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Abstract

Conjugate vaccines produced either by chemical or biologically conjugation have been demonstrated to be safe

and efficacious in protection against several deadly bacterial diseases. However, conjugate vaccine assembly and pro-
duction have several shortcomings which hinders their wider availability. Here, we developed a tool, Mobile-element
Assisted Glycoconjugation by Insertion on Chromosome, MAGIC, a novel biotechnological platform that overcomes
the limitations of the current conjugate vaccine design method(s). As a model, we focused our design on a lead-

ing bioconjugation method using N-oligosaccharyltransferase (OTase), PgIB. The installation of MAGIC led to at least
twofold increase in glycoconjugate yield via MAGIC when compared to conventional N-OTase based bioconjuga-
tion method(s). Then, we improved MAGIC to (a) allow rapid installation of glycoengineering component(s), (b) omit
the usage of antibiotics, (c) reduce the dependence on protein induction agents. Furthermore, we show the modu-
larity of the MAGIC platform in performing glycoengineering in bacterial species that are less genetically tractable
than the commonly used Escherichia coli. The MAGIC system promises a rapid, robust and versatile method to develop
vaccines against serious bacterial pathogens. We anticipate the utility of the MAGIC platform could enhance vaccines
production due to its compatibility with virtually any bioconjugation method, thus expanding vaccine bioprepared-

ness toolbox.
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Introduction

For more than half a century, antibiotics were consid-
ered the first line of defence against bacterial pathogens
[1]. However, the spread of antibiotic resistance amongst
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pathogenic bacteria entails considerable efforts to look
for antibiotic alternatives to avoid a foreseeable health
crisis. Vaccines have been successful in curbing infec-
tious diseases for decades, not only among adults but also
among children and the elderly, thus saving millions of
lives worldwide [2].

Glycoconjugate vaccines are considered to be one of the
safest and most effective tools to combat serious infec-
tious diseases including bacterial diarrhea, meningitis,
and pneumonia [3]. Conjugation is achieved by linking
glycans (carbohydrate moiety), either chemically or enzy-
matically, to proteins via covalent bonds. This leads to a
T-cell dependent immune response, offering excellent
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immune protection in people of all ages [4] Traditionally
chemical approaches to produce glycoconjugate vaccine
involve the activation of functional groups on the glycan
and protein that are linked chemically in a multi-step
method that is expensive, laborious, and require several
rounds of purification after each step [5]. Additionally,
chemical conjugation methods such as reductive amina-
tion can alter the polysaccharide epitope, affecting the
immunogenicity of the glycoconjugate against the dis-
ease, besides its inherent batch-to-batch variation [6].

Biological conjugation (bioconjugation) offers a low-
cost alternative to chemical conjugation that is flexible in
vaccine design. It is based on using a bacterial cell, usu-
ally Escherichia coli, as a chassis to express a pathway
that encodes the desired bacterial polysaccharide, car-
rier protein, and an oligosaccharytransferase enzyme,
OST, that catalyses conjugation of the carrier protein to
polysaccharide [5]. Although, the advent of the bacterial
bioconjugation method allowed several protein glycan
vaccine combinations to be successfully developed, some
of which are currently in clinical trials [7]. However,
several challenges hinder the immense potential of bio-
conjugation to become the preferred method to develop
future glycoconjugate vaccines. Firstly, the process places
significant metabolic stress on the E. coli vaccine micro-
factory, due to the expression of orthogonal pathways
[8]. This process requires the prior genetic and structural
information of the polysaccharide structure of choice.
Secondly, the use of three independent replicons has
limitations due to the incompatibility of plasmid origins
of replication and antibiotic selection markers. This can
lead to plasmid loss and result in reduction of glycocon-
jugate yield [7, 9, 10]. Thirdly, reports have demonstrated
that the expression of the OTase PglB, that catalyses the
linking of glycans to carrier proteins, has a detrimental
effect on bacterial growth, thus decreasing cellular fit-
ness to produce glycoconjugates [8, 11]. Collectively
this results in a low biomass which often translates to a
reduction in the vaccine yield. Consequently, this leads
to an increase in the production cost of a glycoconjugate
vaccine, making it unaffordable in low-income countries
where they are most needed, putting millions of lives at
risk as a result of vaccines inequity [5].

Previous attempts to engineer robust glycoengineering
host strains using homologous recombination have had
limited success [11]. Although this technology managed
to moderately boost glycoprotein production and reduce
the dependence on plasmids, it suffers from major draw-
backs. Firstly, the method is slow and requires the success-
ful expression of recombinase systems from plasmids to
allow chromosomal integration of glycoengineering com-
ponents. Secondly, it cannot be applied to other Gram-
negative bacteria since prior knowledge of the genome
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sequence is required to allow for the design of homologous
arms for homologous recombination to occur. Thirdly, the
scarcity of genetic manipulation tools, which are available
for limited bacteria, impede the wide use of homologous
recombination platforms.

Here, we present a novel platform to overcome some of
the limitations of bioconjugation by creating a modular
system to rapidly develop conjugate vaccine candidates.
This platform could be biologically tailored in a “plug-and-
play” manner to allow the integration and stable expres-
sion of the glycoengineering component(s) not only in E.
coli but also in other Gram-negative bacteria. We term this
technique, Mobile-element Assisted Glycoconjugation by
Insertion on Chromosome (MAGIC). At first instance, we
sought to assess the applicability of MAGIC with the com-
monly used N-OTase bioconjugation method. We show
how this platform enables the rapid assembly of stable
glycoconjugate combinations. We also report that once a
bacterial cell has undergone the MAGIC process, it can be
used in its own right as a chassis strain to achieve superior
glycoconjugate yields and higher glycosylation efficiency
when compared to the traditional three plasmid-based bio-
conjugation methods, and cell free glycosylation method.
Furthermore, integration of the OTase into host E. coli cells
was shown to alleviate much of the metabolic burden from
the bacterium that was demonstrated as a direct increase of
biomass and glycoconjugate yield. In addition, we present
the versatility and robustness of MAGIC beyond glycoen-
gineering E. coli strains and in other genetically less trac-
table host bacteria such as Citrobacter species. To illustrate
the potential application of MAGIC as a rapid method to
develop a candidate conjugate vaccine, we speculated a sce-
nario of an E. coli 0157 outbreak. Then we utilised MAGIC
to successfully develop a candidate glycoconjugate vaccine
via linking 0157 O-antigen to a model carrier protein. The
method allowed a glycoconjugate to be created in approxi-
mately a week. This also demonstrated that MAGIC could
be used in developing candidate glycoconjugates without
prior knowledge of bacterial polysaccharides structure and
when genetic manipulation tools are scarce. The modular
nature of MAGIC highlights its applicability as a tool for
biopreparedness especially against emerging multi-drug
resistant bacteria.

Results

Assessment of MAGIC in developing a conjugate vaccine
against Francisella tularensis

To demonstrate the proof-of-principle of MAGIC
application in glycoconjugate production, we first con-
structed E. coli MAGIC v.1, based on inducible pg/B
under a P, promoter system [12]. PglB is responsi-
ble for decorating more than 50 proteins in Campy-
lobacter jejuni with a heptasaccharide (GalNAc:
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-al,4-GalNAc-al,4-GalNAc-[Glcp1,3-]GalNAc-al,4-
GalNAc-al,4-GalNAc-al,3-Bac-f1, where GalNAc
is N-acetylgalactosamine, Glc is glucose, diNAcBac is
2,4-diacetamido-2,4,6-trideoxyglucopyranose) attached
to the asparagine residue in the acceptor sequon D/E-
X,-N-X,- S/T with X, and X, as any amino acid except
proline. The successful expression of PglB was instru-
mental linking bacterial polysaccharides to selected
carrier proteins in E. coli. This led to the development
of low-cost vaccines candidates against several deadly
diseases. Since it is considered as the most studied and
utilised bacterial OTase, therefore it would serve as an
exemplar to test MAGIC. We applied MAGIC v.1 to all
major glycoengineering strains such as, E. coli W3110,
E. coli SDBL, E. coli S®874, E. coli SCM3, E. coli SCMS6,
E. coli SCM7, and E. coli CLM24. This was achieved by
overnight conjugation, and subsequent culturing, under
antibiotic selection, to confirm pg/B integration on the
chromosome. The stability of this integration was con-
firmed by subculturing E. coli MAGIC v.1 more than 10
times without any antibiotic selection and demonstrat-
ing that the insertion site had remained intact (data not
shown). We then tested E. coli MAGIC v.1 in developing
a vaccine against Francisella tularensis SchuS4. The bac-
terium E tularensis is categorized as a scheduled bioter-
rorism class A threat agent due to its high infectivity, low
infectious dose, and ease of aerosol distribution [13]. The
O-antigen of E tularensis, designated here as Ft O-Ag,
consists of the repeating unit of the tetrasaccharide [2)-
B-Qui4NFm-(1 — 4)-a-GalNAcAN-(1 - 4)-a-GalNAc
AN-(1— 3)-B-QuiNAc-(1 —]. Previous studies demon-
strated that rodents vaccinated by either Ft-LPS or Ft
O-Ag glycoconjugate were protected against E tularensis
infection [9]. Initially, we established E. coli as a positive
control, designated here as E. coli gCmeA bioconjugation
Ft O-Ag, expressing Ft O-Ag biosynthetic pathway, PglB
under P, promoter from pEXT21, and CmeA as a model
carrier protein. The periplasmic accessory protein CmeA
glycoprotein from Campylobacter jejuni has traditionally
been used as a model carrier protein to investigate gly-
coengineering components. The glycoprotein carries two
native glycosylation sites, "' DFNRS'®* and ' DNNNS*"®
[14]. A C-terminal 6xHis tag was added to CmeA to facil-
itate its purification via immobilised metal ion chroma-
tography (IMAC) and Western blot analysis. We used a
waal deficient E. coli strain, CLM24, considered optimal
for glycoconjugate production since the O-antigen ligase
gene, waal, is deleted, preventing competition with PglB
for UndPP linked substrate [15].

We assembled E. coli CLM24 MAGIC v.1, designated
here as gCmeA MAGIC v.1 Ft O-Ag as summarized
in Fig. 1A. To assess the performance of E. coli CLM24
MAGIC v.1 against gCmeA bioconjugation Ft O-Ag.
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Both E. coli CLM24 variants were grown overnight and
subcultured the following day. Bioconjugation was initi-
ated by induction of pglB expression at ODg, of 0.4—0.5.
Under shake flask culture conditions, we demonstrated
that E. coli gCmeA bioconjugation Ft O-Ag, carrying the
three plasmids system, induced with 1 mM IPTG over-
night, reached a maximum ODy,,,, of 1.2 whilst gCmeA
MAGIC v.1 Ft O-Ag grew, on average, to an ODg, of 1.7
(average of 41% increase in cell density). Western blot
analysis of representative CmeA affinity purified from
both E. coli strains reacted positively when probed with
E tularensis O-antigen monoclonal antibody. Interest-
ingly, a visible ladder distinctive of E tularensis O-anti-
gen was observed only in gCmeA MAGIC v.1 Ft O-Ag
when probed by either anti-his antibody or O-antigen
antibody Fig. 1B. Glycoprotein yield was quantified using
image densitometry (glycoprotein/glycoprotein+ ungly-
cosylated protein *100) from three biological replicates
Additional file 1: Figure S1. An approximate twofold
increase in glycoprotein production in gCmeA MAGIC
v.1 Ft O-Ag was observed when compared to its coun-
terpart, with glycosylation efficiency increasing from
77.2%+ 14 using traditional three plasmids bioconju-
gation method to 90.2%+2.9 in gCmeA MAGIC v.1 Ft
O-Ag Fig. 1C. This degree of polymerization was also not
achieved via cell free glycosylation (CFG) method.
Contrary to performing bioconjugation in bacterial cell,
CFG offers a plausible alternative. It is based on express-
ing main glycoengineering components such as, carrier
protein, OTase, and bacterial polysaccharide pathways
in E. coli cells, then utilise the cell extracts as a source
to perform glycosylation in vitro. This approach has
the flexibility in testing different glycoengineering with
various ratios to assess glycosylation efficiency. We per-
formed CFG by expressing each of the glycoengineering
component in E. coli, cell extracts were obtained by sev-
eral rounds of cell lysis and enriching for cellular extracts
containing CmeA carrier protein and Ft-OAg polysac-
charide that were mixed in a constant volume (100 ul).
The OTase PgIB was then added in an increasing volume
of cell extracts (from 20 to 500 pl). The reaction mixture
(1 ml) was incubated overnight in shaking incubator at
30 °C followed by carrier protein purification via IMAC.
Purified proteins were separated via SDS-PAGE, trans-
blotted, and probed with monoclonal antibody against
Ft-OAg and monoclonal antibody against 6xhis Fig. 2A.
We observed a faint band that reacted positively with
the Ft-OAg antibody upon increasing the volume of cell
extracts containing PglB, however, we did not observe
any distinct ladder to indicate highly polymerized glycan
conjugation to CmeA Fig. 2B (Additional file 2: Figure
S2). Additionally, we noticed a reduction in the cell free
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Fig. 1 Glycoconjugate production in £. coli MAGIC strains compared to conventional bioconjugation method. A Schematic diagram of developing
of constructing E. coli MAGIC; B Western blot of 5 ug His-tagged CmeA protein purified by nickel affinity chromatography. Biological samples

were separated on a Bolt 4-12% bis-tris gel (Invitrogen) with MOPS buffer and transferred to nitrocellulose membrane with an iBlot 2 dry blotting
system. The membrane was probed with anti-His (Invitrogen) and anti- Ft-O antigen monoclonal antibody (Abcam) and detected with fluorescently
labelled secondary antisera (green-His, red-Ft-O-antigen) on a LiCor Odyssey scanner.; C densitometry analysis of glycoconjugate production in E.
coli MAGIC v.1 Ft-O compared to E. coli bioconjugation Ft-O. Densitometry analysis of glycoconjugate was done from three biological replicates.
Statistical analysis is from three biological replicates using Student’s t-test ns, p>0.05; *p <0.05, **,p <0.01, ***, p <0.001

glycosylation efficiency upon the increase of cell debris
containing glycan donor.

Taken together these results show that MAGIC is
an effective tool in vaccine production. It also shows
that MAGIC can alleviate cellular burdens caused
by the glycoengineering component(s) thus allowing
for an increased cell density and higher glycoprotein
production.

Improving MAGIC v.1

Guided by these results, we sought to improve MAGIC
v.1 by enhancing the assembly process of MAGIC strains.
This was achieved by designing a modular system that
is more compatible with loading of the glycoengineer-
ing component. Secondly, reducing the dependence of
antibiotics as a counter selection marker in the glyco-
conjugate production process. Thirdly, eliminating any

unnecessary DNA sequence that increased the size of
MAGIC, making chromosomal integration more effi-
cient. To achieve this, we synthesized DNA having the I
and O end of MAGIC v.1 and we reduced the cargo size
by selecting a small DNA fragment encoding Zeocin®
resistance cassette (359 bp), replacing the larger kana-
mycin antibiotic resistant cassette (816 bp). The Zeocin®
resistance cassette was also flanked by loxp site to allow
removal of antibiotic selection marker once it is inte-
grated on the chromosome. Secondly, we added unique
restriction enzyme sites for facile loading of cargo on
a high copy pUC vector before transferring onto the
chromosomal delivery construct. We designate this as
MAGIC v.2 Fig. 3A.

We sought to test MAGIC v.2 in developing a vaccine
against the pneumococcal bacterium Streptococcus pneu-
moniae, a leading cause of pneumonia and meningitis
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Fig. 2 Cell free glycosylation (CFG). A schematic diagram of cell free glycosylation analysis; B western blot analysis of cell free glycosylation

upon gradual increase of cell debris containing glycan donor denoted by the grey triangle. Western blot of 5 ug His-tagged CmeA protein purified
by nickel affinity chromatography Protein samples were separated by SDS-PAGE 4-12% bis—tris gel (Invitrogen) with MOPS buffer and transferred
to nitrocellulose membrane with an iBlot 2 dry blotting system. The membrane was probed with anti-His (Invitrogen) and anti- Ft-O antigen
monoclonal antibody (Abcam) and detected with fluorescently labelled secondary antisera (red-His, green-Ft-O-antigen) on a LI-COR Odyssey

scanner

worldwide [16] Pneumococcal capsular polysaccharide
is one of the main virulence factors and a major compo-
nent of the vaccine currently in use (PPSV23 and PCV10,
13 and 15). Currently, vaccines against S. pneumoniae
are produced via chemical conjugation [17]. Previously,
we demonstrated that a biologically conjugated vaccine
against S. pneumoniae confers protection and increased
survival rate in laboratory animals [10]. We sought to
apply MAGIC v.2 in enhancing the production of a S.
pneumoniae vaccine. As a control to this experiment,
E. coli W3110 CmeA-Sp4 was assembled. This strain
expresses the orthogonal pathway of S. pneumoniae sero-
type 4 (Sp4), which consists of Pyr-Glc-(1 - 3)-a-ManN
Ac-(1 - 3)-B-FucNAc-(1 — 3)-a-GIcNAc [18], PglB under
P.,. promotor from a single copy plasmid pEXT22, and

tac

a carrier protein CmeA. Previous attempts to generate a
Sp4-CmeA glycoconjugate in CLM24 and W3110 carry-
ing pglB expressed from pEXT21 were unsuccessful. We
constructed E. coli W3110 MAGIC v.2 as detailed in the
methods section and removed the antibiotic resistance
cassette (Zeocin®) using the cre/loxP system. Successive
subculturing in the absence of antibiotics did not result
in the loss of the OST following chromosomal integra-
tion with MAGIC v.2. Next, Sp4 and CmeA were added
to E. coli W3110 MAGIC v.2. Both strains, E. coli W3110
Sp4 bioconjugation and E. coli W3110 SP4 MAGIC v.2,
designated as gCmeA bioconjugation Sp4, and gCmeA
MAGIC v.2 Sp4, respectively for ease, were grown over-
night in media with shaking, and subcultured the follow-
ing day. Biological conjugation was initiated by induction
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Fig. 3 Designing and testing of MAGIC v.2; A schematic diagram of | and O end of MAGIC v.2; B Western blot of 5 ug His-tagged CmeA protein
purified by nickel affinity chromatography. Biological samples were separated on a Bolt 4-12% bis—tris gel (Invitrogen) with MOPS buffer

and transferred to nitrocellulose membrane with an iBlot 2 dry blotting system. The membrane was probed with anti-His (Invitrogen) and anti-SP4
(Statens, Serum Institute) and detected with fluorescently labelled secondary antisera (red-His, green- anti-SP4) on a LI-COR Odyssey scanner;

C densitometry analysis of glycoconjugate production in E coli MAGIC v.2 SP4 compared to E. coli bioconjugation SP4.; Densitometry analysis

of glycoconjugate was done from three biological replicates. Statistical analysis is from three biological replicates using Student’s t-test ns, p >0.05;

*p<0.05, *p<001,** p<0001

of pglB expression at ODg, of O.4-0.5 by 1 mM IPTG.
CmeA 6xHis was purified via IMAC, then analyzed by
Western blot analysis. CmeA from Sp4 bioconjugation
and MAGIC v.2 Sp4, reacted positively when probed
with Sp4 antibody. Western blot analysis showed a dis-
tinctive ladder indicative of glycosylation of CmeA by
Sp4. Length variability of the glycan polymer was clearly
noticed, where gCmeA Sp4 MAGIC v. 2 exhibits a longer
polymer when compared to gCmeA bioconjugation Sp4
Fig. 3B and Additional file 3: Figure S3. Image analysis
of three biological replicates shows that the CmeA gly-
coconjugate increased by threefold in MAGIC v.2 when
compared to a standard 3 plasmid bioconjugation set-up,
with glycosylation efficiency increased from 81.2%+7 to
90.4% +2.9. This result confirms that glycoprotein pro-
duction is significantly enhanced by the MAGIC plat-
form Fig. 3C.

We noticed that the efficiency of E. coli MAGIC strains
creation was dependent on minimising the size of the
cargo within the MAGIC constructs. In order to refine
the MAGIC technology, we opted to assemble an OST

under control of a constitutive promoter instead of an
IPTG inducible promoter. We synthetically designed
MAGIC v.3 utilizing 0”° promoter(s) variants from Reg-
istry of Standard Biological Parts and the iGEM inven-
tory number BBa_J23109 (0.04), BBa_J23114 (0.1),
BBa_J23115 (0.15) and BBa_J23104 (0.72), where pro-
moter strength was previously measured in the relative
fluorescence units from plasmids expressing RFP in strain
TG1 grown in LB media to saturation [19]. Four pro-
moters were chosen to cover a wide range of strength to
drive the expression of the OST. Additionally, the induc-
ible promoters assisted in further reducing the distance
between the I and O end of the transposon by removing
the P,,. and lacl repressor and potentially further reduc-
ing vaccine production cost by omitting the use of a pro-
tein induction reagent such as IPTG. Next, we assessed
the impact of promoter strength on glycoconjugate pro-
duction yield. We constructed E. coli CLM24 MAGIC
v.3 variants and tested their relative ability to produce a
vaccine against our model O-antigen; E tularensis using
CmeA as a carrier protein. Surprisingly, strong promoter
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BBa_J23114 TTTATGGCTAGCTCAGTCCTAGGTACAATGCTAGC 0.10
BBa_J23110 TTTACGGCTAGCTCAGTCCTAGGTACAATGCTAGC 0.33
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Fig. 4 A, Designing and testing MAGIC v.3. A nucleotide sequence of Biobricks promoters used in constructing MAGIC v.3 and their corresponding
promoter strength [19]; B Western blot of 5 pg His-tagged CmeA protein purified by nickel affinity chromatography. Biological samples were
separated on a Bolt 4-12% bis—tris gel (Invitrogen) with MOPS buffer and transferred to nitrocellulose membrane with an iBlot 2 dry blotting
system. The membrane was probed with anti-His (Invitrogen) and anti- Ft-O antigen monoclonal antibody (Abcam) and detected with fluorescently
labelled secondary antisera (green-His, red-Ft-O-antigen) on a LI-COR Odyssey scanner; H, densitometry analysis of glycoconjugate production in E.
coli MAGIC v.3 Ft-O compared to E. coli bioconjugation Ft-O. Densitometry analysis of glycoconjugate was done from three biological replicates.
Statistical analysis is from three biological replicates using Student’s t-test ns, p>0.05; *p <0.05, **,p <0.01, ***, p <0.001

BBa_J23104 (0.72) had a deleterious effect on bacterial
growth and reduced the glycoconjugate yield when com-
pared to the other three promoters. No growth defects
were observed among the other E. coli MAGIC v.3 vari-
ants (BBa_J23109 (0.04), BBa_J23114 (0.1), BBa_J23115
(0.15) upon overnight culture in liquid media (data not
shown). Cells were subcultured the following day and
proceeded to IMAC. Western blot analysis showed a
higher glycoconjugate yield in CmeA isolated from E.
coli MAGIC v.3 BBa_J23115 (0.15) (denoted as gCmeA
PglIB 0.15) when compared to the other promoters and E.
coli CLM24 CmeA bioconjugation as a control (denoted
as gCmeA PglIB (0.04), gCmeA PglB (0.1), and gCmeA

bioconjugation) Fig. 4A, B. The increase in glycoconju-
gate yield was reproducible in three biological replicates.
Glycoprotein yield was estimated using image densitom-
etry (glycoprotein/glycoprotein + unglycosylated protein
*100) from three biological replicates Additional file 4:
Figure S4. When compared to the three plasmid biocon-
jugation method, gCmeA PgIB (0.04) showed minimal
glycosylation of CmeA. Interestingly, gCmeA PgIB (0.1)
showed a 1.6-fold increase in glycoprotein yield whilst
gCmeA PgIB (0.15) showed a twofold increase, when
both compared to CmeA bioconjugation Fig. 4C. Glyco-
sylation efficiency of CmeA were 71.9%+0.7 in gCmeA
bioconjugation method, 74.8%+ 0.9 in gCmeA PgIB (0.1),
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and 74.4% £ 0.6 in gCmeA PgIB (0.15) These results dem-
onstrate the importance of fine-tuning glycoengineering
components to achieve optimum glycoconjugate yield.
Taken together these results demonstrate that MAGIC
is a rapid and robust method to advance glycoconjugate
production in different glycoengineering E. coli strains.

Developing of a candidate conjugate vaccine against E. coli
0157

One of the most challenging steps in bioconjugation and
cell free glycosylation methods is the successful expres-
sion of the glycan orthogonal pathway in E. coli. This
problem is further complicated when ORFs of a certain
glycan are scattered on the genome and/or for example
when a certain degree of acetylation is necessary for a
carbohydrate to be immunogenic [20] and/or the acetyl-
transferase responsible for this is unknown. In order to
overcome this bottleneck, we evaluated the robustness
of the MAGIC platform in the development of glyco-
conjugates in bacteria other thanE. coli. The bacterium
Citrobacter sedlakii NRC6070 is a non-pathogenic bac-
terium that expresses an identical O-antigen to entero-
hemorrhagic E. coli O157, a food-borne pathogen that
causes haemolytic-uremic syndrome (HUS) and haem-
orrhagic colitis, with infectious dose as low as 10> CFU
[21, 22]. Antibiotic treatment of E. coli O157 could
increase the potential risk of development HUS. Phase
II clinical trials showed that an O157:H7 O-antigen
conjugated to exotoxin A from Pseudomonas aerugi-
nosa was safe and immunogenic, as it induced serum
IgG LPS antibodies approximately 20-fold higher than
pre-vaccination titres after 26 weeks post immuniza-
tion [21]. The O-antigen consists of the tetrasaccharide
repeating unit; a-PerNAc-(1 — 3)- a-Fuc-(1 —4)- p-Glc-
(1-3)-a-GlcNAc [22].

To assess the versatility and robustness of MAGIC in
developing a candidate vaccine in the event of a potential
outbreak situation, we aimed at developing a candidate
vaccine against foodborne pathogen E. coli O157:H7, as
an exemplar. We took into consideration two main fac-
tors, firstly, to test a rapid method for vaccine develop-
ment; secondly, to avoid growing a large culture volume
of a pathogenic organism which can be a major safety
biohazard [23]. Since E. coli O157:H7 is categorized
as a CAT III organism, we used C. sedlakii instead. We
developed C. sedlakii MAGIC v.1 as described in Fig. 5,

(See figure on next page.)
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A. This time we added a single plasmid expressing
our model carrier protein, CmeA 6xHis, as C. sedlakii
expresses the same O-antigen as E. coli O157:H7. The
development of C. sedlakii MAGIC v.1 expressing CmeA
took 3 days in total from streaking the cells in glycerol
stocks. To achieve the second aspect, we sought to grow
C. sedlakii MAGIC v.1 CmeA on 2 LB agar plates sup-
plemented with 5 uM IPTG. The following day, cells were
scraped, washed twice with PBS, and CmeA was IMAC
purified. Western blot analysis of CmeA isolated from C.
sedlakii MAGIC v.1 showed an increase in the molecular
weight of CmeA in the form of a clear double bands that
were not seen in CmeA isolated from C. sedlakii wildtype
Fig. 5B, C. The increase in mass shift is generally seen as
an indication of glycosylation. To confirm this finding, we
probed CmeA variants with O157 monoclonal antibody
(Abcam), this identified a high molecular weight ladder
reacting positively in CmeA isolated from C. sedlakii
MAGIC v.2 but not in the CmeA C. sedlaki wildtype.
Interestingly, the double bands did not react with the
monoclonal antibody Fig. 5B, C.

We used LC-MS/MS analysis to precisely characterize
the double bands observed in CmeA C. seldakii MAGIC
v.2.Gel slices were cut followed by reduction, alkyla-
tion, and digested with trypsin. Peptides were separated
by LC and detected by CID MS/MS. CmeA was identi-
fied after the raw data search. Further data analysis was
performed with the addition of O157:H7 repeating unit
molecular weight (698 Da) to modification list in the
database search method. Two peptides were identified as
a part of the D/E-X-N-X-S/T (where X is any amino acid
except proline) carrying this glycan **AVFDNNNSTLL-
PGAFATITSEGFIQK?®; m/z 3452 and 'DENRZ%m/z
1249). Manual analysis of the MS/MS data showed frag-
mentation of the peptides with characteristic peak (m/z
188) in both peptides, which is indicative of PerNAc loss.
Further analysis of the peaks identified the modification
by a tetramer of 187-146-162-203. The mass of 187 is
consistent with an O-acetyl deoxyhexose, 146 is consist-
ent with deoxyhexose, 162 is consistent with a hexose,
and 203 is consistent with N-acetyl hexosamine Fig. 6A,
B. These data combined with the Western blot analysis
confirm that CmeA is successfully glycosylated with the
correct O157 sugar residue by MAGIC v.2.

Next, we sought to assess if there is a difference
in glycoconjugate phenotype between an agar plate

Fig. 6 Mass spectrometry analysis of CmeA glycopeptides A 2AVFDNNNSTLLPGAFATITSEGFIQK?®%; and B E'>'DFNR'?*; purified CmeA was reduced,
alkenylated, and treated with sequencing grade trypsin overnight, peptides were then run on LC-MS/MS (Waters). Precursor ion fragmentation
shows the loss of HexNAc, Hex, deoxyHex, and deoxyHexNAc which corresponds to one repeating unit of O157. Glycan fragmentation is shown

in blue lines and peptide fragmentation is shown in red
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glycosylation method and the traditional liquid culture
media method. Cells were grown, and glycosylation was
induced as mentioned in the methods section CmeA
6xHis was affinity purified and analyzed by western blot.
CmeA from both culture media and plate showed the
distinct extra high molecular weight bands indicative of
glycosylation with O157-Ag. Interestingly, in liquid cul-
ture media conditions, CmeA exhibited lower polymer
length compared to plate glycosylation method. Both of
the polymers reacted positively when probed with 0157
monoclonal antibody Fig. 5D. These results clearly show
that MAGIC is a robust and versatile method that could
be used in the development of candidate vaccines against
bacterial pathogens in a non-E. coli strain. Additionally,
we demonstrate that the biotechnology is compatible
with health and safety procedures that minimize any bio-
hazard risk.

Discussion

In this work we designed MAGIC to allow the testing of
different bioconjugation components and/or different
glycosylation systems, simultaneously, in a “plug-and-
play” manner (Additional file 6: Table 1). The utility of
MAGIC was assessed by the means of bioconjugation
using the commonly used N-OTase, PglB. Our results
highlight that MAGIC could solve several obstacles in
vaccine scalability such as, the choice of plasmids with
compatible origin of replications, avoiding antibiotic
usage, elimination of induction chemicals, thus reduc-
ing the total cost of vaccine production.

Glycan polymer length is one of the factors that
could impact vaccines efficacy. In a recent study, large
molecular size Ft-OAg polysaccharide glycoconjugate
provided superior protection than low molecular size
glycoconjugate against intranasal E tularensis challenge
in a mouse model of tularemia [24]. Previous attempts
to produce highly polymerized glycoconjugates using
bioconjugation methods could have been hampered by
expressing several glycoengineering components in the
cell from plasmids, which consequently, led to lower
cellular biomass and glycoconjugate yield. By alleviating
the metabolic stress on the cell when applying MAGIC
to one or more glycoengineering components, cellular
biomass increased by 41% leading to a higher glyco-
conjugate yield. Densitometry analysis of western blot
images of biological triplicate showed less variation in
glycoconjugates yield produced via MAGIC strains as
well as higher glycan polymerization when compared to
traditional bioconjugation method.

In-depth analysis of the vaccine market shows that
pneumococcal conjugate vaccine (PCV) is most likely
to see a high value growth by 2030, requiring billions of
doses to be manufactured [25]. To meet the forecasted
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market needs, bioconjugation platforms need to be
improved to produce higher yields of efficacious gly-
coconjugate at a lower cost. Bioconjugation is proven
to be a powerful tool to develop efficacious vaccines,
however, it suffers from the inherent drawback of the
necessity of antibiotic usage to maintain replicating
plasmids expressing glycoengineering components.
Consequently, this could increase glycoconjugate pro-
duction cost. A key feature of the improved MAGIC v.2
design is the possibility of removing the antibiotic cas-
sette gene without affecting the expression of any of the
glycoengineering component(s). This could allow the
performance of multiple cycles of MAGIC to the same
bacterium using the same antibiotic selection marker.
A significant threefold increase in glycoconjugate
yield with glycosylation efficiency reaching 90.4% +2.9
was observed in MAGIC v.2 Sp4 strain compared to
CmeA-Sp4 produced via conventional bioconjugation
methods. Previously, we demonstrated the efficacy of
glycoconjugates produced in MAGIC strains in confer-
ring protection against S. pneumoniae when tested in
outbred mice [10]. Taken together, we set out a novel
benchmark in biological conjugation that allows for
enhancement of glycoconjugate production with key
advantages over the current biological conjugation
technologies.

In contrast to the recently published cell free glyco-
sylation method, MAGIC can provide an inexhaustible
and renewable source of novel glycoconjugates [26]. This
main difference stems from the fact that MAGIC is based
on converting the bacterial cell, either E. coli or any other
Gram-negative bacterium, into a factory for glycoconju-
gate vaccine production, contrary to the limited reaction
volumes in cell free glycosylation [27]. One appealing
feature of MAGIC is the reduction of the batch-to-
batch variation bottleneck, since no component mixing
is required with specific quantities and hence reduce
the probability of human error [26]. This in addition to
eliminating key steps in cell free methods such as, ultra-
centrifugation, protein and lipid-linked oligosaccharide
quantification [27]. We speculate that the low degree of
variation observed when MAGIC is performed is due to
the stable expression of the OTase. This could overcome
a critical issue such as plasmids segregation as a conse-
quence of expressing three plasmid components.

The need to develop vaccines in an outbreak situation
has been dramatically demonstrated on a global scale
through the development of vaccines against COVID-19
using mRNA and adenovirus-based technologies. These
technology platforms are less suitable for tackling most
bacterial infections that have more complex cell sur-
face components. Therefore, we devised a hypothetical
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bacterial outbreak scenario, and demonstrated that
MAGIC could be an indispensable tool in rapidly devel-
oping a candidate vaccine. We demonstrated for the
first time that glycosylation could be achieved by grow-
ing cells on agar plates. This eliminates the need to grow
large cultures of pathogens for chemical conjugation and
cell free glycosylation. Additionally, it prevents potential
health risks associated with culture spillage which could
cause a disease outbreak. Our outbreak scenario of devel-
oping a candidate vaccine against the major foodborne
pathogen E. coli O157 was achieved in one week start-
ing from streaking the wildtype strain(s) to purifying a
glycoconjugate. This rapid production of glycoconjugate
highlights another key feature of the MAGIC platform
and its general applicability. Furthermore, this key feature
unlocks the potential of bioconjugation beyond E. coli
strains. Indeed, most of the clinical isolates of pathogenic
bacteria are resistant to several antibiotics commonly
used as selective marker and in the absence of genetic
information of the polysaccharide coding region of a
clinical isolate, MAGIC platform could be implemented
in an agnostic manner. To test this, we applied MAGIC
v.1 to C. freundii ballerup 7851/39 expressing CmeA as
a carrier protein. Interestingly, we noticed a distinctive
polysaccharide ladder cross reacted with the anti-his
channel of CmeA isolated from C. freundii MAGIC v.1
Additional file 5: Figure S5. This glycoconjugate was not
present in CmeA isolated from C. freundii wildtype and
reacted negatively with Vi-CPS monoclonal antibody
(Additional file 5: Figure S5).

In summary, we present a novel glycoengineering plat-
form that will accelerate developing a range of glycoconju-
gate vaccines. The platform provides unique features such
as, (a) enhancing bacterial growth rate by decreasing the
metabolic burden exerted by glycosylation components on
the cell, (b) glycoconjugate yield gains (c) the ability to rap-
idly generate rationally designed tailor-made vaccines, (d)
built-in modularity and compatibility with any glycosyla-
tion machinery available, and (e) wide applicability in non-
glycoengineering E. coli cells. Collectively, the application
of MAGIC technology could be used in the improvement
of existing vaccines, the development of new vaccines, and
potentially as a rapid vaccinology response strategy in an
infectious disease outbreak situation.

Abbreviations

Pgl Protein glycosylation locus

MAGIC Mobile-element Assisted Glycoconjugation by Insertion on
Chromosome

OTase Oligosaccharyltransferase

COvID Coronavirus disease

oD Optical density

Cme Campylobacter Multidrug efflux

IPTG (Isopropy! 3-D-1-thiogalactopyranoside)

Glc Glucose
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GIcNAc N-acetylglucosamine
GalNAc N-acetylgalactosamine
DiNAcBac N,N-Diacetylbacillosamine

GalNACAN N-acetylgalacturonic acid

PerNAcC N-acetylperosamine

QuidNFm  4,6-Dideoxy-4-formamido-glucose
QuiNAc  N-acetylquinovosamine

FucNAc  N-acetylfucosamine

ManNAc  N-acetylmannosamine
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Additional file 1: Figure S1. Western blot of 5 ug His-tagged CmeA
protein purified by nickel affinity chromatography. Triplicate biological
samples were separated on a Bolt 4-12% bis-tris gelwith MOPS buffer
and transferred to nitrocellulose membrane with an iBlot 2 dry blotting
system. The membrane was probed with anti-Hisand anti- Ft-O antigen
monoclonal antibodyand detected with fluorescently labelled secondary
antiseraon a LI-COR Odyssey scanner.

Additional file 2: Figure S2. Western blot of 5 ug His-tagged CmeA
protein purified by nickel affinity chromatography. Triplicate biological
samples were separated on a Bolt™ 4-12% bis-tris gel with MOPS buffer
and transferred to nitrocellulose membrane with an iBlot 2 dry blotting
system. The membrane was probed with anti-His and anti- Ft-O antigen
monoclonal antibody and detected with fluorescently labelled secondary
anti sera on a LI-COR Odyssey scanner.

Additional file 3: Figure S3. Western blot of 5 ug His-tagged CmeA
protein purified by nickel affinity chromatography. Triplicate biological
samples were separated on a Bolt™ 4-12% bis-tris gel with MOPS buffer
and transferred to nitrocellulose membrane with an iBlot 2 dry blotting
system. The membrane was probed with anti-His and anti- SP4 antisera
and detected with fluorescently labelled secondary anti sera on a LI-COR
Odyssey scanner.

Additional file 4: Figure S4. Western blot of 5 ug His-tagged CmeA
protein purified by nickel affinity chromatography. Triplicate biological
samples were separated on a Bolt 4-12% bis—tris gelwith MOPS buffer
and transferred to nitrocellulose membrane with an iBlot 2 dry blotting
system. The membrane was probed with anti-Hisand/or anti-Vi-CPSand
detected with fluorescently labelled secondary antisera on a LI-COR Odys-
sey scanner.

Additional file 5: Figure S5. Western blot of 5 ug His-tagged CmeA
protein purified by nickel affinity chromatography. Triplicate biological
samples were separated on a Bolt 4-12% bis-tris gel (Invitrogen) with
MOPS buffer and transferred to nitrocellulose membrane with an iBlot 2
dry blotting system. The membrane was probed with anti-His (Invitrogen)
and/or anti-Vi-CPS (Statens) and detected with fluorescently labelled
secondary antisera on a LI-COR Odyssey scanner.

Additional file 6: Table 1. Strains and plasmids used in this study.
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