membrane vesicles; OMV-V = Bt

OMVs containing Y. pestis V antigen; OMV-F1 = Bt OMVs containing Y. pestis Fraction 1 (F1) antigen; r = recombinant protein produced in

Escherichia coli; ED, = 50% effective dose.
“Average of six determinations; - = not included in the study design.

Tthe initial dilution of antibody in the assay was 45%, hence the limit of the assay was nominally set at 45%. Sera found to have an ED, below the limit

of detection were assigned an ED, of > 45%.

the production of proinflammatory cytokines. The weaker
immunogenicity of V-OMVs delivered via the oral route
may reflect the more hostile environment of the GI tract
compared with the nasal mucosa, and the need to over-
come significant physical (mechanical digestion), chemical
(acidic/alkaline pH), biological (enzymes) and microbio-
logical (the microbiota) barriers prior to accessing inductive
immune sites in the lower GI tract. However, despite
these obstacles, orally delivered V-OMVs were still effec-
tive in generating functional antibodies, albeit at lower
titres than that in animals immunized nasally with
V-OMVs. At the earliest time-point of serological analysis
(28 days post-immunization), systemic and mucosal anti-
body responses were established and increased over time.
In comparison with recombinant protein-based vaccines
[41], OMV vaccine formulations may, therefore, be less
effective at inducing rapid-onset immune responses (i.e.
within 14 days). However, it is possible that more inten-
sive boosting using multiple doses could be used to accel-
erate the onset of immunity and increase the strength
and duration of immune responses (i.e. within 14 days);
this is feasible for OMV vaccines that are non-invasive
and more user-friendly than injected recombinant protein
vaccines for which repeated injections would be a problem.
Formulations of N. meningitidis-based OMV vaccine for-
mulations (MenBvac, VA-Mengoc-BC, PorA P1.6-24 and
MeNZB) rely on a three- or four-dose immunization
regimen to provide effective protection in children and
adults and control of outbreaks of MenB disease [42].
The option to increase the concentration of V antigen
in OMV vaccine formulations is not supported by our
data; in terms of generating high tires of both mucosal
and systemic antibodies intermediate dose of antigen
(25 pg) delivered intranasally performed as well as, if not
better than, a twofold higher dose.

The assessment of host immune responses in NHPs
was complicated by a level of pre-existing immunity in
some individuals prior to OMV immunization. This ‘back-
ground’ immunity was confirmed in three independent
serum antibody assays conducted at three different labo-
ratories and sites. The health records of the study subjects
in question did not show any health conditions and no
veterinary health observations were made. More extensive
investigations identified that Pseudomonas aeruginosa was
present in some sample swabs (S.F., unpublished observa-
tions). This, however, was not accompanied by symptomatic
infection and no veterinary interventions were required.
Antibodies to the TTSS and the V antigen of Y. pestis
are known to cross-react with that of other pathogenic
Gram-negative bacteria, including P. aeruginosa, Vibrio
species and Aeromonas species that encode homologues
of the Yersinia V antigen [34]. While the presence of
these bacterial species could not be confirmed in samples
collected during the study, it is possible that they had
infected these animals at some time prior to this study
and were subsequently eliminated by the immune response
they invoked; it is also possible that V-OMV vaccines
may have been assisted by such pre-existing cross-reactive
immunity. It is noteworthy that this phenomenon of
‘background’ immunity was not seen in every animal.

An important immune correlate for protection by a
candidate vaccine is the ability to generate neutralizing
antibodies that inhibit the killing of host target cells by
bacteria and/or are cytotoxic and can actively kill the
bacteria [3]. We used two assays to demonstrate the gen-
eration of neutralizing antibodies in OMV-immunized
animals. The first was a competitive ELISA in which
immune sera from V-OMV immunized animals was able
to compete for binding to the protective epitope in the
V antigen with a monoclonal antibody (mAb 7-3), which
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has previously been shown to protect mice fully by pas-
sive transfer against direct exposure to Y. pestis [1]. The
second assay is a novel Y. pestis BCA developed specifi-
cally for this study, in which immune sera from F1- and
V-OMV immunized NHPs were shown to kill bacteria
via antibody-dependent complement-mediated killing
(ADCC). Intranasally administered V-OMVs were par-
ticularly effective at generating high titres of bactericidal
antibodies. Interpretation of the BCA data is complicated
by the suggestion of pre-existing cross-reactive immunity
in some of the macaques which existed before immuniza-
tion. This is evident in Fig. 3, where the group which
eventually received intranasal vaccination with 50 ug of
OMV-V vaccine had detectable anti-V immunity 14 days
before vaccination and at day 0. This does not, however,
account for all the prevaccination BCA activity. Future
studies involving the use of mutants might be helpful in
differentiating any cross-reactive immunity. The bacteri-
cidal activity of sera from F1-OMV immunized animals
was perhaps surprising, in view of their weaker immu-
nogenicity and the low levels of antigen-specific antibodies
they generated compared with V-OMV vaccines (Fig. 2).
The low levels of F1 expression in Bt, which required
sensitive LC-MS techniques to detect, may be a conse-
quence of inherent differences in the translational machin-
ery and requirements for efficient synthesis and/or in
secretion sequences that were used to target newly syn-
thesized proteins to the periplasm and OMVs in Yersinia
versus Bacteroides species. In addition, the inability of Bt
to efficiently synthesize proteins encoded within the cafl
operon, such as cafIM (which encodes the CafM1 protein
that acts as a chaperone for F1 with a role in its post-
translational folding and secretion [43,44]), could also
compromise Bt expression of F1. The inability to detect
F1 in F1-OMV lysates using various antibodies in immu-
noblotting protocols may also be indicative of low levels
of expression. Alternatively, it could be that the protein
was not being expressed in its native form, or that expres-
sion of altered structural determinants resulted in the
loss of immune epitopes following expression in Bt and
OMVs. In summary, the results from the two independ-
ent assays provide compelling evidence for the develop-
ment of a protective immune response in OMV-immunized
NHPs.

Studies performed with various animal species (includ-
ing NHPs [45]) indicate that, although neutralizing anti-
bodies provide protection against exposure, the
development of cell-mediated immunity is essential for
protection and clearance of bacteria from the host. Studies
using mice with targeted mutations that disrupt T helper
type 1 (Thl) or Th2 CD4 T cells responses have shown
that Thl-driven cell-mediated immune responses are par-
ticularly important in protecting against plague [46]. The

Gut bacteria microvesicle-based mucosal plague vaccines

ability of the V protein to up-regulate IL-10 production,
which down-regulates the generation of proinflammatory
cytokines such as TNF-a and IFN-y, is a key mechanism
for virulence and immunosuppression; this contributes to
the disruption of a balanced Th1/Th2 response which,
alongside specific antibodies, appears to be optimal for
protection [3]. In this context the recall response of lym-
phocytes from V-OMV immunized animals, which is
characterized by the secretion of various proinflammatory
cytokines, is significant and of predicted benefit to the
mobilizing (MCP-1, IL-8) and activating (IL-1(, IL-6,
IL-23) components of cell-mediated immune responses
in response to plague infection in immunized animals.
Of note, the lowest dose (12-5 pg) of intranasally admin-
istered V-OMVs was particularly effective at eliciting
cytokine secretion by PBMCs (Fig. 5). The reasons for
this phenomenon are unclear, but it is possible that higher
doses of V-OMV's may have elicited qualitatively different
(tolerogenic) immune responses similar to that described
for other nanoparticle-based vaccine delivery systems [47].

In summary, the key findings from our study were
that Bt OMVs could express plague antigens, and in par-
ticular the V antigen, in a stable and correct immunogenic
form. These engineered OMV vaccine formulations elicited
specific immune and antibody responses both in the serum
and at mucosal surfaces, including the generation of anti-
bodies able to kill plague bacteria. Our results also highlight
the key advantages our Bt OMV vaccine technology offers
over available plague vaccines in terms of technology and
approach. First, OMV vaccine delivery via oral or nasal
administration allows for needle-free, multi-dose delivery
that would enable mass vaccination programmes in chal-
lenging environments and at relatively low cost.
Advantageously, this route of immunization also specifi-
cally targets the primary sites of mucosal infection which
injectable whole-cell vaccines or subunit vaccines do not.
Secondly, compared with subunit or whole cell vaccines,
the manufacture and reformulation of OMV vaccines is
quicker, and can be achieved using readily accessible and
relatively inexpensive technology that has been commer-
cially validated in the production of licensed MenB OMV
vaccines which are in current use [48]. Thirdly, patient
acceptance is expected to be high, and unlike injection-
based vaccines only require out-of-clinic management.
Fourthly, OMVs have intrinsic adjuvanticity and the ability
to activate both the innate and adaptive arms of the
immune system [22,23] compared with the requirement
for chemical adjuvants such as alum to improve immu-
nogenicity of subunit vaccines. Fifthly, OMV vaccines are
acellular and non-infectious, making them safer than live
attenuated or killed whole cell vaccines. Finally, OMVs
are stable for ultra-long periods in liquid and lyophilized
form [49], and for several weeks in solution form across
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a wide range of temperatures including 40°C. This allows
distribution to the point of need without cold chain or
cold storage, which is particularly important in tropical
and low-income settings. These properties enable Bt-OMV
vaccines to align well with the WHO Blueprint therapeutic
product profile [11].
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Fig. S1. Schematic of OMV plague vaccine NHP immuni-
sations via the intranasal (IN) or oral route and analyses.

Fig. S2. Mucosal humoral immune response to F OMV
vaccine (a-d). Bronchoalveolar lavage fluid (BAL) (e) and
salivary gland homogenates (f) were analysed for anti-
gen specific IgA at the study end point. The data shown
represents mean + SEM values.

Fig. S3. Histopathological sections of immunised macaques
receiving 50 ug dose stained with HE. A. Spleen showing
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activated splenic follicles (f) within the white pulp. B. Lymph showing proliferation of lymphoid follicle like structures

node showing active lymphoid follicles(f) within the cortex. (arrow). E. Ileum. Lympho plasmacytic infiltration within the
C. Duodenum. Lympho plasmacytic infiltration within the mucosa and submucosa adjacent to activated Peyer Patches
mucosa and submucosa (arrow). D. Jejunum. Lympho plas- (arrow). E Lung. Focal proliferation of the BALT without any
macytic infiltration within the mucosa and submucosa, presence of pathogen within the organ parenchyma
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Gram-negative bacteria naturally produce and secrete nanosized outer membrane vesicles (OMVs). In
the human gastrointestinal tract, OMVs produced by commensal Gram-negative bacteria can mediate
interactions amongst host cells (including between epithelial cells and immune cells) and maintain
microbial homeostasis. This OMV-mediated pathway for host-microbe interactions could be exploited
to deliver biologically active proteins to the body. To test this we engineered the Gram-negative
bacterium Bacteroides thetaiotaomicron (Bt), a prominent member of the intestinal microbiota of all
animals, to incorporate bacteria-, virus- and human-derived proteins into its OMVs. We then used the
engineered Bt OMVs to deliver these proteins to the respiratory and gastrointestinal (Gl)-tract to protect
against infection, tissue inflammation and injury. Our findings demonstrate the ability to express and
package both Salmonella enterica ser. Typhimurium-derived vaccine antigens and influenza A virus
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(IAV)-derived vaccine antigens within or on the outer membrane of Bt OMVs. These antigens were in
a form capable of eliciting antigen-specific immune and antibody responses in both mucosal tissues
and systemically. Furthermore, immunisation with OMVs containing the core stalk region of the IAV
H5 hemagglutinin from an H5N1 strain induced heterotypic protection in mice to a 10-fold lethal dose
of an unrelated subtype (HIN1) of IAV. We also showed that OMVs could express the human
therapeutic protein, keratinocyte growth factor-2 (KGF-2), in a stable form that, when delivered orally,
reduced disease severity and promoted intestinal epithelial repair and recovery in animals administered
colitis-inducing dextran sodium sulfate. Collectively, our data demonstrates the utility and effectiveness
of using Bt OMVs as a mucosal biologics and drug delivery platform technology.

Introduction (Shiga toxin) and enterohemorrhagic Escherichia. coli
(ClyA) [3-5]. Recently, this paradigm for OMV function
has been questioned due to new evidence demonstrating
a non-pathogenic, mutualistic role for the OMVs pro-
duced by commensal gut bacteria. Members of the genus
Bacteroides exclusively package carbohydrate and protein
hydrolases in OMVs that perform a ‘social function’ by
providing substrates for utilization by other bacteria and
contributing to microbiota homeostasis [6,7]. We [8,9] and
others [10] have extended these observations providing
evidence for a broader role of OMVs in gastrointestinal
(GI)-tract homeostasis and the ability of Bacteroides-
derived OMVs to influence host immune and epithelial
cell responses.

Described over 50 years ago by Bishop and Work (1965) as
“extracellular glycolipids” produced by Escherichia coli,
outer membrane vesicles (OMVs) are now considered to
be naturally produced and secreted by most Gram-
negative bacteria. Analyses of these 20-400 nm bilayered
lipid membrane spherical structures have shown that they
contain major components of the outer membrane such as
lipopolysaccharide (LPS) in addition to the periplasmic
contents of their ‘parent’ bacterium [1,2].

Historically, OMVs have been associated with patho-
genesis and the storage and transportation of virulence
factors produced by enteric Gram-negative pathogens
including Helicobacter pylori (VacA), Shigella dysenteriae
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OMVs can contain adhesins, sulfatases and proteases
which facilitate their interaction with host epithelial cells,
allowing them to enter these cells through numerous
routes, including micropinocytosis, lipid raft- and clathrin-
dependent endocytosis [11-13]. Bacillus fragilis OMVs
containing polysaccharide A are detected by dendritic
cells via Toll Like Receptor (TLR) 2 leading to enhanced
T regulatory cell activity and production of anti-
inflammatory cytokines (IL-10) that protect the host
from experimental colitis [10]. We have demonstrated
that OM Vs produced by the human commensal bacterium
B. thetaiotaomicron (Bt) can activate mammalian intestinal
epithelial cell (IEC) intracellular Ca®* signalling [8]. This
host cell Ca®* signalling response was dependent on
Minpp, a novel constituent of these OMVs. Minpp is
a homologue of a mammalian inositol phosphate polypho-
sphatase cell-signalling enzyme. Collectively, these findings
demonstrate a non-pathogenic and beneficial role for
OMVs produced by commensal Bacteroides species and
are consistent with the concept that packaging of bioactive
macromolecules in OMVs enables members of the intest-
inal microbiota to influence host cell physiology and estab-
lish bacteria-host mutualism [13].

It is feasible that this OMV-mediated pathway for host-
microbe interaction could be exploited and used to deliver
biologically active proteins to the body. Delivery to muco-
sal sites such as the GI- and respiratory tracts would be
particularly valuable as they are vulnerable to injury and
disease as a result of exposure to noxious environmental
chemicals and pathogens [13,14]. Indeed, OMVs from
Neisseria meningitides and Vibrio cholera have been incor-
porated into licensed vaccine formulations [15]; those
derived from N. meningitides have been successfully used
to immunise both children and adults and effectively con-
trol serogroup B meningococcal (MenB) disease outbreaks
[16,17]. However, there are several limitations to using
non-commensal, pathogen-derived OMVs as drug and
vaccine delivery systems, particularly: their potential for
unintended toxicity due to associated toxins; low expres-
sion levels of the heterologous antigens; variable efficacy
depending on source and formulation; and the need for

Table 1. Strains of bacteria used in this study.

exogenous adjuvants in some applications. In principal,
these limitations could be overcome by bioengineering the
OMVs to improve their drug delivery capability [18].
Alternatively, non-pathogenic commensal bacteria could
be used as a source of OMVs to reduce toxicity and
improve safety.

To test this strategy we undertook a proof-of-
principle study to determine the suitability of using
OMVs produced by Bt to deliver bacteria-, virus- and
human-derived proteins to the respiratory and GI-tract
of mouse models (for respiratory influenza A virus
infection and acute intestinal colitis) to protect them
against infection, tissue inflammation and injury. Our
findings, presented here provide evidence for the utility
and effectiveness of using Bt OMVs as a mucosal bio-
logics and drug delivery platform technology.

Material and methods
Bacteria strains, media and culture

Bt and its derivative strains (Table 1) were grown
under anaerobic conditions at 37°C in an anaerobic
cabinet. Bacterial starter-cultures were grown overnight
in 20 ml “Brain Heart Infusion” (BHI) medium
(Oxoid) supplemented with 15 pM haemin (Sigma-
Aldrich) (BHIH). For OMV preparations, Bt cultures
were inoculated with 0.5 ml of the starter-culture in
a total volume of 500 ml BHI supplemented with
0.75 uM haemin. Cells were harvested after 16 h at an
approximate ODgpy nm of 4.0, which corresponds to
early stationary phase. Antibiotic-resistance markers in
Bt were selected using erythromycin (5 pg/ml) and
tetracycline (lug/ml). Escherichia coli strains were
grown in Luria-Bertani (LB) medium at 37°C with
ampicillin 100 pg/ml (or 200 pg/ml trimethoprim for
strain J53 [pR751]). Lactococcus lactis strain UKLc10
and its derivative strains were grown in M17 medium
(Oxoid) supplemented with 5 g/l glucose at 30°C.
Antibiotics were added as selection agents when appro-
priate: ampicillin 200pg/ml, erythromycin 5 pug/ml and

Species Strain Plasmid Protein expressed Antibiotic selection* Reference

E. coli Rosetta 2(DE3) pLysS pGH165 St OmpA Amp, Cm This study
Rosetta 2(DE3) pLysS pGH201 St SseB Amp, Cm This study

Bt VPI-5482 DMSZ Collection
GH290 Tet This study
GH490 pGHO90 Ery [21]
GH484 pGH182 St OmpA Ery This study
GH486 pGH183 St SseB Ery This study
GH474 pGH173 Hu. KGF-2 Ery This study
GH503 pGH184 IAV H5F Ery This study

S. enterica ser. Typhimurim SL1344 DMSZ collection

L. lactis UKLc10 [22]

*Amp = ampicillin; Cm = chloramphenicol; Tet = tetracycline; Ery = erythromycin



Table 2. Primer sequences used in this study.
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Primer Sequence (5'— 3') @
f-5'ompA_Sphl ATCTGCATGCTTTCGAGGAAGAACCGATGGTTGC
r-5'ompA_Sall ATACGTCGACAATATAGCGGACTGCAATCC
f-3'ompA_BamHI ACTTGGATCCTTCTGAATCGTGTGGTATTGG
r-3'ompA_Sacl ACTAGAGCTCATCTGTAGAGAAGAAACGGG

SPBTOmpA_fwd

CATGTTGCTGGC GCCGGCGTTGCGTCTGTCGCTTCTG

CGCAGCAAACCGTGACTGTAACTGAATACGAGGTTATTCATATGTGACG

SPBTOmpA_rev

AATTCGTCACATATGAATAACCTCGTATTCAGTTACAGTCACGG

TTTGCTGCGCAGAAGCGACAGACGCAACGCCGGCAAAAGCCAGCAA

OmpAST_fwd
OmpAST_rev
SseB_fwd
SseB_rev
Xhol_STOmpA_rev
Xhol_SseB_rev

TGACCATATGGCTCCGAAAGATAACACC
GTCAGAATTCTTAAGCCTGCGGCTGAGTTA
TGACCATATGTCTTCAGGAAACATCTT
TGACGAATTCATGAGTACGTTTTCTGCG
ATATCTCGAGGAAACTTAAGCCTGCGG
ATATCTCGAGATGAGTACGTTTTCTGCG

chloramphenicol 10 pg/ml. The E. coli strain J53/R751
was supplemented with trimethoprim 200 pg/ml when
grown for 18 h. The E. coli strain GC10 and the L. lactis
strain UKLc10 were transformed by electroporation
using a Gene Pulser II (Bio-Rad). For constructs relat-
ing to pUK200, the host L. lactis strain UKLc10 was
used. Construction of other plasmids described below
was achieved using E. coli strain GC10 as the host.
Plasmids were mobilized from the E. coli into the Bt
following a triparental filter mating protocol [19] using
the helper strain J53/R751. All primers used are
detailed in Table 2.

Construction of a BT _3852 deletion mutant

A 1018 bp chromosomal DNA fragment upstream
from BT 3852 and including the first 18 nucleotides
of its 5'-end region was amplified by PCR using the
primer pair f-5’'ompA_SpHI, r-5'ompA_Sall. This pro-
duct was then cloned into the SpHI/Sall sites of the
E. coli-Bacteroides suicide shuttle vector pGHO014 [20].
A 761 bp chromosomal DNA fragment downstream
from BT 3852, including the last 46 nucleotides of
the 3'-end region, was amplified by PCR using the
primer pair f-3'ompA_BamHI, r-3'ompA_Sacl and
was cloned into the BamHI/Sacl sites of the pGHO014-
based plasmid. The resulting plasmid containing the
ABT 3852::tetQQ construct, was mobilized from E. coli
strain GC10 into Bt by triparental filter mating [19],
using E. coli HB101(pRK2013) as the helper strain.
Transconjugants were selected on BHI-haemin agar
containing gentamicin (200 mg/L) and tetracycline
(1 mg/L). Determination of susceptibility to either tet-
racycline or erythromycin was done to identify recom-
binants that were tetracycline resistant and
erythromycin susceptible after re-streaking transconju-
guant bacteria on LB-agar containing tetracycline or

both antibiotics. PCR analysis and sequencing were
used to confirm allelic exchange. A transconjugant,
GH290, containing the ABT _3852:tetQ construct
inserted into the Bt chromosome was selected for
further studies.

Generation of recombinant BT strains

BT Salmonella OmpA/SseB

The Bacteroides expression vector pGH090 [21] was first
digested with Ndel to remove this site by Klenow treat-
ment and to create a blunt-ended fragment that was then
religated. A sequence containing 90 bp of the BT 3852
gene 5' end (encoding a major outer membrane protein,
OmpA) corresponding to the signal peptide sequence
(SpOmpA) of the protein obtained from the microbial
genome database (http://mbgd.genome.ad.jp/) was used
to design the complementary oligonucleotide pair
SPBTOmpA_fwd and SPBTOmpA_rev. Signal peptide
prediction was obtained by SignalP (http://www.cbs.dtu.
dk/services/SignalP/). After annealing of the oligonucleo-
tides the resulting double-strand DNA contained EcoRI
and SpHI 5’ overhangs at each end. This linker was cloned
into the EcoRI/SpHI sites of the Ndel deleted version of
pGHO090, resulting in the pGH202 plasmid. The 1131 bp
Salmonella ompA (without signal peptide) and the 591 bp
sseB coding region were amplified by PCR from
S. enterica ser. Typhimurium SL 1334 genomic DNA
using the primer pairs OmpAST_fwd with
OmpAST_rev, and SseB_fwd with SseB_rev, respectively.
The resulting fragments were digested with Ndel and
EcoRI and cloned into Ndel/EcoRI-digested pGH202,
yielding plasmids pGH182 and pGH183, respectively.
The latter plasmid was then transformed into E. coli-
competent cells (GC10) by electroporation using a Gene
Pulser II (Bio-Rad). Successful cloning was confirmed by
sequencing. The plasmid was mobilized from E. coli to Bt
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using a triparental mating procedure [19], together with
E. coli]53 (pR751); the correct structure of the Bt carrying
pGH182 (GH484) was confirmed by sequencing.

BT IAV

A 635bp synthetic gene construct encoding a synthetic
influenza (H5F; from IAV strain H5N1 [VN/04:A/
VietNam/1203/04]) pre-fusion headless HA mini-stem
N-terminally fused to the OmpA signal peptide of Bt was
created in silico and its codon usage was optimised for
expression in the same species. The resulting gene cassette
was obtained by gene synthesis and subsequently cloned
into the E. coli plasmid pEX-K168 (Eurofins). The cassette
contained BspHI and EcoRI restriction sites at its 5" and 3'
ends, respectively, allowing for the translational fusion of
the gene to the start codon in the Bacteroides expression
vector pGHO090 [21]. The gene was excised from pEX-K168
using BspHI and EcoRI and ligated into the Ncol/EcoRI-
restricted pGHO090 expression vector, resulting in pGH184.
Finally the sequence integrity of the cloned fragment was
confirmed by sequencing. The plasmid was mobilized from
E. coli into Bt through a triparental mating procedure.

BT KGF-2

A 581bp synthetic gene construct encoding the human
fibroblast growth factor-10/keratinocyte growth factor-2
(KGF-2) N-terminally fused to the OmpA signal peptide
of Bt was created in silico and its codon usage was opti-
mised for expression in the same species. The resulting
gene cassette was obtained by gene synthesis and subse-
quently cloned into the E. coli plasmid pEX-A2 (Eurofins)
as described for the IAV constructs. The cassette contained
BspHI and EcoRI restriction sites at its 5’ and 3" ends,
respectively, allowing for the translational fusion of the
gene to the start codon in the Bacteroides expression vector
pGHO0902. The gene was excised from pEX-A2 using
Eco53KI and EcoRI and ligated into pUK200 [22], which
had been restricted with Smal and EcoRI, resulting in
plasmid pUK200_KGF-2. Next the KGF-2 cassette was
excised from pUK200_KGF-2 through restriction with
BspHI and EcoRI and subsequently ligated into the Ncol/
EcoRI-restricted pGHO090 expression vector, resulting in
pGH173. Finally the sequence integrity of the cloned frag-
ment was confirmed by sequencing. The plasmid was
mobilized from E. coli into Bt using a triparental mating
procedure.

Expression and purification of recombinant
StOmpA and StSseB

StOmpA was cloned into His6-tag expression vector
pET-15b (Novagen). Briefly, PCR fragments incorpor-
ating the coding sequences of ompA and sseB genes

were cloned into the Ndel/Xhol restriction sites of
pET-15b and the resulting plasmids pGH165 and
pGH201 transformed into Rosetta2 (DE3) pLysS cells
(Table 1). Cultures of the resulting strains were
induced at an of ODgyy nm of 0.6 by adding 1mM
IPTG for 5 h after which time cells were harvested by
centrifugation (5500 g for 20 min). The pellet was
stored at —20°C for future use. StOmpA and StSseB
proteins were purified under native conditions using
protocols adapted from the QIAexpress Ni-NTA Fast
Start Handbook (Qiagen) with the amount of protein
recovered determined using the Bio-Rad Protein Assay.

OMV isolation and characterisation

OMYVs were isolated following a method adapted from
Stentz et al. [20]. Briefly, cultures of Bt (500 mL) were
centrifuged at 5500 g for 45 min at 4°C and the super-
natants filtered through polyethersulfone (PES) mem-
branes (0.22 um pore-size) (Sartorius) to remove debris
and cells. Supernatants were concentrated by ultrafil-
tration (100 kDa molecular weight cut-off, Vivaspin
50R, Sartorius), the retentate was rinsed once with
500 mL of PBS (pH 7.4) and concentrated to 1 mL
(approx. 700 pg/ml total protein). The final OMV
suspensions were filter sterilized (0.22 um pore size).
The protein content of the final OMV suspensions was
determined using the Bio-Rad Protein Assay.

The distribution of heterologous proteins within Bt
OMVs was established in a Proteinase K accessibility/
protection assay [20]. Briefly, a suspension of 250 g
(total protein) of OMVs in 0.1 M phosphate/1 mM
EDTA buffer (pH 7.0) was incubated for 1 h at 37°C in
the presence of 100 mg/L proteinase K (Sigma-Aldrich).
Proteinase K activity was stopped by addition of 1 mM
phenylmethanesulfonyl fluoride (PMSF) and samples
analysed by immunoblotting. The Sseb content of Bt
OMVs was determined by targeted proteomics done by
the Proteomics Facility, University Bristol, UK.

Nanoparticle analysis

Size distribution of vesicles was performed on Iml of
OMV suspensions diluted 100 times with PBS. Videos
were generated using a Nanosight nanoparticle instru-
ment (NanoSight Ltd) to count the number of OMVs in
each sample. A 1-min AVI file was recorded and ana-
lysed using NTA (Version 2.3 Build 0011 RC, Nanosight)
software to calculate size distributions and vesicle con-
centrations using the following settings: calibration:
166 nm/pixel; blur: auto; detection threshold: 10, mini-
mum track length: auto, temperature: 21.9C, viscosity:



0.96 cP. The accuracy of the measurement was confirmed
using 100 nm silver nanoparticles (Sigma-Aldrich).

Electron microscopy

The volume of OMV suspensions in PBS (Iml) was
adjusted to 8.9 ml with PBS and then concentrated by
ultracentrifugation; 150,000 g for 2 h at 4°C in a Ti70
rotor (Beckman Instruments). The vesicle containing
pellet was resuspended in 200 pl of PBS. The OMV
suspension was fixed for 1 h using 25% glutaraldehyde
then centrifuged at 13,000g for 10 min. The OMV
pellets were mixed 1:1 with molten 2% low gelling
temperature agarose (TypeVII, Sigma), which was soli-
dified by chilling and then cut into ~1 mm” cubes. The
sample pieces were then further fixed in 2.5 % glutar-
aldehyde in 0.1 M PIPES buffer for 16 h at 4°C after
which time they were washed three times in 0.1 M
PIPES buffer and dehydrated through a series of etha-
nol solutions (30, 50, 70, 80, 90%, and 3 times in 10
0%) after which the ethanol was replaced with a 1:1
mix of 100% ethanol:LR White medium grade resin
and put on a rotator for 1 h. This was followed by
a 1:2 and then a 1:3 mix of 100% ethanol:LR White
resin mix and finally 100% resin, with at least 1 h
between each change. The resin was changed twice
more with fresh 100% resin with 8 h between changes.
The sample pieces were each transferred into BEEM
embedding capsules with fresh resin and polymerised
for 16 h at 60°C. Sections of ~90 nm thick were cut
using an ultramicrotome (Ultracut E, Reichert-Jung)
with a glass knife and collected on film/carbon coated
gold grids. A modified version of the Aurion
Immunogold labelling (IGL) protocol (http://www.aur
ion.nl/the_aurion_method/Post_embedding_conv) was
used with 1 h antibody incubations and detergent
(0.1% TWEEN). The primary anti-Bt OmpA antisera
was obtained by immunising rabbits with the peptide
GGPREDGSYKQRWDYMN  (Cambrige Research
Biochemical), and was used at a dilution of 1/500.
The secondary anti-rabbit Ig (GAR-10, Agar
Scientific) was used at a dilution of 1/50. After anti-
body labelling, sections were stained with 2% uranyl
acetate for 40 min and imaged in a FEI Tecnai G2 20
Twin transmission electron microscope at 200 kV.

Immunoblotting

Bt cell and OMYV extracts were obtained by sonication and
the supernatants added to SDS Page loading buffer
(NuPage) containing  dithiothreitol  (Invitrogen).
Approximately 7 g of the total protein was loaded onto
12% precast Tris-Glycine gels (Novex) and separated by
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electrophoresis at 180 volts for 40 min. The gel was then
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane at 25 volts for 2 h in a solution containing Tris-
Glycine Transfer Buffer (Novex). The membrane was
blocked with 10% BSA in TBS-Tween (TBS [50 mM Tris-
HCI; 150 mM NaCl; pH 7.5] with 0.05% Tween) by shaking
for 30 min at 20°C. The blocking solution was then dis-
carded and the membrane incubated for 16-18 h at 4°C in
TBS-Tween with 5% BSA containing primary antibody
(anti-Salmonella OmpA [Antibody Research
Corporation], -KGF-2 [Peprotech] or -IAV or Anti-
polyHisitdine Clone HIS-1 (Sigma-Aldrich). After washing
with TBS-Tween, membranes were incubated in 5% BSA in
TBS-Tween containing HRP-conjugated goat anti rabbit
IgG (1:1000 dilution, ThermoFisher) for 1 h at 20°C. After
3 washes with TBS-Tween, SuperSignal West Pico chemi-
luminescent Substrate (ThermoFisher) was used to detect
bound antibody.

Mammalian cell culture

The human colonic epithelial cell line Caco-2 (ECACC
86,010,202) was cultured at 37°C and 5% CO, in
Dulbecco’s Modified Eagle Medium (DMEM) with
4.5 g/L glucose and L-glutamine (Lonza) supplemented
with 5% foetal bovine serum (FBS, Lonza).

Epithelial cell scratch assay

Caco-2 cells were grown in T25 flasks until they reached
90% confluency. Cells were digested using trypsin EDTA
(200 mg/L, 170,000 U Trypsin/L, Lonza) and seeded onto
8-well p-slides (Ibidi). Cells were grown until they formed
a90% confluent monolayer and then serum-starved for 8 h.
A scratch was made on the monolayer using a sterile tip
and cells were washed with PBS to remove cell debris. The
remaining cells were incubated for 72 h in 1% FBS medium
supplemented with heparin (300 pg/mL grade I-A,
>180USP units/ml; Sigma-Aldrich) in the presence of
PBS, naive OMVs, KGF-2 OMVs or recombinant KGF-2
(500 ng/mL, PeproTech). Wound healing was monitored
by taking images immediately after scratching (time 0
control) and every 24 hours using an Invertoskop ID03
inverted microscope (Carl Zeiss) and a Sony Xperia Z5
compact digital camera (Sony). The measurements of the
recovered scratch area (pixelz) at each time point were
analysed using Image]J software. The experiment was per-
formed in triplicate.

Animal experiments

All animal experiments were done using 6 to 8 week
old C57BL/6 male mice that were bred and maintained
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in animal facilities either at the University of East
Anglia (UK) or the University of Liverpool. Mice
were housed in individually ventilated cages and
exposed to a 12 h light/dark cycle with free access to
a standard laboratory chow diet. Animal experiments
were conducted in full accordance with the Animal
Scientific Procedures Act 1986 under UK Home
Office (HMO) approval and HMO project license 70/
8232 (UEA) and 70/8599 (UoL).

OMYV vaccines and vaccination: To evaluate oral
Salmonella OMV vaccine formulations, groups of mice
(n = 5-6/group) were gavaged with either 100 pl contain-
ing approximately 70 pg of total protein and 10" vesicles
of StOmpA-OMVs or naive OMVs in PBS. Prior to each
immunization food was removed for approximately 4
h to decrease stomach acidity. Booster oral immunisa-
tions were given 1 and 2 months later. An additional
control group of animals were immunised with StOmpA-
OMVs via the intraperitoneal route. To assess intranasal
immunisation with Salmonella and influenza virus OMV
vaccine formulations, groups of mice (n = 5-10/group
mice were anaesthetized then intranasally dosed with
either StOmpA OMVs, StSseB OMVs, H5F OMVs,
naive OMVs (~70 ug of total protein) or PBS and 14
and 21 days later received booster immunizations. For
infectious challenge with Salmonella, StOmpA-OMV
orally or intraperitoneally (IP) immunised mice were
orally administered 10° CFU of S. enterica ser.
Typhimurium SL1344 on day 70 and 5 days later the
bacterial load in different tissues was determined. For
infectious challenge with IAV, H5F-OMV immunised
mice were anaesthetised on day 28 with ketamine via
the intra-muscular route and inoculated intranasally
with 10° PFU A/PR/8/34 (PR8) HINI strain of IAV in
50 pl sterile PBS, which is equivalent to a 10-fold lethal
dose. Weights of each animal were recorded from the day
of challenge up until the end point at day 33 when the
mice were euthanised. At necropsy, blood, serum and
bronchoalveolar lavage fluid were taken for antibody
and cytokine analyses and lung tissue was used to deter-
mine virus titre. For in vivo OMV trafficking studies,
mice were intranasally administered with DiO-labelled
H5F-OMVs and 1 and 5 days later OMV acquisition
and uptake was determined using flow cytometry in: the
macrophage and dendritic cells of the BAL; nasal asso-
ciated lymphoid tissue (NALT); and cervical and med-
iastinal lymph nodes.

IAV quantification

Plaque assays were performed on homogenates of lung
tissue from PR8-infected mice as described previously
[23]. Briefly, viral samples from lungs were titrated in
a 10-fold serial dilution from 10' to 10° in DMEM

supplemented with TPCK-trypsin. Each dilution was
incubated with MDCK cells in individual wells of a 24
well plate for 1 hour at 37°C, 5% CO,. The media was
aspirated and replaced with overlay media containing
2.4% Avicel. Plates were incubated at 37°C, 5% CO, for
72 hours. Avicel was aspirated, plates were washed and
cells were fixed in acetone:methanol (60:40) for 10 min.
Cells were allowed to air dry prior to staining with
crystal violet for 10 minutes, washed and air dried.
Plaques were counted and then multiplied by the dilu-
tion factor and the volume of virus plated to give viral
titre (PFU/ml).

Acute colitis

The dextran sulphate sodium (DSS) induced mouse model
of acute colitis was used to test the therapeutic potential of
KGF-2-containing OMVs. Mice were divided into six
groups (n = 5/grp) and administered with either PBS,
naive OMVs, KGF-2 OMVs, DSS + PBS, DSS + naive
OMVs or, DSS + KGF-2 OMVs for 7 days. Experimental
colitis was induced in the appropriate treatment groups of
mice by administration of 2.5% w/v DSS (36,000--
50,000 Da, MP Biomedicals, USA) in drinking water ad
libitum for 7 days. The other groups of mice received fresh
water alone throughout the duration of the experiment.
PBS and OMVs were administered by oral gavage (100 uL)
on days 1, 3 and 5 and on day 7 mice were euthanized.
Fresh faecal pellets were collected daily by placing indivi-
dual mice in an empty cage without bedding material for
5-15 min. The extent of colitis was evaluated using a disease
activity index (Table S1) comprising daily body weights,
stool consistency and rectal bleeding assessments. At
autopsy the colon was aseptically extracted and photo-
graphed, and the contents collected in sterile vials and
stored at —80°C. The colon length was measured, and
representative samples (0.5 cm length) were taken from
the distal region for histology. Histological samples were
fixed in 10% neutral buffered formalin and embedding in
paraffin. Tissue sections (5 pm) were prepared from each
block, stained with hematoxylin (Mayer’s hemalum, Merk)
and eosin (Y-solution 0.5% aqueous, Merck) (H&E), and
with Alcian blue (Sigma-Aldrich) and Nuclear Red (Sigma-
Aldrich) to visualise goblet cells. Sections were observed
under a DMI 3000B microscope at 40X magnification
(Leica) and assessed in a blinded fashion. The histological
changes were scored (Table S2) and goblet cells were
enumerated using Image] software.

Antibody ELISA

ELISA plates were coated with target antigens (UV
inactivated IAV [PR8] virus or H5 (H5NI1) (A/
Vietnam/1203/2004) Recombinant Protein (P5060, 2B
Scientific Ltd), Salmonella OmpA or SseB proteins) in



0.1M NaHCO; and incubated for 12-16 hours at 4°
C. Plates were washed three times with PBS that had
been supplemented with 0.05% Tween 20 (PT), and
then incubated with blocking solution (PBS with 2%
BSA) for 3 h at 20°C, and then washed six times with
PT. Fecal pellets were homogenized in phosphate-
buffered saline (pH, 7.2) with soybean trypsin inhibitor
(0.5 mg/mL; Sigma), phenylmethylsulfonyl fluoride
(0.25 mg/mL; Sigma), 0.05 M EDTA, and 0.05%
Tween 20 (Sigma). The fecal homogenates and bronch-
oalveolar lavage (BAL) and serum samples were diluted
in PBS with 1% BSA, 0.05% Tween (PBT) and added to
the plate wells and incubated for 12-16 h at 4°
C. Immune serum and BAL from PR8 IAV-infected
mice were used as reference samples for analysing anti-
IAV antibody responses in H5F-OMV-immunised ani-
mals. Plates were then washed six times with PT and
incubated with PBT containing either HRP-anti-mouse
IgG (1:1000, Thermo-Fisher) or HRP-anti-mouse IgA
(1:1000, Life Technologies) for 20 min at 20°C. Plates
were again washed six times with PT then incubated in
darkness with TMB High Sensitivity substrate solution
(BioLegend) for 30 min at 20°C. The reaction was
stopped by the addition of 2 N H,SO, and the optical
density was measured at 450 nm using a TECAN infi-
nite 50 spectrophotometer (Mannedorf, Switzerland).
Abcam’s IgA Mouse ELISA Kit was used to determine
total IgA in salivary glands and BAL

Flow cytometry

Approximately 1 x 10° tissue-derived cells were incu-
bated in PBS supplemented with 2% FCS (PBS-FCS)
for 15 min at 4°C prior to the addition of fluoro-
chrome-conjugated monoclonal antibodies specific for
CD11b (clone M1/70, eBioscience) CDllc (clone
N418, eBioscience), or CDI103 (clone 2E7,
eBioscience) in PBS-FCS and incubated for 30 min at
4°C in darkness. Cells were then washed in PBS-FCS
and fixed in PBS supplemented with 4% paraformalde-
hyde for 15 min at 20 °C prior to analysis on
a MACSQuant Analyzer 10 (Miltenyi Biotech). Data
were analysed using FlowJo.

Immunohistology

From all mice, the entire, skinned heads were fixed in
10% buffered formalin for 48 h. Subsequently, approxi-
mately 2 mm slices were prepared by sagittal sections,
using a diamond saw (Exakt Band System 300 CL;
EXAKT Technologies Inc.), yielding a total of six sec-
tions from the tip of the nose to the foramen occipitale
magnum. Sections were gently decalcified for 7 days in
RDF Mild Decalcifier (CellPath Ltd) at room
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temperature. Likewise, thoracic organs (lungs, lymph
nodes, heart and thymus) were removed en bloc, fixed
for 24 h in 10% buffered formalin and trimmed. Head
and organ specimens were then routinely paraffin wax
embedded. Consecutive sections (3-5 pm) were pre-
pared and were stained with haematoxylin eosin for
histological examination, or subjected to immunohis-
tological staining. Immunohistology (IH) was per-
formed using the horseradish peroxidase method as
previously described [24,25]. Primary antibodies used
were rat anti-mouse CD45R (clone B220, BD
Biosciences; B cells), rabbit anti-CD3 (clone SP7;
Bioscience; T cells) and rabbit anti-Iba-1 (Wako;
macrophages and dendritic cells).

Statistical analysis

Data were subjected to the D’Agostino & Pearson
omnibus normality test. One-way ANOVA followed
by a Tukey’s multiple comparison post hoc tests were
made using GraphPad Prism 5 software. Statistically
significant differences between two mean values were
established by a p-value < 0.05. Data are presented as
the mean * standard deviation.

Results
Characteristics and physical properties of BT OMVs

Using electron microscopy we showed that OMVs
budded off from the outer membrane of Bt during its
growth cycle (Figure 1(a)) and could be recovered by
filtration and ultracentrifugation from early stationary
growth phase cultures (see Material and Methods). Bt
OMYVs were identified by their characteristic double
membrane of their parental cells and by immunoreac-
tivity with anti-Bt OmpA antisera (Figure 1(b)). Bt
OMYVs ranged in size from approximately 100 nm to
greater than 400 nm with a mean size of 237 nm
(Figure 1(c)). Bt OMVs are also highly stable with
minimal loss of luminal proteins (<10% of total protein
or heterologous protein) detected after exposure to an
elevated ambient temperature of 40 °C for up 30 days
(Figure 1(d)).

Heterologous bacterial, viral and human proteins
expressed in BT and incorporated into OMVs

To test whether the delivery of a wide range of hetero-
logous antigens into Bt OMVs was possible we com-
pared delivery of a number of selected candidate
vaccine antigens. These included antigens for the
important bacterial and viral pathogens S. enterica
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Figure 1. Appearance, size, structure and stability of Bt OMVs. (a) Electron microscopy (EM) of Bt cells showing vesicles budding
from their surface before release into the milieu (lines in left panel), and EM image of OMVs extracted from cell culture supernatants
(right panel). (b) Immunodetection of naive Bt OMVs using colloidal gold anti-rabbit Ig to detect binding of rabbit anti-Bt OmpA
antisera (right panel). Left panel shows absence of staining of OMVs produced by an OmpA deletion mutant of Bt. (c) Size
distribution of OMVs produced by Bt determined by nanoparticle tracking analysis. (d) Thermostability of OMVs at day 0 (OMV D)
and after storage of OMV suspensions at 4°C or 40°C for 30 days as measured using immunoblotting to detect OmpA in extracts of
naive OMVs (OMV) or OMVs of ompA deletion mutants (OMV-), and of neat (1) or ten-times concentrated (10) OMV storage buffer

(SB) (PBS was the storage buffer).

ser. Typhimurium enterica and IAV, respectively. For
a human protein we chose keratinocyte growth factor-2
(KGEF-2). For S. enterica ser. Typhimurium we chose
the outer membrane protein, OmpA and the SPI-2
translocon subunit (SseB) because they elicit antibody
and T cell responses and confer some degree of pro-
tective immunity in mice, and because antibody
responses in humans correlate with immune protection
[26-34]. For IAV, the H-stalk protein H5 of the H5N1
VN/04:A/VietNam/1203/04 subtype was selected as it
confers robust protection against challenge by multiple
strains of AV and can reduce lung viral titres by 3-fold

[35-37]. We also chose KGF-2 because it is essential
for epithelial cell proliferation and preserving the integ-
rity of the intestinal mucosa [37], and has therapeutic
potential for the treatment of inflammatory bowel dis-
ease [38].

Mini-genes encoding the selected bacterial, viral and
human proteins were cloned downstream of sequences
encoding the N-terminal signal peptide of the major
outer membrane protein OmpA (BT_3852), the pro-
ducts of which are contained within the lumen or outer
membrane of OMVs (Figure 2(a)). These constructs
were created in L. lactis (for KGF-2) or E. coli (for



OmpA, SseB and HF) hosts and then mobilised into Bt
via a triple filter mating protocol using a helper strain.
Immunoblotting of whole cell and OMV lysates of
recombinant Bt strains confirmed expression of
OmpA (Figure 2(b)) and KGF-2 proteins (Figure 2
(c)). The luminal versus outer membrane distribution
of these heterologous proteins in Bt OMVs was estab-
lished using a protease protection assay which showed
that Salmonella OmpA distribution was associated with
the outer membrane (Figure 2(b)) whereas KGF-2
(Figure 2(c)) was contained within the lumen of
OMVs. SseB expression was undetectable in OMV
preparations using immunoblotting, but was detectable
by liquid chromatography and mass spectrometry-
(LC-MS) based proteomics, which also established its
localization to the lumen of OMVs (Supplementary
Table S3).

BT OMVs have inherent adjuvanticity

Many conventional vaccines rely on the inclusion of
adjuvants to enhance their immunogenicity and to
reduce the number of doses and amount of antigen
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(or pathogen component) required to elicit a protective
immune response, particularly in immunocompro-
mised individuals [2,39]. To formally evaluate the adju-
vant properties of Bt OMVs, mice were administered
a single dose of native OMVs in PBS via the intranasal
route and 5 days later head and thoracic organs were
removed en bloc and analysed by immunohistology for
the presence of organised lymphoid structures and
follicles indicative of an active immune response.
Large organised lymphoid follicles were present in
both the nasal cavity (nasal-associated lymphoid tissue
or NALT (Figure 3(a)) and the lungs (bronchus-
associated lymphoid tissue or BALT) (Figure 3(b))
which contained dendritic cells, T cells and large num-
bers of B cells. These structures were absent in mice
administered PBS alone (Figure 3(a,b)). Of note,
OMVs were also effective at eliciting the formation of
lymphoid clusters in mediastinal adipose tissue (fat-
associated lymphoid clusters or FALC) (Figure 3(c)).
Consistent with the immune response priming ability
of Bt OMVs, within 24 h of intranasal administration
of fluorescent labelled native OMVs it was possible to
detect their uptake in the NALT and draining cervical

a
SP Bt ompA
*— ompA S. Typhimurium @ @
KGF-2 human Q
/ OmpA
plasmid transfer from E. colito Bt
KGF-2
b .'3: St-OmpA ¢ g KGF-2 rKGF-2 d .3
S NTPKB £ NT PK NT PK KGF-2(ng) S <=+
mw mMw Mw
o> 55 p 55 :
35 p 35
:: : 25 p A KGF-2 25 b < KGF-2
15 p 15
25 p

Figure 2. Expression of heterologous proteins in Bt OMVs. (a) Schematic of cloning procedure for the export of proteins of interest
into the lumen or at the surface membrane of OMVs. The secretion peptide of Bt OmpA (SP BtompA) is indicated in yellow and
fused at the N-terminus of the gene of interest. (b and c) Determination of protein location after treatment with proteinase K (PK).
Immunoblotting of StOmpA (b) and KGF-2 (c) with and without pre-treatment of OMV suspensions with proteinase K. NT: not
treated; PK: + Proteinase K; B: PK buffer alone. (d) KGF-2 quantification within OMVs. Comparison of recombinant KGF-2 (1-100 ng)

with 10 pl of T ml OMV suspension (S).
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Figure 3. Intrinsic adjuvanticity of Bt OMVs. (a) Mice (n = 5)
were intranasally adminstered PBS alone native Bt OMVs (OMV)
in PBS and 5 days later heads and thoracic tissue was pro-
cessed for immunohistology to visualise immune cell activation
and formation of organised lymphoid tissue containing CD45R*
B cells (B220), CD3* T cells (CD3) and macrophages/dendritic
cells (Iba-1) in the nasal associated lymphoid tissue (a) the lung
parenchyma (b) and mediastinal adipose tissues (c). Red arrows
define nasal-associated lympoid tissue (NALT), bronchus-
associated lymphoid tissue (BALT) and fat-associated lymphoid
tissue (FALC) in a, b and c respectively. NC: nasal cavity, NS:
nasal septum, P: hard palate.

lymph nodes (CLN) (Supplementary Fig. S1). At day 5,
there was evidence of trafficking of OMVs to both the
cervical and mesenteric lymph nodes which was almost

exclusively mediated by CD11c¢", CD11b" CD103™ den-
dritic cells (Supplementary Figure S1).

From a biosafety perspective, neither orally nor intran-
sally administered native OMVs or vaccine antigen for-
mulated OMVs had any adverse health effects with no
tissue pathology evident in treated animals at post mortem
(data not shown). Orally administered OMVs also had no
or a minor and/or transient effects on intestinal microbes
as determined from culturing faecal samples on selective
media (Supplementary Fig. S2).

Mucosal delivery of OMV vaccine formulations

We used preparations of OMVs expressing Salmonella
vaccine antigen (St-OmpA and St-SseB) to compare and
optimise the effectiveness of different formulations and
routes of administration for the generation of mucosal
and systemic antibody responses. St-OmpA and St-SseB
expressing OMV's were administered to mice via the oral or
nasal routes (Figure 4(a)) and also parenterally for compar-
ison. At the end of the study BAL and serum samples were
analysed by ELISA for antigen-specific IgA (mucosal) and
IgG (serum) antibodies, respectively. For St-OmpA OMV's
the intraperitoneal route of administration generated the
highest levels of antigen-specific serum IgG antibodies
compared with the oral or intranasal routes of delivery,
for which there were comparable, but only low levels, of St-
OmpA-specific IgG (Figure 4(b)). For St-SseB OMVs, the
intranasal route of administration generated significantly
higher levels of antigen-specific serum IgG antibodies com-
pared with oral delivery and were equivalent to the levels of
antigen-specific IgG seen after intraperitoneal immunisa-
tion (Figure 4(b)).

St-OmpA and St-SseB OMV's were equally effective at
elicting antigen specific IgA antibodies in the lower respira-
tory tract and BAL (Figure 4(c)). However, there was more
individual variation in the IgA levels and response to St-
OmpA OMVs compared with animals administered St-
SseB OMVs. Intranasally-administered St-OmpA and St-
SseB OMVs also increased global IgA antibody production
and secretion in both the salivary glands (Figure 4(d)) and
BAL (Figure 4(e)). Of note, naive OMVs also increased
global IgA levels in these sites (Figure 4(d,e)), which is
consistent with the adjuvant properties of Bt OMVs and
their ability to activate the immune system in both of these
sites, and generate organised lymphoid follicles and tissues
containing large numbers of B cells (Figure 3).

Despite the induction of Salmonella antigen-specific
IgG antibodies, neither oral nor parenteral vaccination
with StOmpA-OMVs conferred signficiant levels of
protection to oral Salmonella infection as judged by
the pathogen burden (CFU) in intestinal and extra-
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Figure 4. Bt OMV-elicitied systemic and mucosal antibody responses. (a) Mice (n = 5-6/grp) were administered Bt OMVs expressing the
Salmonella OmpA or SseB proteins via the oral (OG), intranasal (IN) or intraperitoneal (IP) routes according to the dosing regimen described in
the Material and Methods section. Arrows indicate time of immunization. Naive OMVs (nOMV) and PBS were administrated to mice (n = 5-6/
grp) as control groups. At autopsy, serum (b) and brochoalveolar lavage fluid (BAL) (c) were analysed for anti-OmpA and anti-SseB IgG and IgA
antibody titres, respectively, by ELISA. The boxplots indentify the mean and upper and lower quartile values for data sets obtained from
animals within each treatment group. Analysis of variance for multiple comparisons of means between independent samples (ANOVA) was
followed by a Tukey's test. *P < 0.05; **P < 0.01; ***P < 0.001; ns,not significant. Total IgA levels were also determined in salivary gland tissue
homogenates (d) and in BAL (e) samples from each group of animals by ELISA using IgA standards as described in the Materials and Methods
section.
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intestinal  tissues at 5 infection

(Supplementary Fig. S3).

days post

Intranasal OMV viral vaccine formulations protect
against pulmonary 1AV infection

Based on the potent adjuvant effect of intranasally admi-
nistered OMVs (Figure 3) and higher levels of antigen
specific mucosal and systemic antigen specific antibodies
after intranasal immunisation with OMV based vaccines
(Figure 4), we used IAV vaccine formulated OMVs to
investigate further the possibility that intranasal immuni-
sation with OMV-based vaccines is a better option for
mucosal vaccination and conferring protection to infec-
tious challenge.

Serum anti-IAV IgG antibody levels were higher in
H5F-OMV immunised animals than the other groups
(Figure 5(a)). Animals immunized with naive OMVs had
levels of BAL anti-IAV IgG antibodies significantly higher
than in non-immunized animals (Figure 5(b)). However, it
should be noted that levels of specific IgG in the OMV-
vaccinated groups were far lower than that seen with
a positive control serum from PR8-infected mice (Figure
5(b,c); black triangles). IAV specific IgA antibody levels
were significantly higher in the BAL samples from animals
immunised with H5F-OMVs compared with the other
groups (p = 0.004) (Figure 5(d)). Of note, the levels of anti-
PR8 (HINI)-specific IgA seen in OMV-inoculated mice
were comparable to those seen in the positive control BAL
from homologous PR8-infected mice. Also, the levels of
H5 HA-specific IgA in BAL of the control PR8-infected
mice were not above control, demonstrating the lack of
cross-type specific HA IgA antibodies in PR8-infected
mice. Thus, vaccination with OMVs and H5F-OMVs
induced levels of antibodies, in particular IgA in the BAL
that were able to react with homologous H5 as well as
heterotypic H1 HA molecules. During infection the weight
of all infected animals declined with the greatest weight loss
seen in the control (PBS administered) animals that lost
almost 20% of their body weight (Figure 5(f)). Animals
immunised with H5F-OMVs displayed a more gradual
decline in weight loss after infection, as did those immu-
nized with naive OMVs. Notably, the body weight of the
H5F-OMV-immunised animals stabilised with no further
decline between day 4 and day 5 post-infection; this is
indicative of a less severe infection from which they recov-
ered. This was confirmed by the lung viral titre data (Figure
5(g)); viral load in animals that had been immunised with
H5F-OMV's was significantly lower (p < 0.006) than that of
the other groups, reflecting an approximate 7 to 8-fold
lower level of virus.

KGF-2 containing omvs protect against acute
colitis

To determine whether Bt OMVs were suitable for
mucosal delivery of human therapeutic proteins, the
KGEF-2 protein was expressed in Bt OMVs. This was
achieved by cloning a mini-gene containing the cod-
ing sequence of the mature human kgf-2 gene and the
Bt OmpA signal peptide in Bt (Bt-KGF-2).
Immunoblotting of lysates of OMVs harvested from
cultures of Bt-KGF-2 (KGF-2 OMV5s) established that
they contained approximately 5 pg/ml of KGF-2
(Figure 2(d)) and that the protein was contained
within the lumen of the OMVs (Figure 2(c)). The
biological activity of KGF-2 OMVs was confirmed in
an epithelial cell wounding (scratch) assay in which
the addition of intact KGF-2 OMVs to the epithelial
cell cultures promoted epithelial cell proliferation and
accelerated wound closure (Supplementary Fig. S4).
KGF-2 OMVs were tested in the acute murine DSS
colitis model (Figure 6(a)), which is a well charac-
terised, simple and reproducible model of intestinal
inflammation that is independent of lymphocyte-
mediated responses and in which the clinical severity
can be quantified and new therapeutic agents evalu-
ated [40]. Since DSS primarily affects epithelial cells
and inhibits their proliferation [40] this model is well
suited to testing the therapeutic potential of KGF-2
OMVs. The dosing regimen was based in part on
pilot experiments assessing the tolerability of OMV's
(data not shown) and our previous studies using
a B. ovatus strain engineered to express human
KGEF-2 in vivo that had a therapeutic effect in DSS-
colitis [41].

KGF-2 OMVs controlled colitis both clinically and
pathologically. Weight loss was significantly reduced in
animals receiving KGF-2 OMVs compared with non-
treated animals (p < 0.01) or animals that had been
administered naive OMVs (p < 0.001) (Figure 6(b)).
KGF-2 OMVs also reduced the impact of DSS on colon
shrinkage and reduction in length (Figure 6(c.e)),
which is an independent measure of inflammation
[42]. Consistent with the therapeutic effect of KGF-2
OMVs, disease activity index scores were significantly
lower in KGF-2 OMV-treated animals compared with
the other treatment groups (Figure 6(d) and
Supplementary Tables 1 and 2). In addition, colon
shortening caused by DSS-treatment was abated by
KGF-2 OMV  administration  (Figure  6(e)).
Histopathology showed that KGF-2 OMV treatment
reduced epithelial damage and inflammatory infiltrate
compared with non-treated mice and mice that had
been administered naive OMVs (Figure 7(a)). KGF-2
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Figure 5. Bt OMVs expressing IAV H5F protein confer a level of protection to virus infection in mice. (a) Mice were immunised
intranasally with H5F-OMVs in PBS; controls were administered intranasally with naive OMVs or PBS alone (mock) at the indicated
time-points; after 28 days all were challenged intranasally with a 10-fold lethal dose of IAV strain A/PR/8/34 (PR8, HINT1). At
necropsy serum (b) and brochoalveolar lavage fluid (BAL) (c, d) were analysed for IAV IgG and IgA antibodies by ELISA using UV-
inactivated PR8 virus. BAL samples were also analysed for H5 HA specific IgA antibodies (e) using recombinant H5 HA as the target
antigen. Immune serum and BAL from PR8 IAV-infected mice (PR8) were used as reference samples. (f) The weight of individual
animals in each group was assessed daily. (g) Lung homogenates were assessed for viral load (PFU/g lung tissue) at necropsy.
Statisitical analysis was performed using one-way ANOVA with Tukey’'s multiple comparison tests (panels b,c,d,e,g) or two-way
ANOVA with Bonferroni post-tests. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 6. OMVs containing KGF-2 ameliorate DSS-induced colitis in mice. (a) Groups of mice were provided with drinking water with
or without 2.5% (w/v) DSS for 7 days. On days 1, 3 and 5 mice were orally gavaged with either PBS, naive OMVs or OMVs containing
KGF-2. (b) Percent weight loss at day 7. (c) Colon length at day 7. (d) Disease Activity Index (DAI) at day 7. (e) Representative images
of colons. Data expressed as mean = SD (n = 5). Statisitical analysis was performed using one-way ANOVA with Tukey’s multiple
comparison tests. Mice gavaged with PBS and receiving regular drinking water were considered as the reference group for statistical

analysis. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

OMVs also had a beneficial effect on mucin-producing
goblet cells. Compared with non-treated animals or
animals receiving naive OMV’s, there was a signficiant
increase in the number of mucin-containing goblet
cells in the colonic mucosa of KGF-OMV-treated ani-
mals (Figure 7(b)); the appearance and distribution of
goblet cells resembled that of the control animals
receiving water alone and no DSS (Figure 7(c)).

Discussion

In this study we have provided evidence for the suitability
of using OMVs from the major human gut commensal
bacterium, Bt, to deliver biologics to mucosal sites and

protect against infection and injury. The nanosize and non-
replicative status of Bt OMVs together with their stability
and ability to interact with mucosal and systemic host cells
makes them ideally suited for drug delivery. Moreover, they
possess innate adjuvant properties and the ability to acti-
vate immune cells and promote development of the orga-
nised mucosa-associated lymphoid follicles that are
required for generating effective immune responses. The
use of OMVs from prominent human commensal bacteria
that have established a mutualistic relationship with, and
are well tolerated by, their host is also desirable from
a safety perspective and for minimising or preventing
inappropriate host responses. This was evidenced by the
absence of any change in health status and no pathology in
Bt OMV-treated animals.
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Figure 7. OMVs containing KGF-2 protect and restore goblet cells in mice with DSS-induced colitis. (a) Histological score of colon tissue as
determined by microscopy of H&E stained sections obtained at necropsy. (b) Number of Alcian Blue stained goblet cells per mm? of epithelial
area. (c) Microscope images of goblet cell distribution in representative colon sections stained with Alcian Blue. Data expressed as mean + SD
(n = 5). Statisitical analysis was performed using one-way ANOVA with Tukey’s multiple comparison tests. *P < 0.05.

The Bt OMV technology platform is underpinned by
our ability to engineer Bacteroides species [21,43,44] to
express heterologous proteins that retain their biological
activity [41,45,46); using specific protein secretion
sequences heterologous proteins can be directed to the
periplasmic space for export and incorporation into the
lumen or outer membrane of Bt-generated OMVs. It has
not been possible to absolutely define the minimum (or
optimal) level of expression of heterologous proteins
necessary to elicit an appropriate host response.
However, low levels of expression that are only detectable
by high resolution LC-MS-based proteomics (as for
Salmonella SseB) are sufficient to induce robust host
mucosal and systemic antibody responses. For this reason
there was no apparent correlation between the levels of

expression of different proteins within or at the surface of
OMVs, and their ability to elicit a host response.
Determining the quantity of biologically active (KGF-2)
protein in OMV fomulations was made difficult by their
ability to resist disruption. OMV cargo does, however,
become accessible after uptake by host cells and in parti-
cular, antigen presenting macrophages and dendritic cells
as shown here and previously by others [8], which is most
likely as a result of an OMV-intracellular membrane fusion
event [12].

To date, the majority of OMV applications have
focused on vaccine development [18] as they offer sig-
nificant advantages over conventional vaccines; they are
non-replicating, provide needle-free delivery, target
mucosal sites, have an established safety record, can elicit
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innate and antigen-specific adaptive immune responses,
possess self-adjuvant properties (i.e. microbe-associated
molecular pattern molecules [MAMPs] such as LPS), and
are relatively cheap and straightforward to produce. The
limitations of current non-commensal and pathogen-
derived OMV vaccines are the potential for unintended
toxicity due to associated toxins, low expression levels of
protective antigens, variable efficacy depending on source
and formulation, the need for exogenous adjuvants, and
the problem of incomplete protection due to strain varia-
tion. The work we describe here demonstrates that these
limitations can, to a large extent, be overcome by using
bioengineered Bt OMVs. The intranasal route of admin-
istration was superior to oral administration in terms of
elicting high levels of Salmonella vaccine antigen-specific
mucosal IgA and systemic IgG. This difference is most
likely a reflection of anatomical differences and the ease
of access to host immune inductive sites and effectiveness
of aquisition by mucosa-associated antigen presenting-
cells that occurs in the upper respiratory tract compared
with the lower GI-tract. With smaller distances to travel
in the less harsh environment of the lungs, OMVs are
more readily accessible to host cells; within 24 h of intra-
nasal administration Bt OMVs were acquired by CD103~
CD11b" dendritic cells in the mucosa of the upper and
lower respiratory tract, with some trafficking to draining
lymph nodes. Importantly, this CD103™ CD11b" popula-
tion of tissue DC are known to traffic antigen to lymph
nodes and initiate T cell responses [47].

The failure to demonstrate protection against infectious
challenge in animals immunised with Salmonella OMV
vaccine formulations may be as a consequence of various
factors including sub-optimal expression of appropriate
quantities of immunogenic St OmpA antigen in Bt
OMVs and/or the generation of insufficient levels of func-
tional, pathogen-neutralising, antibodies. Although St
OmpA was previously identified as a potential cross-
species vaccine candidate [48] our findings are in line
with those of Okamura and colleagues [49] who found
no protection in chickens parenterally immunised with St
OmpA. However, the universal adjuvant properties of Bt
OMVs suggests they may still be of value in Salmonella
vaccine formulations as an adjuvant analogous to menin-
gococcal OMVs that provide potent adjuvanticity to
N. meningitidis recombinant protein-based vaccines
[50,51].

We obtained more compelling evidence for the potential
of Bt OMV-based vaccines in the IAV H5F-OMV system
which, after intranasal administration, conferred
a significant level of heterotypic protection against an
unrelated subtype of IAV. There are numerous strains of
IAV and the virus evolves rapidly. This presents a challenge
to generating a “universal vaccine” that will protect against

multiple IAV strains. Most IAV vaccines do not afford
protection against heterologous strains of virus. Recent
work has shown that while the globular head of the IAV
HA molecule is highly variable and does not generate
cross-protective immunity, the stem/stalk is more con-
served and will generate cross-protective antibodies [52].
Naive OMVs had a positive impact on the generation of
mucosal virus-specific IgA antibodies and also reduced
lung viral titres. This is most likely a reflection of their
potent adjuvant properties and the activation of innate
and adaptive immune responses, including raised total
IgA antibody levels in the upper and lower respiratory
tract which would strengthen front line protection against
IAV infection [53]. At 5 days post challenge with the
heterologous PR8 (H1N1) virus, the mean weight of H5F-
OMV-immunized animals stabilized which is indicative of
recovery from virus infection; which was supported by the
fact that H5F-OMV immunized animals had a 7-8-fold
lower lung viral titre compared with non-vaccinated ani-
mals or animals immunized with naive OMVs. Future
refinements to the study protocol should provide a clearer
picture of the efficacy of OMV-H5EF vaccines in preventing
IAV infection by both homotypic and heterotypic strains of
influenza virus. As our study was not an end point study we
cannot directly compare the level of protection against
infection conferred by OMV-H5F vaccines with similiar
studies trialing OMV-based vaccines; these include those of
Watkins and colleagues [54] who developed E. coli OMV-
IAV vaccines and achieved 100% protection in a murine
lethal infectious challenge model. Collectively, our data
provides the rationale and justification for continuing the
development and refinement of OMV technology to
improve and optimse their vaccine capabilities and
performance.

Our findings using KGF-2-containing OMVs to ame-
liorate experimental colitis demonstrates the potential for
a broader portfolio of applications and, in particular, for
the mucosal delivery of therapeutic proteins for the treat-
ment of non-infectious, autoimmune-driven pathologies.
The benefit of this form of drug delivery is exemplified by
comparing the doses required to improve colonic pathol-
ogy using OMV technology and a standard approach. The
dose of KGF-2 OMVs (approximately 0.5 pg) used to
achieve a significant reduction in colonic histopathology
is 1-2 orders of magnitude lower than that required in
daily injections (20-100 ug for 7 days) to achieve a compar-
able reduction in colonic pathology [55,56]. Also, the
ability to deliver the protein directly to the target tissue
using orally administered OMVs reduces the risk of side
effects associated with systemic delivery.

In summary, our data adds to the growing number
of new approaches being developed to express hetero-
logous proteins in bacterial microvesicles [18] for



a variety of applications. Our work provides evidence
for the utility and effectiveness of human commensal
bacteria as a source of bioengineered OMVs for the
mucosal delivery of different biologics.
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Production, Isolation, and Characterization

of Bioengineered Bacterial Extracellular Membrane Vesicles
Derived from Bacteroides thetaiotaomicron and Their Use
in Vaccine Development

Régis Stentz, Ariadna Miquel-Clopes, and Simon R. Carding

Abstract

Bacterial extracellular vesicles (BEVs) possess features that make them well suited for the delivery of
therapeutics and vaccines. This chapter describes methods for engineering the commensal human intestinal
bacterium Bacteroides thetaiotaomicron (Bt) to produce BEVs carrying vaccine antigens and accompanying
methods for isolating and purifying BEVs for mucosal vaccination regimens.

Key words Bacteroides thetaiotaomicron, Bacterial extracellular vesicles, Crossflow ultrafiltration,
Vaccines, Immunization

1 Introduction

Conventional vaccines based on the use of attenuated or inactivated
forms of the target pathogen have successfully eradicated smallpox
and rinderpest as well as significantly reducing the burden of many
other infectious diseases throughout the past century. However,
the time needed to identify vaccine targets, the high cost of vaccine
development and manufacture, and the limited production capac-
ity, make these traditional approaches less than optimal in the rapid
response to epidemics and pandemics [1]. Furthermore, these
vaccines are usually delivered parenterally via injection, which
makes mass immunization costly particularly in resource-poor
developing countries [2]. There is, therefore, a need for the devel-
opment of new vaccines that are versatile, cost-effective, safe, and
enable global immunization. To this end, various new vaccination
technologies have emerged including the use of synthetic protein
and peptide antigens [3]. Protein subunit vaccines are attractive
because of their inherent safety although they can sufter from poor
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immunogenicity and high manufacturing costs [4]. To address
these constraints, nanoparticle-based delivery technologies have
been developed which includes nanoparticle-sized extracellular
vesicles naturally produced by bacteria.

Bacterial extracellular vesicles (BEVs) are spherical nanostruc-
tures composed of membrane-derived lipid bilayers with a diameter
of between 20 and 400 nm. BEVs generated by gram-negative
bacteria primarily consist of vesicles derived from the outer mem-
brane containing phospholipids, outer membrane proteins, lipopo-
lysaccharides, and capsular polysaccharides with their lumen
principally filled with periplasmic content [5]. These components,
which include microbe-associated molecular pattern molecules,
confer inherent and potent adjuvanticity on BEVs which together
with their natural temperature, chemical resistance, and straightfor-
ward isolation [6—8] makes them well suited as vaccine delivery
vehicles capable of enhancing the immunogenicity of protein/pep-
tide antigens without the need for chemical adjuvants [9]. The
ability of BEVs to interact with, and be acquired by, mucosal
epithelial and immune cells [ 10-12] further enhances their suitabil -
ity for mucosal administration and the generation of local and
systemic immunity [13].

We have engineered the gram-negative bacterium Bacteroides
thetaiotaomicron (Bt), a prominent member of the intestinal micro-
biota of all animals [14, 15], to incorporate virus-, bacteria-, and
human-derived proteins into its BEVs [8, 16]. These engineered Bt
BEVs have been used to protect the gastrointestinal or respiratory
tracts against infection, tissue inflammation and injury. Here, we
describe the methods to implement secretion of vaccine antigens
and other proteins into Bt BEVs for mucosal delivery, which are
outlined in Fig. 1.

2 Materials

2.1 Synthetic Gene
Design

Unless stated otherwise, all solutions are prepared with double-
distilled water (ddH,O) with all reagents being stored at ambient
(room) temperature (~20 °C). Most methods require the use of
piston pipettes and sterile single-use pipette tips.

1. Protein sequence (e.g., stalk of the hemagglutinin antigen of
influenza A virus strain H5N1 [8, 17]).

2. Secretion sequence signal (e.g., N-terminal sequence of Bt
outer membrane protein A [OmpA] (BT_3852)).

3. Optional additional sequences (e.g., His-tag or FLAG-tag
sequences).

4. Escherichin coli/Bacteroides shuttle expression vector sequence
(e.g., pGH90 [18]) (see Note 3).
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Fig. 1 Overview of the production and extraction of bioengineered bacterial extracellular vesicles (BEVs)
derived from B. thetaiotaomicron for the development of novel vaccines. Immunization and sample collection
for preclinical development and evaluation are described in Notes 1 and 2

2.2 Cloning The required materials for the cloning of the conjugative plasmid
of Synthetic Gene harboring the gene of interest are as follows:

221 Generation 1. E. coli/ Bacteroides shuttle expression vector.

of Recombinant DNA 2. Restriction enzymes.

3. Ligation buffer and enzyme.

222 Transformation 1. Crushed ice for thawing the MAX Efficiency™ DH10B compe-
of Competent Cells tent cells.

2. §$.0.C. medium: commercially available.

3. Luria-Bertani (LB) agar plates: prepare according to the man-
ufacturer’s instructions.

4. Shaking incubator.

5. LB broth for the dilution of the bacterial cell suspension:
prepare according to the manufacturer’s instructions.

6. Agar plates containing ampicillin (working concentration 100
Hg/mL).

7. 1.5 mL centrifuge tubes.

. Water bath.

o)

2.2.3 Screening
of Recombinant Bacteria

. Shaking incubator.
. Benchtop centrifuge.

. Small-scale plasmid isolation kit.

R I S ]

. Gel electrophoresis chamber and electrophoresis power supply.
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2.3 Conjugative
Transfer of Shuttle
Vector into Bt

2.4 Assessing
Protein Expression
and Secretion into BEV

2.4.1 Culture of Bt
Transconjugants

2.4.2 Cell Total Protein
Extraction

. Stained agarose gel: 1% (w/v) agarose, e.g., with EvaGreen®

Dye, Biotium.

. DNA loading buftfer.
. DNA ladder.

. E. coli donor strain containing shuttle vector carrying gene of

interest.

2. E. coli helper strain, e.g., J53/R751 [19].

NeREC RN RO N

w
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. 5 mL LB bottle with ampicillin 100 pg/mL (or another suit-

able antibiotic).

. 5 mL LB bottle with trimethoprim 200 pg/mL (or another

suitable antibiotic)

. Brain heart infusion (BHI) agar supplemented with hemin and

antibiotics (gentamicin 200 pg/mL and/or erythromycin 5
pg/mL, or another suitable antibiotic): Dissolve 18.5 g of
BHI powder and 7.5 g of agar in 0.5 liter of deionized water
and add 0.75 pM of hemin (BHIH). Autoclave the medium
and leave for a minimum of 24 h in an anaerobic cabinet to fully
deoxygenate.

. Filter disc 0.45 pm pore size, 25 mm.
. 50 mL conical centrifuge tubes.
. Tweezers.

. Sterile 25 mL wide neck universal glass bottle.

. BHIH agar plates containing gentamicin 200 pg/mL and

erythromycin 5 pg/mL.

. Sterile inoculation loop(s).

. 20 mL BHIH containing erythromycin 5 pg/mL in Universal

bottles.

. Anaerobic cabinet.
. 50 mL conical centrifuge tubes.

. Refrigerated centrifuge.

—20 °C freezer.

0.2 M Tris-HCI, pH 7.2.

. Sonicator.

. Refrigerated centrifuge.
. Bradford reagent.

. 96-well microplate.

. Bovine serum albumin (BSA).
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2.4.3 BEV Total Protein
Extraction

2.4.4 Protein Western
Blotting/Antigen
Immunodetection

N
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11.
12.
13.

14.
15.
16.
17.

18.

19.
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. 20 mL syringe.

0.22 pm pore-size polyethersulfone (PES) membranes
(Sartorius).

. Centrifugal concentrator, 100 kDa molecular weight cutoft.

. Refrigerated centrifuge.

0.2 M Tris-HCI, pH 7.2.

. Sonicator.
. Bradford reagent.

. 96-well microplate.

BSA.

. Gel electrophoresis equipment.

. Protein gel.

. SDS sample loading bufter.

. Reducing agent.

. Antioxidant for protein electrophoresis.
. Running buffer.

. Blotting equipment.

. Western blotting membrane.

. Tweezers.

10.

Tris-Glycine transfer buffer (25x): Dissolve 18.2 g Tris Base
and 90.0 g of glycine in 450 mL of deionized water. Mix well
and adjust the volume to 500 mL with deionized water. The
pH of the butffer is 8.3. Store the buffer at 20 °C. The buffer is
stable for 6 months at 25 °C.

Methanol.
Orbital shaker.

Tris-buftered saline (TBS) buffer: 50 mM Tris-HCI, 150 mM
NaCl, pH 7.5.

TBST buffer: TBS buffer with 0.05% Tween 20.
Blocking buffer: TBST with 5% non-fat dry milk.
Chemiluminescent substrate.

Primary antibody (e.g., 6x-His Tag monoclonal antibody)
used at a working concentration recommended by the manu-
facturer or by other providers if the antibody is not commer-
cially available (see Note 4).

Secondary antibody labelled with horse radish peroxidase
(HRP) (see Note 5).

Imaging System.
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2.5 Bacteria
Medium-Scale Culture

2.5.1 BHIH Bacterial
Culture

2.5.2 BDM+ Bacterial
Culture

2.5.3 Supernatant
Collection

B N

w

. BHIH medium.
. Anaerobic cabinet.
. Magnetic stirrer.

. Sterile magnetic stirring bar.

. Bacteroides defined medium Plus (BDM+): To prepare

500 ml, dissolve 2.61 g of KH,PO, and 7.03 g of K;HPO, *
3 H,O into 481 mL of deionized water, add the following
solutions to a final concentration of 15 mM NaCl and 8.5 mM
(NH4),SO4, adjust the pH to 7.4 using 5 M NaOH, autoclave
and place in the anaerobic cabinet to equilibrate for a minimum
of 24 h. Add the rest of the solutions to a final concentration of
30 mM of glucose, 0.2 mM L-histidine, 100 nM vitamin B12,
6 pM vitamin K3 (menadione), 0.1 mM MgCl,, 50 uM CaCl,,
4.1 mM L-cysteine and 1.4 pM FeSOy4 * 7 H,O. Leave the
medium for a minimum of 24 h in the anaerobic cabinet to fully
deoxygenate. Add 2 pM of Protoporphyrin IX freshly made
before using the media. All stock solutions in exception of
Protoporphyrin IX are prepared in advance and autoclaved or
filter sterilized, as below:

e 1.5 M NaCl (autoclaved).

e 0.85 M (NH4),SO, (autoclaved).

e 3 M Glucose (filtered).

e 0.2 M L-histidine, store at 4 °C (filtered).
e 1 mM vitamin B12, store at 4 °C (filtered).

e 6 mM vitamin K3 (menadione), dissolve in ethanol and
store at —20 °C (filtered).

e 0.1 M MgCl, * 6 H,0O, store in anaerobic cabinet
(autoclaved).

e 50 mM CaCl2 * 2 H,O, store in anaerobic
cabinet (autoclaved).

e 0.41 M L-cysteine hydrochloride, store in anaerobic cabinet
(filtered).

¢ 2 mM Protoporphyrin IX.

e 14 mM FeSO4, * 7 H,O, store in anaerobic cabinet
(filtered).

. Anaerobic cabinet.
. Magnetic stirrer.

. Sterile magnetic stirring bar.

. Spectrophotometer (wavelength: 600 nm) with cuvette holder

and cuvettes.
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2.6 EV Isolation

2.7 EVs Purification

2.7.1 Routine Purification

2.7.2 High-Resolution
Fractionation

2.
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Refrigerated high speed floor centrifuge, including appropriate
rotor with 500 mL sealable centrifuge bottles.

0.2 pm PES bottle top filter unit (500 mL).

. Membrane vacuum pump.
. Sterile 500 mL bottles.

. Hiltration cassette Vivaflow 50 R (100,000 MWCO, Hydro-

stat, model VF0O5H4, Sartorius).

. Peristaltic pump for running the Vivaflow-unit.

. Sterile phosphate-buffered saline (PBS), pH 7.4.
. 0.22 pm PES syringe filters.

. 5 mL sterile syringes.

. 15 mL conical centrifuge tubes.

. 1.5 mL sterile low-bind microcentrifuge tubes.

. Deionised water.

. 0.5 M NaOH solution.

. 10% (v/v) ethanol.

In this part of the chapter, the use of size-exclusion chromatogra-
phy is described for the removal of remaining proteins. Two
options are proposed: 2.7.1 and 2.7.2 for an increased resolution.

O NN O Ul B W N~
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. qEVoriginal /35 nm SEC columns (IZON).

. Support to maintain column in a vertical position.

. 1.5 mL lo-bind microcentrifuge tubes.

. Amicon Ultra 0.5 mL centrifugal filters (RC, 10 kDa MWCO).
. Sterile PBS, pH 7 4.

. 0.22 pm PES membrane syringe filter.

. 1 mL sterile syringes.

. LB and BHIH agar plates.

. CL2-B Sepharose.

2. Sterile PBS, pH 7 4.

. Chromatography column (120cm x 1 cm) (e.g., Econo-Col-

umn® Chromatography Column) in PBS.

. Chromatography fraction collector.
. UV spectrophotometer.

. Vivaspin 20 centrifugal concentrator (100 kDa molecular

weight cutoft).

. 0.22 pm PES membrane syringe filter.
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2.8 EVs Size
and Concentration
Analysis

2.9 Antigen
Localization

with Proteinase K
Assay

2.10 Antigen
Quantification

1. Nanoparticle Analyzer (ZetaView TWIN Particle Tracking
Analyzer instrument or equivalent).

2. Particle-free deionized water.

w

. 1 or 10 mL sterile syringes.

. Proteinase K.

. Phenylmethanesulfonyl fluoride (PMSF).

. Water bath.

. Sodium Dodecyl Sulphate (SDS).

. See also materials in Subheadings 2.4.3 and 2.4 4.

2T NN I S R
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. Recombinant antigen.

2. See also materials in Subheadings 2.4.3 and 2.4 4.

3 Methods

3.1 Synthetic Gene
Design

3.2 Cloning of Gene
of Interest

3.2.1 Generation
of Recombinant DNA

3.2.2 Ransformation
of Competent Cells

The gene can be synthesized de novo using commercial gene syn-
thesis services. The N-terminus of the protein of interest is fused in
frame to the signal peptide of the product of BT_3852 (OmpA of
Bt); MKKILMLLAFAGVASVASA. The chimeric protein sequence
is tested in silico for cleavage of the OmpA signal sequence using
http:/ /www.cbs.dtu.dk/services /SignalP /.  If  unsuccessful,
change or add amino acids as appropriate to the N-terminus of
the gene of interest, downstream from the signal peptide sequence.
To facilitate immunodetection and /or purification of the protein in
downstream applications, a fusion tag can be added to the gene. It
is important that the coding sequence of the desired protein incor-
porates codon usage optimization for expression in Bt, which is
usually provided as part of gene synthesis services. The desired
target sequence is then integrated into an acceptor vector.

1. Digest the plasmid containing the synthetic gene with restric-
tion enzymes to excise the gene from the vector carrying the
synthetic gene (e.g., pEX-K168).

2. Digest the E. coli/ Bacteroides shuttle vector pGH90 (see Sub-
heading 2.1) (see Note 6).

3. Ligate the gene into the digested pGH090 expression vector to
allow translational fusion (see Note 7).

1. Prepare LB agar plates containing ampicillin.
2. Thaw one vial of competent MAX Efficiency™ DH10B on ice.

3. Gently add 1-5 pL of ligation mixture to the MAX Efficiency™
DHI10B.
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3.2.3 Screening
of Cloned
Recombinant DNA

3.3 Conjugative
Transfer of Shuttle
Vector into Bt

3.3.1 Triparental Mating
Procedure

O 00 N O\ Ul W
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. Place the vial with the bacteria suspension on ice for 30 min.
. Induce a heat-shock at 42 °C for 30 s.

. Incubate the bacteria on ice for an additional 5 min.

. Add 950 pL S.O.C. medium.

. Incubate at 37 °C with agitation (250 rpm).

. Seed 100 pL of the bacterial suspension onto agar plates con-

taining ampicillin.
Incubate the plates for 16-18 h at 37 °C.

. Pick individual colonies from agar plates and add each colony

to a tube containing 5 mLL LB medium and ampicillin.

2. Incubate the liquid cultures at 37 °C and 250 rpm for 16-18 h.

. Isolate plasmid DNA from each culture using a small-scale

isolation kit (e.g., QIAprep Spin Miniprep Kit) according to
the manufacturer’s instructions.

. Digest the plasmid DNA using the appropriate restriction

enzymes (see Note 8).

. Resolve digested DNA on a TBE gel.

. Confirm the identity of the plasmids containing the insert of

the expected size by DNA sequencing using appropriate
primers.

. Prepare BHIH agar plates either with or without gentamycin

and erythromycin.

. Grow cultures of the E. co/s donor strain with ampicillin (con-

taining the plasmid with the correct inserted sequence, see
Subheading 3.2.3) and the E. co/z helper strain with trimetho-
prim in 10 mL of LB, at 37 °C, under agitation for 16-18 h. In
parallel, grow culture of the Bt recipient strain in BHIH in an
anaerobic cabinet at 37 °C for 16-18 h.

. Inoculate 10 mL of LB with 100 pL of the E. co/s donor strain

and the helper strain (no antibiotics added) cultures and incu-
bate for 2 h at 37 °C with agitation (e.g., 200 rpm). In parallel,
inoculate in 30 mL. BHIH contained in a 50 mL tube with 800
puL of the Bt culture and incubate for 2 h at 37 °C in an
anaerobic cabinet.

. Add donor and helper cultures to the Bt recipient in the 50 mL

tube, mix by vortexing briefly and centrifuge at 2000 x g4 for
15 min at 20 °C.

. Remove the supernatant and resuspend cells in 100 pL of

BHIH. Transfer cell suspension to the surface of a sterile 0.45
pm filter placed on a BHIH agar plate. Incubate the plate
aerobically for 16-18 h at 37 °C.
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3.4 Assessing
Protein Expression
and Secretion into
BEVs

3.4.1 Culture of Bt
Transconjugants

3.4.2 Cell Total Protein
Extraction

3.4.3 BEV Total Protein
Extraction

. Transfer the filter to a sterile wide-necked Universal bottle and

add 1 mL of BHIH and resuspend the bacterial conjugation
mixture by vortexing thoroughly.

. Make serial dilutions and plate 100 pL of each dilution and the

non-diluted cell suspensions onto BHIH agar plates containing
gentamycin (to prevent E. coli growth) and erythromycin
(selection of Bt transconjugants).

. Pick 4 individual colonies and restreak each one on separate

BHIH agar plates containing gentamicin and erythromycin.

. Incubate the plates anaerobically at 37 °C for 48 h.
. Inoculate bottles containing 20 mL of BHIH with each of the

4 isolated clones.

4. Incubate the bottles anaerobically at 37 °C for 48 h.
. Centrifuge the 20 mL of culture in 50 mL tubes, at 6000 x g4

for 15 min, at 4 °C.

. Collect the supernatant.

. Wash cell pellets once in PBS before storing at —20 °C prior to

analysis.

. Resuspend thawed cell pellets in 250 pL of 0.2 M Tris—-HCI

(pH 7.2).

. Disrupt the cells via sonication using eight 10-s pulses (ampli-

tude, 6 pm), with 30-s pauses on ice between each pulse.

. Cell extracts are obtained after centrifugation at 14,000 x g for

30 min at 4 °C and harvesting the supernatant.

. Measure total protein concentration of each supernatant/sam-

ple using the Bio-Rad protein assay according to the manufac-
turer’s instructions using BSA to generate a standard curve.

. Filter the 20 mL supernatants through 0.22 pm pore-size PES

membranes to remove debris and cells.

. Concentrate the supernatants by ultrafiltration (100 kDa

molecular weight cutoff, Vivaspin 20) to a final volume of
250 pL.

. Discard the filtrate.
. Rinse the retentate with 20 mL of 0.2 M Tris—HCI, pH 7.2 and

concentrated to 250 pL.

. Collect the retentate and disrupt the vesicles via sonication

using eight 10-s pulses (amplitude, 6 pm), with 30-s pauses
on ice between each pulse.

. Measure the total protein content and concentration using the

Bio-Rad protein assay according to the manufacturer’s instruc-
tions using BSA to generate a standard curve.
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3.4.4 Protein Western
Blotting/Antigen
Immunodetection

3.4.5 Medium-Scale
Bacterial Culture

and Harvesting Conditioned
mediaBHIH Bacterial
Culture

3.4.6 BDM+ Bacterial
Culture

3.4.7 Supernatant
Collection
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. Add BEV and cell extracts obtained in Subheading 3.4.3 to

loading bufter containing 0.4 M freshly prepared dithiothreitol
(DTT).

. Load 7 pg of the total protein onto a 12% precast gel and

separate by electrophoresis at 180 V for 40 min.

. Transfer the proteins from the gel onto a polyvinylidene

difluoride (PVDF) membrane using the XCell II™ Blot Mod-
ule or equivalent (according to the manufacturer’s instruc-
tions) at 25 V for 2 h in a solution containing Tris-Glycine
transfer buffer and methanol 20% (v/v).

. Incubate the membrane with blocking buffer by gently shaking

for 30 min at 20 °C using an orbital shaker.

. Discard the blocking solution and incubate the membrane for

16-18 h at 4 °C in blocking buffer containing primary anti-
body (Usually 1:1000 to 1:10000).

. After washing 3 times with TBST, membranes are incubated

with HRP-conjugated secondary antibody in blocking bufter
for 1 hat 20 °C.

. After 3 washes with TBST, Enhanced Chemiluminescent sub-

strate (ECL) is added to detect bound antibody.

. Inoculate 10 mL of BHIH with a frozen stock for ~16 h.
. Inoculate 500 mL of BHIH with 0.5 mL of the preinoculum

for 17 h (starting ODgpo ~ 0.005) with mild stirring.

Initially BHIH was used as a standard medium for generating Bt
BEVs [8, 16]. However, considering the need to reduce and even
exclude animal-derived products from medical /therapeutic formu-
lations to be used in humans, we have modified a chemically defined
Bacteroides growth media (BDM) [20] (see Subheading 2.5.2) for
Bt BEV production.

1.
2.

Inoculate 10 mL of BHIH with a frozen stock for ~16 h.

Inoculate 10 mL of BDM+ with 100 pLL. BHIH culture from
step 1 for ~8 h.

. Inoculate 500 mL of BDM+ with 0.5 mL of the preinoculum

for 17 h (starting ODgpo ~ 0.005) with gentle stirring.

Collect bacterial cultures at final ODgg 1.5-2.5.

2. Precool centrifuge and canisters for 5 min at 4 °C.

Decant the culture into two 2 Nalgene™ PPCO centrifuge
bottles and centrifuge at 6037 x g for 30 min at 4 °C.
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3.5 Isolation of BEVs

3.5.1 Module Rinsing

3.5.2 Sample
Concentration

4.

5.

Filter-sterilize the supernatant with a 0.22 pm bottle-top filter
unit and transfer the filtrate into a sterile 500 mL bottle (see
Note 9).

Samples are stored at 4 °C prior to BEVs isolation for up to
24 h.

During the filtration process, the membrane will retain any mole-
cules >100 kDa including BEVs (retentate) and concentrate them
in the reservoir, whereas molecules <100 kDa will be removed in
the flow-through (filtrate) directly to the waste. BEVs isolation
should be performed at ambient (20-22 °C) temperature.

Three procedures are used in a step wise manner for isolating

BEVs, which are illustrated in Fig. 2.

1.
2.

Set up the system as illustrated in Fig. 2 Option 2.

Place 400 mL of deionized water in the reservoir and pump the
liquid through the system at an initial speed setting of 2 to
remove air pockets and then increase the speed setting to 4-5
(200-300 mL/min) until 400 mL has been run through the
system. Collect filtrate in waste bin. Check for any leaks.

. Set up the module as illustrated in Fig. 2 Option 1.

Fill the reservoir with 500 mL filtrate.

Pump sample through the system. The initial recirculation
speed setting is 2 for at least 1 cycle and then adjusted to setting
4-5 for sampling (200-300 mL/min). Maximum recirculation
speed setting is 5. Reduce the speed for lower volumes to avoid
foaming.

4. Concentrate the sample until there is ~5 mL left in the system.

11.

Switch off the pump.

. Pour 500 mL of PBS pH 7.4 into the reservoir and pump

through the system at an initial speed setting of 2 to remove
any air pockets and then increase the speed to setting 4-5.

. Reduce the recirculation speed setting to 1-2 (2040 mL/

min) to avoid foaming.

Switch off the pump with 1-4 mL remaining in the system.

. Set up the module as illustrated in Fig. 2 Option 3.
10.

Start the pump at a speed setting of 1-2 and carefully collect
the concentrated samples in a 15 mL tube or microcentrifuge
tube (use a bigger tube than the volume to be collected to
account for foam).

When no more concentrated sample emerges from the tubing,
switch off the pump.
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Fig. 2 BEV isolation module system. Option 1. Sample concentration. Option 2. Module rinsing/decontamina-
tion. Option 3. Collection of concentrated samples

12.

13.
14.

15.

3.5.3 Module 1.
Decontamination 2
and Washing

Place 0.5-1 mL of PBS in the reservoir and pump through the
system at speed setting 1-2 to flush out remaining BEVs.
Collect in the original 15 mL tube or microcentrifuge tube.
Final volume collected depends on concentration of BEVs
needed.

Switch off the pump.

Centrifuge at 15,000 x g for 20 min at 4 °C to remove any
precipitate.

Filter-sterilize the supernatant using a 0.22 pm syringe filter,
collecting the filtrate in sterile 1.5 mL lo-bind microcentrifuge
tubes or 15 mL tube.

Set up the system as illustrated in Fig. 2 Option 2.

. Place 400 mL of deionized water in the reservoir and pump

liquid through the system at an initial speed setting of 2 to
remove any air pockets and increase the speed setting to 4-5
(200400 mL/min). Collect filtrate in waste bin.

. When all the water has been collected, switch off the pump.
. Set up the system as illustrated in Fig. 2 Option 1.
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3.6 BEVs Purification

3.6.1 Routine Purification

11.

12.

13.

. Place 250 mL of decontamination solution (250 mL 0.5 M

NaOH) and pump it through the system at a speed setting of
3—4 (50-100 mL/min). Allow to recirculate for a minimum of
20 min, then switch off the pump.

Set up the system as illustrated in Fig. 2 Option 2.

Place 400 mL of deionized water in the reservoir and pump
liquid through the system at an initial speed setting of 2 to
purge any air pockets and increase the speed setting to 4-5
(200400 mL/min).

Switch off the pump.

. Set up the system as illustrated in Fig. 2 Option 2.
10.

Place 250 mL of 10% Ethanol in the reservoir and pump liquid
through the system at an initial speed setting of 2 to purge any
air pockets and increase the speed setting to 3—4 (50-100 mL/
min).

When half of the 10% Ethanol has been filtered, switch off the
pump and dismantle the system module.

Store cassette membrane in 10% Ethanol at 4 °C to avoid
contamination.

Rinse the reservoir with water and let it air dry. Reservoir and
tubing are left to dry at 20 °C.
BEV isolation waste is discarded in the sink drain.

Contaminants (e.g., proteins) of BEV preparations can be removed
by size exclusion chromatography (SEC). We recommend using the
method described in Subheading 3.7, step 1 for routine prepara-
tions and in Subheading 3.7, step 2 if increased resolution is
needed, for instance, to size fractionate BEVs.

1.

Bring the BEVs preparation, column bufter (PBS pH 7.4) and
qEVoriginal /35 nm SEC column(s) to ~20 °C. Do not remove
the column caps until operational temperature is reached.

. Secure the column in a vertical position using a stand.
. Carefully remove the column top-cap.

. Attach a column reservoir (if available) and add 1.5x column

volume of buffer (PBS 1x, 15 mL).

. Remove the bottom column cap and allow the buffer to run

under gravity to waste.

. Ifany buffer other than PBS is used, flush with at least 3 column

volumes of the buffer (>30 mL).

. The column will stop flowing when the buffer has entered the

loading frit.

. Load 0.5-1 mL ofisolated BEVs onto the loading frit.
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3.6.2 High-Resolution
Size Fractionation

3.7 BEVs Size
and Concentration
Analysis

9. Collect the void volume (3 mL) fraction(s) into 1.5 mL lo-bind
microcentrifuge tubes.

10. Allow the sample to completely run into the column.

11. Top up the reservoir with 15 mL buffer (PBS 1x) and collect
0.5-1 mL elution fractions.

12. For a loading volume of 1 mL of BEVs and collecting 0.5 mL
elution fractions, BEVs will elute in fractions 7-12 with pro-
teins eluting in fractions 10-20.

13. After the eluted fractions have been collected, flush the column
with 1.5 volumes of buffer (PBS 1x, 15 mL) before loading
another sample.

14. Ifstoring the column, flush with buffer containing 20% ethanol
or 0.05% sodium azide.

15. Store the column at 4 °C to avoid contamination.

16. Filter-sterilize the BEVs using a 0.22 pm syringe filter, collect-
ing the filtrate in sterile 1.5 mL lo-bind microcentrifuge tubes
or 15 mL tube.

17. Pool BEVs elution fractions and concentrate to desired volume
using Amicon Ultra 0.5 mL centrifugal filters (RC,
10 kDa MWCO).

See Note 10.

Size and concentration of isolated BEVs suspension is determined
by nanoparticle tracking analysis (NTA) using a suitable NTA
instrument. The protocol described below is for the ZetaView
PMX-220 TWIN instrument from Particle Metrix GmbH.

1.

Prepare instrument set up according to the manufacturer’s
instructions.

Inject 10-20 mL particle-free deionized water using a 10 mL
syringe to perform cell quality check; avoid injecting air
bubbles.

Inject 5-10 mL of 1:25,000 100 nm polystyrene standard bead
suspension to perform focus auto-alignment.

Inject 10-20 mL particle-free deionized water using a 10 mL
syringe to rinse instrument; avoid injecting air bubbles.

. Dilute aliquots of BEVs suspension in 1:1000 to 1:20,000 in

particle-free deionized water.

Inject 1 mL sample with a syringe; avoid injecting air bubbles.
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3.8 Proteinase K
Assay

3.9 Antigen
Quantification

7. Acquire size distribution video data using the following
settings.
— temperature: 25 °C;

— frames: 60;
— duration: 2 s;
— cycles: 2;

— positions: 11;

— camera sensitivity: 80; and,

shutter value: 100.

8. Analyse data using the ZetaView NTA software (version
8.05.12) with the following post acquisition settings:
— minimum brightness: 20;

— max area: 2000;
— min area: 5; and,

— trace length: 30.

To establish if heterologous proteins are expressed in the lumen or
at the surface of BEVs we use broad-spectrum proteinase
K. Proteinase K digests proteins exposed at the surface of BEVs
but not in the lumen. Extracts of BEVs obtained in the presence or
absence of Proteinase K samples and analyzed by Western blotting
using antibodies specific for the heterologous protein makes it
possible to distinguish between surface- and lumen-expressed anti-
gens (see Note 11).

1. Add 100 mg/L of proteinase K into intact 10'* BEVs/mL or
solubilized (in 1% SDS) and incubate for 1 h in a water bath at
37 °C.

2. The activity of proteinase K is stopped by addition of
1 mM PMSFE.

3. Load samples onto a 12% polyacrylamide gel and perform a
Western blot following steps described in Subheading 3.4 4.

The amount of antigen expressed in BEVs is readily determined by
Western blotting using serial dilutions of the recombinant antigen
and comparing the intensity of the bands visualized on the blot to
estimate the concentration of antigen in the BEVs using Image Lab
Software (Bio-Rad).

1. Prepare serial dilutions of the recombinant antigen and the
isolated BEVs.

2. Load samples onto a 12% polyacrylamide gel and perform a
Western blot (Subheading 3.4.4).

3. Analyse the image of the blot using the quantity tool of Image
Lab software (Bio Rad).
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4 Notes

1. Immunization: Details of immunization protocols are provided

in Carvalho et al. [8, 16]. In short, animals receive a primary
immunization of filter-sterilized BEVs (se¢e Note 12) via the
nasal or oral route with booster immunizations carried out
7-14 days late with an infectious challenge following after a
further 7-10 days. At necrosis body fluids and tissues are
harvested for downstream analyses of antibody and immune
cell profiles and histopathology.

. Sample collection and antibody profiles: Serum bronchoalveo-

lar lavage and saliva samples are routinely used in ELISAs to
identify and quantity antigen-specific IgA and IgG antibodies
as described in Carvalho et al. [8, 16]. In short, the ELISAs
include coating the plate with recombinant protein for 16 h at
4 °C. After washing and incubating with blocking solution,
serial dilutions of samples are added and incubated for 16 h at
4 °C. After washing, a secondary antibody conjugated to HRP
is added for 1 h at 20 °C. A chromogenic substrate is then
added and absorbance at 450 nm is recorded using a spectro-
photometer. Tissue homogenates (e.g., salivary glands and
lungs) can also be used in this antibody detection assay.

. One possibility is to use the plasmid-borne inducible gene

expression system developed for Bt that is based upon a Bt
endogenous mannan-inducible promoter [21]. This system
allows to create translational fusions and generate protein pro-
ducts with the possibility of adding a C-terminal
polyhistidine tag.

. A 6x-His Tag antibody should be used if the chimeric protein

contains a His-tag sequence. An alternative is to use antibodies
raised against epitopes of the antigenic protein either commer-
cially available or from other sources.

. The secondary antibody can be conjugated to with various

enzyme, fluorescent proteins, biotin or to polymers. The sec-
ondary anti-Ig antibody must have specificity for the immuno-
globulins present in the species in which the primary antibody
was raised.

. The digestion of the E. coli/ Bacteroides shuttle vector pGH090

with Ncol and EcoRlI is provided as an example. In the case of
DNA sequence constraints or if the EcoRI restriction site
cannot be removed from the internal sequence of the synthetic
gene, other restrictions sites can be used for the design of the
3’-end of the fragment (e.g., BamHI or Smal) that are located
downstream from the Ncol site of pGHO090 [18].
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7.

8.

10.

11.

If necessary, the DNA fragment containing the gene of interest
can be extracted after excision of the band at the expected size
from an agarose gel after electrophoresis using the QIAquick
Gel Extraction Kit (Qiagen) or equivalent, following the man-
ufacturer’s instructions.

As an example, we describe the cloning of the gene encoding
H5F the highly conserved stalk region of the hemagglutinin
molecule of TAV strain H5N1 (VN/04:A/ VietNam/1203/
04 [17]) into the Bacteroides expression vector pGHO090
[8]. The synthetic gene fused at its 5'-end with a signal peptide
sequence was designed to contain a BspHI restriction site at its
5’-end and an EcoRI restriction site at its 3’-end to enable
DNA cloning. BspHI was chosen because a lysine residue
follows the first amino acid (methionine) in the sequence of
the signal peptide. Therefore, the lysine AAA /G codon which
starts with an A and follows the ATG start codon is included in
the BspHI (TCATGA) restriction sequence. BspHI restriction
enzyme generates a cohesive end compatible with the Ncol
cohesive end of the restricted pGHO090 vector to allow transla-
tion fusion of the synthetic gene. As a result, the BspHI site was
lost and a combination of EcoRI and a site located within the
vector and outside of the gene of interest was used to digest
recombinant plasmids.

BEV sterility is confirmed by checking for the growth of any
contaminating bacterial cells. Spread 100 pL of the filter-
sterilized solution on BHIH agar plates, incubate in an anaero-
bic cabinet for 48 h at 37 °C and confirm the absence of
colonies.

To increase the resolution of the SEC procedure and obtain a
better separation of vesicles of different sizes, the SEC can be
performed using a 120 cm x 1 cm column (Econo-Column®
Chromatography Columns, Bio-Rad) filled with 90 mL of
CL2-B Sepharose (Sigma-Aldrich) [22]. The absorbance of
the fractions is measured at 280 nm and the first fractions
displaying an absorbance peak are pooled. Pooled fractions
are concentrated to 1 mL with a Vivaspin 20 centrifugal con-
centrator (100 kDa molecular weight cutoft, Sartorius) and the
retentate is filtered through a 0.22 pm PES membrane (Sarto-
rius). The concentration of the vesicles can then be determined
using nanoparticle tracking analysis as described in Subheading
3.7, step 1.

If the protein is expressed on the surface of the BEV Proteinase
K will degrade it and the band will be absent on the immuno-
blot. If the protein is expressed in the lumen, the band will still
be evident. SDS-treatment of vesicles makes their luminal con-
tents accessible to Proteinase K and serves as control for
enzyme activity and confirmation of the protein being
expressed in the lumen of BEVs.
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12. The sterility of BEV suspensions stored at 4 °C is examined by
checking for growth of any contaminating bacterial cells prior
to immunization. Add 90 pL of sterile BHIH broth to 10 pL of
BEV suspension and spread the 100 pL onto BHIH agar
plates. Incubate in both aerobic and anaerobic conditions for
48 h at 37 °C and check for the absence of colony.
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Bacterial extracellular vesicles (BEVs) produced by gut commensal bacteria
have been proposed to play an important role in maintaining host homeostasis
via interactions with the immune system. Details of the mediators and
pathways of BEV-immune cell interactions are however incomplete. In this
study, we provide evidence for the anti-inflammatory and immunomodulatory
properties of extracellular vesicles produced by the prominent human gut
commensal bacterium Bacteroides thetaiotaomicron (Bt BEVs) and identify
the molecular mechanisms underlying their interaction with innate immune
cells. Administration of Bt BEVs to mice treated with colitis-inducing dextran
sodium sulfate (DSS) ameliorates the symptoms of intestinal inflammation,
improving survival rate and reducing weight loss and disease activity index
scores, in association with upregulation of IL-10 production in colonic tissue
and in splenocytes. Pre-treatment (conditioning) of murine bone marrow
derived monocytes (BMDM) with Bt BEVs resulted in higher ratio of IL-10/TNFa
production after an LPS challenge when compared to LPS pre-conditioned or
non-conditioned BMDM. Using the THP-1 monocytic cell line the interactions
between Bt BEVs and monocytes/macrophages were shown to be mediated
primarily by TLR2. Histone (H3K4mel) methylation analysis showed that Bt
BEVs induced epigenetic reprogramming which persisted after infectious
challenge, as revealed by increased levels of H3K4mel in Bt BEV-conditioned
LPS-challenged BMDM. Collectively, our findings highlight the important role
of Bt BEVs in maintaining host immune homeostasis and raise the promising
possibility of considering their use in immune therapies.

KEYWORDS

extracellular vesicles, Bacteroides, anti-inflammatory response, innate immune
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Introduction

The ecosystem of the human gastrointestinal tract (GIT) is
shaped by complex interactions between resident microbes (the
microbiota), the epithelium and immune cells. Host-microbe
interactions have traditionally been analyzed from the perspective
of pathogenic relationships, but it has become evident that
commensal microbes also exert important beneficial effects on the
host. The ability of immune cells to discriminate between
pathogens and commensal bacteria is therefore essential to
maintain immune homeostasis and preserve host health, by
simultaneously providing protection against pathogens and
tolerance toward symbiotic microbiota (Bron et al., 2011).

Innate immunity plays an important role in intestinal
protection and is the first line of host defense against infection
comprising physical, chemical, and cellular barriers. Various
stimuli and conserved microbe-associated molecular pattern
(MAMPs) molecules can activate and modulate innate immunity
and inflammatory responses with enhanced or decreased
production of pro-inflammatory mediators and cytokines
depending on the type and dose of the ligand recognized by
individual pattern recognition receptors (PPRs; Ifrim et al., 2014).
Bacterial lipopolysaccharides (LPS), one of the major triggers of
inflammatory response via interactions with toll-like receptor 4
(TLR4), can induce a state of tolerance in macrophages and
monocytes after repeated or prolonged exposure, resulting in
reduced pro-inflammatory cytokine production (Novakovic et al.,
2016; Seeley and Ghosh, 2017). The innate immune system can
be also activated by sterile endogenous dietary substances from
Western-type diets that can contribute to various chronic
inflammatory diseases (Bekkering et al., 2014; Christ and Latz,
2019). Innate immune activation leads to modifications in the
chromatin state of the innate immune cells, with epigenetic
changes persisting even after the cells return to homeostasis,
altering their long-term responsiveness to re-infection (Netea
etal., 2020). Enhanced inflammatory responses in trained innate
immune cells and diminished activation in tolerized innate
immune cells are based on epigenetic reprogramming events,
including DNA methylation and histone modifications that up- or
down-regulate the transcription of inflammatory genes (Netea
et al.,, 2020). Identifying the receptors, signaling pathways and
epigenetic modifications that induce and maintain immune
tolerance is therefore important for understanding how immune
tolerance contributes to a state of controlled inflammation with
potential benefits for autoimmune conditions and chronic
inflammation diseases without contributing to immunodeficiency.

All bacteria naturally produce and release nano-sized,
non-replicative extracellular vesicles (BEV's) with roles in response
to stress, quorum sensing, biofilm formation, and interspecies and
interkingdom communication (Schwechheimer and Kuehn,
2015). BEVs contain various cargo including enzymes, signaling
molecules, and metabolites (Bryant et al., 2017). BEVs generated
by Gram-negative pathogens contain toxins and virulence factors
that can breach host defenses facilitating invasion and infection
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by parental cells (Kaparakis-Liaskos and Ferrero, 2015). By
contrast, the role of BEVs produced by commensal microbes, and
in particular the vast numbers residing in the GIT, is less clear,
although recent studies have identified a potential role in host-
microbe communication and in maintaining immune homeostasis
via interactions with dendritic cells (Durant et al., 2020). BEVs
generated by prominent members of the microbiota such as
Bacteroides thetaiotaomicron (Bt) can cross the epithelial barrier
of the intestine and access underlying lamina propria cells and, via
the vasculature, other organs and tissues. They mediate bacteria-
host interactions which modulate the physiology of various host
cells including those of the innate and adaptive immune system
(Stentz et al., 2018; Jones et al., 2020; Gul et al., 2022). BEVs
produced by the pathobiont Bacteroides fragilis have been
implicated in immune homeostasis as they can mediate anti-
inflammatory effects by TLR2-dependent activation of dendritic
cells and the production of IL-10 by regulatory T cells (Shen et al,
2012). The inbuilt adjuvanticity and immune-potentiation
properties of Bt-derived BEVs has also been exploited in drug
delivery formulations and in mucosal vaccines for respiratory
viruses (Carvalho et al., 2019a,b), supporting their ability to
modulate host immune cell function.

Based upon the biophysical and immunological properties of
BEVs generated by commensal bacteria, we have investigated the
potential of Bt-derived BEVs to act via their interactions with
innate immune cells as modulators of the immune tolerance and
the inflammation response using well-established in vivo and in
vitro models. Identifying the interactions between BEV's and host
innate immune cells is an important step toward considering their
use in immunotherapy.

Materials and methods
Isolation and characterization of Bt BEVs

Bacteroides thetaiotaomicron VPI-5482 was grown in 500 ml
of Bacteroides Defined Medium (BDM4; Supplementary Table S1)
at 37°C in an anaerobic cabinet. For BEVs preparations, cells were
harvested after 16h at an approximate ODgypn, of 2.5
corresponding to early stationary phase. BEVs were isolated
following a method adapted from Stentz et al. (2022). Briefly, Bt
cultures (500 ml) were centrifuged at 6000 g for 50 min at 4°C and
the supernatants filtered through polyethersulfone (PES)
membranes (0.22 pm pore-size; Sartorius) to remove debris and
cells. Supernatants were concentrated by cross-flow ultrafiltration
(100 kDa molecular weight cut-off, Vivaspin 50R, Sartorius), the
retentate was rinsed once with 500ml of PBS (pH 7.4) and
concentrated to 1 ml. Further purification of BEVs was performed
by fractionation of the suspension by size-exclusion
chromatography using qEVoriginal 35nm columns (Izon)
according to manufacturer’s instructions. Fractions containing
BEV's were combined and filter-sterilized through a 0.22 pm PES

membrane (Sartorius) and the suspensions were stored at

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1050271
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Fonseca et al.

4°C. Absence of viable microorganisms was confirmed by plate
count and absence of LPS was confirmed by Limulus Amebocyte
Lysate (LAL) test.

The size and concentration of the isolated Bt BEV suspension
was determined using nanoparticle tracking analysis and the
ZetaView PMX-220 TWIN
manufacturer’s instructions (Particle Metrix). Aliquots of BEV

instrument according to
suspensions were diluted 1,000-to 20,000-fold in particle-free
water for analysis. Size distribution video data were acquired using
the following settings: temperature: 25°C; frames: 60; duration: 2s;
cycles: 2; positions: 11; camera sensitivity: 80 and shutter value:
100. The ZetaView NTA software (version 8.05.12) was used with
the following post acquisition settings: minimum brightness: 20;
max area: 2,000; min area: 5 and trace length: 30.

Animal studies

Specific-pathogen-free (SPF) C57BL/6 male mice were bred
and maintained in the Disease Modeling Unit at the University of
East Anglia (United Kingdom). Animals were housed in
individually ventilated cages and exposed to a 12 h light/dark cycle
with free access to drinking water and standard laboratory chow
diet. Animal experiments were conducted in full accordance with
the Animal Scientific Procedures Act 1986 under UK Home Office
(HMO) approval and HMO project license 70/8232.

Acute colitis mouse model

The dextran sulfate sodium (DSS) induced mouse model of
acute colitis was used to investigate the therapeutic potential of
BEVs on intestinal inflammation. SPF C57BL/6 mice, 8 weeks old,
were divided into two groups and administered with either PBS
(n=8) or BEVs (n=6). Experimental colitis was induced by
administration of 2.25% w/v DSS (36,000-50,000 Da, MP
Biomedicals) in drinking water ad libitum for 5days. From day 5
until the end of the experiment, DSS was replaced by fresh water.
PBS and BEVs were administered by oral gavage (100 pl at 10"
BEVs/ml) on days 5, 7, and 9, and on day 11 mice were euthanized
by cervical dislocation after exposure to rising concentrations of
CO,. Distal colon tissue samples (1 cm) and spleens were collected
for cytokine production analysis. The extent of colitis was
evaluated using survival rate and a disease activity index
(Supplementary Table S2) comprising daily body weights, stool
consistency, tissue and content appearance, and
bleeding assessments.

Each distal colon tissue sample was cut open longitudinally
and incubated in flat-bottomed 24-well plates with 0.5 ml per well
of complete RPMI medium (RPMI-1640 (Sigma-Aldrich)
supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Biosera) and 1% Pen/Strep (Sigma-Aldrich)) for 24h in a CO,
incubator. Spleens were macerated in a cell strainer at 70 pm,

washed with complete RPMI medium and incubated with
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Ammonium-Chloride-Potassium (ACK) lysis buffer (Gibco) for
10min to lyse red blood cells. Splenocyte count was adjusted to
5x10° cells/ml and incubated in flat-bottomed 96-well plates with
0.2ml per well of complete RPMI medium, with or without
restimulation with 10° BEVs/ml, for 72h at 37°C and 5% CO, in
a humidified incubator. Supernatants from colon and splenocyte
cultures were then centrifuged and store at —80°C prior to
cytokine analysis.

Murine bone marrow-derived monocyte
cultures

SPF C57BL/6 mice, 13-16weeks old, were euthanized by
cervical dislocation after exposure to rising concentrations of CO,.
Femurs were immediately removed and placed into cold sterile
PBS. Bone marrow cell suspensions were isolated by flushing the
femurs and tibias with RPMI-1640 supplemented with 10% heat-
inactivated FBS and 1% Pen/Strep under sterile conditions. Debris
was removed by passing the suspension through a 70 um cell
strainer. Cells were washed with complete RPMI media and
concentration was adjusted to 6 x 10° cells/ml. Cells were seeded
on flat-bottomed 12-well plates (1.2 ml/well) and incubated at
37°C and 5% CO, in a humidified incubator.

BMDM—Bt BEVs co-culture

Bone marrow-derived monocyte (BMDM) cells (1.2ml at 6 x
10° cells/ml) were incubated in flat-bottomed 12-well plates in
complete RPMI medium for 24h at 37°C and 5% CO, in a
humidified incubator, in the presence of either different
concentrations of Bt BEVs (3 x 10%, 3 x 107, and 3 x 10° BEVs/ml),
LPS from E. coli (10 ng/ml; Sigma-Aldrich) as a positive control or
PBS as negative control. After 24 h, supernatants were collected
and stored at —20°C prior to cytokine measurements. Cells were
washed with warm PBS and maintained in complete RPMI
medium for 5days at 37°C and 5% CO,, with fresh media added
on day 3. Cells were then incubated with LPS (10 ng/ml) to mimic
an infectious challenge, or PBS as negative control. After 24h,
supernatants were collected and stored at —20°C for subsequent
cytokine measurement. Cells were washed with warm PBS and
detached from the wells by gently scraping after 1h incubation
with ice-cold Macrophage Detachment Solution (PromoCell) at
4°C. Cells were then washed with PBS containing 0.5 mM EDTA
and stored at —80°C in FBS with 10% DMSO (Sigma-Aldrich) for
histone methylation analysis. All incubations were performed in
triplicate in two independent experiments.

Cytokine measurements

The production of IL-10 by colon tissue and splenocytes, and
TNFa, IL-6, and IL-10 produced by BMDM after 24h of
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conditioning and after 24 h of challenge was measured by ELISA
(Invitrogen) according to the manufacturer’s instructions. The
results were recorded as pg of each cytokine per mL
of supernatant.

THP1-Blue cell assay

THP1-Blue NF-kB cells (Invivogen) were derived from the
human THP-1 monocyte cell line by stable integration of an
NF-kB-inducible secreted alkaline phosphatase (SEAP) reporter
construct. THP1-Blue cells were cultivated in RPMI-1640
supplemented with 10% heat-inactivated FBS, 1% Pen/Strep and
100 pg/ml Normocin (Invivogen) at 37°C and 5% CO, in a
humidified incubator. To maintain selection pressure during cell
subculturing, 10pg/ml blasticidin was added to the growth
medium every other passage.

To establish the threshold dose of BEVs that allows for the
quantification of THP-1 cells activation, cells were seeded in flat-
bottomed 96-well plates at a density of 5 x 10° cells/ml and
incubated for 24 h at 37°C and 5% CO, in a humidified incubator
in the presence of different concentrations of Bt BEVs (from 3 x
10” to 3 x 10° BEVs/ml) using LPS (10 ng/ml) as a positive control
and BDM4 and PBS as negative controls.

To identify pattern recognition receptors (PRRs) involved
in BEV-mediated THP1-Blue cell activation, cultures were
incubated with different inhibitors of TLR2 (PAb-hTLR2
(5pg/ml), Invivogen), TLR4 (PAb-hTLR4 (5pg/ml),
Invivogen), NOD1 (ML130 (5pug/ml), Abcam), and NOD2
(GSK717 (5pg/ml), Merck) prior to the addition of BEVs
(3%10°/ml). Heat-killed Listeria monocytogenes (HKLM, 107
cells/ml, Invivogen), LPS (10 ng/ml, Sigma-Aldrich), lauroyl-
g-D-glutamyl-meso-diaminopimelic acid (DAP, 1pg/ml,
Invivogen) and N-acetylmuramyl-L-alanyl-D-isoglutamine
(MDP, 10 pg/ml, Invivogen) were used as specific ligands for
each inhibitor, respectively. Subsequently, 20 pl of the cell
suspension was added to wells of 96-well plate, mixed with
180 pul of Quanti-Blue (Invivogen) colorimetric assay reagent
and incubated for 1h at 37°C to allow color development.
NF-kB-inducible SEAP levels were quantified by absorbance
reading at 620nm. All incubations were performed in
triplicate in three independent experiments.

THP1-Blue cell—Bt BEVs co-culture

To investigate phenotypic changes in THP1-Blue cells after
exposure to with Bt BEVs, the cells (1.2 ml at 10° cells/ml) were
incubated on flat-bottomed 12-well plates in complete RPMI
medium for 24 h at 37°C and 5% CO, in a humidified incubator,
in the presence of different concentrations of Bt BEVs (5 x 10°
BEVs/ml, 5 x 10° BEVs/ml, and 5 x 10* BEVs/ml), using LPS
from E. coli (10ng/ml; Sigma-Aldrich) as a reference and
positive control and PBS as a negative control. Cells were
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washed with warm PBS and detached from the wells by gently
scraping after 1h incubation with ice-cold Macrophage
Detachment Solution at 4°C. Cells were then washed with PBS
containing 0.5mM EDTA
cytometry analysis.

and collected for flow

Flow cytometry

THPI1-Blue cells were stained with Zombie Aqua Fixable
Viability kit (BioLegend) following the manufacturer’s protocol.
Cells were washed with Cell Staining Buffer (BioLegend) before
blocking Fc receptors by incubation with Human TruStain FcX
(BioLegend) for 10 min at 21°C. Cells were then surface stained
for 20 min at 4°C in the dark using APC/Fire 750 anti-human
CD14 Clone 63D3 (BioLegend) and flow cytometry performed on
BD LSRFortessa Cell Analyzer (BD Biosciences) with the data
analyzed using Flow]Jo software 10.8.1 (BD Biosciences).

Histone methylation

Histone proteins from bone marrow-derived cells were
extracted using the EpiQuik Total Histone Extraction Kit
(Epigentek) according to the manufacturer’s instructions and
quantified by measuring absorbance at 280nm. The level of
histone 3 lysine 4 mono-methylation (H3K4mel) was quantified
using the ELISA-based colorimetric kit EpiQuik Global Mono
Methyl Histone H3 K4 Quantification (Epigentek) and results
were expressed as ng of H3K4mel per pg of total protein.

Statistical analysis

Data were subjected to One-way ANOVA or Two-way
ANOVA followed by Tukey’s multiple comparison post-hoc test or
Dunnetts multiple comparison post-hoc test using GraphPad
Prism 5 software. Statistically significant differences between two
mean values were established by a p <0.05. Data are presented as
the mean + standard deviation.

Results

Anti-inflammatory effect of Bt BEVs in
vivo

To investigate the ability of Bt BEVs to influence
inflammatory responses in vivo we used DSS-induced murine
colitis as a model of acute inflammation (Figure 1A). This is a
well-established lymphocyte-independent model of intestinal
inflammation in which the clinical severity can be quantified,
providing a reliable method to study the contribution of the
innate immune system to inflammatory responses in the host.
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Bt BEVs ameliorate DSS-induced colitis in mice. (A) Mice were provided with drinking water containing 2.25% DSS (w/v) for 5days. On days 5, 7,
and 9 mice were orally administered with either PBS or Bt BEVs (100pl at 10* BEV/m). (B) Survival rates. (C) Percent weight loss at day 11.

(D) Disease Activity Index (DAI) at day 11. (E) IL-10 production in distal colon tissue. (F) IL-10 production by splenocytes cultured in complete media
alone or in media containing Bt BEVs. Graphs depict mean+SD values. *p<0.05, **p<0.01.
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Mice orally administered with Bt BEV's exhibited a significantly
higher (p<0.01) survival rate throughout the experiment
compared to mice that received vehicle (PBS) only (Figure 1B).
Oral administration of Bt BEV's also contributed to a significant
decrease (p<0.05) in weight loss and disease activity index
scores (Figures 1C,D). Analysis of cytokine production by
freshly excised and cultured colonic tissue showed that
production of the anti-inflammatory cytokine IL-10 was higher
in distal colon tissue from mice previously administered with
Bt BEVs (Figure 1E). When splenocytes from mice orally
gavaged with Bt BEV's were restimulated ex vivo with Bt BEVss,
IL-10 production was also significantly increased (p <0.05). By
comparison, there was no difference in IL-10 production from
non-stimulated splenocytes across all experimental groups
(Figure 1F).
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Bt BEVs modulation of cytokine
production in BMDM

Bone marrow mononuclear cells cultured under conditions
that favor the growth of monocytes and macrophages were used
to examine further the potential interaction of Bt BEVs with
innate immune cells. Specifically, we investigated how Bt BEV's
influence murine bone marrow-derived monocytes (BMDM) in
response to an inflammatory stimulus. Cytokine production in
BEV-conditioned BMDM was measured before and after an
infection-like challenge with LPS (Figure 2A). We observed
significantly increased amounts (p <0.001) of IL-10 in BMDM
cultures after incubation for 24h with 3 x 10° BEVs/ml. No
significant changes in IL-10 production were detected in BMDM
containing lower concentrations of Bt BEVs or with LPS and

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1050271
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Fonseca et al.

10.3389/fmicb.2022.1050271

A 24hconditioning ~ <—— Sdaysrest ——> 24 hchallenge
do d1 d3 dé d7
E> | | | Cytokine
T T 1 d1landd7 production
Murine BMDM Supernatant Fresh media Supernatant
isolation collection collection
LPS 10 ng/mL LPS 10 ng/mL
3x10° BEVs/mL PBS
3x107 BEVs/mL
3x105 BEVs/mL
PBS
24 h conditionin. sioni 24 h conditioning
s 9 24 h conditioning 1500
600-
- o o~
_ 3000 _ -
5 5 . = 5 10
E g w0 E = —=—
g 2000- 2 g -
=) '; ©
- D
= = £ 20 = 500- "
1000- =
= v —ommmo
3x10° 3x10” 3x10° LPS 10 ngimL PBS P 0 pw P8 1GngimL PBs 3x10° ax10” 3x10° LPS 10 ng/mL PBS
BEVs/mL. BEVs/mL BEVs/mL
241 LPS 10 ng/mL challenge 24h LPS 10 ngimL challenge 24h LPS 10 ng/mL challenge
1500 1000 1600
. .
" 800
- 1200
- 3 5
5 2 . H
=4 = & 800
e £ 400 b
I LR 2
% = e 200 o
ax10° ax10” 3x10° LPS 10 ngimL. PBS 3x10° 3x10" 3x10° LPS 10 ng/mL. PBS 3x10° 3x10" 3x10° LPS 10 ng/mL. PBS
BEVs/mL. BEVs/mL BEVs/mL
FIGURE 2

Bt BEVs modulate the production of anti- and pro-inflammatory cytokines by murine bone marrow derived macrophages (BMDM).

(A) Experimental plan. (B) Cytokine production by BMDM 24h after conditioning with Bt BEVs and LPS was assessed by ELISA. (C) Cytokine
production by Bt BEV- and LPS-conditioned BMDM 24h after exposure to LPS (10ng/ml) determined by ELISA. Non-conditioned BMDM (PBS)
were used as the reference group for statistical analysis. Graphs depict mean+SD values. **p<0.01; ***p<0.001.

PBS. The concentrations of the pro-inflammatory cytokines TNFa
and IL-6 were significantly higher (p<0.001) in BMDM incubated
with 3 x 10° BEVs/ml when compared to PBS alone. However,
these levels were lower than in LPS-conditioned BMDM cultures
(Figure 2B). Analysis of cytokine production in BEV-conditioned
BMDM cultures after an LPS challenge revealed opposite trends
when comparing anti- and pro-inflammatory activity. While IL-10
production was directly associated with the Bt BEV's concentration
used to condition BMDM, the levels of pro-inflammatory
cytokines showed an inverse relationship with the Bt BEV
conditioning dose, with TNFa production significantly decreased
(p<0.001) when BMDM were incubated with BEVs at 3 x 107
BEVs/ml or higher concentrations (Figure 2C). Collectively, these
data show that Bt BEVs exert in a dose-dependent manner anti-
inflammatory responses from monocytes/macrophages, which
was particularly noticeable in a re-infection (LPS challenge)

scenario.

Molecular basis of BEV-monocyte
interactions and the involvement of
specific pattern recognition receptors

The human monocytic cell line THP-1 that expresses an
NF-kB inducible secreted alkaline phosphatase (SEAP) reporter
construct (THP1-Blue) was used to identify the receptors and
pathways in monocytes involved in the anti-inflammatory effect

Frontiers in Microbiology 06

of Bt BEVs observed in both the in vivo and in vitro model
systems. To investigate if Bt BEV's can activate THP-1 cells and
to establish the activation threshold, cells (5 x 10° cells/ml) were
incubated with different concentrations of Bt BEVs (3 x 10°
BEVs/ml to 3 x 10° BEVs/ml) using a chemically defined Bt
media (BDM4) and PBS or LPS (10ng/ml) as negative and
positive controls, respectively. NF-kB activation in THP-1 cells
in response to Bt BEVs was dose-dependent (Figure 3A) with
no detectable activation seen in cultures containing BDM4 or
PBS alone. Based upon the level of activation induced by 3 x 10°
BEVs/ml being equivalent (p>0.05) to that of LPS (10 ng/ml),
we established this as an optimal Bt BEVs concentration for
subsequent inhibition assays. Specific inhibitors of key
extracellular and intracellular PRRs were used in THP1-BEV
co-cultures to identify those contributing to NF-kB activation
in THP-1 cells. In a series of optimization experiments, the
optimal concentration of each inhibitor was established by
titration and their specificity at that concentration was
confirmed  with  individual = PRR-specific  ligands
(Supplementary Figure S1). The most potent inhibition of
NF-kB activation (~60%) was seen in cultures containing
PAb-hTLR2 (5pg/ml), an antibody that specifically inhibits
TLR2 activation (Figure 3B; Supplementary Figure S1),
consistent with TLR2 activation mediating interactions between
Bt BEVs and monocyte/macrophages (Figure 3B). By contrast,
no significant inhibition of NF-«B activation was seen using
inhibitors of TLR4, NODI, or NOD2 (Figure 3B).
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Mediators of Bt BEV-monocyte/macrophage interaction identified using THP1-Blue monocytes. (A) THP-1 cells were incubated with a range of Bt
BEV concentrations or with Bt growth media (BDM4), PBS or LPS for 24h prior to assessing level of NF-kB activation. Statistical analysis was
performed using LPS as the reference group. (B) THP-1 cells were pre-incubated with optimal concentrations of TLR2, TLR4, NOD1 or NOD2
inhibitors prior to the addition of Bt BEVs and subsequent assessment of NF-kB activation. Graphs depict mean+SD values. ns: p>0.05; *p<0.05;
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Phenotypic changes in monocytes
following stimulation with Bt BEVs

We investigated the phenotypic changes in THP-1 cells after
exposure to Bt BEVs by measuring levels of CD14 expression
using flow cytometry. CD14* cells were gated based on a
fluorescence minus one (FMO) strategy. CD14 expression is a
marker of activation related to pro-inflammatory monocytes, is a
co-receptor for TLR4 responsivity to LPS, and contributes to the
activation of other PRRs including TLR2. Among THP-1 cells
cultured in media alone approximately 22% were CD14"
(Figure 4). In cultures containing the highest concentration of Bt
BEVs (5x10° BEV/mL equivalent to a ratio of 500 BEVs,THP-1)
the proportion of CD14" cells more than doubled to approximately
51% and was equivalent to the levels seen in cultures containing
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LPS (~53%; Figure 4). By contrast, THP-1 cells stimulated with
lower concentrations of Bt BEVs showed no significant changes in
the proportion of CD14" monocytes when compared to cells
incubated with PBS (Figure 4).

Effect of Bt BEVs on histone
modifications in BMDM

Inflammatory processes and innate immunity are tightly
regulated by epigenetic mechanisms with genomic DNA
methylation and modification of histones influencing the function
of innate immune cells (Saeed et al., 2014; Fraschilla et al., 2022).
To determine if Bt BEVs can induce epigenetic changes, and in
particular histone methylation, we measured levels of H3K4mel in
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Bt BEVs elicit phenotypic changes in THP1-Blue NF-«B cells (10° cells/ml). (A) THP-1 cells were incubated with different concentrations of Bt BEVs
for 24h and analyzed for CD14 expression by flow cytometry. Gating strategy was based on scatterplots of CD14 vs. side scatter signal. (B) The bar
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BMDM, which indicates the mono-methylation at the 4th lysine
residue of histone H3 protein and is an enhancer signature
(Figure 5A). Varying levels of H3K4mel were detected in BMDM
after culture with Bt BEVs, with the highest levels seen in cultures
containing 3 x 10° BEV/ml, comparable to those in BMDM
cultured in media alone (PBS) and higher than that in cultures
containing LPS (Figure 5B). By comparison, lower levels of
H3K4mel were seen in cultures containing fewer Bt BEVs (3 x 10°
and 3 x 10" BEV/ml) with the differences being significant
(p<0.05) for BMDM cultured with 3 x 107 BEV/ml. These data
demonstrate that Bt BEVss altered the histone methylation status
in innate immune cells.

Discussion

BEVs produced by gut bacteria can cross the intestinal
epithelium, gaining access to host cells (Stentz et al., 2018; Jones
et al, 2020) and contribute to immune homeostasis via
interactions with innate immune cells (Maerz et al., 2018; Diaz-
Garrido et al., 2019; Durant et al., 2020). However, the details and
nature of this BEV-immune cell crosstalk is incomplete. In this
study, we have provided in vitro and in vivo evidence for the anti-
inflammatory and immunomodulatory properties of BEVs
produced by the major human gut commensal bacterium Bt and
identified the molecular basis of their interaction with monocytes
and macrophages. We recognize that different types of particles
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could be copurified with BEVs due to technical limitations but
their effect is taken into consideration and appropriate controls
were utilized wherever possible to aid data interpretation
(Juodeikis and Carding, 2022).

Oral administration of Bt BEVs ameliorates DSS-induced
colitis in mice, underlining their potential as a treatment for
non-infectious autoimmune pathologies. Similar protective effects
have been reported in DSS models after treatment with fresh and
lyophilized cultures of Bt (Delday et al, 2019) and other
Bacteroides species (Hudcovic et al., 2009; Chiu et al., 2014; Chang
et al., 2017), although the mediators of these effects and the
possibility that it includes BEV's were not investigated. The size,
stability, and non-replicative status of Bt BEVs makes them good
candidates for therapeutic interventions compared to whole
bacteria. Conditions involving chronic inflammation of the gut are
associated with dysregulation of mucosal innate immune response
(Xu et al., 2014), increased NF-xB activation (Schreiber et al.,
1998) and increased levels of pro-inflammatory cytokines such as
TNF-o and IL-6 (Atreya et al., 2000; Komatsu et al., 2001). In this
context, the significance of BEV-elicited IL-10 from BMDM is
implied from its role in the prevention of inflammatory bowel
disease (Mazmanian et al., 2008; Hansen et al., 2009). Mice lacking
IL-10 or IL-10 receptor genes spontaneously develop intestinal
inflammation (Kuhn et al., 1993) with IL-10 acting by suppressing
antigen presentation by downregulating MHC class II expression
(Koppelman et al, 1997) and inhibiting pro-inflammatory
cytokine synthesis by blocking the activation of the inhibitor of
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Histone mono-methylation (H3K4mel) as an epigenetic signature of Bt BEV modulation of innate immunity. (A) Experimental plan. (B) Methylation
of histone proteins from Bt BEV- or LPS-conditioned BMDM 24h after exposure to LPS (10ng/ml) was quantified using an ELISA-based colorimetric
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statistical analysis. Graph depicts mean+SD values. *p<0.05.

LPS 10 ng/mL

PBS

NF-kB kinase (IKK) and dysregulating NF-kB (Schottelius et al.,
1999). The beneficial effects of BEVs or Bt (Li et al., 2021) in
DSS-colitis are associated with increased production of IL-10 in
serum, colonic tissue and by peripheral splenocytes which can
by
pro-inflammatory responses. The contribution of Bt BEVs to the

promote a non-inflammatory status counteracting
maintenance of immune homeostasis by promoting IL-10
production by innate immune cells is also implied by our previous
study in which we reported the absence of Bt BEV-elicited IL-10
production by innate immune cells isolated from patients with
inflammatory bowel disease (Durant et al., 2020). It is interesting
to note that lower levels of Bacteroides spp. are present in the gut
microbiota of inflammatory bowel disease patients (Zhou and Zhi,
2016). While the present study focused on BEVs, we cannot
exclude the possibility for other cell-associated or secreted
constituents of Bt to contribute to immunoregulatory responses
in vivo. Indeed, administration of live or dead (freeze dried) Bt to
IL-10r-deficient mice protects the animals from developing colitis
(Delday et al, 2019) which may involve different bacterial
mediators and multiple interactions with host cells. Nevertheless,
Bt and BEV-elicited IL-10 production by host immune cells
appears to be central to their protective effects.

In BMDM cultures pre-conditioned with BEVs prior to an
infection-like challenge with LPS, high doses of Bt BEVs
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significantly upregulated the production of IL-10. Although Bt
BEVs also increased the production of pro-inflammatory cytokine
TNFa in BMDM, the levels were significantly lower than those
achieved with LPS. This could be explained by the inhibitory effect
of IL-10 on pro-inflammatory cytokine synthesis. This anti-
inflammatory effect was more evident in a subsequent
LPS-challenge. Pre-conditioning by Bt BEVs altered the cytokine
profile of BMDM in a dose-dependent manner, especially in the
case of the IL-10/TNFa ratio. High doses of Bt BEV
pre-conditioning produced a high IL-10/TNFa ratio, indicatory
of a homeostatic or tolerance like status and an attenuated
inflammatory response to LPS stimulation. This phenomenon
resembles that of endotoxin tolerance which is characterized by
upregulated IL-10 and downregulated TNFa production leading
to an immune hyporesponsiveness (Biswas and Lopez-Collazo,
2009; Gu et al., 2022). Interestingly, IL-6 levels were not affected
by BEV conditioning which was also noted in a related study
investigating the immunomodulatory effect of different
Bacteroides species on murine bone marrow-derived dendritic
cells (BMDG; Steimle et al., 2019). In this study, IL-6 secretion was
also not reduced in Bacteroides-primed and E. coli-challenged
BMDC, and priming of BMDC with Bacteroides resulted in
decreased TNFa expression after E. coli challenge in contrast to
non-primed BMDCs. Since IL-6 is a pleiotropic cytokine capable
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of acting as a defense mechanism in acute inflammation, and
conversely exhibits a pro-inflammatory profile in chronic
inflammation (Scheller et al., 2011), further studies are required
to determine the significance of IL-6 production in BMD-innate
immune cells conditioned with BEVs. It is also interesting to note
the contrasting impacts of intact Bacteroides cells versus their
BEVs on cytokine production. Whereas we have identified and
confirmed IL-10 production as a signature of BEV interaction
with human (Durant et al., 2020) and murine innate immune cells,
this signature is not as evident using intact Bacteroides cells as a
stimulus, suggesting that commensal gut bacteria can utilize
different means including both cell-associated and secreted
mediators to communicate with and influence host immune cells.

The molecular basis of Bt BEV-monocyte interactions was
established using the human monocytic reporter cell line
THP1-Blue NF-kB. TLR2 activation was shown to mediate Bt
BEV-elicited NF-xB activation, whereas TLR4, NODI, and
NOD2 made no significant contribution. In a previous study
(Gul et al,, 2022), we reported the influence of TLR2 in Bt
BEV-host communication via the TLR2/TLR4 adaptor protein
TIRAP (toll-interleukin-1 receptor domain-containing adaptor
protein), although TLR4 alone also showed some involvement.
This apparent discrepancy is most likely explained by our prior
use of a complex bacteria growth media (Brain-Heart Infusion,
BHI) containing animal tissue and cellular lipids which may
function as TLR4 ligands. This factor was excluded in this
study by the use of a chemically defined media (BDM4). TLR2
recognizes several microbial products from both Gram-
positive and Gram-negative bacteria, including lipoproteins
and peptidoglycans, and forms heterodimers with either TLR1
or TLR6 for downstream signaling via NF-kB pathway (Akira
and Takeda, 2004). The polysaccharide A (PSA) antigen
expressed in BEVs from the closely related commensal
Bacteroides fragilis also interact with dendritic cells in a TLR2-
dependent manner (Round et al., 2011; Shen et al., 2012). It has
been recently reported the presence of serine-dipeptide lipids
in Bt BEVs (Sartorio et al., 2022), which can also act as TLR2
ligands (Clark et al., 2013; Nemati et al., 2017). Further detailed
biochemical characterization of BEV-associated lipoproteins is
required to identify the ligands triggering TLR2 signaling
pathways in innate immune cells. TLR2 signaling has been
reported to have a protective role in inflammatory conditions
(Lowe et al., 2010; Brun et al., 2013) and colorectal cancer
(Sittipo et al., 2018), and to promote immune homeostasis by
inhibiting the expression of pro-inflammatory cytokines and
enhancing IL-10 production (Chang et al., 2017). These
findings align with our proposal that the anti-inflammatory
effect elicited by Bt BEVs is associated with modulations in the
host innate immune system through the IL-10 signaling
pathway, triggered by BEV-TLR2 interactions.

TLR activation depends on different co-receptors such as
CD14, which is widely used as a marker of activation related to
pro-inflammatory and classical monocytes (Lotz et al., 2004).
Although generally characterized as a co-receptor for the TLR4
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responsivity to LPS, CD14 also contributes to the activation of
other PRRs including TLR2 (van Bergenhenegouwen et al., 2013).
CD14 binds to triacylated lipopeptides, typically present in Gram-
negative bacteria including Bacteroides, to enhance their
recognition by the TLR2/TLR1 heterodimer (Jin et al., 2007). The
highest proportion of CD14* THP-1 cells were seen after
stimulation with high concentrations of Bt BEVs, with levels
equivalent to those stimulated with LPS, which suggests the
functional involvement of CD14 in TLR2-mediated innate
immune response induced by Bt BEVs.

The functional phenotype of immune cells is highly dependent
on the establishment of unique epigenetic profiles that integrate
microenvironmental cues into the genome to establish specific
transcriptional programs (Calle-Fabregat et al., 2020). Among key
epigenetic markers is the acquisition of histone 3 lysine 4
methylation (H3K4mel) in short lived monocytes and
macrophages (van der Meer et al., 2015; Netea et al., 2016) and in
long-lived myeloid bone marrow progenitors (Kaufmann et al.,
2018; Mitroulis et al., 2018). The highest levels of H3K4mel in Bt
BEV-conditioned LPS-challenged BMDM, were evident in
monocyte/macrophages incubated with high concentrations of Bt
BEVs. Unexpectedly, these levels of H3K4mel were higher than
in LPS-conditioned BMDM and comparable to those found in
non-conditioned BMDM. This seems to contradict our cytokine
production results, since the repressed pro-inflammatory cytokine
expression prompted by Bt BEV conditioning would be expected
to correlate with close chromatin and low H3K4mel levels.
However, the IL-10 genomic locus of monocytes is poised for
activation with open chromatin already at the steady state
(Northrup and Zhao, 2011; Tamassia et al., 2013) and the presence
of H3K4mel is associated with IL-10 gene enhancers (Taubert,
2017), which could explain the increased levels of H3K4mel
found in BMDM conditioned with Bt BEVs. However, we cannot
confirm this since our approach comprised global histone
modifications. To further investigate the role of H3K4mel and
other relevant modifications involved in immune tolerance
chromatin immunoprecipitation sequencing (ChIP-seq) could
be used to localize these histone modifications throughout
the genome.

Conclusion

We have shown that BEVs from the major gut commensal
bacterium Bt elicit anti-inflammatory and immunomodulatory
properties in innate immune cells, consistent with promoting and
maintaining host immune homeostasis. Bt BEVs alleviated acute
intestinal inflammation in DSS-treated mice, in association with
increased IL-10 production. This was confirmed in vitro with
increased IL-10 and decreased TNFa production in
BEV-conditioned and LPS-challenged BMDM
BEV-mediated monocyte activation and cytokine production was
mediated by TLR2 interactions and resulted in stable epigenetic
changes reflected by increased levels of H3K4mel. These findings

cultures.
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provide the rationale and basis for investigating the potential of Bt
BEVs as an immune therapy.
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