Flinders
University

Engineering probiotic bacteria to express
vaccine derived antigens to enhance immune

responses to vaccination

Isobel Ozra Khoshbooie

Supervisor: Professor David Lynn
Head Lynn Systems Immunology Group., South Australian Health and Medical
Research Institute (SAHMRI) and Flinders University.

Co-supervisor: Dr. Todd Norton
Lynn Systems Immunology Group., South Australian Health and Medical
Research Institute (SAHMRI).



Master of biotechnology
Department of medicine and public health, Flinders university

Student Name

Isobel Ozra Khoshbooie

Title

Engineering probiotic bacteria to express vaccine derived antigens to enhance immune responses
to vaccination

Supervisor: Name and Department

Professor David Lynn, Head Systems Immunology Lab., South Australian Health and Medical
Research Institute (SAHMRI) and Flinders University

Co-Supervisor: Name and Department

Dr. Todd Norton, Lynn Systems Immunology Group., South Australian Health and Medical
Research Institute (SAHMRI)

Examiner 1: Name and Department

Dr. Damon Tumes, Head of the Allergy and Cancer Immunology laboratory in the Centre for
Cancer Biology (CCB), University of South Australia and SA Pathology

Examiner 2: Name and Department

Dr. Bart Eijkelkamp, College of Science and Engineering, Flinders University

Due Date

31 October 2024




Table of Contents

TSy 0] i = 1 o] =TS 7

LISt Of FI U S e teieiiiiieiiiiiniietetitieteeeeeentensescnsensansossnssnsonsessnssnssnsnsnssnssnsans 8

FAN o] o] =AY/ T 1 (o] o K 10
AN 1) = o1 13
(D LETe] =1 - L1 (o] PR 15
StatemMENt Of CONTIIDULION . tetiiiiieieteeiiiiieeeteetireneeeeeeeesssnnsseseecsssnsssssssccesssnnnes 16
ACKNOWIEAGMENTS. ceitiiniieiieiieiniiniietietnienteeseesnrsnsesssscnssnsosssssnsonsssssssnssnssssssonss 17

Chapter 1. Introduction
1.1. Mechanism by which immune system responds to vaccination.............................. 19

1.2. Intestinal microbiota is an important factor in influencing immune responses to

V- e 11 L L [o] O 20

1.3. Microbiota-specific immune response may cross react with vaccine and disease-

ASSOCIATEA ANTIGENS. . ...ttt e et 22

1.4. Engineering commensal bacteria to prime antigen-specific immune

(=1 010 1 S 24

Hypothesis and AIMS....ccceiiiiiiieiiiiiiiiiriiiiieiitiieiiecieeiieciasiesesesssccsscsscssscssenes 26

Chapter 2. Methods

2.1. Construction Of PlasmidS...ceeieeeeeeeiieieeeiereeenrenteesesonssnsessessnssnssssssnssnssssoses 27
2.2. Engineering Of plasmids...ceeeeieeiieiieriiieiiniiaiierniinieessessesnsssssssassnssnsossnssnions 28
2.2.1. ReStrICtioN digeStioN. ... ..ottt 28
2.2.2. Gel EICtrophOreSiS. . .. vttt 30
2.2.3. DNA gel eXtraCtioN. . ..ottt 31
2.2.4. DNA LIQALION. .. .ttt e e 32

2.2.5. Transformation



2.2.6. COloNY PCR. ... 34

2.2.7. Plasmid @XtraCtion. ... .....oneneieie e 35
2.3. Mice

2.3.1. Bacterial cultures and oral gavages. .........c.coovvriiiiiiiiii e 36

2.3.2. Confirmation of colonization of bacterial species by culture.......................... 36

2.3. 3. IMMUNIZALION. ... e e e e e e aeeeas 37

2.3.4. Serum sampling and faecal Sampling...........cooviiiiiiii 37

2.4.5. Assessment of vaccine-specific antibody responses by Enzyme-Linked

Immunosorbent Assay
(B S A e 37
2.3.6. Enzyme-Linked Immunosorbent Spot Assay (ELISpot)..............ccooivviiiniin... 38

2.3.7. Single-cell suspension of spleen, iliac and inguinal lymph nodes and bone

T T 0 PPt 39
2.3.8. Flow Cytometry-Surface Staining...........oooviiiiiiiiii e 39
2.3.9. Bacterial flow

03710011 1 Y2 PP 41

SEAtISTICAl ANAIYSES. ... et e 41

Chapter 3. Results

3. Construction of plasmids pUC57 and engineering Escherichia coli Nissle 1917 to

EXPIESS OVA CY10 L iiiiiiiiiii ettt etetieteteeeteeneaeenseesneensneensaesnsnssnssnsnsensnnsnens 42
3.1. Design of an Ovalbumin-peptide expressing pUCS57 plasmid......cccceeveeeniiniiennennn 42

3.2. Construction of a pUC57 plasmid that expresses OVA peptides in the cytoplasm of
ESCherichia COliINISSIE. ..uviuiiieiiiiiiiiiiieiiiiieiiiiietieiierartiesarttesasessesasnssssnsann. 43



3.3. Assessing vaccine-specific antibody responses in mice treated with engineered
Escherichia coli Nissle (EcN) expressing Ova peptides two weeks post

V72 Tood | F=\ £ o] o PPN 47

3.4. Assessing vaccine-specific antibody responses post vaccination in mice treated with

engineered Escherichia Coli NISSIE...ueeruiireiieiiiiiiiiiiiieeitenreneceereneeeecensonscnnces 49

3.5. Increased formation of splenic IgG antibody-secreting cells in EcN-Ova %' treated

3.6.1. The percentage of GC B cells is significantly higher in the spleen of EcCN-Ova %%

{1 (10 1 1o T 53

3.6.2. The proportion of memory B cells in the iliac lymph node was significantly higher in
ECN-OVA Y treated MICE. .....iveiit ettt ettt 55

3.6.3. Assessing antibody secreting cells (ASC) population in bone marrow and

3.7. Construction of pAIDA plasmids and engineering Escherichia coli to express full-
1ENGEN CRIM 107, uiiniiiieiieiieitiniieteeeesententessnssntonsosssssnssnsssssssnssnsssssssnssnssnses 60

3.7.1. Design of plasmid construct to express full-length CRM 197....................c.o.l. 60

3.7.2. Construction of a pAIDA plasmid that expresses CRM full protein on membrane

surface of Escherichia Coli NISSIE. ......ovve e e e 61

3.8.2. Optimizing full-length CRM protein expression for enhanced recombinant protein
production N E. COlEBL2L...... ..o e 67



3.9. Effect of BL21-CRM pre-treatment on vaccine specific-antibody responses following
PCV13 vaccination in mice treated with engineered E. coli BL21 expressing full-length

(O 24|V I o] 0] =T ] o 68
3.9.1. Overview of experimental plan. ..o 68

3.9.2. Mice treated with BL21-CRM had significantly higher IgG total responses following
PCVL3 VaCCINGLION. . ...ttt e e e e 70

3.10. The percentage, frequency and total number of ASC B cells were significantly
higher in the inguinal lymph node of BL 21-CRM treated miCe.......cccevevevurninecnrnenens 72

3.11. BL21-CRM treatment does not enhance the formation of germinal Centre B cells

following vaccination With PCV 13, .. uiiuiieiiiiiiiiiniietieenrintsecessnssnssssssnsonssssscnssns 74

3.12. Significant reduction in percentage, frequency and total number of memory B cells

in spleen of BL 21 -CRM treated mice, following vaccination with PCV13.................. 76

3.13. No statistically significant difference in the CRM-specific germinal Centre B cells in

BL21-CRM treated mice following PCV13 vacCination....ccceeeeeeiierieeneeaceecneensencnnnns 78
(©70] 0 To] 1115 o] o 1R 80
Chapter 4. DiSCUSSION . cuteateeettenteaeeeeasenrencescsensensessnsensensessnssnsansescnsansansessnsans 81
Differences between Ova <Y and CRM Model...............ccoovviiiiieeiiieeiieeei, 84
| 733031721501 T 85
FUture dir@Ction. .. .....uieiit i e 86
Clinical IMPLICAtIONS. ... .ttt e 86
REfEIEICES. cuviuiiniiiiiniiieiiniineiieiinieietintosesstsssosessatonssssssssosssssssnsossssnsonsssssans 87
Appendices
List OF bUffers and reagentS. . cueeeeeeeeieeieeeeietiesneeerensensescsonsonsoscessnssnssssnsssnssans 97



List of Tables

Table 1. Table of primers used to amplify the Ova “Y® and CRM genes......................... 28
Table 2. Restriction digestion reaCtion...............oouiiiiiiii e 29
Table 3. Agarose gel eleCtrophoreSIS. . ... ..o.vvuie e 30
Table 4. Monarch R nucleic acid purification/DNA gel extraction reaction...................... 32
Table 5. DNA lQation reaCtioN. ..........cooiirit i e 33
Table 6. ColoNY PCR reaCHION. ...t e, 34
Table 7. ZymoPURE Plasmid Miniprep Kitreaction...................ocooiiiiiiiii i, 35
Table 8. HRP-conjugated detection antibody concentrations...............cccceivviiiiiininin 38
Table 9. Surface staining antibody master mix panel for flow cytometry........................ 40



List of Figures

Figure 1. Overview of experimental design of pUC57-Ova ¥ construct for cytoplasmic

expression of Ova epitope INECN...... .o i 43

Figure 2. Gel electrophoresis of pUC57 plasmid DNA and ovalbumin % insert following
restriction enzyme double digeStioNn...........ooeiniiriiii e 45

Figure 3. Confirmation of ligation product using colony PCR after transformation in
Escherichia coli (E. Coli) DHS 0. .....ouvieiie e e e e e 45

Figure 4. Gel electrophoresis of pUC57 plasmid DNA and ovalbumin <% insert following

restriction enzyme double digestion.

Figure 5. Confirmation of pUC57-Ova ™ using colony PCR after transformation in
Escherichia coli NissIe (ECN)......o.oriii e 46

Figure 6. The experimental design used to establish whether bacteria engineered to express

Ova © protein alter subsequent immune responses to vaccination with MRNA-

Figure 7. No statistically significant increase in Serum IgG total or faecal IgA response in SPF

mice treated with EcN-Ova ©° after mRNA-Ova vaccination at week two.

Figure 8. IgG and IgA antibody responses to an mRNA-Ova vaccine are increased in mice
treated With ECN-OVA V0. e, 50

Figure 9. Ova-specific 1gG secreting cells are significantly increased in the spleen, but not bone

Marrow, of ECN-OVa 0 treated MICe. . ...oe et e e e, 51
Figure 10. B cell gating Strategy . ........oueieiitie it 52

Figure 11. The proportion of germinal Centre B cells was significantly higher in the spleen of

EcN-Ova % treated mice after Ova-mRNA VaACCINAtION. .......ovieeee e, 54

Figure 12. The proportion of memory B cells in the iliac lymph node was significantly higher
iN ECN-OVa Y treated MiICE. . .. ..ieieie e 56



Figure 13. No statistically significant difference in Antibody secreting cells (ASC) in bone
marrow and spleen of SPF mice colonized with EcN-Ova %™ and EcN-EV after vaccinated
WItH MRINACOVA. ... e 58

Figure 14. Overview of experimental design of pAIDA-CRM construct for outer membrane

expression of full-length CRM expression in ECN............oooiiiiiiiiiiiee 61

Figure 15. Gel electrophoresis of pAIDA plasmid DNA and CRM insert following restriction

enzyme double digestion........ ..., 63
Figure 16. Colony PCR product after transformation in E. coli DHSo............coooooiiinii 63

Figure 17. Gel electrophoresis image of double digestion of pAIDA-CRM product following
restriction enzyme double digeStion...........ooeiiiii i 64

Figure 18. Gel electrophoresis following colony PCR of DNA extracted from E. coli Nissle
colonies transformed with pAIDA-CRM. ...t 64

Figure 19. Flow cytometry analysis of full-length CRM surface expression in

Figure 21. The experimental design used to establish whether bacteria engineered to express

full-length CRM protein alter subsequent immune responses to vaccination with PCV13...69

Figure 22. Significant increase in serum IgG total antibody responses after PCVV13 vaccination
in mice treated With BL21-CRIM ... ..o e 71

Figure 23. The percentage, frequency and total number of antibody-secreting cells (ASCs) in
inguinal lymph node was significantly higher in BL21-CRM treated mice following PCV13

VG NA ON . e e 73

Figure 24. No statistically significant difference in the proportion of germinal B cells in mice
treated with BL21-EV and BL21-CRM, following PCV13 vaccination......................... 75

Figure 25. No significant differences in the proportion of CRM-specific germinal centre B cells
in BL21-EV or BL21-CRM treated mice, following PCV13 vaccination......................... 77

Figure 26. Significant reduction in percentage, frequency and total number of memory B cells

in spleen of BL 21 -CRM treated mice, following vaccination with PCV13..................... 79



Abbreviations/Glossary
I.m-Intramuscular
BCR- B cell receptor
Th1- T helper 1 cells
Th2- T helper 2 cells
Th17- T helper 17 cells
Treg- T regulatory cells
Tfh- T follicular helper cell
TGF-B- Transforming growth factor beta
IL-10- Interleukin 10
MN- Microneutralization
HIV- Huma immunodeficiency virus
SARS- COVID-19- Severe acute respiratory syndrome coronavirus 19
Phe- Phenylalanine
EcN- Escherichia coli Nissle
IFNs-Interferon
S. epi- Staphylococcus epidermidis
TT- Tetanus toxoid
NadA- Neisseria Adhesin A
OmpA- Outer membrane protein A
ColE1- Origin of replication carrying genes for colicin E1
pAIDA- Adhesin Involved in Diffuse Adherence (AIDA) plasmid construct
AIDA- Adhesin-involved-in-diffuse-adherence

PCV13- 13-valent pneumococcal polysaccharide vaccine

10



CRM 197- Cross-reactive material 197

PCR- Polymerase chain reaction

DNA- Deoxyribonucleic acid

E. coli DH5a- DH5- Alpha Escherichia coli

HEPA- High-efficiency particulate air

CFU- Colony forming units

IPTG- Isopropyl 3-D-1-thiogalactopyranoside

OD- Optical density

LB- Luria-Bertani broth

PBS- Phosphate-buffered saline

ELISA- Enzyme linked immunosorbent assay

ELISpot- Enzyme-linked immunospot assay
Ova- Ovalbumin

PBS-T- Phosphate-buffered saline -Tween
TMB- Ultra tetramethylbenzidine
cRPMI - Roswell Park memorial institute medium, complete cell culture media
GIBCO PBS- Grand Island Biological Company, Phosphate-buffered saline
HRP- Horseradish peroxidase

H20- Water

SYTO™ BC- Green Fluorescent Nucleic Acid Stains

His tag- Polyhistidine protein tag fused to either the C- or N-terminus of a protein

Myc tag- polypeptide protein tag derived from the c-myc gene that can be fused to either the

C- or N-terminus of a protein
RBS- Ribosome Binding Site

MRNA-Ova- mRNA based vaccine designed to deliver ovalbumin protein

11



ASC- Antibody secreting cells

GCB- Germinal center B cells

Bmem- Memory B cells

FSC- Forward scatter

SSC- Side scatter

LN- Lymph node

LacUV5- Promoter from the Escherichia coli to promote recombinant protein expression
EcN-WT-Escherichia coli Nissle carrying wild type

EcN-EV-Escherichia coli Nissle carrying an empty vector
EcN-CRM-Escherichia coli Nissle carrying cross-reactive material protein
BL21-EV-strain of Escherichia coli carrying a empty vector

BL21-CRM- Strain of Escherichia coli carrying cross-reactive material protein
BL21-WT- Strain of Escherichia coli carrying wild type

SEM- Standard error mean

V- Time of vaccination

V+0, 2, 4- Weeks of vaccination

TAE- Tris acetate ethylenediaminetetraacetic acid buffer
AEC-3-Amino-9-ethylcarbazole substrate

FACS- Fluorescence-activated cell sorting

12



Abstract

Immune responses to vaccination are highly variable between different individuals and within
any given population. Further, those most vulnerable to infectious often show suboptimal
immune responses to vaccination, leaving them more susceptible to infection following
vaccination. Thus, developing strategies that can enhance vaccine-specific immune responses
would be an enormous benefit. Most licensed vaccines are delivered intramuscularly and only
induce a systemic immune response, however, they do not prime an immune response at
mucosal tissues. This is a major limitation of current vaccine technologies as mucosal-induced
immunity generates a resident B and T cell response and the production of mucosal
Immunoglobulin (1g) A which, combined, provide protection at the entry site for many vaccine-
targeted pathogens. A challenge in developing strategies that promote mucosal immunity is
finding a delivery method for the antigen of interest that is immunogenic enough without
driving potentially harmful inflammation. Recent evidence suggests that the commensal
bacteria that occupy our mucosal surfaces are a major source of foreign antigen that can prime
effector and helper T cell responses, are capable of priming microbiota-pathogen cross-reactive
T and B cell responses within mucosal tissue. Importantly, the priming of these cross-reactive
responses seemingly occurs in the absence of inflammation, suggesting that commensal
bacteria may be the perfect vehicle for the delivery of antigen to mucosal tissues to safely prime
an antigen-specific immune response. Thus, | conclude that this potential mechanism can be

exploited by engineering a commensal / probiotic bacterium to express antigen of interest.

| hypothesized that treating specific opportunistic pathogen free (SOPF) mice with an
engineered probiotic bacterium expressing a vaccine-derived antigen will prime vaccine
specific immunity in mucosal tissues and enhance vaccine specific immune responses upon
subsequent vaccination. To investigate this, | constructed a pUC57 plasmid to express
Ovalbumin- (Ova) derived peptides in the bacterial cytoplasm and transformed this plasmid
into the probiotic Escherichia coli Nissle 1917 (EcN) strain (EcN-Ova ). Two weeks prior
to intramuscular vaccination with an mRNA-Ova vaccine | demonstrated that there was a
significant increase in vaccine-specific 1gGtotarand IgM in the serum, and vaccine-specific IgA
in the faces. Additionally, ECN-Ova treated mice had significant increase in splenic germinal
Centre B cells, and antibody secreting cells. These finding confirmed that probiotic bacteria
(EcN) engineered to express vaccine-derived peptides can enhance subsequent immune
response to vaccination. To confirm these observations in a more relevant model of

vaccination, | expressed a component of the polysaccharide conjugate vaccine-13 valent
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(PCV13) cross-reactive material 197 (CRM) in the Escherichia coli strain BL21 and administer
it to mice prior to vaccination with PCV13. Despite successful expression of CRM as a full-
length protein on the surface of BL21 we saw no major differences in the outcome of PCV13
vaccination in mice. Together my data demonstrates that probiotics engineered to express
vaccine-derived antigens can alter subsequent immune responses to vaccines containing the
same antigen. However, careful consideration of the bacterial strain used, and the nature of the

antigen expressed in the bacteria, may be required to exploit this mechanism to its full potential.
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Chapter 1. Introduction

Vaccination remains one of the most effective public health interventions for preventing
morbidity and mortality from infectious diseases. At the height of the SARS-CoV-2 pandemic
alone vaccines were estimated to have saved over 20 million of lives (Watson et al., 2022).
While vaccination programs have been enormously successful in reducing global morbidity
and mortality, some individuals mount poor immune responses to vaccination that leave them
susceptible to infection even after vaccination (Lynn et al., 2022). Even individuals with robust
responses to certain vaccines see a waning of antibody responses in the months following
vaccination that requires annual boosters to retain full protection (Levin et al., 2021). For
example, elderly individuals are less likely to respond to influenza vaccination, with vaccine
effectiveness estimated to be as low as 30-50%, requiring an increase in vaccine dose to provide
the necessary protection (DiazGranados et al., 2014 , Ciabattini et al., 2018). These studies
highlight the importance of developing interventions that can enhance the immunogenicity and
durability of vaccine-specific immune responses which will have enormous public health and

economic benefits.

Most vaccines licensed today are administered intramuscularly (i.m) and while they are
effective in generating systemic IgG and IgM immune responses, they do not stimulate immune
responses at mucosal surfaces (Winklmeier et al., 2024). However, priming vaccine specific
immune responses at this location would generate localized tissue-resident memory B and T
cells that are better poised to rapidly respond to infection than memory B and T cells generated
from conventional intramuscular vaccinations (Lavelle, et al.,2022, Moradi-Kalbolandi et al.,
2021). Despite the benefits of mucosal vaccination there are very few vaccines that promote
these responses. Several challenges have limited their development, such as their stability and
delivery in the harsh mucosal environment which can limit the ability of antigen to reach
immune cells, and the requirement for them to be immunogenic enough to prime an immune
response, without driving potentially harmful inflammation (Lavelle & Ward, 2022). Recent
studies have revealed that the mucosal microbiota is a major factor that influences the behavior
of immune cells both within mucosal tissues, and systemically (Lynn et al., 2022). Although
the mechanisms through which the microbiota influence the immune system are many, and not
fully understood, one potential way that the microbiota alters immune cell activity is through
the ability to encode pathogen/vaccine-like epitopes that prime an immune response that cross-
reacts with similar, if not exactly the same, epitopes present in vaccines or pathogens (Welsh

& Fujinami, 2007 , Murray et al., 2023). These microbes encoding cross-reactive epitopes may
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act as a “first dose” of antigen and prime memory T and B cells that are able to respond to
subsequent cross-reactive vaccine or pathogen-derived antigens in a greater magnitude, thereby
enhancing that immune response. Recently there has been significant interest in using
commensal/probiotics as living biotherapeutics to express and deliver therapeutics which are
used to prevent, treat, or cure diseases in humans, with many of these therapeutics making their
way into phase I/11 clinical trials (Cubillos-Ruiz et al., 2021). There is also a growing interest
in using commensal/probiotic bacteria as immunogenic vehicles for the delivery of antigen to
mucosal tissue to prime protective immune responses (Chen et al., 2023 , Bousbaine et al.,
2024, Wang et al., 2019, Laver et al., 2021). However, whether this approach can be used to
prime a mucosal immune response that both is enhanced by, and itself enhances, conventional
intramuscular vaccination remains unexplored. Thus, the combination of mucosal vaccine
priming by commensal/probiotics with conventional vaccination may boost the effectiveness
of vaccination by enhancing systemic immunity and enhance the quality by promoting a

mucosal immune response.

1.1. Mechanism by which immune system responds to vaccination

The primary correlate of protection for vaccination is the generation of high-affinity vaccine-
specific antibodies by B cells (Shishido et al., 2012). Following vaccination, recognition of
antigen by B cell receptors (BCR) on the surface of B cells allows differentiation of B cells
into class-switched germinal center B cells (GCBs) (Roco et al., 2019). In the weeks following
vaccination GCBs undergo rounds of proliferation and hypermutation to increase the affinity
of their BCR for the vaccine antigen. The outcome of the germinal center reaction is long-lived
plasma cells that continuously secrete vaccine-specific antibodies, and memory B cells that are
poised for rapid differentiation into high-affinity antibody secreting cells, and secondary GCB
cells, upon encounter of the target pathogen (Nutt et al., 2015). In the case of infection with the
vaccine-targeted pathogen the antibodies produced are capable of neutralizing pathogens, by
binding to key invasion receptors, or inhibiting the function of virulence factors, preventing
them from establishing a foothold in the host. These antibodies also have secondary roles such
as enhancing phagocytosis and complement activation (Lu et al., 2018). Conventional i.m.
vaccination induces high titers of 1gG antibodies in serum and while these antibodies are
effective at neutralizing pathogens they often have poor penetration into mucosal tissues at
homeostasis (Mao et al., 2022). As IgG antibody titers naturally wane in the months following
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vaccination so does their ability to penetrate mucosal tissue and neutralize invading pathogens,
which can lead to an increased susceptibility to breakthrough infections (Lipsitch et al., 2022).
In contrast to systemically induced 1gG, the antibody isotype IgA is specifically generated
when B cells are primed in lymphoid tissue that drains mucosal tissues (Bemark & Angeletti,
2021 , Mao et al., 2022). The IgA isotype is primarily produced by antibody-secreting B cells
that are resident within the mucosal tissue (i.e. the respiratory, gastrointestinal, and urogenital
tracts) and is transported across the epithelium to accumulate in the mucosa. Unlike the 19G
isotype, the IgA isotype is also more resistant to degradation. Combined, all these features of
IgA make it a superior isotype in providing protection from invading pathogens within mucosal
tissues (Woof & Russell, 2011). However, intramuscular vaccination only induces poor IgA
responses, and even then IgA is largely restricted to the circulation, and poorly represented at
mucosal surfaces (Lavelle & Ward, 2022).

Although less appreciated than B cell responses, vaccination also drives a T cell
mediated immune response. These vaccine-induced T cells can directly kill pathogen-infected
cells and provide critical assistance in the production of high-affinity, class-switched,
antibodies described above (Shishido et al., 2012). Additionally, helper T cells (CD4" T cells)
once activated will also differentiate into different subsets of T helper cells such as T helper
1(Thl), T helper 2 (Th2), T helper 17 (Th17), T regulatory cells (Treg), and T follicular helper
(Tfh) cells (Pulendran & Ahmed, 2011). While these helper subsets are all crucial in vaccine-
mediated protection in their own ways, the subset considered most vital to the outcome of
humoral-mediated immunity are T follicular helper (Tfh) cells. These cells are responsible for
initiating and maintaining the germinal center reaction in lymphoid tissues that would allow B
cells to differentiate into different subsets, and ultimately produce high-affinity vaccine-
specific antibodies (Pulendran & Ahmed, 2011, Nuttet al., 2015).

1.2. Intestinal microbiota is an important factor in influencing immune responses to

vaccination

The gut microbiota consists of a collection of microorganisms including bacteria, fungi, yeast,
viruses, phage and archea. There is a balanced relationship between the host and its microbiota
which has a large impact in the development and function of the immune system (Jandhyala et

al., 2015). From early life, the microbiota has a major role in shaping the developing immune
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system and, if disrupted, can have life-long impacts on the function of the host immune system
(Al Nabhani et al., 2019, Lynn et al., 2021). Changes in the microbiota later in life are also
able to influence the composition and function of the immune system, for example, a study
conducted in mice colonized with Clostridium strains promoted the production of Treg cells
and TGF-P that promoted resistance to colitis (Atarashi et al., 2011). Additionally, in a study
conducted in mice with experimental colitis induced by Helicobacter hepaticus, colonization
with Bacteroides fragilis leads to production of polysaccharide A that protected these mice
from inflammatory diseases due to the activity of interleukin 10 (IL-10) producing CD4" T
cells (Mazmanian et al., 2008). Given that the gut microbiota plays a role in regulating immune
development, it is likely that alterations in its composition can impact vaccine immunogenicity

as well.

Although many factors such as host intrinsic, environmental, behaviour and nutritional could
potentially contribute to differences to vaccine immunogenicity several lines of evidence
suggest that composition of the intestinal microbiota may play a key role (Ponziani et al., 2023).
For example, it was demonstrated that the composition of the intestinal microbiota was
significantly different in infants in rural Ghana that responded to oral rotavirus vaccination
relative to infants that did not respond to rotavirus vaccination (Harris et al., 2017). It was
further shown that the composition of the intestinal microbiota in Ghanian rotavirus responders
was more similar to that of Dutch infants than it was to Ghanian non-responders, with an
increased abundance of Streptococcus bovis and a decreased abundance of Bacteroidetes
(Harris et al., 2017). Similar observations were made in infants receiving rotavirus vaccination
in Pakistan, relative to Dutch infants. It was found that Dutch and Pakistani infants responding
to rotavirus vaccination had higher relative abundance of Clostridium cluster XI and
Proteobacteria, relative to non-responders (Harris et al., 2018). These results demonstrate that

the composition of microbiota correlates with an optimal immune response to vaccination.

While many observational studies suggest a link between the composition of the
intestinal microbiota and immune responses to vaccination, they do not demonstrate a causal
relationship. To formally demonstrate the relationship between the microbiota and immune
response to vaccination our laboratory had investigated immune responses to early life
vaccination in a model of antibiotics-induced dysbiosis. Neonatal mice were exposed to

ampicillin and neomycin antibiotics to induce early life dysbiosis, characterized by the loss of
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Bacteroidetes species, prior to vaccination. Antibiotics exposure significantly impaired
antibody responses to a range vaccine that are routinely administered to infants in the first year
of life, relative to antibiotics untreated controls (Lynn et al., 2018). This demonstrated a direct
link between the composition of gut microbiota during early life and the outcome of

vaccination (Rossouw et al., 2024).

Similar observations have been made in human studies where individuals have had their
microbiomes disrupted prior to vaccination. Healthy individuals were subjected to a 5-day
broad-spectrum antibiotic regimen consisting of an oral neomycin, vancomycin, and
metronidazole, to deplete the microbiota prior to vaccination with a trivalent influenza vaccine.
Microneutralization (MN) titers were measured after vaccination and showed that individuals
exposed to antibiotics had impaired antibody responses following influenza vaccination.
However, the reduction in MN titers was only observed in participants that had low levels of
pre-existing influenza-specific antibodies prior to vaccination, suggesting that the microbiota
may have a greater impact on de novo vaccine specific immune responses (Hagan et al., 2019).
We have since made similar observations in human infants exposed to antibiotics during the
neonatal period which significantly impaired their immune response to certain vaccines that
are administered at six weeks of life, particularly polysaccharide-conjugate vaccines
(unpublished observation). These observations highlight that intestinal microbiota plays an
important role in modulating immune responses to vaccination and offers an attractive target

to enhancing vaccine specific immune responses in individuals.

1.3. Microbiota-specific immune response may cross react with vaccine and disease-

associated antigens.

There are several hypotheses that seek to explain how the gut microbiota may influence vaccine
immunogenicity. One of those hypotheses suggests that microbial derived antigen may prime
memory B and T cells that cross-react with the same vaccine-derived antigens, also referred to
heterologous immunity (Agrawal, 2019), altering the outcome of vaccination (Welsh &
Fujinami, 2007). It has been demonstrated that healthy human adults have a high abundance of
activated T cells that are specific for bacterial phyla dominant in the gut (Hegazy et al., 2017).
Moreover, these cells predominately possess an effector phenotype suggesting that, far from

being strictly tolerated, intestinal microbes are an abundant source of antigen driving
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potentially inflammatory effector responses. It has also been demonstrated that individuals
seronegative for certain pathogens, such as human immunodeficiency virus (HIV), still have
detectable levels of memory phenotype HIV-specific T cells in their blood, despite never
having been infected (Su et al., 2013). These HIV-specific T cells are also functional as
stimulation with their cognate antigen results in cell division and cytokine secretion. The
authors went on to show that certain commensal and environmental bacteria encode pathogen-
like antigens that could have provided the activation signal for these HIV-specific T cells (Su
et al., 2013). During the SARS-CoV-2 pandemic multiple studies reported the presence of
COVID-reactive T cells in unexposed, unvaccinated individuals (Bacher et al., 2020 , Saggau
et al., 2022). While the exact origin of these cells is not entirely clear, it has been suggested
that these T cells may have been primed during prior exposure to a similar antigen found in
common cold coronaviruses, or antigens present in commensal microbiota, generating cross
reactivity toward SARS-CoV-2 antigen (Bartolo et al., 2022). Although several studies have
demonstrated the presence of pathogen or vaccine cross-reactive T cells, relatively few studies
have investigated the impact they may have on the outcome of immune responses to infections
or vaccines that contain the same antigen. While one study in COVID-19 vaccination suggested
pre-existing, cross-reactive, T cells negatively impacted the outcome of vaccination, (Saggau
et al., 2022), another study in yellow fever vaccination suggested they increase the overall
quality, but not magnitude, of the T cell response (Pan et al., 2021). Cross-reactive T cells in
other settings, however, have been shown to correlate with positive outcomes. It has been
demonstrated that Enterococcus hirae encodes a bacteriophage-derived antigen, tape measure
protein 1 (TMP1), that generates CD8* T cells that cross-react with similar epitopes present in
MCAZ205 fibrosarcoma tumors (Fluckiger et al., 2020). Mice that were pre-treated with the E.
hirae showed better control of MAC-205 tumors after immunotherapy with cyclophosphamide
or anti-PD1 antibodies. Another study showed that the oral commensal bacteria Streptococcus
salivarius can induce IgG antibodies against a membrane protein that cross-react with SARS-
CoV-2 Spike protein (Bondareva et al., 2023). In a mouse model of SARS-CoV-2 infection,
pre-treatment with S. salivaris led to the induction of COVID cross-reactive antibodies that
enhanced the clearance of the virus from the lung, relative to untreated controls. These studies
demonstrate how immune responses toward the gut microbiota can induce cross-reactive
immune responses that may have the potential to alter later immune responses to vaccination

or infection.
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1.4. Engineering commensal bacteria to prime antigen-specific immune responses.

Several lines of evidence suggest that commensal microbes may serendipitously encode
pathogen- or vaccine-like antigens that prime an immune response that may alter subsequent
antigen-specific immune responses when encountered in the form of a vaccine. Rather than
rely on these cross-reactive epitopes to arise naturally, it may be possible to engineer
commensal microbes to encode a component of a vaccine and use these engineered microbes
to prime an immune response, which can enhance the size and quality of later vaccination. In
recent years there has been a growing interest in the use of probiotics as living biotherapeutics
that alter immune cell activity and treat human diseases (Cubillos-Ruiz et al., 2021).The
majority of these biotherapeutics that have progressed to clinical trials focus on the use of
bacteria for the targeted delivery of disease-modifying molecules or enzymes. Examples
include engineered E. coli Nissle (EcN) for the treatment of phenylketonuria, a genetic disease
that is characterised by an inability to metabolise phenylalanine (Phe) (Isabella et al., 2018).
Treating humans with an EcN strain engineered to express enzymes that convert Phe to
harmless secondary metabolites, that are then excreted in the urine, was able to alleviate disease
symptoms. Another example is an engineered Lactococcus lactis that secretes the mucosal
protectant human trefoil factor 1 (TFF1) to treat oral mucositis, a painful inflammatory
condition that can develop in the oral mucosa following certain chemotherapies (Limaye et al.,
2013). Additionally, in another study EcN was again engineered to promote anti-tumour
activity through the secretion of a STING agonist that activates antigen-presenting cells,
enhances production of type I IFNs, and the cross-presentation of tumour neoantigens that all

combines to promote anti-tumour activity (Leventhal et al., 2020).

The selection of bacterial strains for the development of biotherapeutic platforms is heavily
dependent on the safety profile of the strain. The examples provided above utilise food-derived
Lactobacillus or the commensal turned probiotic E coli Nissle. However, for a bacterium to be
effectively used as a vehicle for the delivery of antigens to prime an immune response it must
also be immunogenic. While a traditional view of the commensal microbiota is that the bacteria
that cover our external surfaces are strictly tolerated, (Blum et al., 2024) and, thus, would not
be effective at priming an effector response, However, we now know that individual microbes
within a complex community stimulate a spectrum of effector and regulatory immune
responses (Nagashima et al., 2023). Some commensal bacteria, such as the skin-derived
commensal Staphylococcus epidermidis (S. epi), have been shown to prime a robust effector T

cell response, seemingly in the absence of inflammation (Naik et al., 2015). In this case, these
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bacteria are acting as the perfect adjuvant for the antigen that they carry, naturally stimulating
a strong immune response, without any noticeable impact on the host. This observation has
recently been exploited to re-direct these immune responses toward antigens of interest (Chen
etal., 2023, Bousbaine etal., 2024). S. epi engineered to express the model antigen Ovalbumin
were able to prime an Ova-specific immune response that could be redirected to provide anti-
tumour activity against Ova-expressing B16 melanomas (Chen et al., 2023). This bacterium
was also engineered to express tetanus toxoid (TT) on its surface, generating a TT-specific
humoral immune response that protected mice from a lethal challenge with TT (Bousbaine et
al., 2024). The approach of using commensal bacteria as a mucosal vaccine has also made it
into human studies. A commensal Neisseria lactamica, isolated from the airways of healthy
humans, has been engineered to express the meningococcal antigen Neisseria Adhesin A
(NadA). Administration of this bacterium to humans by intranasal inoculation generated NadA-
specific 1IgG- and IgA-secreting cells and the formation of NadA-specific memory B cells after

colonization (Laver et al., 2021).

The above examples utilize human and murine commensal bacteria as immunogenic
vectors, but food-associated and probiotic bacteria have also been utilized to prime antigen-
specific responses. Genetically engineered strains of food-derived Lactococcus have been
engineered to deliver recombinant, Outer membrane protein A (OmpA), or influenza-derived
hemagglutinin to mucosal sites which elicit both mucosal and systemic immunity in the form
of antigen-specific IgG, IgGl, 1gG2 in the serum and faecal IgA (Yagnik et al., 2019).
Similarly, the probiotic E coli Nissle has been used as a vehicle for the expression and delivery
of ancestral SARS-CoV-2 spike protein to the gastrointestinal tract mice (Sarnelli et al., 2023).
Treatment of mice with this bacterium generates a spike-specific humoral immune response,
including systemic anti-spike 1gG and mucosal IgA responses, that provides protection from

COVID-19 induced lung damage in a murine model of infection (Sarnelli et al., 2024).

These studies highlight the potential for genetic manipulation of commensal/probiotic
bacteria to act as immunogenic vectors that prime immune responses to pathogen antigens.
However, whether combining these immunogenic bacteria with conventional intramuscular
vaccination to enhance the quality of vaccination has not been explored. Boosting the mucosal
immune response has been shown to provide superior protection against breakthrough infection
with COVID variants (McMahan et al., 2024). Such a approach has been explored before in
the form of “prime and pull” vaccination where, after i.m. vaccination, pure vaccine antigens

or peptides are delivered to mucosal tissues to encourage the formation of resident memory
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cells and mucosal IgA ( Riglar & Silver, 2018; , Mao et al., 2022, Shin & Iwasaki, 2012). While
effective, this requires large amounts of purified vaccine antigen, which is expensive and
laborious to manufacture. In contrast, bacteria have the ability to interact with their host to
modulate an immune response at mucosal surfaces (Riglar & Silver, 2018). Many of these
bacteria have a proven safety profile and are relatively easy to modify, and are affordable to
produce on large scale. They are mostly stable at room temperature, in which it reduces their

need for cold-chain logistics.

Hypothesis and Aims

| hypothesized that colonizing specific opportunistic pathogen free mice with an engineered
probiotic bacterium expressing a vaccine-derived antigen will induce a pre-existing immunity
and enhance vaccine specific immune responses to vaccination. To assess this hypothesis, |

aimed to:
1. Clone and express vaccine-derived antigens in probiotic bacteria.

2. Assess whether there is an enhanced cellular and humoral response in mice treated with the

engineered strain following intramuscular immunisation with the same vaccine antigen.
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Chapter 2. Materials and methods
2.1. Construction of plasmids

To generate pUC57-Ova ®%, the backbone of the pUC57 plasmid (Thermo Scientific
Massachusetts, USA), including the ampicillin resistance cassette and the ColE1 origin of
replication, was amplified by PCR reaction to introduce EcoRI and Xbal restriction sites at the
5’ and 3’ ends of sequence, respectively, using primers FFmer-EcoR-F and rrnB-Xba-R (Table
1). The cytoplasmic Ovalbumin expression sequence, including the FFmelR promoter, RBS,
Ova-peptides, and T7 terminator, flanked by EcoRI and Xbal restriction sites, was synthesized
by Twist Bioscience (San Francisco, USA) into a pTwist medium copy cloning vector (pTwist-
Ova). The pTwist-Ova and pUC57 plasmids were digested using the EcoRI and Xbal
restriction enzymes, and purified DNA fragments were ligated to form pUC57-Ova ®* (Figure
1).

To generate Adhesin Involved in Diffuse Adherence-Cross-reacting material 197 (pAIDA-
CRM 197), the pAIDA plasmid was purchased from AddGene (Massachusetts, USA, Plasmid
# 79180) and used for the expression of fusion proteins (CRM) on the outer membrane of E.
coli. The codon optimised gene for PCV13-derived CRM 197 was synthesised as a gene block
by Twist Bioscience. For cloning into the pAIDA plasmid the CRM gene block was amplified
using primers CRM 197-Kpn-F and CRM 197-Sac-R (Table 1) to introduce Kpnl and Sacl
restriction sites. The pAIDA plasmid and PCR amplified CRM gene were digested with Kpnl
and Sacl restriction enzymes and the purified DNA fragments ligated to form pAIDA-CRM
(Figure 14) (Sarnelli et al., 2023 , Lynch et al., 2023 , Zhang et al., 2022). The individual

methods used to assemble these plasmids are detailed below.
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Table 1. Table of primers used to amplify the Ova ©® and CRM genes.

Primer (Ova “Y) Sequence (5 ->3”)

FFmer-EcoR-F CTTGTCTGTAAGGAATTCCCGGGGAT
rrmB-Xba-R GCAACGCAATTAATGTCTAGAGAGAGCG
Primer (CRM 197) Sequence (5° -> 3”)

CRM 197-Kpn-F GCGCGGGGTACCGATGACGTCGTAGACAG
CRM 197-Sac-R CCGCGCGAGCTCGCTTTTTATCTCGAAAAAC

2.2. Engineering of plasmids
2.2.1. Restriction digestion

Restriction digestion is a procedure that uses sequence-restricted endonucleases to cut DNA
fragments at specific locations. DNA samples were mixed with the appropriate restriction
digestion enzymes: EcoRI/Xbal or Kpnl-HF?/Sacl-HFR in rCutSmart buffer (New England
Biolabs Massachusetts, USA) and ultrapure water (Fisher Biotec, Subiaco WA, AUS) ina 0.2
ml PCR tubes (Corning Life Sciences, Wujiang, China) by pipetting gently. The reaction was

then incubated at room temperature for one hour. Reaction volumes are shown in (Table 2).
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Table 2. Restriction digestion reaction

Components Volume/sample company Catalogue
number
Ova ©° DNA 4.29 ul Twist Bioscience
concentration 10 ng/ml
N/A
CRM 197 DNA
concentration 10 ng/ml Twist Bioscience
pUC57 DNA
concentration
0.5 pg/puL Thermo Scientific | SD0171
pAIDA DNA AddGene
concentration
76.22 ng/ul
79180
Restriction enzyme 1l New England
Ova-EcoRlI Biolabs R0101S
20000 U/ml
CRM 197-KpnI-HF R New England
20000 U/ml Biolabs R3142S
Restriction Enzyme 1pl New England RO145L
Ova-Xbal Biolabs
20000 U/ml
CRM 197-Sacl-HF R New England R3156S
20000 U/ml Biolabs
rCutSmart buffer 10x 5ul New England B6004S
Biolabs
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Ultra-pure water (PCR
grade) 100 ml

39 ul

Fisher Biotec,

Australia

UPW-100

Final volume

To make 50ul

2.2.2. Gel Electrophoresis

Gel electrophoresis is a procedure that separates the DNA fragments based on their size. This

was performed here to visualize and confirm the size of the DNA fragments produced after

restriction digestion, PCR amplification, or DNA clean up and concentration. Digested DNA

samples (Ova “Y°/CRM 197) were mixed with the 6x purple loading gel dye (New England
Biolabs Massachusetts, USA) and 2 ul of DNA or 1.5 ul DNA ladder (New England Biolabs

Massachusetts, USA) loaded into 1.5% weight for volume (w/v) agarose gel supplemented

with gel red nucleic acid dye (1:10000, Merck Millipore, USA) for subsequent visualisation of

bands (Table 3). The gel was run at 140V and imaged using a TM XR imaging system (Bio-

RAD Laboratories).

Table 3. Agarose gel electrophoresis

(TAE) buffer 1x

Components Volume/sample Company Catalogue
number

1kb DNA ladder 1.5ul New England N3232S

500 il Biolabs

Loading gel dye purple | 1 pl New England B7024S

6X Biolabs

Gel red R nuclei acid 4 ul Merck Millipore SCT123

stain 10000x

Agarose powder 0.5gm Scientifix, France | 9010B

100 gm

Tris acetate EDTA 40 ml N/A
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2.2.3. DNA gel extraction

DNA gel extraction enables the isolation of DNA strands of a specific size for downstream
applications such as ligation. The isolation provides a pure product free of DNA fragments of
unwanted size and contaminants from previous steps, such as restriction enzymes, all of which
may reduce the efficiency of downstream methods. DNA was extracted from agarose gel using
Monarch® nucleic acid purification/DNA gel extraction kit (New England Biolabs
Massachusetts, USA, cat # T1020S) as per manufacturer’s instructions as shown in (Table 4).
In brief the DNA bands were visualized under blue UV transilluminator. Using a standard
blade, the DNA bands were excised from the agarose gel. The gel slices were pre-weighed in
1.5 ml microfuge tube and appropriate amount of Monarch® gel dissolving buffer (New
England Biolabs) were added. The gel slices were incubated between 37-55 °C inverting
periodically until the gel was completely dissolved. Spin column tubes were used for elution

of DNA from digested gel fragments as per manufacturer’s instructions.
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Table 4. Monarch R nucleic acid purification/DNA gel extraction reaction

components Volume/sample Company Catalogue
number

Agarose gel with DNA | 0.335 g Twist Bioscience

bands

Ova &

CRM 197

pUC57-empty vector Thermo Scientific

pAIDA-empty vector AddGene

Monarch R dissolving | 1000 pl New England T1021L

buffer 47ml Biolabs

Monarch R washing 400 pl New England T1014L

buffer 5ml Biolabs

Monarch R elution 10 ul New England T1016L

buffer Biolabs

2.2.4. DNA Ligation

DNA ligation involves the covalent linking of two compatible strands of DNA by the enzyme
DNA ligase. The reaction was setup in a 1.5 ml microfuge tube that contains insert DNA,
plasmid DNA, T4 DNA ligase buffer, T4 DNA ligase and ultra-pure water as presented in
(Table 5). The reaction was placed on ice and gently mixed with a pipette up and down then
the ligation reaction was incubated overnight at 16 °C.
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Table 5. DNA ligation reaction

Components Volume/sample Company Catalogue
number

Insert DNA 1 kb 6 ul Twist Bioscience N/A

Ova &

CRM 197

plasmid DNA 4 kb 2 ul N/A

pUC57-empty vector Thermo Scientific

pAIDA-empty vector AddGene

T4 DNA Ligase 1 ul New England M0202S

400000 U/ml Biolabs

T4 DNA Ligase Buffer | 2 pl New England M0202S

10x Biolabs

Ultra-pure water (PCR | 9.6 pl Fisher Biotec, UPW-100

grade) 100 ml Australia

Final volume 20 ml

2.2.5. Transformation

Transformation is the process by which bacteria take up foreign DNA from their surroundings,
plasmid DNA in this setting. 50 pl chemically competent cells; E. coli DH5a. (Thermo Fisher
Scientific, Massachusetts, USA), E. coli Nissle (Evidence Based Probiotics, Adelaide, AUS),
E. coli BL21 (New England Biolabs, Massachusetts, USA) were used for transformation. 50-
100 ng of plasmid was mixed with the competent cells and incubated on ice for 30 mins. The
cells were then heat shocked for 45 sec at 42 °C. The cells were incubated on ice for 2-3 mins
and 950 ul of Luria-Bertani Broth (LB) (Sigma-Aldrich, Missouri, USA) broth was added. The
tube was then placed in a shaking incubator for 60 mins at 180 rpm at 37 °C to enable
expression of antibiotic resistance genes. 100 pl of the transformed cells were plated onto an
LB agar plate containing the appropriate antibiotics for selection of successful transformants

and cultured overnight at 37 °C.
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2.2.6. Colony PCR

After the transformation step this procedure is done to amplify a specific region of the

introduced plasmid DNA directly from individual bacterial colonies to screen for the presence

of plasmid with the correct insert. Individual transformant colonies were selected and placed

into 0.2 ml PCR tubes with the PCR reaction mixture for amplification of transformed plasmid
(Table 6). Tubes were heated in incubator at 37 °C for 5 mins. A PCR machine (Veriti 96 well
thermocycler, Applied Biosystems, Waltham, USA) was then setup at the cycling conditions

for the primers a shown in (Table 1) and insert size as follows: Denaturation: 95 °C for 1 mins

and 30 sec, Annealing: 95 °C for 30 sec, second stage of annealing: 63 °C for 30 sec, Extension:

72 °C for 1 mins and 50 sec, Final extension: 72 °C for 10 mins.

Table 6. Colony PCR reaction

Components Volume/sample Company Catalogue
number

DreamTaq master PCR | 12.5 pl Thermo Scientific | K1071
mix 2x
Forward Primer 0.5 ul N/A
FFmer-EcoR-F Sigma-Aldrich
CRM 197-Kpn-F Invitrogen, Thermo

Fisher Scientific
Reverse Primer 0.5 ul N/A
rrnB-Xba-R Sigma-Aldrich
CRM 197-Sac-R Invitrogen, Thermo

Fisher Scientific
Ultra-pure water (PCR | 10.5 pl Fisher Biotec UPW-100
grade) 100 ml
Final volume 25 ul
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2.2.7. Plasmid extraction

Following colony PCR, bacterial colonies confirmed to carry the desired plasmid are cultured

and the transformed plasmid can be isolated for further manipulation, transformation into a

different strain, or further confirmation through restriction digest and gel electrophoresis.

Plasmid extraction was performed using ZymoPURE Plasmid Miniprep Kit (California, USA

cat # D4210) as per manufacturer’s instructions as presented in (Table 7). In brief, 250 pl of
ZymoPURE P1 (red) were added to the bacterial cell pellet. Followed by 250 ul of ZymoPURE
P2 (blue). 250 pl of ZymoPURE P3 (yellow) was then added next. The neutralized lysate was

then centrifuged for 5 mins at 16,000 x g. 260 ul of ZymoPURE binding buffer were added to
the lysate. 800 ul ZymoPURE wash 1 and 800 pl ZymoPURE wash 2 were added next, then

centrifuged for 1 mins at 10,000 x g before adding the ZymoPURE elution buffer and incubated

for 1 mins.

Table 7. ZymoPURE Plasmid Miniprep Kit reaction

Components Volume/sample Company Catalogue number
ZymoPURE P1 (red) 250 pl Zymo Research | D4200-1-13
ZymoPURE P2 (blue) 250 pl Zymo Research | D4200-2-13
ZymoPURE P3 (yellow) 250 pl Zymo Research | D4200-3-13
ZymoPURE binding buffer 260 pl Zymo Research | D4200-4-14
ZymoPURE wash 1 800 pl Zymo Research | D4200-5-20
ZymoPURE wash 2 800 pl Zymo Research | D4200-6-23
ZymoPURE elution buffer 30 ul Zymo Research | D4200-7-12
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2.3. Mice

Specific pathogen free (SPF) C57BL/6J mice were bred and maintained in individually
ventilated cages (Techniplast, Buguggiate, Italy) at the South Australian Health and Medical
Research Institute (SAHMRI). Colony founders were sourced from the Jackson Laboratory.
Mice were housed in positively pressurised, high-efficiency particulate air (HEPA) filtered
isolators, with access to autoclaved commercially pelleted food and sterilised water ad libitum
with regulated daylight, humidity, and temperature. All procedures were executed in

accordance with protocols approved by the SAHMRI Animal Ethics Committee.

2.3.1. Bacterial cultures and oral gavages

Overnight cultures of Ova-expressing Escherichia coli Nissle (EcN-Ova ©¥*°) or EcN carrying
an empty pUC57 plasmid (EcN-EV) were cultured in LB containing 25 pg/mL ampicillin
under anaerobic conditions to enable expression of the Ova Y construct under the control of
the anaerobically active FFmelR promoter. Cultures were grown to an OD of ~0.6-1, washed
twice in phosphate buffered saline (PBS; Sigma-Aldrich, St. Louis, USA), and serial dilutions
of bacteria were plated on LB agar plates supplemented with ampicillin to determine colony
forming units (CFU) per mL of culture. Enumerated bacterial cultures were resuspended in
PBS supplemented with 30% v/v glycerol, to prevent ice formation that can damage bacterial
cell during freezing allowing the bacteria to be preserved for extended period without loss of
viability to a concentration of 10'° CFU/mL and stored at -80 °C Overnight cultures of CRM-
expressing BL21 (BL21-CRM) or BL21 carrying an empty pAIDA vector (BL21-EV) were
grown in LB containing 25 pug/mL erythromycin. To induce high expression of the CRM
construct from the LacUV5 promoter 200 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG,
Sigma-Aldrich, Missouri, USA, 11284-5ML) was added when cultures reached an OD of ~0.2.
Cultures were grown to an OD of ~0.6-1 and cryopreserved as described for ECN strains.
Monocultures of EcN or BL21 strains were administered to mice by daily oral gavage of 100

ul of a 10'° CFU/mL solution for two weeks.
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2.3.2. Confirmation of colonization of bacterial species by culture

Faecal samples were sterilely collected from mice two weeks post-vaccination and
homogenized in 1x PBS. A 1:10 serial dilution was performed and 10 pul of faecal diluents were
inoculated on LB agar plates supplemented with (ampicillin/erythromycin) and incubated
overnight at 37 °C to allow for colonies to grow. The bacterial colonies from Escherichia coli
Nissle and E. coli BL 21 were visually enumerated on the agar plate.

2.3.3. Immunization

Mice were anesthetized with isoflurane then vaccinated intramuscularly (i.m) with 0.15 ug
MRNA-Ova (Synthesised at the University of Queensland and encapsulated in lipid
nanoparticles at the University of Adelaide, AUS) or 1.5 pg 13-valent pneumococcal vaccine
(PCV13- Link healthcare, AUS) / leg. Vaccine responses were boosted 2 weeks after initial

vaccination using the same dosage and route of administration.

2.3.4. Serum sampling and faecal sampling

Mice were cheek bled into serum separator tubes. The collected blood was centrifuged at room
temperature for 5 mins at 5000 x g to collect the serum. Serum was stored at -80 °C until
processing. Faecal samples were collected, weighed and resuspended to 100 mg/mL with 1x
PBS and stored at -80 °C until processing.

2.3.5. Assessment of vaccine-specific antibody responses by Enzyme-Linked
Immunosorbent Assay (ELISA)

This procedure is used to detect the vaccine-specific antibody titres in serum based on the
principle of antigen-antibody interaction. ELISA Nunc-Immuno™ MicroWell™ 96 well solid
plates (Sigma-Aldrich, Cat # 442404) were coated with 1 pg/mL Ovalbumin (Ova) or PCV13
diluted in ELISA coating buffer and incubated overnight at 4 °C. After coating with target
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antigen the plates were washed three times with PBS-Tween (PBS-T) (containing 1x PBS
supplemented with 0.05% (v/v) Tween-20, Sigma-Aldrich, Missouri, USA, D1408-500ML)
using an immune wash™ microplate washer (BIO RAD, California, USA). The plates were
then blocked with 1x ELISA/ELISpot buffer (Invitrogen, Thermo Fisher Scientific,
Massachusetts, USA, Cat # DS98200) overnight at 4 °C. After blocking, the plates were
washed three times in PBS-T and serum and faecal homogenate samples were diluted in 1x
ELISA/ELISpot buffer to incubate overnight at 4 °C. The plates were washed three more times
with PBS-T and Ova or PCV13 specific antibodies were detected using horse radish peroxidase
(HRP) conjugated anti-mouse 1gGtotar, IgM or 1gA antibodies (Table 8). After another five
washes the plates were developed with 1-Step™ Ultra tetramethylbenzidine (TMB) substrate
(Thermo Fisher Scientific, Waltham, USA, Cat # 34028) at room temperature. The reaction
was stopped with 1M (2N) sulfuric acid (Sigma-Aldrich, Missouri, USA). The developed plates
were read with a Synergy HTX Multi-mode plate reader (Bio Tek, Vermont, USA) at 450 nm

with correction by subtraction of 595 nm absorbance value.

Table 8. HRP-conjugated detection antibody concentrations

Antibody Dilutions Company Catalogue
number

Anti-19G total 1:1000 Invitrogen | A16066

1 mg/ml

Anti-IgM 1:1000 Abcam ab5930

1 mg/mi

Anti-1gA 1:1000 Abcam ab97235

1 mg/ml

2.3.6. Enzyme-Linked Immunosorbent Spot Assay (ELISpot)

To measure vaccine-specific antibody producing B cells, the ELISPOT tray was first coated
with 10 pg/mL of Ova or PCV13 vaccine (1:50) diluted in PBS, and incubated at 4 °C
overnight. Wells were then blocked with 50 ul of 1x ELISA/ELISpot blocking buffer per well
for 60 mins. Wells were washed five times with sterile PBS before addition of 5x10°
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splenocytes or bone marrow cells in Roswell Park Memorial Institute (RPMI) complete culture
media (cCRPMI) consisting of 1 x RPMI 1640 (RPMI- Sigma-Aldrich, Missouri, USA, Cat #
R8758) supplemented with GIBCO minimal essential media amino acids (Gibco, Cat #
11140050), GlutaMAX L-glutamine (Thermo Fisher Scientific, USA), 10% foetal calf serum
(FCS, Assay Matrix, AUS) and 55nM 2-Mercaptoethanol (Life Technologies, California,
USA). Cells were incubated for 16-24 h at 37 °C, 5% CO,. After incubation ELISpot trays were
washed 5x with PBS 0.05% Tween (Tween-20 sigma-Aldrich, D1408-500ML) and 50 pl of
1:1000 horseradish peroxidase (HRP) conjugated anti-mouse 1gG (AbCam, Cambridge, UK)
or IgM (AbCam, Cambridge, UK) diluted in 1 x ELISA/ELISpot blocking buffer and incubated
for 1 h at room temperature. Trays were then washed 5x times with PBS 0.05% Tween. To
develop the plates, 50 ul of 3-Amino-9-ethylcarbazole (AEC) substrate (BD Biosciences, New
Jersey, USA) was added until spots were clearly visible. Membranes were washed in H20 and
dried and spots were counted via an ImmunoSpot ELISPOT Readers and Analyzer
(ImmunoSpot, Cleavland, USA).

2.3.7. Single-cell suspension of spleen, iliac and inguinal lymph nodes and bone marrow

Spleen, iliac and inguinal lymph nodes were harvested and placed in a tissue culture plate
containing RPMI wash media. The tissues were then dissociated through a 70 pm nylon mesh
filter (Merck Millipore, USA) and transferred to 10 ml tubes. Cells were washed and
splenocytes were treated with 1 ml of 1x Red Blood Cell (RBC) lysis buffer (Thermo Fisher
Scientific, Massachusetts, USA). Cells were then washed two times, resuspended in PBS, and
counted on a haemocytometer. For the generation of single cell suspensions from the bone
marrow, femurs were removed from mice and flushed twice with 3 ml of PBS using a 3 ml
syringe fitted with a 19-gauge needle. After washing, cells were lysed in 1 ml of 1x Red Blood
Cell lysis buffer, washed in PBS and resuspended for counting. All counted cells were washed
and resuspended again in cRPMI at a concentration of 2x107 cells/mL for further processing

for flow cytometry.

39



2.3.8. Flow Cytometry-Surface staining

Single-cell suspensions were plated into round-bottom 96-well plates at a concentration of 1.5-

2x10° cells/well. Plates were washed with 1x PBS and resuspended in a solution containing
Fixable Viability Stain 780 (1:2000, BD Biosciences, New Jersey, USA, Cat # 565388) and

mouse FC block (1:500, BD Biosciences, New Jersey, USA, Cat # 553141) for 10-15 minutes

at room temperature. Cells were washed in 1x FACS buffer (PBS, 1% BSA, 2mM EDTA) and
stained with 50 uL of a fluorochrome-conjugated surface antibody master mix (Table 9)
diluted in 1x FACS buffer for 20 mins at 4 °C. Cells were then washed and fixed with 4%
formaldehyde (Thermo Fisher Scientific, Cat # J60401.AK) diluted in PBS and stored at 4 °C.
Prior to acquisition of a BD FACS Symphony, 5 pL of BD™ Liquid Counting Beads (BD

Biosciences, New Jersey, USA, Cat # 335925,) were added to enumerate the analysed cells.

Data were analysed using FlowJo v10 (TreeStar).

Table 9. Surface staining antibody master mix panel for flow cytometry

Antibody Fluorophore Dilution Clone Company
CD19 PerCP-Cy5.5 | 1:300 1D3 BD
Biosciences
CD138 PE 1:300 281-2 BD
Biosciences
CD 267 (TACI) BV421 1:300 8F10 BD
Biosciences
IgM BUV395 1:300 G20-127 | BD
Biosciences
CD 95 (Fas) BV750 1:300 Jo2 BD
Biosciences
GL7 AF647 1:600 GL7 BD
Biosciences
B 220 FITC RA3-6B2 BD
1:300 o
Biosciences
HIT2 BD
CD 38 PE Cy7 1:600 o
Biosciences
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CD 45 BUV496 1:200 HI30 BD
Biosciences
CD3 PE-CF 594 1:600 17A2 Biolegend
CD 16/CD32 (FC Block) 1:200 2.4G2 BD
Biosciences
gD BV510 1:300 11-26c¢.2a Biolegend

2.3.9. Bacterial flow cytometry

Bacterial cultures, generated as described in section 2.1, were transferred into 1.5 ml
microcentrifuge tubes. The tube was centrifuge at 500 x g for 5 mins at 4 °C and bacterial
pellets were resuspended in PBS, supplemented with SYTO™ BC Green Fluorescent Nucleic
Acid Stain (1:1000, Thermo Fisher Scientific, USA, Cat # S34855), mouse anti-histidine tag
(1:900), anti Myc tag and anti CRM serum (1 uL/well) for 15 mins at 4 °C. After washing for
10 mins at 4 °C, the pellet was resuspended in 100 uL of PBS containing AF647-conjugated
anti-mouse 1gG for 20 mins at 4 °C. The suspension was then washed three times and

resuspended in PBS for analysis using a BD Fortessa™ flow cytometer.

Statistical Analyses

The data gathered was analysed with GraphPad PRISM 10 (GraphPad Software Inc., La Jolla,
USA). Statistical significance was assessed by student unpaired t-test to compare the level of
statistical difference between two groups or One-way and two-way ANOVA followed by
Sidak's multiple comparisons test to determine the significant differences between serum 1gG
wotal, IgM and faecal IgA responses over time. Data are presented as the mean * standard error
of the mean (SEM). * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. ns = not

significant.
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Chapter 3. Results

3. Construction of plasmids pUC57 and engineering bacteria Escherichia coli Nissle 1917
(EcN)

3.1. Design of an Ovalbumin-peptide expressing pUC57 plasmid

To investigate the potential of engineered probiotic bacteria to enhance immune responses to
vaccination I first addressed this hypothesis by expressing the model antigen ovalbumin (Ova)
in our probiotic bacteria. Ova is a model antigen derived from egg whites that has well mapped
T cell responses in C57B/6J mice (Bennek et al., 2019). Taking advantage of this prior
knowledge | chose to express the Ova-derived immunodominant CD4" (Ovaszs-339) and CD8*
(Ovazs7-264) peptides from our expression vector. Expressing only the immunodominant Ova-
derived peptides reduces the translation burden on the bacteria and avoids potential problems
with folding of full-length proteins, both of which can compromise bacteria viability. As the
goal from the engineering of this expression vector was transformation into the probiotic E.
coli Nissle (EcN) strain | used the pUC57 plasmid to construct the Ova-expression vector
pUC57-Ova % (hereafter called Ova ©¥'). This commonly used cloning vector contains the
EcN compatible ColE1 origin of replication for replication of the plasmid in the ECN bacterium,
as well as an ampicillin resistance gene for selection of EcN that have taken up the plasmid.
For the expression vector we had a custom gene synthesised that included the FFmelR
Promoter upstream of a Ribosome Binding Site (RBS) and the codon optimised sequences
coding for a fusion of the Ovaszs-330 and Ovazsr-2e4 peptides, followed by a T7 terminator
sequence that halts transcription (Figure 1). The FFmelR promoter used in the construct is
conditionally active in low-oxygen settings. The benefit in this setting is that the promoter

should be active in the anoxic environment of the colon.
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3.2. Construction of a pUC57 plasmid that expresses OVA peptides in the cytoplasm of

Escherichia coli Nissle.

. Cyto
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Ova  insert insert
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Figure 1. Overview of experimental design of pUC57-Ova Y construct for cytoplasmic
expression of Ova epitope in ECN. (A) The 2677bp pUC57 plasmid used for the Cytoplasmic
expression of protein flanked by His tag. (B) Ova ¥ sequence with a size of 478bp, PCR
amplified to introduce the EcoRI and Xbal restriction enzyme sites. (C) EcoRI and Xbal
digested pUC57 empty vector with a size of 2677bp and Ova ™ insert with a size of 478bp.
(D) Ligated pUC57-Ova Y construct with a size of 478bp.

To generate the pUC57-Ova ¥ plasmid with the size of 3155bp, the pUC57 backbone
with the size of 2677bp was digested with the restriction enzymes EcoRI and Xbal to remove
the LacZ operon from the plasmid. The Ova % expression cassette with a size of 478bp was
similarly liberated from the pTwist cloning vector (Figure 1) (Hassan et al., 2016). Gel
electrophoresis confirmed the expected DNA fragment sizes following double digestion of the
pUC57-Ova ¥ plasmid using the EcoRI and Xbal restriction enzymes (Figure 2). These DNA
fragments were enriched from the agarose gel for subsequent ligation of the pUC57 backbone
and the Ova ®¥* insert and ligation product was transformed into E. coli DH50, a common strain

used in cloning due to its high transformation efficiency and efficiency at plasmid amplification
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for downstream manipulation (Hassan et al., 2016). Transformed DH5a were plated on LB
agar plates containing ampicillin to select for bacteria containing the Ova ®* plasmid and
colony polymerase chain reaction (PCR) performed to amplify the Ova % insert in select
individual colonies to verify the correct insertion of the ligation product into the bacterial
colonies. Gel electrophoresis of the colony PCR product confirmed the presence of the Ova
plasmid with DNA bands sizes corresponding to the Ova-insert PCR product of 478bp in E.
coli DH5a (Figure 3). This observation was further confirmed by Ova ' plasmid extraction
followed by double digestion by the restriction enzymes EcoRl and Xbal and gel
electrophoresis which confirmed the correct 2677bp band size of the pUC57 plasmid backbone
and of the 478bp Ova ©Y° insert, verifying that the two enzymes had successfully cut the
plasmid and the Ova ©' insert at the predicted sites and had been successfully ligated into the
pUC57 plasmid backbone (Figure 4). After confirming the correct plasmid assembly in E. coli
DH50 the recombinant plasmid was transformed into E. coli Nissle 1917 (EcN), an ideal
probiotic strain that we have previously used as an immunogenic probiotic vector for the
delivery of antigens to mucosal tissues (unpublished observations). After growth of EcN
transformants on LB agar plates containing ampicillin, colony PCR was used to confirm
bacterial colonies with bands corresponding to the correct size of the plasmid-inert PCR
product of 478bp confirming successful transformation of Ova Y construct into E. coli Nissle
(Figure 5).
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Figure 2. Gel electrophoresis of pUC57 plasmid DNA and ovalbumin ©Y® insert following
restriction enzyme double digestion. Agarose gel electrophoresis image showing the
digestion of pUC57 plasmid and the expression construct for cytoplasmic ovalbumin (Ova ©¥)
from the pTwist EF1 alpha plasmid using two restriction enzymes, EcoRI and Xbal. L: 1kb
DNA ladder. Lane 1: Double digestion of plasmid DNA pUC57. Lane 2: Double digestion of
pTwist OVA ' plasmid.
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Figure 3. Confirmation of ligation product using colony PCR after transformation in
Escherichia coli (E. Coli) DH5a. Agarose gel electrophoresis image of ligation product
following colony PCR of DNA extracted from DHS5a colonies transformed with pUC57-Ova
Sy L: 1kb DNA ladder. Lane 1-7: pUC57-Ova ™ transformants in E. coli DH5a.
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Figure 4. Gel electrophoresis of pUC57 plasmid DNA and ovalbumin &Y insert following
restriction enzyme double digestion. Agarose gel electrophoresis image of pUC57-Ova <V
construct vector subjected to double digestion with EcoRI and Xbal. L: 1kb DNA ladder. Lane
1: Double digestion of DNA plasmid pUC57 and Ova “insert.
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Figure 5. Confirmation of pUC57-Ova ©* using colony PCR after transformation in
Escherichia coli Nissle (EcN). Agarose gel electrophoresis image of ECN colonies following
colony PCR of DNA extracted from ECN colonies transformed with pUC57-Ova ¥ . L: 1kb
DNA ladder. Lane 1-3: pUC57-Ova Y transformants in EcN.
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3.3. Assessing vaccine-specific antibody responses in mice treated with engineered

Escherichia coli Nissle (EcN) expressing Ova peptides two weeks post vaccination.

To assess the ability of ECN expressing Ova ©° peptides to alter responses to vaccination, mice
were orally administered with 1 x 10*° CFU of EcN expressing Ova peptides (EcN-Ova %) or
EcN carrying an empty pUC57 vector (EcCN-EV). Administering bacteria at this concentration
has previously been demonstrated to engage a robust immune response in mice, while lower
doses (<108 CFU) are not immunogenic (Hapfelmeier et al., 2010). Engineered bacteria were
given daily for two weeks to allow for sufficient stimulation of the immune system. After a
two-week treatment of mice with the engineered bacteria mice were injected with 0.3 pg of
MRNA-Ova vaccine (Synthesised at the University of Queensland and encapsulated in lipid
nanoparticles at the University of Adelaide, AUS) intramuscularly to generate an Ova-specific
immune response. Peripheral blood and faecal sample were collected weekly to assess the
systemic and mucosal humoral antibody response. Two weeks after the initial vaccination mice
were given a booster dose of mMRNA-Ova by the same route of immunisation to allow a more
robust response particularly in generating antibodies and memory B cells (Figure 6 A). Prior
to boosting, Ova-specific 1gGtota and IgA in the blood and faeces, respectively, were measured
by ELISA. While there was a trending increase in serum IgG in EcN-Ova @ treated mice two
weeks after primary vaccination, this increase was not significantly different relative to EcN-
EV treated mice (Figure 7 A). In contrast to the increase in serum Ova-specific IgG from pre-
vaccination to post, Ova-specific IgA in faecal homogenates of mice were too low to be
interpretable (Figure 7 B). Together, these data demonstrate that pre-treatment of mice with
EcN-Ova prior to mMRNA-Ova vaccination has minimal impact on the outcome of single-dose
vaccination when compared to ECN-EV.
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Figure 6. The experimental design used to establish whether bacteria engineered to
express Ova ©Y® protein alter subsequent immune responses to vaccination with mRNA-
Ova. 6-week old SPF mice were treated orally with 10° CFU EcN-Ova <Y or EcCN-EV (n=4
mice/group) daily for two successive weeks. Mice were then vaccinated with 0.15 ug of by
intramuscular injection (i.m) at V+0 and V+2 weeks. Cheek bleeds and faecal samples were
taken weekly to assess vaccine- specific antibody responses. Two weeks post-boost, mice were
euthanized and immunologically relevant organs (inguinal and iliac lymph nodes, bone marrow
and spleen) were harvested and processed for endpoint analyses to assess B cell immune
responses.
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Figure 7. No statistically significant increase in Serum IgG total or faecal IgA response in
SPF mice treated with EcCN-Ova ©Y®° after mRNA-Ova vaccination at week two. Peripheral
blood and faecal samples were collected at baseline and 2 weeks post MRNA-Ova vaccination
to screen for vaccine-specific antibodies. (A) Ova-specific serum IgG total (1:1000 dilution)
and (B) Ova-specific faecal IgA (1:1000 dilution) were assessed by ELISAs. Raw optical
density (OD) readings from the ELISA are shown and represented as the mean £ SEM. A
unpaired t-test was used to assess statistical significance. ns = not significant. n = 4 mice/group

3.4. Assessing vaccine-specific antibody responses post vaccination in mice treated with

engineered Escherichia coli Nissle.

Two weeks after the 2" dose of MRNA-Ova vaccination, Ova-specific 1gGiotar and, 1lgM and
IgA were assessed by ELISA in the serum and faeces, respectively, of mice treated with ECN-
EV and EcN-Ova %, Ova-specific IgGrora titres in serum were not significantly different in
mice treated with ECN-Ova ¥ in the first 3 week following initial vaccination. Importantly,
however, there was a statistically significant increase in serum IgGota at day 28 in mice treated
with EcN-Ova @™ | relative to ECN-EV treated mice (Figure 8 A). There was no statistically
significant difference in Ova-specific IgM titres at any timepoint in mice treated with ECN-Ova
ot compared to control mice (Figure 8 B). Finally, Ova-specific IgA titres were assessed in
faecal homogenates in the weeks following vaccination. There was an increase in Ova-specific
IgA in the faeces in both groups of mice, particularly after the second dose of mMRNA-Ova
vaccination, which is unexpected given the intramuscular route of vaccination. Despite this,
there was statistically significant increase in faecal IgA in ECN-Ova Y treated mice, relative
to ECN-EV control mice, at day 21 after primary vaccination (Figure 8 C). Together, these

data demonstrate that pre-treatment of mice with a probiotic engineered to express Ova-derived
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peptides can significantly enhance the subsequent class-switched antibody response to mMRNA-

Ova vaccination, both systemically, and within mucosal tissue.
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Figure 8. 1gG and IgA antibody responses to an mRNA-Ova vaccine are increased in mice
treated with EcCN-Ova V. Peripheral blood and faecal samples were collected weekly
following MRNA-Ova vaccination to assess Ova-specific antibody responses in mice that were
administered the engineered probiotic strains, ECN-EV (control) or ECN-Ova ¥, for 2 weeks
prior to vaccination. (A) Ova-specific serum 1gGotal (1:5000 dilution), (B) Ova-specific serum
IgM (1:100 dilution), and (C) Ova-specific faecal IgA (1:2 dilution) were assessed by ELISA.
Raw optical density (OD) readings from the ELISA are shown and are represented as the mean
+ SEM. A unpaired t-test was used to assess statistical significance. * p < 0.05. ns = not
significant. n = 4 mice/group.

50



3.5. Increased formation of splenic Ova-specific 1gG antibody-secreting cells in ECN-

Ova %™ treated mice.

Results from the ELISAs demonstrated that pre-treatment with ECN-Ova @™ enhanced the
accumulation of Ova-specific IgG in the serum of mice that were immunised with two doses
of the mRNA-Ova vaccine, relative to ECN-EV treated mice that were similarly immunised.
The production of vaccine-specific 1gG can be attributed to antibody-secreting B cells (ASCs)
that develop in response to vaccination, suggesting that ECN-Ova ' treated mice may have
increased numbers of Ova-specific ASCs. To determine if this was true, | performed ELISpot
analysis to quantify the number of Ova-specific IgG ASCs in the spleens and bone marrow of
EcN-EV and EcN-Ova ®* treated mice. | observed no significant differences in the number of
Ova-specific IgM ASCs in either the spleen or bone marrow (Figure 9 A-B), consistent with
there being no difference in Ova-specific serum IgM titres between the two groups of mice
(Figure 8 B). However, | did observe a statistically significant increase in the number of Ova-
specific 1gG-secreting cells in the spleen of ECN-Ova @ treated mice relative to ECN-EV
treated mice (Figure 9 A). This was not observed in the bone marrow (Figure 9 B).
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Figure 9. Ova-specific 1gG secreting cells are significantly increased in the spleen, but not
bone marrow, of ECN-Ova %' treated mice. Four weeks post-initial MRNA-Ova vaccination
Ova-specific IgM and I1gG antibody-secreting cells in the spleen and bone marrow were
assessed by ELISpot assay. (A) The total number of Ova-specific IgM and IgG antibody
secreting cells in the spleen and (B) bone marrow. Data are presented as mean + SEM. * p <
0.05. ns = not significant. n = 4 mice/group.
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3.6. Assessing B cell populations in mice colonized with engineered Escherichia coli

Nissle.

B cells responding to a stimulation such as vaccination can develop into distinct subsets, such
as germinal centre B cells (GCB cells), antibody-secreting cells (ASCs), or memory B cells
(Bmem) that can each contribute to the hosts pool of antigen-specific antibody titres. Thus, |
used flow cytometry to determine if any of these B cell subsets were altered in magnitude in
EcN-Ova % treated mice, relative to ECN-EV treated mice, using the flow cytometry gating
strategy shown (Figure 10). Two-weeks post boost, mice were humanely culled and the
vaccine-draining secondary organs, including the inguinal and iliac lymph nodes and the spleen

as well as the bone marrow were harvested were for analysis.
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Figure 10. B cell gating strategy. Single cells were gated based on forward scatter (FSC) and
side scatter (SSC) profiles for lymphocytes, followed by gating live cells using a viability dye,
and all cells of hematopoietic origin using the marker CD45. B cells were then identified on
the basis of CD19 expression, followed by exclusion of naive B cells based on expression of
IgD. B cells were then further gated into different subsets to include antibody-secreting cells
(Live, CD45" CD3  CD19" IgD" CD138" TACI"), germinal centre B cells (Live, CD45" CD3
CD19" IgD" IgM- CD138" TACI  GL-7" CD95") and memory B cells (Live, CD45" CD3"
CD19" IgD" IgM" CD138 TACI"GL-7- CD95 CD38").
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3.6.1. The proportion of GC B cells is significantly higher in the spleen of EcN-Ova %t

treated mice.

Germinal centres are specialist lymphoid structures that form in response to vaccination or
infection to support the proliferation, differentiation, and processes for the generation high-
affinity, vaccine-specific, antibodies during an immune response (De Silva & Klein, 2015).
Flow cytometry analysis was used to enumerate GCB cells in spleen, inguinal and iliac lymph
nodes (Figure 11 A). There was a statistically significant increase in frequency of GCB cells
in the spleen of EcN-Ova %% treated mice, relative to ECN-EV treated mice, both as a
percentage of all CD19" B cells (hereafter referred to as percentage), and as a frequency of live,
CD45" cells (hereafter referred to as frequency) (Figure 11 B). However, although the total
number of GCBs was higher in most of the ECN-Ova ®™ treated mice, this did not translate to
a statistically significant difference in the total number of GCBs in the spleens (Figure 11 B).
In the vaccine-draining inguinal and iliac lymph nodes there was no statistically significant
difference in the percentage, frequency, or total number, of GCB cells between EcN-EV and
EcN-Ova % treated mice (Figure 11 C-D). Together, these data demonstrate that pre-
treatment with EcN-Ova % can enhance the formation of a B cell subset in the spleen critical

for the formation and production of high-affinity, vaccine-specific antibodies.
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Figure 11. The proportion of germinal centre B cells was significantly higher in the spleen
of EcN-Ova %% treated mice after mRNA-Ova vaccination. Four weeks post-boost MRNA-
Ova vaccination ECN-EV and EcN-Ova @ treated mice were assessed for changes in germinal
centre B cell responses by flow cytometry. (A) Representative flow cytometry of GCB cells
(CD19* IgM"1gD" GL7* FAS") in the spleen of EcN-EV and EcN-Ova ®* treated mice 4 weeks
post-boost vaccination. (B) Percentage, frequency and total number of germinal centre B cells
in spleen, (C) inguinal lymph node (LN) and (D) iliac LN. Data are represented as the mean +

SEM. An unpaired t-test was used to assess statistical significance. * p < 0.05. ns = not
significant. n = 4 mice/group.
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3.6.2. The proportion of memory B cells in the iliac lymph node was significantly higher

in EcN-Ova @™ treated mice.

A statistically significant increase in serum and faecal antibody tires in ECN-Ova % treated
mice was only observed after boosting with mRNA-Ova. This potentially indicates that the
primary mRNA-Ova vaccination generated higher numbers of Ova-specific Bmems in ECN-
Ova %% treated mice, which resulted in greater production of Ova-specific antibodies after
boosting. Thus, we next analysed the formation of memory B cells in secondary lymphoid
organs in response to vaccination (Figure 12 A). There was a small (~0.04%) but significant
increase in the frequency of Bmems among all live, CD45*, immune cells in the iliac lymph
nodes of ECN-Ova ' treated mice, relative to ECN-EV. However, this was not reflected as a
statistically significant increase in the total number of Bmems in this organ, or as the percentage
of Bmems among all B cells (Figure 12 D). We also observed no statistically significant
differences in the percentage, frequency and total number memory B cells in the spleen and
inguinal lymph nodes of mice treated with ECN-EV and ECN-Ova %" four weeks after primary
vaccination with mRNA-Ova (Figure 12 B-C). These data suggest that ECN-Ova %' treatment
only had a minimal impact on the formation of memory B cells. Although largely statistically
not significant, more sensitive detection methods to identify vaccine-specific Bmems may be

required to adequately address this question.
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Figure 12. The proportion of memory B cells in the iliac lymph node was significantly
higher in EcN-Ova %' treated mice. Four weeks post-boost mMRNA-Ova vaccination EcN-
Ev and EcN-Ova @ treated mice were assessed for changes in memory B cells by flow
cytometry. (A) Representative flow cytometry analysis of memory B cells (CD19* IgM" IgD"
GL7 FAS CD38") in the spleen of ECN-EV and ECN-Ova ®* treated mice 4 weeks post-boost
vaccination. (B) Percentage, frequency and total number of memory B cells in spleen, (C)
inguinal LN, and (D) iliac LN. Data are represented as the mean £ SEM. An unpaired t-test
was used to assess statistical significance. * p < 0.05. ns = not significant. n = 4 mice/group.
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3.6.3. Assessing antibody secreting cells (ASC) population in bone marrow and spleen.

Finally, ASCs were assessed using flow cytometry analysis in the bone marrow and spleen four
weeks after vaccination (Figure 13 A). In contrast to the increased ASCs observed in the
ELISpot assays (Figure 8 A), there was no statistically significant difference in the percentage,
frequency or total number of ASCs in the spleens of mice treated with ECN-EV and EcN-Ova
vt although all of these analyses were trending higher in the ECN-Ova @™ treated mice (Figure
13 C). Consistent with the ELISpot data, we observed no statistically significant differences in
the percentage, frequency or total number of ASCs in the bone marrow of ECN-EV and EcN-
Ova ®™ treated mice (Figure 13 B). These data suggest that ECN-Ova @™ treatment had an
impact in the formation of ASCs in the bone marrow and spleen, although statistically not
significant and more replicates would be required to confirm this observation.
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Figure 13. No statistically significant difference in Antibody secreting cells (ASC) in bone

marrow and spleen of SPF mice colonized with EcN-Ova %' and EcN-EV after vaccinated
with mRNA-Ova. Four weeks post-boost MRNA-Ova vaccination ECN-EV and EcN-Ova *

treated mice were assessed for changes in Antibody secreting cells (ASCs) cells by flow
cytometry. (A) Representative flow cytometry of Antibody secreting cells (ASCs) (CD19*
IgM™ IgD” GL7 FAS CD138*) in the bone marrow of EcN-EV and EcN-Ova ®* treated mice
4 weeks post-boost vaccination. (B) Percentage, frequency and total number of ASCs in the
bone marrow and (C) spleen. Data are represented as the mean + SEM. An unpaired t-test was

used to assess statistical significance. ns = not significant. n = 4 mice/group.
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Conclusion

| successfully constructed the pUC57 plasmid expressing OVA®Y® peptide and transformed it
into Escherichia coli Nissle 1917 (EcN). Following treatment with ECN-Ova Y or ECN-EV
and post vaccination with mRNA-Ova there was a significant increase in antibody-specific
immune response as seen in the enhancement of Ova-specific 1gG, and IgA titres. Ova ©' had
an impact on formation of germinal B cells that are essential for differentiating into antibody
secreting cells (ASC). Likewise, there was clearly an impact in the formation of ASC and
memory B cells in Ova © treated mice particularly demonstrated to be higher in iliac lymph
node given the intramuscular administration. Given my original hypothesis colonizing the mice
with expressed Ova ©° peptide clearly can lead to an enhanced humoral immune response

particularly mucosal immune response following mRNA-Ova vaccination.
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3.7. Construction of pAIDA plasmids and engineering Escherichia coli to express full-
length CRM 197

3.7.1. Design of plasmid construct to express full-length CRM 197

In the previous experiments we expressed select Ova-derived immunodominant peptides
within bacteria to enhance immune responses to Ova vaccination. Administration of this
bacteria to mice, prior to Ova vaccination, resulted in a significant increase in Ova-specific IgG
and IgA antibodies, as well as an increase in Ova-specific 1gG in the spleen, demonstrating that
these bacteria can be used to enhance vaccine-specific immune responses. However, expressing
only select epitopes from an antigen within bacteria, as we did with ECN-Ova, may restrict the
full potential of immune activation. Thus, expressing the full-length protein, rather than an
epitope, may stimulate a stronger immune response (Chen et al., 2023 , Pedersen et al., 2022),
and prime both the cellular and humoral arms of the adaptive immune system. In addition,
expressing the desired vaccine antigen on the bacterial surface, rather than in the cytoplasm
might provide the immune system better access to the antigen particularly in eliciting B and T
cell mediated immune response that are key for antibody production (Chen et al., 2023). These
improvements, could significantly enhance the immunomodulatory effects observed in my
earlier experiments leading to a better vaccine efficiency and immune memory formation
(Chen et al., 2023, Pedersen et al., 2022).

To localise full-length, vaccine-derived, proteins to the cell surface we used the previously
engineered Adhesin Involved in Diffuse Adherence (AIDA) plasmid construct (pAIDA)
(Jarmander et al., 2012). This construct employs the AIDA protein for the surface display of a
fusion protein, with the expressed protein being flanked by His and Myc tags that enable easy
identification of AIDA-fusion constructs by standard laboratory methods such as flow
cytometry. Expression of the AIDA construct is driven by the LacUV5 promoter, which has
moderate constitutive expression that can be enhanced through addition of Isopropyl 3-D-1-
thiogalactopyranoside (IPTG), an inducer commonly used to regulate lac-operon controlled
genes. Additionally, an erythromycin resistance gene is incorporated into the plasmid to enable
selection of bacteria after transformation of the plasmid (Jarmander et al., 2012). We chose
cross reactive material 197 (CRM) as the vaccine antigen to express in these experiments. CRM
is a genetically detoxified form of diphtheria toxin that is widely used as a carrier protein in
polysaccharide conjugate vaccines, such as the 13-valent pneumococcal vaccine (PCV13)
(Moginger et al., 2016). Our laboratory has extensive experience using this vaccine in
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preclinical models having previously demonstrated that the humoral response to PCV13

vaccination is highly dependent on the composition of the microbiota (Lynn et al., 2018).

3.7.2. Construction of a pAIDA plasmid that expresses CRM 197 full protein on

membrane surface of Escherichia coli Nissle.
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Figure 14. Overview of experimental design of pAIDA-CRM construct for outer
membrane expression of full-length CRM expression in ECN. (A) The 5536bp pAIDA
plasmid used for the surface display of a fusion protein flanked by His and Myc tags. (B) codon
optimised full-length CRM sequence with a size of 1609bp, PCR amplified to introduce the
Knpl and Sacl restriction enzyme sites. (C) Kpnl and Sacl digested pAIDA empty vector with
a size of 5536bp and CRM insert with a size of 1609bp. (D) Ligated pAIDA-CRM construct
with a size of 7145bp.

To generate the pAIDA-CRM construct with the size of 5561bp, a linear CRM sequence
was cloned into the pAIDA plasmid through restriction digestion and ligation (Figure 14). The
codon optimised CRM sequence was first PCR amplified to introduce Knpl and Sacl restriction
sites at the 5° and 3’ ends of the DNA sequence, respectively. The pAIDA plasmid and the

PCR amplified CRM sequence were then digested with Kpnl and Sacl restriction enzymes,
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which enables cloning of the CRM sequence in frame with the AIDA protein, with the addition
of 6X His-tag N-terminal of the CRM protein, and a Myc-tag C-terminal of the CRM protein
(Figure 14). Successful double digestion of plasmid, and PCR amplified CRM insert, was
confirmed by gel electrophoresis with the expected linear pAIDA empty plasmid band
observed around the expected 5536bp and the DNA sequence encoding the CRM protein at
1609bp (Figure 15). The desired pAIDA and CRM DNA sequences were extracted from the
agarose gel and ligated to form the pAIDA-CRM plasmid before transformation into E. coli
DH50, a common strain used for its high transformation efficiency (Kostylev et al., 2015).
Transformed DH50 were plated on LB agar plates containing erythromycin to select for
bacteria containing the pAIDA-CRM plasmid and colony polymerase chain reaction (PCR)
performed to amplify the CRM insert in select individual colonies to verify the correct insertion
of the ligation product into the bacterial colonies. Gel electrophoresis confirmed the expected
band sizes of the CRM plasmid-insert PCR product of 1609bp in transformed DH5a (Figure
16). The presence of the correct pAIDA-CRM was further confirmed by plasmid extraction
from overnight cultures of transformed DHSa and double digestion using Kpnl and Sacl
restriction enzymes. Gel electrophoresis of the digested plasmid revealed the expected band
sizes for both the pAIDA plasmid at 5536bp and CRM insert at 1609bp, indicating successful
digestion and ligation of the CRM insert into the pAIDA plasmid (Figure 17). The pAIDA
CRM plasmid was then transformed into E. coli Nissle (EcCN) to generate ECN-CRM and
transformed bacteria plated on LB agar plates containing erythromycin to select for bacteria
containing the pAIDA-CRM plasmid. Colony PCR once again confirmed correct band sizes
for the CRM insert of 1609bp in EcN colonies, validating the successful transformation of the
EcN-CRM strain (Figure 18). These results indicated the successful cloning of the CRM
sequence into the pAIDA vector, and the transformation of this plasmid into the probiotic strain
EcN.
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Figure 15. Gel electrophoresis of pAIDA plasmid DNA and CRM insert following
restriction enzyme double digestion. Agarose gel electrophoresis image showing of the
expected size of the pAIDA plasmid and the sequence encoding CRM following digestion
using two restriction enzymes, Knpl and Sacl. L: 1kb DNA ladder. Lane 2: DNA sequence
encoding the CRM protein. Lane 3: pAIDA plasmid DNA

Colonies

1609bp
Ligation product in DH5a
colonies

Figure 16. Confirmation of ligation product using colony PCR after transformation in
E. Coli DH5a. Gel electrophoresis image showing the ligation product following colony
PCR of DNA extracted from DH5a colonies transformed with pAIDA-CRM. L: 1kb DNA
ladder. Lanes 1-5: pAIDA-CRM PCR product from individual DH5a colonies.
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Figure 17. Gel electrophoresis image of double digestion of pAIDA-CRM product
following restriction enzyme double digestion. Gel electrophoresis image showing digestion
of pAIDA-CRM construct using two restriction enzymes, Knpl and Sacl. L: 1kb DNA ladder.
Lane 1: CRM construct DNA fragment sizes following double restriction enzyme digestion.
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Figure 18. Confirmation of pAIDA-CRM using colony PCR after transformation in
Escherichia coli Nissle (EcN). Gel electrophoresis image shows EcN colonies transformed
with pAIDA-CRM. L: 1kb DNA ladder. Lanes 1-3: PCR amplification of pAIDA-CRM DNA
from individual EcN transformants.
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3.8. Evaluating outer membrane expression of full-length CRM protein in E. coli Nissle
(ECN).

3.8.1. Absence of outer membrane localization of full-length CRM protein in EcN.

As previously mentioned in the first experiment, ECN was the probiotic of choice used to
successfully express Ova in the cytoplasm and enhance Ova-specific immune responses when
used in vivo. Hence, ECN was used again here for the expression of full-length CRM in the
outer membrane. As mentioned previously, the pAIDA expression construct contains His- and
Myec-tags N- and C-terminal of the inserted CRM sequence, respectively (Figure 19 A). Thus,
as a readout of surface expression of the AIDA-CRM fusion protein, the His- and Myc tags
was stained on bacteria using fluorescently conjugated monoclonal antibodies. Additionally,
to detect the CRM protein, unconjugated, polyclonal, mouse anti-CRM serum from mice that
had been previously vaccinated with PCV13 was used in combination with fluorescently
conjugated anti-mouse IgG detection antibodies. The expression level of AIDA-CRM was
measured in ECN-CRM in addition to EcN carrying an unmodified pAIDA plasmid (ECN-EV)
and a wild-type (WT) EcN, carrying no plasmid. Bacteria were first identified based on scatter
profile, and the binding of a nucleic acid dye (Figure 19 B). As expected, there was no shift in
fluorescence intensity for His, Myc, or CRM in the WT EcN strain, demonstrating minimal
non-specific signal for any of these markers (Figure 19 C). In contrast, there was a significant
increase in binding of the anti-His and Myc tag antibodies in the ECN-EV strain, indicating that
the unmodified AIDA membrane anchor with its surface exposed Myc and His tags is present
on the surface of ECN-EV. As expected, there was no increase in binding of the anti-CRM
antibody, as the CRM sequence is not present in the EV strain (Figure 19 D). Surprisingly,
there was no increase in binding of the anti-CRM antibody in the ECN-CRM strain, relative to
EcN-WT or EcN-EV, suggesting that CRM is not present on the surface of this strain (Figure
19 E). Consistent with this observation, there was also a loss of His-tag binding, which should
be present N-Terminal of the CRM protein. There was, however, still binding of the anti-Myc
tag antibody, which is present in N-terminal, of the AIDA membrane anchor (Figure 19 E).
Together, these data suggest that, in the ECN-CRM strain, the membrane anchor is present and
localised to the outer surface of the EcN, as indicated by the presence of the Myc-tag, but there
is a loss of the CRM fusion protein, and the His-tag at the N-terminus.
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Figure 19. Flow cytometry analysis of full-length CRM surface expression in EcN. Wild
type EcN, EcN transformed with a pAIDA empty vector (ECN-EV) or a pAIDA plasmid
encoding an AIDA-CRM fusion protein (ECN-CRM) were stained to identify epitope tags
within the AIDA protein, and the CRM protein. (A) Schematic presentation of AIDA-CRM
fusion protein with His- and Myc-tags N- and C-terminal of the CRM protein. (B)
Representative flow cytometry analysis identifying EcN cells based on forward and side scatter
and nucleic acid binding dye SYTO™ BC Green Fluorescent. Histograms showing the
presence of a cMyc (C) or His (D) epitope tags, or full-length CRM protein (E) in the indicated
EcN strains.
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3.8.2. Optimizing full-length CRM protein expression for enhanced recombinant protein

production in E. coli BL21.

The initial attempt to express CRM in EcN did not yield the desired results. The lack of
expression in ECN could be related to a strain-specific limitation, or an issue with the pAIDA-
CRM plasmid itself. To investigate this further | opted to transform E. coli BL21, a strain of E.
coli commonly used for recombinant protein expression. This strain is deficient in several
proteases such as Lon and OmpT which are often responsible for protein degradation, reducing
the likelihood of protein degradation and making it more likely to achieve successful protein
expression (Du et al., 2021). If the CRM expression works in E. coli BL21 it may suggest the
failure is strain-specific and related to ECN protease activity rather than plasmid design or
expression. BL21-CRM and control strain were generated and stained for by bacterial flow
cytometry as described above. As expected, there was no shift in fluorescence intensity for His,
Myc, or CRM in the BL21-WT strain, demonstrating minimal non-specific signal for any of
these markers in this E. coli strain (Figure 20 A). In contrast, there was a significant increase
in binding of the anti-His and Myc tag antibodies in the BL21-EV strain, indicating that the
unmodified AIDA membrane anchor with its surface exposed to Myc and His tags is present
in BL21-EV. As expected, there was no increase in binding of the anti-CRM antibody, as the
CRM sequence is not present in the EV strain (Figure 20 B). There was, however, an increase
in binding of the anti-CRM antibody in the BL21-CRM strain, relative to BL21-WT and BL21-
EV, suggesting that CRM is present on the surface of this strain (Figure 20 C). Consistent with
this observation there was also His-tag binding, present at the N-Terminal end, as well as
binding of anti-Myc tag antibody, present at the C-terminal, of the AIDA membrane anchor
(Figure 20 C). Together, these data suggest that, in the BL21-CRM strain, the AIDA
membrane anchor with the full-length CRM fusion is present and localised to the outer surface
of the E. coli BL21, as indicated by the presence of the His-tag at N-terminus and Myc-tag, at
C-terminus, and the positive binding of the anti-CRM antibody.
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Figure 20. Flow cytometry analysis of full-length CRM protein expression in E. coli BL21.
Wild type BL21, BL21 transformed with a pAIDA empty vector (BL21-EV) or a pAIDA
plasmid encoding an AIDA-CRM fusion protein (BL21-CRM) were stained to identify epitope
tags within the AIDA and the CRM proteins. Histograms showing the presence of cMyc (A)
or His (B) epitope tags, or full-length CRM protein (C) in the indicated BL21 strains.

3.9. Effect of BL21-CRM pre-treatment on vaccine specific-antibody responses following
PCV13 vaccination in mice treated with engineered E. coli BL21 expressing full-length
CRM protein.

3.9.1. Overview of experimental plan.

My initial aim was to express the CRM in the probiotic bacterium EcN for later delivery to
mice. However, we were unable to achieve expression of AIDA-CRM in EcN but were able to
successfully express this fusion protein in the BL21 strain. Although BL21 is not a probiotic
bacterium, like originally planned, we were able to successfully express CRM allowing
progression to in vivo studies with this strain. To assess the ability of BL21-CRM to alter
subsequent immune responses to vaccines containing the CRM antigen, mice were orally
administered 1 x 10° CFU of BL21-EV or BL21-CRM (n=10 mice/group). Engineered
bacteria were given daily for 2 weeks to enable time for the immune system to mount a response
against the administered bacteria. After two weeks, half of the BL21-EV and BL21-CRM
treated mice (n=5 mice/group) were vaccinated intramuscularly with 1.5 pg of PCV13. The

remaining mice were mock vaccinated with PBS (n=5 mice/group) (Figure 21 A). This
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experimental approach enables us to determine if treatment of mice with BL21-CRM
stimulates an anti-CRM response in the absence of vaccination (BL21-EV and -CRM mock
treated groups) and, if present, if this response enhances subsequent vaccination (BL21-EV
and -CRM PCV13 vaccinated groups). In the subsequent experiments we saw minimal
differences between BL21-CRM and -EV treated, mock vaccinated, mice during our endpoint
analyses, suggesting no homeostatic immune response against CRM expressed on the
membrane of BL21. Therefore, this result section will largely focus on the differences between
BL21-CRM and BL21-EV treated, PCV13 vaccinated mice.

v e
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Figure 21. The experimental design used to establish whether bacteria engineered to
express full-length CRM protein alter subsequent immune responses to vaccination with
PCV13. 6-week old SPF mice were treated orally with 10'° CFU BL21-CRM or BL21-EV
(n=10 mice/group) daily for two successive weeks. Mice were then vaccinated with 1.5 pg of
PCV13 (n=5 per BL21 strain) or mock vaccinated with sterile saline (n=5 per BL21 strain) by
intramuscular injection (i.m) at V+0-4 weeks. Cheek bleeds and faecal samples were taken
weekly to assess vaccine-specific antibody responses. Two weeks post-boost, mice were
euthanized and immunologically relevant organs (inguinal and iliac lymph nodes, bone marrow
and spleen) were harvested and processed for endpoint analyses to assess B cell immune
responses.

69



3.9.2. Mice treated with BL21-CRM had significantly higher 1gGtotal responses following
PCV13 vaccination.

To assess systemic and mucosal PCV13-specific antibody responses in BL21 treated mice
vaccinated with PCV13, peripheral blood and faecal samples were collected weekly. 1gGiotal,
IgM, and faecal 1gA were measured by ELISA at weeks 0-4 post-vaccination. Mice colonised
with BL21-CRM exhibited a statistically significant increase in serum IgGiotal at week 3 post-
primary vaccination, relative to PCV13 vaccinated BL21-EV treated mice. However, this
significant difference was lost at 4 weeks post-primary vaccination (Figure 22 A). These data
suggest that pre-treatment with BL21-CRM transiently enhances the systemic humoral immune
response to PCV13. Unexpectedly, PCV13 specific IgM antibodies in the serum were
significantly higher in BL21-EV treated mice compared to the BL21-CRM treated mice at four
weeks post-primary vaccination (Figure 22 B). These data suggest that treatment of mice with
BL21-CRM may reduce IgM responses to the PCV13 vaccine. Interestingly, there was a
notable increase in PCV13-specific IgM responses in mock and PCV13-immunised BL21-
CRM, but not BL21-EV treated mice at V+2 weeks that disappeared from V+3. This suggest
that colonisation with BL21-CRM may transiently induce CRM-specific IgM responses in the
absence of PCV13 vaccine. In both PCV13-CRM and EV treated mice there was no significant
difference in PCV13-specific IgA antibodies at week 3 and 4 relative to the mock group which
suggests that after vaccination with PCV13, BL21-CRM treated mice do not generate a

vaccine-specific mucosal IgA response, but rather a systemic immune response (Figure 22 C).
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Figure 22. Significant increase in serum IgGuwta antibody responses after PCV13
vaccination in mice treated with BL21-CRM. Peripheral blood and faecal samples were
collected weekly up to four weeks post-PCV13 vaccination and, PCV13-specific antibody
responses in mice that were administered with engineered BL21 strains were measured by
ELISA. (A) serum PCV13-specific 1gGiotar (1:1000 dilution) titers, (B) PCV13-specific IgM
tires (1:1000 dilution) and (C) faecal IgA (1:1000) titers were assessed by ELISA. Raw optical
density (OD) readings from the ELISA are shown and presented as the mean + SEM. A two-
way ANOVA was used to assess statistical significance. * p < 0.05, ** p < 0.01. ns = not
significant. n = 5 mice/group.
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3.10. The percentage, frequency and total number of ASC B cells were significantly

higher in the inguinal lymph node of BL 21-CRM treated mice.

Analysis of serum PCV13-specific antibody responses revealed small, although statistically
significant, differences in the IgG and IgM response to vaccination in BL21-CRM treated mice,
relative to BL21-EV. To determine if these differences were reflected in changes to B cell
subsets required for humoral immune responses flow cytometry was used to quantify ASCs in
different immune tissues namely the vaccine-draining inguinal and iliac lymph nodes, bone
marrow, and spleen at four weeks post-initial vaccination (Figure 23 A). ASCs, expressed as
a percentage of all CD19" B cells (hereafter referred to as percentage), or as a frequency of all
live, or CD45" immune cells (hereafter referred to as frequency), were significantly higher in
the inguinal lymph node of BL21-CRM treated, PCV13-vaccinated, mice (Figure 23 B),
indicating that treating mice with the BL21-CRM strain does lead to significantly higher ASC
responses in mice. In the iliac LN there was a statistically significant increase in total number
of ASCs in PCV13 vaccinated mice, relative to mock vaccinated, regardless of the BL21 strain
they were treated with. However, when comparing BL21-EV and BL21-CRM treated and
vaccinated mice there was no statistically significant difference in percentage, frequency, or
total number of ASCs controls (Figure 23 C). In the bone marrow, there was a near-significant
increase in the percentage of ASCs (p=0.0867) in vaccinated mice colonized with BL21-CRM,
relative to BL21-EV, suggesting that there may be greater trafficking of long-lived ASCs to
the bone marrow in mice treated with BL21-CRM prior to vaccination (Figure 23 D). Finally,
in the spleen there were no statistically significant differences in the percentage, frequency or
total number of ASCs between any of the groups of mice, regardless of vaccination status
(Figure 23 E). Together, these data suggest that recombinant bacteria expressing PCV13-
derived CRM can selectively enhance the ASC response following PCV13 vaccination in the

vaccine-draining inguinal lymph node.
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Figure 23. The percentage, frequency and total number of antibody-secreting cells
(ASCs) in inguinal lymph node was significantly higher in BL21-CRM treated mice
following PCV13 vaccination. Mice were treated with BL21 carrying an empty vector (BL21-
EV), or expressing CRM (BL21-CRM), prior to mock vaccination or vaccination with PCV13.
Four weeks after initial vaccination, the formation of (ASC) was assessed in primary and
secondary lymphoid organs. (A) Representative flow cytometry of ASCs (CD19" IgD” TACI*
CD138" cells) in the vaccine-draining inguinal lymph nodes. (B-E) The frequency of ASCs
among all class switched B cells (CD19" IgD"), among all live cells, CD45" cells, and the total
number of ASCs in the (B) inguinal lymph nodes, (C) iliac lymph nodes, (D) bone marrow,
and (E) spleen. Data are presented as mean = SEM. A one-way ANOVA was used to assess
statistical significance. * p < 0.05. ns = not significant. n = 5 mice/group.
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3.11. BL21-CRM treatment does not enhance the formation of germinal centre B cells

following vaccination with PCV13.

Analysis of ASCs in BL21-CRM treated mice showed a significant increase in ASC
populations in select organs of these mice after PCV13 vaccination. As ASCs are a B cell
subset that are produced in the germinal centre reaction, we next analysed the formation of
germinal B cells (GCBs) in secondary lymphoid organs in response to vaccination (Figure 24
A). In both the inguinal and iliac LN there was a dramatic increase in the percentage, frequency
and total number of GCBs in PCV13 vaccinated mice, relative to mock (Figure 24 B-C).
However, when comparing the GCB response between BL21-EV and BL21-CRM treated and
vaccinated mice, there was no statistically significant difference in the percentage, frequency,
or total number of GCB cells (Figure 24 B-C). In contrast to the vaccine-draining lymph nodes,
the spleens of PCV13 vaccinated mice exhibited only a minor increase in percentage, frequency
and total number of GCB cells, relative to mock vaccinated mice (Figure 24 D). Furthermore,
the percentage, frequency and total number of GCB cells in the spleen was not significantly
different in PCV13-vaccinated mice that were treated with the BL21-CRM strain compared to
those treated with BL21-EV control strain. Together the distribution of GCBs across secondary
lymphoid organs of vaccinated mice suggests that, when administered intramuscularly, PCV13
vaccination drives robust germinal centre responses in the draining lymph nodes, but little to
no PCV13 drains to the spleen to fuel a germinal centre reaction there. These data suggest that
treatment of mice with BL21-EV and BL21-CRM had no impact on the formation of GCBs, a

critical part of adaptive immune response specifically in antibody producing cells.
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Figure 24. No statistically significant difference in the proportion of germinal B cells in
mice treated with BL21-EV and BL21-CRM, following PCV13 vaccination. Mice were
treated with BL21 carrying an empty vector (BL21-EV), or expressing CRM (BL21-CRM),
prior to mock vaccination or vaccination with PCV13. Four weeks after initial vaccination the

formation of germinal centre B cells (GCBs) was assessed in vaccine-draining secondary

lymphoid organs. (A) Representative flow cytometry of GCBs (CD19* IgD- TACI- CD138
GL-7* CD95") in the vaccine-draining iliac lymph nodes. (B-D) The frequency of GCBs among
all class switched B cells (CD19" IgD"), among all live cells, CD45" cells, and the total number
of GCB cells in the (B) inguinal lymph nodes, (C) iliac lymph nodes, and (D) spleen. Data are
presented as mean + SEM. A one-way ANOVA was used to assess statistical significance. * p

<0.05, *** p < 0.001, **** p < 0.0001. ns = not significant. n = 5 mice/group.
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3.12. No statistically significant difference in the CRM-specific germinal centre B cells
in BL21-CRM treated mice following PCV13 vaccination.

Although BL21-CRM treatment had no significant impact on the formation of GCB cells
following PCV13 vaccination (Figure 21), this assessment was performed on antigen-agnostic
GCBs. However, pre-treatment with BL21-CRM is most likely to promote the development of
CRM-specific B cells that may be more likely to enter the germinal centre reaction. Therefore,
profiling CRM-specific GCBs, as opposed to all GCBs as performed previously, may reveal
antigen-specific differences in BL21-CRM treated and vaccinated mice, relative to
BL21-EV. To do this, we used a fluorescently labelled CRM protein that binds to the B cell
receptor of CRM-specific B cells, enabling their identification by flow cytometry (Figure 25
A). Although we saw a statistically significant increase in the frequency of CRM-specific
GCBs among all GCBs in PCV13 vaccinated mice, relative to mock, there was no significant
difference between BL21-EV and BL21-CRM treated and vaccinated mice in the percentage
and total number in the draining lymph nodes, or spleen (Figure 25 B-D). These data suggest
that BL21-CRM treatment does not enhance CRM-specific GCB formation when compared to
BL21-EV treatment even after vaccination with PCV13. This outcome indicates that CRM
antigen expressed by E. coli BL21 does not contribute to the formation of GCB in the vaccine

draining lymphoid organs.
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Figure 25. No significant differences in the proportion of CRM-specific germinal centre
B cellsin BL21-EV or BL21-CRM treated mice, following PCV13 vaccination. Mice were
treated with BL21 carrying an empty vector (BL21-EV), or expressing CRM (BL21-CRM),
prior to mock vaccination or vaccination with PCV13. Four weeks after initial vaccination the
formation of CRM-specific germinal centre B cells (GCBs) in vaccine-draining secondary
lymphoid organs was assessed using fluorescent CRM probes. (A) Representative flow
cytometry analysis of CRM-specific GCBs (CD19* IgD- TACI CD138  GL-7* CD95* CRM")
in the vaccine-draining iliac lymph nodes. (B-D) The frequency of CRM-specific GCBs among
all class switched B cells (CD19* IgD"), among all live cells, CD45" cells, and the total number
of CRM-specific GCBs in the (B) inguinal lymph nodes, (C) iliac lymph nodes, and (D) spleen.
Data are presented as mean + SEM. A one-way ANOVA was used to assess statistical
significance. * p <0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. ns = not significant. n =
5 mice/group.
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3.13. Significant reduction in percentage, frequency and total number of memory B cells

in spleen of BL 21-CRM treated mice, following vaccination with PCV13.

Finally, the formation of memory B cells (Bmems) following BL21 treatment and PCV13
vaccination was assessed in inguinal and iliac lymph nodes, and spleen (Figure 26 A). In the
draining lymph nodes of vaccinated mice Bmems, as a percentage of all CD19" B cells,
demonstrated a significant decrease, relative to mock vaccinated mice (Figure 26 B-C). This
likely reflects the dramatic increase in GCB cells, as a percentage of all B cells, seen in the
draining lymph nodes (Figure 24 B-C), which is in turn reducing the Bmems population as a
percentage of all B cells. Although there was a small increase in the frequency and total number
of Bmem cells in the inguinal LNs of BL21 treated, PCV13 vaccinated mice, relative to mock
vaccinated, there was no statistical significance difference between BL21-EV and BL21-CRM
vaccinated mice (Figure 26 B). Similarly, in the iliac lymph nodes, there were no statistically
significant differences in the percentage, frequency or total number of Bmems between BL21-
EV and BL21-CRM treated and vaccinated mice (Figure 26 C). In the spleens of BL21-CRM
treated, PCV13 vaccinated, mice there was a statistically significant reduction in the
percentage, frequency and total number of Bmem cells, relative to BL21-EV treated mice
(Figure 26 D). These data suggest that treatment with BL21-CRM might significantly impair
Bmems formation in response to PCV13 vaccination and thus potentially lead to a suppressed
immune response. Therefore, CRM antigen expressed by BL21 does seem to have an impact
on the Bmems cell compartment four weeks post-initial vaccination, particularly in the spleen,

although this effect is not desirable in the context of enhancing immune memory.
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Figure 26. Significant reduction in percentage, frequency and total number of memory B
cells in spleen of BL 21 -CRM treated mice, following vaccination with PCV13. Mice were
treated with BL21 carrying an empty vector (BL21-EV), or expressing CRM (BL21-CRM),
prior to mock vaccination or vaccination with PCV13. Four weeks after initial vaccination the
formation of Memory B cells (Bmems) was assessed in vaccine-draining secondary lymphoid
organs. (A) Representative flow cytometry of Bmems (CD19* IgD" TACI CD138 GL-7
CD95 CD38") in the spleen. (B-D) The frequency of Bmems among all class switched B cells
(CD19" IgD), among all live cells, CD45" cells, and the total number of Bmems in the (B)
inguinal lymph nodes, (C) iliac lymph nodes, and (D) spleen. Data are presented as mean *
SEM. A one-way ANOVA was used to assess statistical significance. * p < 0.05, ** p < 0.01,
***pn <0.001, **** p <0.0001. ns = not significant. n =5 mice/group.
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Conclusion

After engineering E. coli BL21 strains to express CRM protein on the outer membrane | aimed
to determine if the expressed antigen has an impact on the immune responses following PCV13
vaccination. Daily oral gavage of the engineered bacteria was performed for two weeks
followed by PCV13 vaccination. Results showed a significant, albeit transient, enhancement
in 1gG response in mice treated with BL21-CRM along with an increase in formation of
antibody secreting cells (ASC) in the vaccine-draining inguinal lymph node. Additionally,
treatment had no impact in germinal centre B cells response. Likewise, there was also a
reduction in memory B cells particularly in the spleen. These findings suggest that recombinant
bacteria that expressed BL-21-CRM in E. coli can potentially modulate vaccine induce
immunity more specifically a systemic humoral immune response, although the effect is

marginal.
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Chapter 4. Discussion

For reasons that are still poorly understood, immune responses to vaccination frequently vary
between individuals, with some people mounting suboptimal immune responses, that leave
them susceptible to infections. Therefore, developing interventions or therapeutics to enhance
these responses would be an enormous public health benefit. In this study, | aimed to address
this by cloning and expressing vaccine-derived antigens in the cytoplasm of a probiotic bacteria
to assess whether these engineered microbes could be used to prime the immune system, prior
to vaccination, and subsequently enhance vaccine-specific cellular and humoral responses in

mice following intramuscular vaccination.

My study demonstrated that oral administration of a probiotic strain of Escherichia coli, E. coli
Nissle, engineered to express immunodominant peptides derived from the model antigen
ovalbumin (EcN-Ova ©), significantly enhanced Ova-specific Immunoglobulin (Ig) G titres
in the serum following vaccination with an mRNA-Ova vaccine. Vaccine-specific titres were
significantly higher at 3-4 weeks post-vaccination, compared to mice orally administered an
empty vector control strain. Consistent with this observation, there was a significant increase
in 1gG Ova-specific antibody secreting cells in the spleen of ECN-Ova Y treated mice, relative
to control mice, as measured by Enzyme-linked immunosorbent spot (ELISpot) analysis.
Additionally, Ova-specific IgA antibody titres in faecal samples were significantly higher in
EcN-Ova ©° treated mice from 2-weeks post-vaccination. The presence of IgA antibodies in
the faecal homogenates of mMRNA-Ova vaccinated mice, regardless of the Escherichia coli
Nissle (EcN) strain they were pre-treated with, is surprising, given that this vaccine is
administered intramuscularly (i.m.) and the generation of antigen-specific IgA is usually
associated with orally ingested antigen (Cerutti, 2008). Given this, future experiments should
investigate the presence of vaccine-specific IgA at other mucosal sites, such as the respiratory
and urogenital tracts, to determine if this phenomenon is restricted to the gastrointestinal tract
or spread throughout the body. Regardless, prior exposure to antigen within mucosal tissue can
generate antigen-specific IgA responses that are enhanced by subsequent i.m. vaccination,

(Sano et al., 2022), and is likely what is observed in EcN-Ova ' treated mice.

Increased Ova-specific antibodies in the serum and faeces results from increased
antibody secreting cells activity which, in turn, is likely a result of increased germinal centre B
activity. Flow cytometry analysis of germinal centre B cells in the spleen of EcN-Ova
treated mice supported the idea that pre-treatment with the engineered bacteria facilitated their
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enhanced differentiation into germinal centre B cells within the spleen. Moreover, a slight but
significant increase in memory B cells was observed in the iliac lymph nodes, suggesting that
B cell activation and germinal centre B cell differentiation may have led to enhanced memory
B cell formation in this organ. These results indicate enhanced B cell activation following EcN-
Ova ™ treatment and mMRNA-Ova vaccination. However, the E. coli Nissle bacteria was only
engineered to express peptides that would activate T cells, Ovazs7-246 and Ovaspz-339, and are
not epitopes known to drive B cell activation. It is therefore likely that treatment with EcN-
Ova ¥ does not directly activate B cells, but rather may drive the activation of T follicular
helper (Tth) cells which, after MRNA-Ova vaccination, may provide enhanced help to naive B
cells responding to Ova to promote their differentiation into germinal centre B cells. This
enhancement of the GC reaction would result in further differentiation into Ova-specific
antibody secreting B cells leading to higher levels of IgG and IgA in the serum and faeces.
These observations provide direct support to the hypothesis of “cross-reactive epitopes” present
within the intestinal microbiota that can prime an immune response that cross-reacts with, and
alters the outcome of, antigen-specific vaccination. This hypothesis suggested that certain
pathogen-specific T cell clones bearing an antigen-experienced phenotype in the circulation of
healthy humans had been activated by pathogen-like epitopes present in intestinal microbes,
rather than during direct pathogen infection (Su et al., 2013, Lynn et al., 2022). Whether these
microbiota-induced, cross-reactive, T cells could influence subsequent immune responses to
infection or vaccination is unclear, despite attempts to address this question in several human
studies (Lynn et al., 2022 , Pan et al., 2021, Saggau et al., 2022). The data present here suggest
that these cross-reactive cells are primed in mice treated with bacteria expressing vaccine-
derived antigens, and that these cells have a positive impact on vaccination in the form of

enhanced humoral responses post-vaccination.

However, in the present study, the generation of Ovass-330 cross-reactive CD4* T cell following
EcN-Ova ®* treatment was not experimentally confirmed. To formally assess this, future
experiments could use Ovaszz-339 loaded major histocompatibility complex (MHC)-11 tetramers
to measure Ova-specific CD4" T cells following treatment and vaccination to determine if pre-
treatment of mice with EcN-Ova ¥ enhances the generation of Ova-specific T follicular helper
cells. Together, these findings align with my initial hypothesis that EcN-Ova <V°-treated mice
would exhibit significant changes in vaccine outcomes, particularly in terms of eliciting a

humoral response and enhancing the immunogenicity of the Ova-mRNA vaccine.
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However, although successful, one limitation of this approach is that only two peptides,
rather than the full-length protein, were expressed. This limits activation of immune cells to
specific T cell clones, and is unlikely to directly drive activation of B cells. Furthermore,
expression of the peptides was confined to the cytoplasm of the probiotic bacteria, which may
have made it more difficult for the immune system to recognize the antigen (Chen et al., 2023
, Pedersen et al., 2022). To address these limitations, and potentially generate an engineered
bacterium that drives better immune cell activation and even greater enhancement of vaccine-
specific immune responses, | extended the approach of engineering a probiotic bacterium to
express full length immunogenic proteins on the surface of EcN for enhancing vaccine
efficiency. Building on this foundation, | hypothesized that cloning and engineering EcN to
express the full-length cross-reactive material (CRM) protein, a carrier protein used in
conjugate vaccines, could induce both B cell mediated humoral and cell mediated immune
responses and enhance the effectiveness of the CRM-containing pneumococcal conjugate
vaccine 13-valent (PCV13).

After successful assembly of the Adhesin Involved in Diffuse Adherence (AIDA) plasmid
construct pAIDA-CRM, | evaluated the surface expression of full-length CRM protein in ECN
transformed with the pAIDA-CRM vector. However, initial results revealed an unexpected
absence of cross-reactive material protein localised to the outer membrane, despite the presence
of the AIDA protein in the membrane to which CRM should have been fused. ECN expresses
some proteases that are known to degrade recombinant expressed proteins and may have been
responsible for the loss of surface-expressed CRM (Redenti et al., 2024). To confirm this
hypothesis, | decided to use another strain of E. coli, namely E. coli BL21, which is genetically
modified to remove key proteases, lon and OmpT, (Du et al., 2021), that may have been
cleaving the cross-reactive material protein from the surface of EcN. Results indicated that this
strain provided a more favourable environment for recombinant protein expression,
minimizing the risk of degradation. Expression in BL21 showed a significant increase in
fluorescence intensity for antibodies targeting both His and Myc tags, and the CRM protein
itself, indicating that the Adhesin Involved in Diffuse Adherence membrane anchor and CRM

protein were correctly expressed.

Next, | investigated the impact of BL21-CRM treatment on humoral immune responses
to the PCV13 vaccine, which uses CRM197 as a carrier protein. The data demonstrated that
pre-treatment with BL21-CRM led to a significant increase in total 1gG levels three weeks post-

vaccination, suggesting that BL21-CRM does, in fact, act as an immunogenic vector that
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enhances systemic humoral responses to PCV13. However, in contrast to the earlier
experiments with EcCN-Ova Y treated mice, this significant increase was transient, as 19gG
levels dropped by the fourth week, indicating a short-lived enhancement of the humoral
response. | also observed a decrease in IgM titres at weeks 3 and 4 in the BL21-CRM treated
mice, that may suggest a delay in the class-switching mechanism necessary for generating high-
affinity IgG antibodies post-PCV13 vaccination. While analysis of IgA in the faeces revealed
no increase in PCV13-specific IgA in vaccinated mice, relative to mock, suggesting that, unlike
MRNA-Ova vaccination, i.m. PCV13 vaccination does not induce a mucosal antibody
response. Further analysis of B cell subsets with flow cytometry revealed only minimal
differences in B cell activation in BL21-CRM treated and vaccinated mice, relative to BL21-
EV. The only differences in BL21-CRM treated mice that were consistent were an increase in
antibody secreting B cells in the inguinal lymph nodes, and a decrease in memory B cells in
the spleen. Why the antibody secreting cell response was selectively enhanced in the inguinal
lymph nodes is not clear, but this might be because the inguinal lymph nodes drain the lower
part of extremities, and given the route of vaccination (i.m.), immune cell activation will be
higher in inguinal compared to iliac lymph nodes. This increased ASC activity in this organ
may also explain the elevated IgG levels seen in the serum of the mice. However, treatment
seems to have had no impact in formation of CRM-specific germinal centre B cells, the
precursor cells from which antibody secreting B cells and memory B cells eventually
differentiate (Hamel et al., 2012). Therefore, given my hypothesis, BL21-CRM did provide a
transiently enhanced systemic immune response, although with no mucosal immune response.
However, this effect was minimal relative to the effect provided by EcN-Ova % and further

refinement of the approach would be required for a full effect.

Differences between Ova ©Y*° and CRM model

Escherichia coli 1917 (EcN) a probiotic strain known for its ability to colonize the gut and
interact with the mucosal immune system. In contrast, Escherichia coli BL21 is primarily used
for the efficient production of recombinant protein production and is not typically used to
colonise mice and is not known for its immunomodulatory capacity in vivo. This is likely why
the ECN had a much stronger impact on the immune system following vaccination, as the
mucosal priming by EcN, prior to vaccination, was greater using this strain. Although this

immune priming would need to be formally assessed, as described earlier. However, the
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enhancing of the IgA response in MRNA-Ova vaccinated, ECN-Ova ™ treated, mice strongly
suggest some degree of mucosal priming. An additional source of variation could be derived
from the nature of the vaccines used, and the vaccine-derived antigen expressed in bacteria.
Epitopes from the Ova-mRNA vaccine were expressed in EcN, and ELISAs measured immune
responses to the full antigen from which the epitope was sourced. However, in BL21 the carrier
protein CRM was expressed, and ELISAs measured humoral responses toward the whole
PCV13 vaccine, which includes CRM, but also 13 unique polysaccharides. While we still
expect the polysaccharide-specific response to be enhanced, through the induction of CRM-
specific helper cells, as described earlier, it is possible that only the CRM-specific response
was enhanced and that signal is being ‘lost’ among the polysaccharide-specific response. It
would be worthwhile to measure the CRM-specific response alone, to see if this was enhanced
in BL21-CRM treated mice. Although the flow cytometry data using CRM-probes suggests

that it may not be altered.

Limitations

This study was conducted over a relatively short period, and | believe longer-term studies are
needed to assess the efficiency and durability of the bacteria-enhanced vaccine-specific
immune responses. Furthermore, the small number of mice per group may have limited the
statistical power to detect subtle differences in immune responses, particularly in secondary
lymphoid organs (n = 4 or 5 per group) and, at a minimum, an independent repeat should be
performed. Additionally, the E. coli BL21 strain used in the second in vivo experiment is not
naturally part of the gut microbiome and may have a shorter persistence time, which could limit
the duration of antigen presentation. These bacteria are also not known to be
immunomodulatory, which may have led to suboptimal immune responses. Moreover, the
analysis of GCB cells and memory B cells in mMRNA-Ova vaccinated mice is somewhat limited
as it was performed on all host B cells, which would include B cells not specific for the Ova
protein. These Ova-specific B cells could have been better captured with the use of fluorescent
Ova probes, potentially revealing more subtle differences in secondary lymphoid organs.
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Future directions

Although the engineered Escherichia coli Nissle strain was successful in enhancing Ova-
specific vaccine responses, future work could explore the use of other probiotics strains known
for immunomodulatory activity such as Lactobacillus or Bifidobacterium, which may enhance
this effect. Additionally, we could focus on exploring other anchoring or fusion proteins that
might improve surface expression of antigens. We could also explore assessing for cell-
mediated immunity (T cells) using tetramers or in vitro peptide stimulations to assess their
formation and activity following administration of engineered bacteria and vaccination. If
addressed, these alterations could improve the impact of these engineered microbes and lead
to clinical trials in humans to assess their impact when combined with vaccination on the

human immune system.

While the administration of genetically modified bacteria to humans may seem unlikely,
numerous studies have demonstrated the potential of engineered bacteria for the benefit of
human health in a clinical setting. One Phase | study evaluated a genetically engineered strain
of Lactococcus lactis to deliver trefoil factor 1 (TFF1) to help reduce or prevent oral mucositis
caused by chemotherapy (Limaye et al., 2013). In another study Listeria monocytogenes was
engineered as a cervical cancer vaccine where the human papilloma virus (HPV) E7 protein
was fused to Listeria protein listerolysin O (LLO) to stimulate a robust immune response
targeting HPV cancer cells and prevent tolerance (Galicia-Carmona et al., 2021). In another
Phase 1 study, researchers genetically modified E. coli to breakdown phenylalanine (Phe) in
humans with a genetic defect in Phe metabolism, reducing Phe levels in blood and alleviating
disease symptoms (Puurunen et al., 2021). Together, these examples highlight the growing
trend of engineered bacteria used for palliative, prophylactic, or curative purposes in a clinical

setting.

Clinical implications

If further developed, these studies have the potential in enhancing not only mucosal immunity,
but cell mediated immunity, thereby reducing morbidity and disease transmission particularly
in individuals that respond sub optimally to vaccines such as the elderly, infants, or
immunocompromised individuals. Using these engineered probiotics has the potential to be
safe and cheap way of effectively enhancing vaccine mediate protection against infectious

diseases, or even be used to retain vaccine-induced immunity in the months post-vaccination.
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Appendices

Buffers and reagents

Composition

rCutSmart buffer 10x

50 mM Potassium Acetate
20 mM Tris-acetate
10 mM Magnesium Acetate

100 pg/ml Recombinant Albumin

Composition

Tris acetate EDTA (TAE) buffer 1x

40 mM Tris(hydroxymethyl)aminomethane
20 mM Acetic acid

1 mM EDTA (disodium salt)

Composition

T4 DNA Ligase Buffer

50 mM Tris-HCI
10 mM MgClz (magnesium chloride)
10 mM Dithiothreitol

1 mM ATP

Composition

DreamTaq master PCR mix 2x

0.05 U/uL Tag DNA polymerase and

reaction buffer

4 mM MgCl: (magnesium chloride)
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0.4 mM of each dNTP (dATP, dCTP, dGTP
and dTTP)

Composition

ZymoPURE binding buffer

ZymoPURE elution buffer

10 mM Tris-ClI

0.1 mM EDTA (Ethylenediaminetetraacetic
acid)

0.04% NaN3 (Sodium-azide)

10 mM Tris-ClI

0.1 mM EDTA (Ethylenediaminetetraacetic
acid)

0.04% NaN3 (Sodium-azide)

Composition

Dulbecco's
phosphate-buffered
saline (DPBS)

8.0 gm NaCl (Sodium

Chloride)

200

(potassium chloride)

mg

1.15 gm NazHPOg4
(Disodium Phosphate)
200 mg KH2PO4

(Monopotassium
Phosphate)

KCI
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Composition

Luria-Bertani broth (LB)

10 gm Tryptone
10 gm NaCl (Sodium Chloride)

5 gm Yeast extract

Composition

ELISA coating buffer

1.5 gm mM NaCOz (Sodium carbonate)
3 gm NaHCOz3 (Sodium bicarbonate)

500 ml distilled water

ELISA buffer

1 x concentrated phosphate buffered saline

solution

Composition

Red Blood Cell lysis buffer

8.02 gm NH4CI (ammonium chloride)
0.84 gm NaHCO3 (sodium bicarbonate)

0.37 gm EDTA (disodium)
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