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Abstract

Introduction. Whooping cough remains an urgent health problem worldwide, including in countries with high
vaccination rates, where, since the 1990s, there has been an increase in the incidence of whooping cough, an
increase in the severity of the disease and mortality. In this situation, it is necessary to create a new generation of
acellular pertussis vaccines (aPV) that can more effectively affect the colonization, persistence and transmission
of Bordetella pertussis. One of the possible directions for improving the vaccine prophylaxis of pertussis infection
is the creation of aPV based on protective antigens isolated from biofilm cultures of B. pertussis.

The aim of the study was to research the level of IgG antibodies to the antigens of the pertussis pathogen:
adhesins —filamentous hemagglutinin (FHA), pertactin (PRN) and toxins — pertussis toxin (PT), lipopolysaccharide
(LPS) in mice immunized with experimental aPV based on antigenic complexes (AC) isolated from biofilm and
planktonic cultures of B. pertussis.

Materials and methods. Experimental aPV based on AC isolated from the culture medium of biofilm (aPV-B)
and planktonic (aPV-P) cultures of B. pertussis strain No. 317 (serotype 1.2.3) were used in the experiments.
IgG titers of antibodies to PT, FHA, PRN and LPS in blood sera of mice immunized with aPV-B and aPV-P was
determined in ELISA.

Results. The titers of IgG antibodies to adhesins (FHA and PRN) in the aPV-B group were 8 and 4 times higher,
respectively, compared with aPV-P, in the absence of significant differences in the titers of IgG antibodies to PT
and LPS.

Conclusion. The higher ability of aPV-B to induce an immune response to B. pertussis adhesins compared to
aPV-P, in the absence of significant differences between them in stimulating IgG antibodies to toxins, indicates
the advantage of using antigenic complexes from biofilm cultures to create aPV of a new type.

Keywords: Bordetella pertussis, pertussis toxin, filamentous hemagglutinin, pertactin, lipopolysaccharide,
biofilms, planktonic cultures, electrophoresis, IgG antibodies, enzyme immunoassay.
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l'yMmopanbHbIil UMMYHUTET K afresmHam n TOKCMHam Bo36yautens
KOK/IOLA Y MbiLLeil, UMMYHU3UPOBaHHbIX 3KCNepVMeHTaNlbHbIMU
6eCKNneToUYHbIMIN KOK/IOWHbIMMN BaKLHaMN N3 GMONNEHOYHON

N NIaHKTOHHOW KynbTyp Bordetella pertussis

3anues E.M.”, bpuuunHa M.B., O3epenykoBckasa M.H., 3aiues A.E.

HayuyHo-uccnegoBaTenbCKMn NHCTUTYT BaKUUH 1 CbiIBOPOTOK nMeHun N.U. MeuHnkoBa, Mocksa, Poccua

AHHOMayus

BeeaeHue. Kokniow octaérca aktyansHou npobnemon 3gpaBooOXpaHEHUst BO BCEM MUPE, B TOM YuCre B CTpa-
Hax C BbICOKMM YPOBHEM BaKLMHaLuW, rae HadmHasa ¢ 1990-x . oTmMeyaeTcst pocT 3aboneBaeMOoCTU KOKMIOLLEM,
YBENUYEHME TSXKECTUN TeHeHUs 3aboneBaHnst 1 netanbHOCTU. B aTon cutyaumm TpebyeTtca cosgaHue HOBOro Mno-
KorneHms 6ecKneToYHbIX KOKMLWHbIX BakumH (BKB), cnocobHbix 6onee adhekTMBHO BAMATL Ha KOMOHW3ALNIO,
nepcucteHumto 1 nepepady Bordetella pertussis. OgHMM 13 BO3MOXHbIX HanpasreHWin COBEPLUEHCTBOBAHMWS
BaKLMHONPOMUIAKTMKN KOKIMIOLWHOM UHbekunn aBnsietca co3nanHne BKB Ha oCHOBe NpOTEKTMBHBLIX @HTUIEHOB,
BblAeNeHHbIX N3 BMONNEHOYHBIX KynbTyp B. pertussis.

Llenb paboTtbl — nccnegoBaHue ypoBHsi IgG-aHTUTenN K aHTureHam Bo3byamTens Koknowa: agreauHaMm — cduna-
MEHTO3HOMY remarrmioTuHunHy (®rA), nepraktuny (MPH) n TokcnHam — kokntowHoMy TokeuHy (KT), nunononuca-
xapuay (JIMC) y mbiwen, UMMYyHU3MPOBaHHbIX 3KCNepuMeHTanbHbiMM BKB Ha 0OCHOBE aHTUrEHHbIX KOMMIEKCOB,
BbIJENEHHbIX U3 OBMONNEHOYHBIX U NINAHKTOHHBIX KyNbTYp B. pertussis.

Matepuansbi n metoabl. B onbiTax ncnonb3oBanu akcnepuMeHTanbHbele BKB Ha ocHOBe aHTUreHHbIX KoMMnek-
COB, BblAENEHHbIX U3 cpeabl KynsTuBnpoBaHus uonnérHoyvHon (BKB-b) n nnanktonHow (BKB-IT) kynsTyp wtamma
B. pertussis Ne 317 (cepoBap 1.2.3). Tutpbl IgG-aHTuten k KT, ®I'A, NMPH u NMC B cbiBOpoTKax KpoOBU MbILLEN,
nMmyHnsnpoBaHHbix BKB-B 1 BKB-I1, onpegensanu B tMMyHobepMeHTHOM aHanuse.

Pesynbratbl. Tutpbl IgG-aHtuten k agresmHam (®PrA v NPH) B rpynne BKB-B 6binu Boiwe B 8 1 4 pasa coot-
BETCTBEHHO MO cpaBHeHuto ¢ BKB-I1, npu oTcyTcTBUM 3Ha4YMMBbIX pasnuyunii no Tutpam IgG-antuten k KT n JMC.
3aknwoyeHue. bonee Bbicokas, no cpaBHeHuto ¢ BKB-I1, cnocobHocTe BKB-b nHaoyunpoBaTb UMMYHHBIW OTBET
K agresvHam B. pertussis npn OTCYTCTBMM CYLLUECTBEHHbIX Pasfuyuuin Mexagy HUMK B cTumynsuunm IgG-aHtuten
K TOKCMHaM, yKa3sbIBaeT Ha MPEMMYLLECTBO UCMONb30BaAHUSA aHTUIEHHBIX KOMMIIEKCOB U3 OMOMMEHOYHBIX KyNbTYp
nnsa cosgaHnsa BKB HoBoro Tuna.

KnioueBble cnoBa: Bordetella pertussis, KOKMHOWHbLIU MOKCUH, huriaMeHmOo3HbIl 2emMaz2itomuHuUH, rnepmak-
muH, nunononucaxapud, 6UonnéHKU, MIaHKMOHHbIE Kyibmyphbl, srrekmpogopes, IgG-aHmumena, uMmMyHogep-
MeHmMHbIU aHanu3

Amuyeckoe ymeepxdeHue. ABTOpbI NOATBEPXKAAIOT COBMNoAEHNE MHCTUTYLMOHANbHBIX U HaLMOHanbHbIX CTaHaap-
TOB MO MCMOMb30BaHUIO NabopaTopHbIX XMBOTHBIX B cooTBeTCTBUM € «Consensus Author Guidelines for Animal Use»
(IAVES, 23.07.2010). Mpotokon nccneposanus ogobpeH dtuveckum komutetom HAMBC nm. N.U. MeuHukosa (npoTto-
kon Ne 15 ot 25.12.2024).

HNcmoyvHuk gpuHaHcupoeaHusi. ABTOpPbI 3asiBMSAOT 06 OTCYTCTBUM BHELUHETO (hUHAHCUPOBAHWS MNPV NPOBEAEHUN UC-
cnenoBaHus.

KoHgbnnukm uHmepecos. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHbIX M MOTEHUManbHbIX KOH(MMKTOB UHTEPECOB, CBS-
3aHHbIX C Nybnukauuen HacTosILLen cTaTbu.

Ansi yumupoeanHusi: 3anueB E.M., BpuunHa M.B., OsepeunkoBckas M.H., 3anues A.E. 'ymopanbHbI UMMYHUTET K
agreanHam 1 TOKCMHaM BO30YAMTENS KOKMIOLLA Y MblLLEN, UMMYHU3MPOBAHHbIX 3KCNEPUMEHTarbHbIMM GECKNETOYHbIMU
KOKJTIOLUHBIMU BakUMHaMM M3 BUONNEHOYHOM U NNAHKTOHHOW KynbTyp Bordetella pertussis. XKypHan mukpobuonoauu,
anudemuonoauu u ummyHobuomnoauu. 2025;102(2):162-167.
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Introduction

Pertussis remains a pressing public health prob-
lem worldwide, including in countries with a high level
of vaccination, where there has been an increase in the
incidence of pertussis, an increase in the severity of the
disease course and mortality, including among vacci-
nated children, adolescents and adults since the 1990s
[1, 2]. The continued circulation of virulent strains of
Bordetella pertussis among the population is associated
with the transition from whole-cell vaccines to acellu-
lar pertussis vaccines (aPV). aPVs provide protection
against severe forms of pertussis, but protective immu-
nity declines rapidly and does not prevent colonization
of'the respiratory tract and transmission of the pathogen,
latent forms of the disease and asymptomatic carriage.
Currently known aPVs contain 1 to 5 antigens derived
from planktonic cultures of B. pertussis: pertussis toxin
(PT) and adhesins: filamentous hemagglutinin (FHA),
pertactin (PRN), fimbriae antigens Fim2 and Fim3. One
of the probable reasons for the low efficacy of known
aPVs is their inability to influence the formation of
biofilm forms of B. pertussis in the respiratory tract
[3]. The formation of biofilms by B. pertussis strains
in the respiratory tract plays an important role in the
pathogenesis of pertussis infection by increasing the
virulence and persistence of B. pertussis. B. pertussis
biofilms differ from planktonic cultures by an altered
gene expression spectrum and production of numerous
proteins, including adhesins and toxins. In this regard,
vaccines from antigens of biofilm and planktonic cul-
tures may differ in immunogenic activity [4].

In this situation, it is necessary to create a new
generation of aPVs that can more effectively influ-
ence colonization, persistence and transmission of
B. pertussis. One of the possible prospects for improv-
ing the vaccine prophylaxis of pertussis infection is the
creation of aPVs based on protective antigens isolated
from biofilm cultures of B. pertussis [5-8].

We have previously shown that the protective ac-
tivity of aPV-B from biofilm culture was 2.5 times high-
er than that of aPV-P from planktonic culture during
intracerebral infection of mice with a virulent strain of
B. pertussis [9]. aPV-B also more effectively reduced
the level of colonization by microbial cells of B. pertus-
sis in the lungs of mice during intranasal infection with
a virulent strain.

The aim of the study was to investigate the level
of IgG antibodies to adhesins and toxins of the pertussis
pathogen in mice immunized with experimental aPV
based on antigenic complexes isolated from biofilm and
planktonic cultures of B. pertussis.

Materials and methods

B. pertussis strain No. 317 (serotype 1.2.3) isolat-
ed in Russia from a pertussis patient in 2003, deposi-
ted in the Scientific Center for Examination of Medical
Devices on 15.09.2017, patent No. 2689903, was used.

ORIGINAL RESEARCHES

F1(CBAXC57BI6) hybrid mice weighing 12-14 g
were obtained from the Andreevka nursery, Moscow
region. Animals were kept in vivarium conditions in
accordance with the interstate standard for the main-
tenance and care of laboratory animals (GOST 33217-
2014). The authors confirm compliance with institu-
tional and national standards for the use of laboratory
animals in accordance with the “Consensus Author
Guidelines for Animal Use” (IAVES, 23.07.2010). The
study protocol was approved by the Ethical Commit-
tee of the I.I. Mechnikov Research Institute (protocol
No. 15, December 25, 2024)

Control of morphologic, serologic and culture
properties of B. pertussis strain No. 317 was carried out
in accordance with the Methodological Instructions.
Cultivation of the strain in liquid synthetic nutrient
medium, isolation of antigenic complexes (AC) from
planktonic and biofilm cultures was carried out in ac-
cordance with the previously described method [10]. To
characterize the composition of AC from biofilm and
planktonic cultures, vertical electrophoresis in poly-
acrylamide gel (PAAG) under denaturing conditions
according to Lammli [11] was used. Electrophoresis
was performed in 10% Tris-glycine buffer at a current
of 25 mA. At the end of the process, the gel was stained
with Coomassie brilliant blue R-250, after which it was
washed twice in an aqueous solution containing 10%
acetic acid and 35% ethanol.

Detoxification of B. pertussis antigenic complex-
es was carried out with formalin to a concentration of
0.4% with the addition of sucrose (10%) for 20 days
with periodic shaking at 37.0 = 0.5°C. To obtain aPV,
antigenic complexes were sorbed on 2% aluminum
hydroxide gel (InvivoGen) in such a ratio that 1 ml
of the mixture contained 50 pg of protein, 0.3 mg of
aluminum hydroxide and PBS to 1 ml [10]. To study
the level and dynamics of IgG antibodies to PT, PRN,
FHA and lipopolysaccharide (LPS) (all from National
Institute for Biological Standards and Control), mice
of line F1(CBAxC57BL6) weighing 12—14 g were im-
munized intraperitoneally (z = 20 in each group) three
times with an interval of 7 days with experimental aPV
at a dose of 25 ug. Blood was drawn from mice at 7,
14, 21 and 28 days after the last immunization. Blood
sampling (total) from mice was performed under ether
anesthesia.

The level of IgG antibodies in the sera of immu-
nized mice was detected by enzyme-linked immuno-
sorbent assay. Sera of intact mice (n = 5) were used
as a negative control. The concentration of antigens for
adsorption on the plates was: PT — 2 pg/mL; FHA —
2 pg/mL; PRN — 2 pg/mL; LPS — 2.5 pg/mL. Per-
oxidase antispecies conjugate to mouse IgG (Invitro-
gen) and tetramethylbenzidine as substrate mixture
were used in the experiments. The reaction results were
counted using a Multiskan vertical scanning spectro-
photometer (Thermo Scientific) at a wavelength of
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450 nm. The values inverse to their maximum dilutions,
at which the optical density (OD) values were 2 or more
times higher than the OD values in the negative control
wells, were taken as the serum titer.

Statistical analysis was performed using the Mi-
crosoft Office Excel application program package.
Quantitative data are presented as M = m. Comparisons
were performed using Student's t test. Differences were
considered significant at p < 0.05.

Results

From the culture medium of biofilm and plankton-
ic cultures of strain No. 317, ACs were isolated, which
were used as the basis for the production of two vari-
ants of aPV: aPV-B and aPV-P.
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Fig. 1. Electrophoresis in PAAG from antigenic complexes
of biofilm and planktonic cultures of B. pertussis.

The tracks on the electrophoregram are: 7 — molecular weight
markers; 2— FHA; 3— PT; 4 — PRN; 5§ — LPS; 6 — AC strain
No. 317 (biofilm culture); 7 — AC strain No. 317 (planktonic culture).
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Fig. 2. Maximum titers of IgG antibodies to B. pertussis
antigens in mice immunized with aPV-B and aPV-P.
On the Y-axis: antibody titers. On the X-axis: 1 — PT aPV-P;
2 — PT aPV-B; 3 — FHA aPV-P; 4 — FHA aPV-B; 5 — PRN aPV-P;
6 — PRN aPV-B; 7 — LPS aPV-P; 8 — LPS aPV-B. IgG antibody
titers in intact mice < 100.

The results of analysis of crude and not adsorbed
on aluminum hydroxide gel ACs isolated from biofilm
and planktonic cultures of strain No. 317 by electro-
phoresis in PAAG are presented in Fig. 1. Proteins in
the range of molecular masses from 15 to 220-250 kDa
were detected in the AC composition of strain No. 317.
At the same time, the intensity of protein bands with
a molecular mass of 15 kDa was higher in AC from
biofilm culture compared to AC from planktonic cul-
ture. FHA (220 kDa), PRN (69 kDa), and proteins with
molecular masses of about 28 kDa, less than 26 kDa,
and greater than 15 kDa corresponding to PT fragments
were detected in both preparations. No protein compo-
nents were detected on the LPS lane, indicating the im-
munochemical purity of the preparation used.

The results of IgG antibody levels to PT, PRN,
FHA and LPS in mice immunized with aPV from bio-
film and planktonic cultures of B. pertussis are shown
in Fig. 2. The titers of IgG antibodies to PT in both
groups reached maximum values on the 21% day with
a subsequent decrease on the 28" day. Differences in
IgG antibody titers to PT in groups aPV-B and aPV-P
were statistically insignificant. The maximum titers
of IgG antibodies to PRN in the aPV-B group were
observed on the 14" and 21* days, and in the aPV-P
group — on the 14" day with subsequent decrease in
both groups. The titers of IgG antibodies to PRN in
the aPV-B group were significantly higher than in the
aPV-P group. The titers of IgG antibodies to FHA in
aPV-B and aPV-P groups consistently increased and
reached the maximum values on the 21% day. Further,
a decrease in IgG antibody titers was noted on the 28"
day. The maximum titers of IgG antibodies to FHA
and PRN in the aPV-B group were 8 and 4 times high-
er than in the aPV-P group, respectively. The max-
imum titers of IgG antibodies to LPS in the aPV-B
group were observed on the 14" day, and in the aPV-P
group — on the 21% day with subsequent decrease. Dif-
ferences in IgG antibody titers to LPS in both groups
were statistically unreliable.

Discussion

B. pertussis produces a number of virulent factors
that determine the pathogenetic mechanism of pertussis
infection. They can be divided into adhesins (fimbriae,
PRN, tracheal colonization factor, FHA) and toxins (PT,
adenylate cyclase, tracheal cytotoxin, dermonecrotic
toxin, LPS (endotoxin)). The adhesins provide fixation
of the pathogen on the epithelial cells of the respiratory
tract, and the toxins have a direct damaging effect. The
main adhesin of B. pertussis is FHA, which is a protein
with a molecular mass of 220 kDa, not associated with
fimbriae [12]. PRN is a non-fimbrial protein (69 kDa)
associated with the outer membrane of the microbial
cell. PRN has no toxic properties and is an adhesin by
its pathogenetic action and has immunomodulatory ac-
tivity [13, 14].
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PT is one of the main pathogenicity factors of B.
pertussis, causes various biological effects in vivo and
in vitro and accounts for a significant part of the dis-
ease symptoms in pertussis patients. PT is an exotoxin
secreted by the microbial cell and is a protein with a
molecular mass of 117 kDa, consisting of 5 structural
units (S1, S2, S3, S4 and S5) with molecular masses
ranging from 28 kDa for S1 to 9.3 kDa for S5 [15, 16].

LPS is a component of the outer part of the cell
membrane of all Gram-negative bacteria, including
B. pertussis. LPS molecules ensure the structural in-
tegrity of the bacterial cell and protect the membrane
from aggressive environmental influences. Side effects
of whole-cell pertussis vaccines are predominantly as-
sociated with B. pertussis LPS [17, 18].

Due to genotypic and phenotypic polymorphism,
as well as depending on the culture conditions (biofilm
or planktonic cultures), B. pertussis strains may differ
in the levels of production of PT, FHA, PRN and other
antigens. B. pertussis biofilms are formed as a result
of complex coordinated interactions between micro-
bial cells and biotic and abiotic substrates. In biofilm
cultures, the expression of adhesins increases, which
promotes attachment to the substrate and intercellular
interactions.

We investigated the composition of B. pertussis
planktonic and biofilm cultures and the level of IgG
antibodies to adhesins (PRN, FHA) and PT and LPS
toxins (endotoxin) in mice immunized with aPV from
planktonic and biofilm cultures of B. pertussis strain
No. 317. According to the data of electrophoresis in
PAGE, the studied ACs had in their composition FHA,
PRN and PT fragments — the main protective antigens
of B. pertussis, which are part of aPV. In general, the
electrophoregrams of both preparations were almost
identical, except for the greater intensity of protein
bands with a molecular mass of about 15 kDa in
aPV-B. Increasing titers of [gG antibodies to PT, FHA
and PRN were found in the sera of mice immunized
with both preparations, which confirms the results of
electrophoresis about the presence of these antigens in
the composition of aPV-B. The dynamics of IgG an-
tibody titers to PT, FHA, PRN and LPS in aPV-B and
aPV-P groups in general had a similar character with
the antibody titers increasing, reaching maximum val-
ues and subsequent decrease. At the same time, sig-
nificant differences between aPV-B and aPV-P in the
levels of antibodies to FHA and PRN adhesins were
detected. The antibody titers to FHA and PRN in the
aPV-B group were significantly higher than in the
aPV-P group, which can be explained by the different
specific content of these antigens in the composition
of aPV due to a higher level of adhesin production by
the biofilm culture or higher immunogenicity of FHA
and PRN in the composition of aPV-B. There were no
significant differences between aPV-B and aPV-P in
antibody titers to PT and LPS.

ORIGINAL RESEARCHES

Conclusion

The higher ability of aPV-B to induce an immune
response to B. pertussis adhesins, which provide fixa-
tion of the pathogen on respiratory tract epithelial cells,
compared to aPV-P, with no significant differences be-
tween both preparations in stimulation of IgG antibod-
ies to PT, indicates the advantage of using antigenic
complexes from biofilm cultures to create more immu-
nogenic aPV of a new type.
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