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Abstract

Introduction. Bioconjugation, or protein glycan coupling technology, PGCT, is a method for creating carbohy-
drate-protein composites based on the ability of certain bacteria to perform eukaryotic-type glycosylation. This
method allows for the production of glycoproteins directly in the cells of producer bacteria, most often Escherichia
coli, bypassing the stage of chemical conjugation. This significantly simplifies the creation and production of
conjugated vaccines, consisting of polysaccharide antigens combined with a protein carrier that performs the

functions of a T-cell antigen and an adjuvant.

The aim of the review is to analyze and summarize current data on both the bioconjugation method itself and the

underlying biochemical processes, as well as on the vaccines being developed using this method.

The preparation of the review involved studies presented in the PubMed, Scopus, Google Scholar, eLIBRARY.
RU databases as of February 2025. The following keywords were used for the search: bioconjugation, vaccines,

PGCT, conjugated vaccines, bacterial glycosylation.

An analysis of literature sources dedicated to the study of bacterial N-glycosylation, on the basis of which the
bioconjugation technology was developed, as well as similar processes occurring in certain bacterial species,
was conducted. Reports on the development of new vaccines and the improvement of existing vaccines against
the most relevant pathogens have been analyzed. At present, vaccination appears to be the most effective way
to combat infectious diseases, including efforts to counter the spread of antibiotic-resistant microorganisms. The
diversity of pathogens encountered by the human population compels the search for multiple approaches of
creating effective and safe vaccines. Simplifying and reducing the cost of producing new drugs allows for a more
confident response to the threat of new epidemics. Bioconjugation helps create new vaccines and improve exist-

ing vaccines, although there are certain limitations.

Conclusion. Modern vaccine production is characterized by a variety of approaches united by a single goal — to
effectively counter the threats of new epidemics. Bioconjugation is one of the new, yet quite promising methods
through which several vaccine candidates are already being developed. The analysis of the current state of these
projects may be useful in choosing an approach for developing subsequent preventive immunological drugs.
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BroKOHDbIOrauuA Kak nepcnekTUBHbIN MeToA CO3AaHNA BaKLUH
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AHHOMauus

BsepneHue. BrokoHbloraums, unv TexHonorns pekoMouMHaHTHOro B6akTepuanbHOro rMUMKO3MNMpoBaHus (protein
glycan coupling technology, PGCT), — 3aTo MeTog co3fgaHus yrneBoaHO-6eMKoBbIX KOMMO3UTOB, OCHOBAaHHbIN Ha
CnocobHOCTW HEKOTOPbIX BakTepuin OCYLLECTBNSATL MMMKO3UNMPOBAHME MO TUMY 3YKapuoT 1 NO3BONSAOLLMIA MONy-
YaTb MMUKOMPOTENHBI HEMOCPEACTBEHHO B KINeTkax GakTepui-npoayLeHToB, Yallue Bcero Escherichia coli, MuHys
CTafMio XMMNYECKOW KOHBbIOrauum. 3To 3HaUMTENbHO YNpOLLAeT co3haHne 1 Npou3BOACTBO KOHBIOrMPOBAHHbIX
BaKLMH, COCTOSILLMX U3 NonmcaxapugHbiX aHTUreHoB, 00beANHEHHbIX C BEnKOBbIM HOCMTENEM, BbIMOMHSAOLWLUM
PyHKUMM T-KNETOYHOro aHTUreHa 1 agbloBaHTa.

Llenb o63opa: npoaHanusnposaTtb 1 0606LWUTb akTyanbHble AaHHbIE Kak O CaMOM MeTode GMOKOHBblorauum, Tak
1 0 BUOXMMMYECKMX MpoLeccax, Nexallmx B ero OCHOBe, a Takke O pa3pabaTbiBaeMbIX C €r0 UCMOMb30BaHNEM
BaKLMHaXx.

Mpu noagrotoBke 0630pa GbINM paccMoTpeHbl paboTkl, NpeacTaBneHHble B 6asax PubMed, Scopus, Google
Scholar, eLIBRARY.RU no coctosiHuio Ha deBpanb 2025 r. [1nst noucka Mcnonb3oBanu cnegyloLmne KroyeBble
cnoBa: bioconjugation, vaccines, PGCT, 6uoKoHbloraLmusi, KOHbIOrMpoBaHHbIE BaKUMHbI, HakTepuanbHoe rmnko-
3UnMpoBaHmne.

MpoBenéH aHanM3 UCTOYHMKOB NUTEPATypPbl, MOCBAWEHHBIX M3ydYeHuto GakTepranbHOro N-rmmMko3vnMpoBaHus,
Ha 6a3e koToporo Obina co3gaHa TeXHONorMs BUOKOHbBIOraLMK, a Takke CXOAHbIX C HUM NPOLECCoB, NPOTEKato-
LWMX B oTAenbHbIX Buaax baktepui. MNpoaHanmanposaHbl coobLleHnst 0 pa3paboTke HOBbIX U YCOBEPLUEHCTBO-
BaHWM yXXe NMMEILLMXCA BakUMH NPOTMB Havbonee akTyanbHbIX NaToreHoB. B HacToALWMIN MOMEHT BakuMHaums
npeactaensieTcs Hanbonee apekTUBHBIM cnocobom 6opbbbl ¢ MHAEKLMOHHLIMK 3aboneBaHNAMU, BKIoYas
TaKkKe NPOTMBOAENCTBME PACMPOCTPaHEHNIO aHTUBNOTMKOPE3NCTEHTHBIX MUKpOOpraHM3moB. Pa3Hoobpasve na-
TOreHOB, C KOTOPbIMU CTanK1BaeTCs YENOBEYECTBO, BbIHYXXAAET UCKaTb MHOXECTBEHHbIE MOAXOAbI A1 CO30aHUA
3 PEKTMBHBIX 1 He30NacHbIX BakLMH. YNpoLLeHne 1 CHkeHne cebecToMmocTy Npon3BoaCcTBa HOBbLIX Npenapa-
TOB AaéT BO3MOXHOCTb 6oree yBepeHHO MPOTUBOCTONATh Yrpo3e HOBbIX anuaemuii. buokoHbloraums nomoraet
co34aBaTb HOBbIE€ BaKLMHbI U COBEPLUEHCTBOBATL yXXe MMeloLwmnecs, XoTa 1 obnagaeT onpeaenéHHbIMN OrpaHu-
YeHnAMM.

3akntovyeHune. CoBpeMeHHOe NPOM3BOACTBO BaKLMH XapaKTepusyeTcs pasHoobpasnem nogxoaos, 0ObeanHEH-
HbIX OOHON Lienbio — 3(PPEKTUBHO NPOTUBOCTOATL YrPO3aM HOBbIX aNMAeMuii. BUoOKoHBbIoraums — oguH U3 Ho-
BbIX, HO JOBOMLHO MHOroo6eLalLLMX METOAOB, C MOMOLLBIO KOTOPOro yxe paspabaTtbiBaeTcsl HECKOMbKO Bak-
LMH-KaHAMAAToB. AHaNM3 TEKYLLEro COCTOSAHMSA 3TUX NPOEKTOB MOXET ObITb noneseH npu Belibope nogxona Ans
co34aHus nocnegywmnx NnpounakTuYecknx MMMyHoNpenapaTos.

KnioueBble cnoBa: 0630p, 8akUuHbI, 6akmepuanbHOe 21UKO3UUposaHue, 6UOKOHbIo2auusl, PEKOMOUHaHMHbIE
bernku

UcmoyHuk d)uHaHCUpOGaHUﬂ. ABTOpr 3aaBns0T 06 OTCYTCTBUW BHELUHEro CbVIHaHCI/IpOBaHI/IS:I npn nposeaeHun
ncenenosaHuA.

KoHgbnnukm uHmepecoe. ABTOpbl AEKNapUpyOT OTCYTCTBUE SIBHbIX U MOTEHLMATbHBIX KOH(IIMKTOB UHTEPECOB, CBSI-
3aHHbIX C NyGnuKaLmeit HacTosILLe CTaTbu.

Ans yumupoearus: LibiraHosa M.U., Hosukos [1.B., Hosukos B.B., Kapaynos A.B. BuokoHblorauusi kKak nepcnekTms-
HbI METOZ CO3AaHust BaKUMH. XKypHan Mukpobuonoauu, anudemuosioauu u ummyHobuonoauu. 2025;102(4):495-506.
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Introduction tality caused by antibiotic-resistant strains. According

In November 2024, the World Health Organiza- to WHO estimates, vaccination against 23 pathogens

tion (WHO) updated the list of priority endemic patho-
gens for which there is the greatest need for vaccines
[1], noting that vaccination not only reduces morbidity
but also decreases antibiotic use, thereby lowering mor-

© UbiraHosa M.U., Hosukos [.B., HosukoB B.B., Kapaynos A.B., 2025

could reduce the need for antibiotics by 22% [2]. More-
over, the widespread use of existing vaccines against
pneumococcus, Haemophilus influenzae type b, and
typhoid fever could potentially prevent up to 106,000
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deaths annually caused by the spread of antimicrobi-
al resistance. The development and global implemen-
tation of new vaccines against Mycobacterium tuber-
culosis and Klebsiella pneumoniae could potentially
prevent more than 500,000 deaths annually caused by
antimicrobial resistance. To create the most effective
vaccines, a variety of approaches are currently being
used. One of them is bioconjugation or protein glycan
coupling technology (PGCT).

The aim of this review is to analyze and summa-
rize current data on both the bioconjugation method it-
self and the biochemical processes underlying it, as well
as on the vaccines being developed using this method.

In preparing the review, an analysis was conducted
of both English- and Russian-language literature avail-
able in the scientific databases PubMed, Scopus, Goo-
gle Scholar, and eLIBRARY.RU as of February 2025.
The following keywords were used for the search:
bioconjugation, vaccines, PGCT, bioconjugation, con-
jugated vaccines, bacterial glycosylation. At the first
stage, when searching for "bioconjugation” from 1968
to 2025, more than 6000 sources were found, which
were reduced to 250 by combining queries. Initially,
studies from 2010 to 2025 were selected, reducing the
number to 178, after which a number of relevant ar-
ticles without time restrictions were added for a more
comprehensive coverage of the research issue. Due to
the article's length limitation, 59 of the most relevant
sources were selected. Also, studies for which it was
impossible to obtain the full text of the article, sources
not in English, as well as those Russian-language arti-
cles in which the issue was mentioned but not discussed
in detail, limiting themselves to references to already
used foreign sources in the review, were excluded from
the selection.

Key features of bioconjugation

PGCT was created based on the ability of the mi-
croorganism Campylobacter jejuni to perform N-glyco-
sylation of proteins using the oligosaccharyltransferase
(OST) PgIB, which is expressed along with other en-
zymes in a cluster called pgl (protein glycosylation),
as described in 1999 [3]. PgIB is a membrane enzyme
with an active site facing the periplasmic space. It is
capable of attaching an oligosaccharide, primarily com-
posed of N-acetylgalactosamine (GalNac) monomers,
to the asparagine residue located at the center of the
so-called acceptor sequence [4]. The acceptor sequence
of PglB is as follows: Asp/Glu — Y — Asn — X —
Ser/Thr, where X and Y are any amino acids except pro-
line [5]. The attachment of the oligosaccharide occurs
through the amide group of asparagine and is classified
as N-glycosylation. The pgl cluster has been success-
fully cloned into E. coli and has demonstrated the abil-
ity to express the entire set of enzymes necessary for
glycosylation, as well as perform the glycosylation it-
self when proteins with the required acceptor sequence

are present [6]. Thus, it became possible to obtain gly-
cosylated proteins directly in E. coli. This process was
named bioconjugation, or PGCT technology (Figure).

Historically, in the production of polysaccha-
ride-based vaccines, carbohydrates are chemically co-
valently attached to a carrier protein, which serves the
functions of a T-cell antigen and partially an adjuvant.
The discovery of bacterial N-glycosylation and the pos-
sibility of its functional transfer to E. coli allowed for
the development of products in which both the produc-
tion of antigens and their conjugation occur directly in
the producing organism, simplifying and reducing the
cost of the process.

The first attempts to create a vaccine using PGCT
technologies appeared in 2010 [7]. J. Ihssen et al. pub-
lished a report on the successful production of con-
jugates in E. coli, consisting of the O-antigen of Shi-
gella dysenteriae serotype 1 and the AcrA proteins of
C. jejuni and exotoxin A of Pseudomonas aeruginosa
(EPA), respectively. After this report, news about the
development of new vaccines against various patho-
gens based on PGCT began to arrive regularly. Howev-
er, difficulties immediately arose, primarily due to the
fact that PglIB is capable of transferring only oligosac-
charides with a reducing terminal residue, catalyzing
the formation of a bond through the acetamido group at
the 2-position, which sharply limits the number of car-
bohydrate antigens that can be used. To overcome these
limitations, researchers began using O-glycosylating
bacterial OST, which were found in species such as
P. aeruginosa, Neisseria meningitides, Francisella tu-
larensis and Acinetobacter baylyi.

In the case of P. aeruginosa, the function of OST is
performed by the PilO enzyme, which transfers glycans
to the PilA protein (type IV pilin) [8]. N. meningitides
expresses the PglL protein, encoded by the pglL gene,
which also glycosylates pili [9]. F tularensis contains
the enzyme PglA, which attaches pentasaccharides to
the PilA protein [10]. The PglS enzyme from 4. baylyi
is an O-glycosyltransferase that transfers carbohydrate
residues to the pilin-like protein ComP [11]. All the
listed proteins, when cloned in E. coli, demonstrated
the ability to glycosylate their native substrates [12]. In
this case, PilO transferred only short oligosaccharides,
whereas PglIL performed glycosylation with long oligo-
saccharides and, additionally, interacted with glycans
that were inaccessible to PgIB, such as the O4 O-anti-
gen of Salmonella typhimurium. Regarding PglS, it was
found that it is capable of transferring oligosaccharides
with glucose as the reducing terminal sugar, which dis-
tinguishes it favorably from other bacterial OST [13].
Using these enzymes, researchers were able to develop
and obtain bioconjugates capable of eliciting immune
responses in both laboratory animals and humans. At
present, potential bioconjugate vaccines against Shigel-
la, pathogenic E. coli, Klebsiella, Streptococcus pneu-
moniae, Brucella, Staphylococcus aureus and other



498

JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2025; 102(4)

DOI: https://doi.org/10.36233/0372-9311-696

REVIEWS

Proteins coded
by pgl cluster

Acceptor
Carbohydrates protein
Proteins coded
by pgl cluster Carbohydrates
Acceptor E. coli
protein
Acceptor sequence
(glyco-tag) E. coli
Outer membrane
Acceptor protein with glyco-tag
Periplasm
Glycosylated protein
OST
Flippase Waal Inner membrane
Carbohydrates
WecA

General scheme of PGCT in E. coli cells [18, with added changes].

a — the stage of transforming bacteria with plasmids containing nucleotide sequences that encode, respectively, a carrier protein
with an acceptor sequence specific to the used OST, a set of carbohydrates necessary for its glycosylation, and a cluster containing
the enzymes required for glycosylation; b — the process of glycosylation itself, occurring on the inner membrane of E. coli cells modified
for more efficient bioconjugate synthesis.
Waal is the O-antigen ligase of E. coli, competing with recombinant OST for oligosaccharides; WecA is the enzyme that catalyzes the
biosynthesis of native glycans in the producing bacterium; flippase is the enzyme that transfers the carbohydrate sequence to the periplasm.

pathogens posing the greatest threat to public health are
at various stages of development [2].

Bioconjugate vaccines against Shigella

Shigellosis or bacterial dysentery is caused by mi-
crobes of the genus Shigella. These are gram-negative
bacteria from the family Enterobacteriaceae that pene-
trate the gastrointestinal tract, infect the mucous mem-
brane of the large intestine, and cause inflammation.
Shigellosis is one of the leading causes of diarrhea-re-

lated deaths worldwide. Children under the age of 5 in
low- and middle-income countries suffer the most [14].
Currently, four species of Shigella are known: S. flex-
neri, S. sonnei, S. dysenteriae, and S. boydii. The great-
est threat is posed by the species S. flexneri. There are
15 known serotypes of S. flexneri, the most common
of which is S. flexneri 2a, followed by S. flexneri 3a
and S. flexneri 6. S. sonnei is the prevalent species of
Shigella in industrialized countries, and one serotype
is known for it. Despite the large number of develop-
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ments that have reached the clinical trial stage [15]
(Table), there is currently no licensed international vac-
cine against shigellosis.

The first bioconjugated vaccine tested in humans
was a candidate vaccine against S. dysenteriae [16].
In its development, the O-antigen polysaccharide of
S. dysenteriae type Ol was bioconjugated in E. coli
with a recombinant version of EPA and the PgIB clus-
ter, named GVXN SD133, and underwent Phase I clini-
cal trials [17]. The results showed that regardless of the
method of administration, the drug was well tolerated
and had an acceptable level of safety. In the blood of
the vaccinated, a statistically significant increase in the
levels of IgG and IgA class antibodies against the O1
polysaccharide was detected [16].

Then, another monovalent vaccine against Shigel-
la based on the O-antigen of S. flexneri 2a was devel-
oped, also based on PgIB. The same rEPA was chosen

as the protein carrier. The bioconjugate was named
Flexyn 2a. The safety and immunogenicity of this
vaccine prototype have been confirmed. Similarly, to
the results obtained in the study of the vaccine against
S. dysenteriae, immunization with the Flexyn 2a drug
revealed a significant increase in the titers of IgG
and IgA antibodies against LPS of S. flexneri 2a [18].
A randomized double-blind placebo-controlled phase
2b study [19] demonstrated an adequate level of safety
and immunogenicity of the vaccine. The efficacy of the
Flexyn 2a bioconjugate was further confirmed by oth-
er methods, including the assessment of the severity of
shigellosis. It was shown that this indicator was lower
in the vaccinated individuals than in the patients receiv-
ing the placebo [20].

Promising results demonstrated during the de-
velopment and testing of Flexyn 2a contributed to the
development of a polyvalent vaccine. S4V is a quadri-

Bioconjugated vaccines against various pathogens currently under development

Pathogen Drug name/Bioconjugate characteristics Stage Reference
GVXN SD133 Phase | clinical trials [17]
Shigella spp. Flexyn 2a Phase 2b clinical trials [19]
sS4V Phase 1/2 clinical trials ~ NC 104056117 —

ClinicalTrials.gov

Pathogenic E. coli
(E. coli O 157)

Extraintestinal
pathogenic E. coli

Hypervirulent type
K. pneumoniae
(hvKp)

K. pneumoniae

K. pneumoniae O1

S. pneumonia

S. agalactiae

B. abortus

S. aureus

F. tularensis

Conjugate of O-antigen and E. coli 0157 MBP, OST — PgIB

Conjugate of O-antigen and Citrobacter sedlakii CmeA protein

Preclinical trials on mice [23]

NRC6070, OST — PgIB Laboratory experiments [25]
. ) NCT04899336 —
ExPEC9V Phase Il clinical trials ClinicalTrials.gov
Phase | and Il clinical N 104306302,
ExPEC10V 3 NCT03819049 —
trials - ;
ClinicalTrials.gov
Conjugate of O25B-antigen EXPEC and EPA, OST — PgIB Laboratory experiments [32]
Conjugate of capsular polysaccharides of serotypes K1 and K2 - S
with the EPA-ComP protein, OST — PgIS FEEITER L I FE e
Conjugate of O-antigens of lipopolysaccharide and protein EPA, Preclinical trials in mice [36]
OST — PgIS
KPO1-VLP Preclinical trials in mice [37]
Conjugate of serotype 4 capsular polysaccharide and AcrA protein, Preclinical trials in mice 139]
OST — PgIB
Conjugates of the ST4 capsular polysaccharide - S
and the NanA, Sp-148, PiuA proteins, OST — PglB L L T e [43]
CPS8-EPAiCTe Preclinical trials in mice [44]
Conjugate of polysaccharides of serotypes la, Ib and IlI - S
with the EPA-ComP protein, OST — PglS FIERITER LS 0 [47]
Conjugate of Yersinia enterocolitica O-polysaccharides - e
and cholera toxin B, OST — PglL Preclinical trials in mice [52]
Conjugate of Brucella O-polysaccharides and Nano-B5 nanoparticles, Preclinical trials in mice 54]
OST — PglL
CP5-EPA, CP8-EPA and CP5-Hla Preclinical trials in mice [56]
Conjugate of the O-antigen of F. tularensis and EPA Preclinical trials in mice [58]
Conjugate of the O-antigen of F. tularensis and the CmeA protein Laboratory experiments [25]

of Citrobacter sedlakii NRC6070, OST — PgIB
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valent bioconjugated vaccine that contains O-antigens
of S. flexneri serotypes 2a, 3a, 6, as well as S. sonnei,
conjugated to the carrier protein EPA. Currently, a dou-
ble-blind S4V study is being conducted in Kenya to
determine the appropriate dose and age group (adults,
children, infants). The data collected during this study
will be an important step in the development of a vac-
cine against Shigella [21].

Bioconjugated vaccines against pathogenic
strains of E. coli

Pathogenic strains of E. coli are divided into two
groups: extraintestinal pathogenic E. coli (ExPEC) and
intestinal pathogenic E. coli (InPEC). EXPEC strains
are primarily associated with neonatal meningitis and
urinary tract infections in adults (UTIs). InPEC strains
cause various diarrheal diseases and are divided into 6
pathotypes, including enter hemorrhagic E. coli strains.
One of the most common representatives of the EHEC
group is enterohemorrhagic Escherichia coli O157:H7
(E. coli O157), which causes diarrhea, hemorrhagic
colitis and hemolytic-uremic syndrome [22]. The need
for vaccines to prevent E. coli O157 is very high. Their
development has been ongoing for quite some time,
and several drugs are undergoing preclinical and clini-
cal trials, including a bioconjugated vaccine [23]. As a
carrier protein, the authors chose the maltose-binding
protein because recent studies have shown that it is a
TLR4 agonist and induces the activation of the NF-«xB
signaling pathway, as well as the secretion of a number
of pro-inflammatory cytokines [24]. Conjugation was
carried out using PgIB, attaching the O-antigen of E.
coli O157 to the protein, with the producer organism
being the E. coli W3110 strain. The resulting biocon-
jugate induced the activation of both the humoral and
cellular immune responses [23].

Another prototype of a bioconjugated vaccine
against E. coli O157 was created using the experimen-
tal MAGIC technology (Mobile-element Assisted Gly-
coconjugation by Insertion on Chromosome) [25]. The
essence of the method lies in the use of mobile genetic
elements, specifically the tn5 transposon, to integrate
constructed genetic sequences into the E. coli chro-
mosome. The developers of MAGIC claim that such a
construct significantly alleviates the metabolic burden
and directly promotes the increase in producer biomass
and the yield of the bioconjugate. To achieve this re-
sult, they used the tn5 transposon, into which segments
encoding PglIB, the C. jejuni AcrA carrier protein, and
enzymes involved in polysaccharide biosynthesis [26]
were integrated into the nucleotide sequence. The bio-
conjugated prototype of the MAGIC vaccine was ob-
tained in the non-pathogenic bacterium Citrobacter
sedlakii NRC6070. The carrier protein used to create
the preparation was CmeA 6xHis, the polysaccharide
component was the O-antigen of C. sedlakii, which is
similar to that of E. coli O157, and PgIB was used as

REVIEWS

the OST. In terms of its biochemical parameters, the
bioconjugate met the stated requirements. Unfortunate-
ly, there is currently no data on any clinical trials of the
obtained drug.

Extraintestinal strains of pathogenic E. coli
(ExPEC) are also quite dangerous, as they are capable
of causing various types of diseases. ExXPEC strains are
classified into three main pathotypes: uropathogenic
E. coli (UPEC), sepsis-causing E. coli (SEPEC), and
E. coli associated with neonatal meningitis [27]. Unfor-
tunately, UTIs caused by EXPEC are extremely difficult
to treat. The creation of effective vaccines that prevent
such developments is an extremely important task.
To address this, along with other approaches, PGCT
methods were also applied. The study began with the
creation of a quadrivalent prototype, which included 4
EPA-conjugated variants of the O-antigen. High tolera-
bility of the prototype and a significant increase in IgG
antibody levels against all antigens, as well as a reduc-
tion in the number of reported UTI cases among trial
participants, have been demonstrated [28, 29]. Based
on the 4-valent prototype, a 9-valent vaccine ExXPECOV
has been developed, containing a conjugated polysac-
charide and currently undergoing phase III clinical tri-
als (NCT04899336).

The safety and immunogenicity of the 10-valent
ExPEC10V vaccine among elderly individuals aged
60-85 years are still being studied (Phases 1 and II,
NCT04306302, NCT03819049). Like the quadrivalent
prototype, this drug is well tolerated and induces the
production of antigen-specific antibodies in the majori-
ty of participants, despite their advanced age [30].

A similar approach was used in the development
of the O25B antigen EXPEC vaccine prototype. Al-
though the O-antigen of E. coli has more than 180 se-
rotypes, a significant number of isolates obtained from
UTI carriers belong to the O25B serotype [31]. There-
fore, a group of researchers attempted to create a vac-
cine based specifically on this antigen. The O-antigen
cluster was integrated into the £. coli W3110 genome,
after which the expressed polysaccharide was enzyma-
tically conjugated with the EPA enzyme PglB. Detailed
characterization of the O25B-EPA conjugate using
physicochemical methods, including nuclear magnetic
resonance and gas chromatography-mass spectrometry,
confirmed its correspondence to the O25B structure,
thereby opening up the possibility for the development
of a polyvalent conjugate vaccine against ExPEC [32].

Bioconjugated vaccines against
Klebsiella pneumoniae
The Gram-negative bacterium Klebsiella pneumo-
niae is the second most common opportunistic patho-
gen after E. coli. It causes neonatal sepsis, UTI and
nosocomial pneumonias that are poorly treatable due to
antimicrobial resistance — the bacteria acquire resis-
tance factors such as extended-spectrum B-lactamases
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and K. pneumoniae carbapenemases. The WHO has as-
signed the highest danger levels to isolates containing
these factors [33], confirming the urgent need for the
development of an effective and safe vaccine.

Using PGCT technology, several vaccine formula-
tions are being developed. M.F. Feldman and co-authors
focused on developing a vaccine against hypervirulent
K. pneumoniae (hvKp) because this particular strain of
the pathogen is the most dangerous. If other serotypes
generally cause diseases in hospitalized patients, the
elderly, infants, or people with various types of immu-
nodeficiencies, hvKp pose a threat even to healthy in-
dividuals [34]. The mechanisms of hypervirulence are
not fully understood, but it is suggested that the main
reason is the excess of capsular polysaccharide, which
hinders the elimination of the pathogen from the body.
As the main O-antigen synthase, the researchers chose
PglS from A. baylyi, and as the carrier protein, they used
EPA fused with the ComP protein. As the carbohydrate
component, the capsular polysaccharides of the most
common serotypes K1 and K2 were used, the synthe-
sis clusters of which were cloned into E. coli producer
cells with partially blocked natural glycosyltransferas-
es. The obtained glycoproteins, when administered to
mice, demonstrated the ability to induce the synthesis
of protective IgG1 antibodies, significantly increasing
the survival rate of mice upon subsequent infection.

Another vaccine is being developed against the
classical serotypes of K. pneumonia. As a carbohydrate
component, O-antigens of bacterial lipopolysaccharides
are used. Unlike capsular polysaccharides, only 11 se-
rotypes of O-antigens expressed by K. pneumoniae are
currently known [35]. Based on the 7 most common
O-antigen serotypes, a heptavalent bioconjugate vac-
cine was constructed. The PglS enzyme was chosen as
the OST, and the carrier protein was recombinant EPA
with an inserted acceptor sequence for PglS. The E. coli
CLM24 strain was used as the producer. After isolation
and purification, glycoproteins of all 7 types were used
for mouse immunization, which was accompanied by
the production of a high level of IgG antibodies to all
glycoproteins. However, the bactericidal activity of the
antibodies against various strains of K. pneumoniae was
low, indicating the need for further development of the
vaccine. In this regard, the authors suggest incorporat-
ing capsular antigens into the vaccine composition [36].

Another vaccine against K. pneumoniae using
PGCT is being developed based on Pgll.. As an ac-
ceptor protein, a universal recombinant protein Spy-
Catcher4573 and a specially modified strain of E. coli,
in which both key components SC4573 and PglL are
integrated into the genome, were used. Glycoproteins
obtained in this way can spontaneously bind to protein
nanocarriers in vitro using the SpyTag system, forming
conjugated nanovaccines. To enhance the efficiency of
glycoprotein expression, the yfdGHI gene cluster was
removed. The obtained conjugated nanovaccine against

K. pneumoniae O1 (KPO1-VLP) demonstrated its ef-
fectiveness in experiments, where high antibody titers
and 100% protection against infection with a virulent
strain were observed after three immunizations [37].

Bioconjugated vaccines against
Streptococcus pneumoniae

S. pneumoniae, pneumococcus, is one of the most
common and harmful causative agents of bacterial
pneumonia, meningitis, and sepsis. Despite the avail-
ability of vaccines, S. preumoniae still causes over 1
million deaths annually, primarily among children under
5 years old in low- and middle-income countries [38].
Since most of the capsular polysaccharides of S. pneu-
moniae contain a terminal sugar that is not transferred
by PglB, the initial attempts to create a bioconjugated
vaccine focused on serotype 4, where the terminal resi-
due was the recognizable GalNac. The acceptor chosen
was the native C. jejuni AcrA protein, and PgIB, cloned
into the chromosome of E. coli W3110, was used as
the OST. The obtained preparation protected mice up-
on subsequent infection with S. preumoniae serotype
4139].

The next variant of the bioconjugated vaccine was
developed based on native S. pneumoniae proteins. It
was assumed that this would create heterologous pro-
tection against vaccine-uncovered serotypes and en-
hance mucosal immune protection by stimulating Th17
activation. The authors tested the efficacy of a trivalent
bioconjugate in mouse models, which included the ST4
capsular polysaccharide and three protein antigens of
S. pneumoniae: the N-terminal fragment NanA, a vir-
ulence factor that promotes growth and survival in the
nasopharyngeal tract, invasion of brain endothelial
cells [40], the Th17-stimulating antigen Sp0148 [41],
and the ABC transporter lipoprotein PiuA [42]. The
bioconjugates obtained using PgIB in E. coli induced
the synthesis of anti-capsular antibodies in mice at a
level comparable to existing vaccines, and also elicited
strong responses to protein antigens, which extended
to other, heterologous serotypes. The authors also not-
ed that the expression of several serotypes of capsular
polysaccharides in E. coli opens up new possibilities
for designing vaccines against S. pneumoniae. For
example, glycosylated outer membrane vesicles (gly-
OMYV) can be used as a platform [43].

Another prototype, this time polyvalent, was cre-
ated using the PglIS enzyme from A. baylyi as the main
OST, capable of transferring the glucose terminal resi-
due. As a protein acceptor, the natural substrate of PglS,
the pilin-like protein ComP, was used, which in E. co-
li was glycosylated with the capsule polysaccharides
S. pneumoniae CPS8, CPS9V and CPS14. The obtained
vaccine showed immunogenicity in preliminary tests
comparable to the immunogenicity of the Prevnarl3
vaccine. Moreover, the sera of mice immunized with the
obtained vaccine exhibited bactericidal activity against
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S. pneumoniae serotypes 14 and 8. Developing the idea
further, the authors constructed a bioconjugate based on
the protein carrier EPA, modifying its C-terminus by
attaching to it an acceptor sequence of 23 amino acids
from the ComP protein, and the pneumococcal poly-
saccharide CPSS8. The obtained bioconjugate induced
the active formation of IgG antibodies in mice and ex-
hibited protective effects [13]. In 2022, it was shown
that the bioconjugate obtained by the authors, named
CPS8-EPAiGTcc, possesses high immunogenicity, in-
duces the formation of IgM and IgG antibodies speci-
fic to serotype CPS8 in mice, and provides protection
against infection with S. pneumoniae serotype 8 [44].

Bioconjugated vaccines against other types
of streptococci

Bioconjugated vaccines against pathogenic strep-
tococci are also being developed. Group B Streptococ-
cus (GBS, Streptococcus agalactiae, B-hemolytic strep-
tococcus B) is a gram-positive opportunistic bacterium
that most often colonizes the lower parts of the gastro-
intestinal tract and the urogenital system. Approximate-
ly 10-35% of women are infected with GBS, which can
lead to various acute diseases in pregnant and postpar-
tum women, as well as to stillbirth [45]. GBS can also
be transmitted to the newborn. It usually manifests as
Group B Streptococcal disease and can cause menin-
gitis, sepsis and pneumonia. Moreover, recent studies
have shown that GBS is also responsible for a signifi-
cant number of illnesses in adults, especially those over
65 years old [46]. All of this makes the development
of a vaccine against GBS extremely necessary. In this
regard, a vaccine based on PGCT was developed. The
characterization of the trivalent bioconjugate vaccine
targeting the three most clinically prevalent serotypes
of GBS: Ia, Ib, 111, is included in a study by J.A. Duke
et al. [47]. The authors introduced loci necessary for
the expression of the PglS protein from A. baylyi in-
to E. coli, which allowed for the glycosylation of the
constructed EPA-based carrier protein and the ComP
protein with sialic acid residues according to the GBS
serotypes la, Ib, and III. Further immunization of mice
with the obtained vaccine showed that the trivalent bio-
conjugated vaccine against S. pneumoniae induces the
production of IgG antibodies specific to the involved
serotypes, which possess neutralizing ability. However,
the effectiveness of antibodies against different sero-
types used in the creation of the vaccine varied, and the
authors suggested that this effect could be eliminated
by altering the degree of glycosylation of the carrier
protein.

PGCT technologies can also be applied to create
a vaccine against group A streptococcus (Streptococcus
pyogenes or group A strep). S. pyogenes is an extreme-
ly common pathogen, causing a wide range of diseases
from acute pharyngitis and impetigo to scarlet fever and
invasive diseases such as toxic shock syndrome or nec-
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rotizing fasciitis. They lead to the development of sec-
ondary autoimmune diseases, such as rheumatic heart
disease [48]. Moreover, humans are the only natural
hosts of S. pyogenes, therefore, blocking the transmis-
sion of this pathogen could lead to its complete elimi-
nation. Streptococcus A, like S. pneumoniae, has high
antigenic heterogeneity. Serotypes are determined by
differences in the main virulence factor, protein M. Due
to such heterogeneity in the surface proteins of S. pyo-
genes, researchers have focused on developing conju-
gated vaccines based on the external polysaccharides
of the pathogen, particularly group A polysaccharide.
However, R. Di Benedetto et al. showed that for great-
er effectiveness of the future vaccine, it is necessary to
preserve the protein epitopes of the carriers, as random
conjugation did not affect the synthesis of IgG to the
group A polysaccharide component but significantly re-
duced the response to the protein component [49]. As
a result of the random conjugation of group A polysac-
charide with three S. pyogenes proteins (SLO, SpyAD
and SpyCEP), conjugates were obtained, and immuni-
zation with them led to the production of antibodies that
did not block the activity of one of the proteins used for
conjugation — SpyCEP. It retained the ability to cleave
interleukin-8. Apparently, to create an effective vaccine
based on the native proteins of S. pyogenes and its own
group A polysaccharide, it will be necessary to ensure
an extremely high precision in attaching the polysac-
charide to specific sites on the proteins, which can be
quite effectively achieved using PGCT [50].

Other bioconjugate vaccines

PGCT technologies are used in the development
of a vaccine against B. abortus [51]. This pathogen,
although primarily a cause of diseases in livestock,
nevertheless poses a threat to humans as well. There
is currently no licensed vaccine that protects against
B. abortus infection. There are attenuated vaccines
used to protect large (S19 and RB51) and small (Revl)
cattle [52]. However, these vaccines are pathogenic
to humans, have residual toxicity for animals, and do
not protect against all known species of the pathogen.
Moreover, working with Brucella cultures requires
high-level biosafety equipment due to the risk of aero-
sol transmission. To avoid these difficulties, Y. ente-
rocolitica, a less dangerous opportunistic pathogen,
is often used for the synthesis of glycosylated glyco-
proteins similar to B. abortus, as the O-polysaccha-
rides of Brucella and Y. enterocolitica are similar [53].
At present, prototypes of vaccines based on cholera
toxin B as a protein carrier and O-polysaccharides of
Y. enterocolitica synthesized in genetically modified
E. coli[52], as well as those based on Nano-B5 nanopar-
ticles as a platform and O-polysaccharides of Brucella
[54], are at a high level of readiness. The producer in
the latter case is Y. enterocolitica. Both vaccines used
an O-glycosylation system with the central OST PglL
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from N. meningitides. In both cases, the researchers re-
port successful application of the obtained prototypes
in preclinical studies on mice. When administered to
animals, both increased antibody production and acti-
vation of cellular immunity were observed. Moreover,
both prototypes demonstrated a strong protective effect
of immunization followed by infection in mice, and in
the case of the nanovaccine, even against several spe-
cies of Brucella. Further clinical studies will obviously
demonstrate the applicability of the obtained drugs for
human immunization.

Staphylococcus aureus is responsible for numer-
ous human diseases, including endocarditis, pneumo-
nia and wound infections. The methicillin-resistant
S. aureus (so-called MRSA strains) [55] poses a partic-
ular danger. In this regard, there is an urgent need for
effective vaccination against staphylococcal infection.
In a study by M. Wacker et al., the results of testing 3
conjugates obtained using PGCT technologies on mice
were presented. By the names of the components they
contain, they are called CP5-ETA, CP8-ETA and CP5-
Hla, where CP5 and CPS8 are capsular polysaccharides
of S. aureus serotypes 5 and 8, respectively, ETA is exo-
toxin A of P. aeruginosa, and Hla is a-toxin of S. aureus.
In the study, PgIB from C. jejuni was used. Bioconju-
gates were synthesized in E. coli and then administered
to mice. All three prototypes induced a high level of
antibody production. When evaluating the protective
efficacy of the drugs, the best results were shown by the
conjugate CP5-Hla; the administration of CP5-Epa and
CP8-Epa significantly reduced bacteremia; the biocon-
jugated vaccine CP5-Hla protected against both bacte-
ria and fatal pneumonia.

The PGCT technology was applied to create vac-
cine prototypes against Francisella tularensis, an in-
tracellular pathogen causing tularemia — a potential-
ly fatal disease. For humans, the two most dangerous
subspecies are F tularensis tularensis (type A) and
F. tularensis holarctica (type B) [57]. The authors used
PgIB to obtain a bioconjugate in E. coli consisting of
the O-antigen of F. tularensis and EPA, and tested it
on a mouse model. The obtained recombinant biocon-
jugate exhibited high yield, stimulated the production
of specific antibodies, and provided protection against
subsequent infection with the virulent wild-type strain
F. tularensis subsp. holarctica [58]. The authors subse-
quently modified the EPA carrier by adding 8 additional
acceptor sequences to increase its glycosylation degree
[59]. The new bioconjugate actually stimulated the for-
mation of specific antibodies more effectively, protect-
ing rats from developing the disease when infected with
F. tularensis. The researchers plan to continue working
on the presented vaccine prototype, intending to replace
the carrier protein EPA with native protein antigens of
F tularensis.

Another attempt to create a new vaccine against
F. tularensis was associated with the use of the already

mentioned experimental technology MAGIC [25].
PglB was used as the OST, the carrier protein was peri-
plasmic Cmea from C. jejuni, equipped with a 6His tag
for ease of purification, and the polysaccharide was the
O-antigen of F. tularensis. The producing organism
was E. coli, and all components were integrated into
the bacterial chromosome. The study demonstrated the
effectiveness of the MAGIC technology in obtaining
highly immunogenic bioconjugates.

Conclusion

Thus, bioconjugation, like other modern technol-
ogies, is actively used in the development of new vac-
cines and the improvement of existing vaccines. De-
spite the current limitations, this method can be used
to create drugs that prevent infectious diseases, thereby
reducing the spread of antibiotic-resistant microorgan-
isms.
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