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EXPERIMENTAL RESEARCH

STUDY OF THE ADJUVANT PROPERTIES OF CHITOSAN IN COMPLEX WITH RECOMBINANT OUTER
MEMBRANE PROTEIN F AND RECOMBINANT TOXOID PSEUDOMONAS AERUGINOSA

A.A. Kaloshin*, N.A. Mihailova

Mechnikov Research Institute of Vaccines and Sera, 5a Maly Kazenny pereulok, Moscow, 105064 Russia;
*e-mail: alex-k-1973@yandex.ru

The aim of the study was to investigate adjuvant properties of chitosan in comparison with aluminum hydroxide during immunization with
recombinant proteins of Pseudomonas aeruginosa. We used recombinant outer membrane protein F (OprF) and recombinant toxoid of P. aeruginosa,
to which 0.5% chitosan preparation dissolved in glutamic acid with pH 5.0 or aluminum hydroxide gel were added. The ratios of aluminum
hydroxide to protein of 3:1 and 1:1 were tested, and chitosan was added at 100 pg and 50 pg for one immunizing dose. The resulting preparations
were administered to mice intraperitoneally twice with a two-week interval, and then two weeks later the animals were infected intraperitoneally
with P. aeruginosa (PA-103). It was shown that double administration of the recombinant OprF protein at a dose of 25 pg and recombinant toxoid at
a dose of 50 pg with both aluminum hydroxide and chitosan contributed to the development of equivalent protective properties. With the complex
introduction of two recombinant proteins, an increase in protective properties was observed using both adjuvants. The possibility of using antigens
without adjuvant and reducing their immunizing dose during booster immunization was investigated. It turned out that a two-fold reduction in the
immunizing dose did not reduce the protective effect upon repeated administration, and in the case of chitosan, an increase in the immune response
was observed during booster immunization with recombinant antigens without an adjuvant. Thus, for the recombinant proteins of P. aeruginosa, the

adjuvant properties of chitosan were revealed. They are not inferior in the induction of protective properties to aluminum hydroxide.
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INTRODUCTION

Pseudomonas aeruginosa is one of the most serious
pathogens of opportunistic infections; is characterized by a
high ability to rapidly develop resistance to antibiotics. Active
immunoprophylaxis of P. aeruginosa in patients at risk is
considered as a possible way to control P. aeruginosa infection.
At Mechnikov Research Institute of Vaccines and Sera, a number
of recombinant proteins were obtained. Based on the results of
studying their immunobiological properties the Recombinant
Pseudomonas Vaccine (RPV) was created, and successfully
passed preclinical studies [2].

It is known that recombinant proteins have low
immunogenicity; therefore, when creating vaccines based
on them, special attention is paid to the adjuvant selection.
Aluminum hydroxide is used as an adjuvant in commercial
vaccines currently used in healthcare practice to deposit antigens
and stimulate the immune response [3]. In particular, the RPV
vaccine, developed at Mechnikov Research Institute of Vaccines
and Sera, is the complex of the recombinant outer membrane
protein F (OprF) and the recombinant deletion form exotoxin A
(toxoid) of P. aeruginosa adsorbed on an aluminum hydroxide
gel [2]. Selection of traditional adjuvant is dictated by the long
experience of its use as a component of various vaccines, which,
however, is not without some drawbacks: it weakly stimulates
cellular immunity, causes undesirable reactions in the form of
skin irritation, pain, and inflammation in the injection area.
In addition, increasing evidence exists that repeated use of
aluminum hydroxide during a lifetime can lead to the
development of allergic reactions and diseases of the central
nervous system [4, 5].

The search and development of new classes of adjuvants
is a promising direction in modern immunobiology [5]. In
recent years, serious interest has arisen in studies of the
adjuvant properties of a natural polysaccharide, chitosan,
isolated from crustacean shells. It is known that chitosan has
immunomodulatory properties necessary for adjuvants. This
is confirmed by the fact that nanoparticles of chitosan and its
derivatives associated with antigens are able to effectively
activate the cellular and humoral components of the immune
response [6]. The term “adjuvant based on chitosan” refers
not only to a large group of substances that are chitosans that
differ in their main characteristics (molecular weight, degree of
deacetylation, and polydispersity index), but also preparations
based on them in various physical states (gels, microparticles,
and nanoparticles), as well as chitosan derivatives and complex
adjuvants based on it [6-8]. The effectiveness of chitosan used as
an adjuvant for parenteral administration of inactivated influenza
vaccines has been established [9-11].

The aim of this study was to study the adjuvant properties of
chitosan during immunization with recombinant P. aeruginosa
proteins (OprF and the toxoid).

MATERIALS AND METHODS
Reagents

The following reagents were used in the work: antibiotics
ampicillin and kanamycin sulfate (“Sintez”, Russia); bacto
tryptone and bacto yeast extract (“Difco”, USA); isopropyl-p-
D-thiogalactopyranoside (“Thermo Fisher Scientific”, USA);
Ni-Sepharose (“GE Healthcare”, Sweden); aluminum hydroxide
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gel (“Sigma-Aldrich”, USA); the other chemical reagents were
purchased from “Amresco” (USA); 0.5 % chitosan preparation
dissolved in glutamic acid with pH 5.0 [11] was kindly
provided by Dr. Yuri M. Vasiliev (Laboratory of Genetics of
RNA-Containing Viruses of Mechnikov Research Institute of
Vaccines and Sera).

Bacterial Strains

For synthesis of the recombinant proteins we used
Escherichia coli strains producing of the recombinant protein
OprF [12] and the recombinant toxoid [13] from the collection
of the Laboratory of Protective Antigens (Mechnikov Research
Institute of Vaccines and Sera). For the experimental infection
of animals we used a virulent culture of P. aeruginosa PA-103
(ATCC29260).

Laboratory Animals

For immunization we used female white mice weighing 16-
18 g obtained from the Andreevka Laboratory of the Scientific
Center for Biomedical Technologies of the Federal Medical-
Biological Agency (Russia).

Production of the Recombinant Protein OprF and the
Recombinant Toxoid

The recombinant proteins were synthesized using the
corresponding producer strains was carried out as described
previously [2]. The recombinant proteins were isolated
from the biomass using the previously developed original
two-stage purification methods. In the first stage, in the case
of the recombinant protein OprF, we obtained a “hydrophobic
fraction” of bacterial proteins, and in the case of the recombinant
toxoid, we isolated inclusion bodies. In the second stage, the
recombinant proteins were purified by affinity chromatography
on Ni-Sepharose in 8 M urea buffer followed by dialysis against
50 mM Tris-HCI buffer (pH 9.0) [2].

Protein Electrophoresis

The analysis of the obtained protein products was carried
out in 12 % polyacrylamide gel by the method of Laemmli [14]

Immunization of Mice

Mice were immunized intraperitoneally with a volume of
0.5 ml of the administered preparations. The preparations of the
recombinant proteins were diluted with physiological sodium
chloride solution to the required concentration. The appropriate
amounts of adjuvants were added to the preparations of the
recombinant proteins beforehand. Chitosan preparation was
used in doses of 100 pg and 50 pg, added immediately before
immunization. Aluminum hydroxide, preparation was added to
the recombinant proteins in a weight ratio of 3:1 and 1:1, and
then the resulting preparations were incubated for 12-14 h 4°C
for the absorption of the antigens on the adjuvant.

Two immunizations were carried out with an interval of two
weeks. Non-immunized mice from the same batch were used as
controls. Experimental infection with P. aeruginosa was induced
two weeks after the second immunization.

Experimental infection with P. aeruginosa

In experimental infection, animals were treated
intraperitoneally with various doses of a live virulent culture of
P, aeruginosa administered in a volume of 0.5 ml as described
previously [2]. Immunized mice were administered with 200,
50, and 12.5 million microbial cells (m.c.), while mice in the
control groups were injected with 100, 25, and 6.25 million m.c.

The count of dead and surviving individuals was carried
out for seven days, followed by the determination of LD,
This value was calculated using the modified Kerber formula
modified by Ashmarin-Vorobiev [15]. Ih these calculations, LD,
corresponds to the inverse logarithm [IgA — 1g2x(B,/C, + B,/C,
+ B,/C, - 0.5], where A is the maximum infectious dose in the
experiment, B is the number of animals that died in the group,
C is the initial number of animals in the group. Then, the indices
of the effectiveness of protective properties were determined,
which represented the ratio of the LD, values for the experimental
groups to the LD, values for the control groups.

RESULTS

The adjuvant properties of chitosan in combination
with 25 pg of the recombinant OprF protein and 50 pg of the
recombinant toxoid were studied in this work. When immunizing
animals, recombinant proteins were used both individually and
in combination. Chitosan for experiments was dissolved up
to 0.5 % in glutamic acid with pH 5.0 and tested at a dose of
100 pg per immunization. The scheme of immunization
included two intraperitoneal injections with a two-week interval.
Recombinant proteins (only OprF, only the toxoid and the
complex of two proteins) were used as reference preparations,
which were adsorbed on an aluminum hydroxide gel in a ratio
of 1:3.

In the groups of animals immunized with the recombinant
OprF protein, the LD, values were: 61.6 million m.c. (mln m.c.)
for the variant using aluminum hydroxide and 63.0 mIn m.c. for
the preparation with chitosan. The indexes of effectiveness of
protective properties corresponded to 1.9 for both experimental
groups. When immunized with the recombinant toxoid, the LD,
values were approximately the same: 72.4 mln m.c. in the group
of mice that received the preparation with aluminum hydroxide
and 83.1 mln m.c. in the group of mice treated with chitosan.
The effectiveness indices of the protective properties of the
preparations based on the recombinant toxoid corresponded to
2.2 and 2.5. When using the complex of two recombinant proteins,
an increase in protective properties was observed: the efficiency
indices increased to 3.5 when using aluminum hydroxide
(LD, — 114.9 mln m.c.) and up to 3.2 when using chitosan
(LD, - 104.7 mln m.c.) (Table 1).

At the next stage, various schemes of immunization with
preparations were tested, in which the doses of chitosan and
aluminum hydroxide were reduced. Chitosan was used at a dose
of 50 pg per injection, and aluminum hydroxide gel was added in
an equal weight ratio to the protein. For the first immunization,
experimental animals were divided into four groups, which
were injected with either the recombinant OprF protein at a
dose of 25 pg, or the recombinant toxoid at a dose of 50 pg,
using aluminum hydroxide or chitosan as part of the preparation.
Thus, during the first immunization, experimental groups of
mice were injected with: 1) the recombinant OprF protein with
aluminum hydroxide; 2) the recombinant toxoid with aluminum
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Table 1. Protective activity of the recombinant proteins of P. aeruginosa when used as an adjuvant of aluminum hydroxide and chitosan

. . Infection LD,
Recombinant proteins and Adjuvant and dose (ug) dose . Numl?er of . (min | IE*
dose (ng) died/survived mice
(mln m.c.) m.c.)
200 10/0
OprF 25 aluminum hydroxide 75 50 3/9 61.6 1.9
12.5 1/9
200 9/1
toxoid 50 aluminum hydroxide 150 50 5/10 72.4 2.2
12.5 0/10
OurE 25 200 3/7
pr . .
toxoid 50 aluminum hydroxide 225 50 3/12 114.9 3.5
12.5 0/10
200 8/2
OprF 25 chitosan 100 50 2/13 63 1.9
12.5 4/6
200 2/13
toxoid 50 chitosan 100 50 2/9 83.1 2.5
12.5 3/7
200 7/3
OprF 25 chitosan 100 50 411 1047 | 32
toxoid 50
12.5 0/10
100 9/1
non-immunized mice 25 4/6 33 -
6.25 0/10

Note. *IE — Indices of effectiveness of protective properties

hydroxide; 3) the recombinant OprF protein with chitosan;
4) the recombinant toxoid with chitosan. Two weeks after the
first immunization, each experimental group was divided into
three more subgroups that received: 1) the same preparations as
in the first immunization; 2) the recombinant proteins without
adjuvants; 3) the preparations used in the first immunization but
containing halved doses. Thus, after the second immunization,
the experimental animals were divided into twelve groups.
It was found that the survival rate of mice immunized with
different schemes for the administration of the recombinant
antigens adsorbed on aluminum hydroxide was approximately
the same. The effectiveness indices of the protective properties
of these preparations ranged from 1.7 to 2.2. At the same time,
the protective activity of the recombinant antigens administered
in combination with chitosan was higher in groups that were
the second (booster) immunized only with proteins. Indices of
effectiveness of protective properties in this case were 2.6 and
3.2 for the recombinant OprF protein and recombinant toxoid,
respectively. The effectiveness of schemes using chitosan at a
dose of 50 pg turned out to be higher in comparison with similar
preparations containing aluminum hydroxide (Table 2).

DISCUSSION

Mechnikov Research Institute of Vaccines and Sera
developed the RPV vaccine for the prevention of Pseudomonas
aeruginosa infection. The RPV vaccine is the complex of the
recombinant porin protein OprF and the toxoid adsorbed on
aluminum hydroxide [2]. In the present work, these proteins

were used to study the adjuvant properties of chitosan. At the
first stage, preparations were obtained and studied using the
regimens and doses of antigens used in the RPV vaccine. The
adjuvant properties of chitosan for recombinant P. aeruginosa
antigens were as effective as aluminum hydroxide. Previously, a
similar effect of chitosan, used as an adjuvant in the composition
of influenza vaccines, was observed, as a result of immunization
of animals with it, the accumulation of specific IgG antibodies
occurred [10]. The conducted studies confirmed the additive
effect of the use of two recombinant antigens during joint
immunization, which was previously revealed in the study of the
RPV vaccine [2].

The possibility ofusing adjuvants at lower concentrations and
reducing the immunizing dose during the second immunization
with antigens without adjuvant was further investigated.
A decrease in the concentration of the adjuvant in preparations
during booster immunization did not reduce its effectiveness,
and in the case of chitosan, an increase in the immune response
occurred when the recombinant antigens were used without an
adjuvant. Thus, the possibility of reducing the concentration of
adjuvants in preparations without reducing the effectiveness of
the protective properties of immunization was revealed.

Based on the results obtained, the effectiveness of complex
immunization with the recombinantantigens (OprF and the toxoid)
of P. aeruginosa was confirmed. The possibility of using chitosan
as an adjuvant was shown, since preparations of the recombinant
proteins with its use were not inferior in the induction of protective
properties to the preparations absorbed on aluminum hydroxide.
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Table 2. Protective activity of the recombinant proteins of P. aeruginosa when using different amounts of the preparations at the second

immunization.
Recombinant proteins and dose (ng) Infection dose .
Adjuvant and dose (ug) (mlIn m.c.) Numb.er of d.led/ LD,, IE*
L L . L survived mice (mln m.c.)
First immunization Second immunization
OurE 25 200 10/1
pr
aluminum hydroxide25 >0 6/5 322 2
12.5 4/7
200 10/2
_ OprF 25 Oprk 23 50 6/6 35.4 22
aluminum hydroxide 25 -
12.5 5/7
OurF 19,5 200 12/0
pr .
aluminum hydroxide 12.5 >0 8/4 28.1 17
12.5 3/9
150 200 10/1
toxo1
aluminum hydroxide 50 >0 4 36.3 22
12.5 2/9
) . 200 9/2
' toxoid 50 ' toxoid 50 50 ]R3 36.5 29
aluminum hydroxide50 -
12.5 2/9
4 25 200 11/1
toxo1
aluminum hydroxide 25 >0 /4 354 22
12.5 3/9
OurF 25 200 9/2
pr
chitosan 50 50 5/6 36.5 2.2
12.5 5/6
200 8/2
OprF 25 OprF 25 50 713 42.9 2.6
chitosan 50 -
12.5 1/8
OorF 12.5 200 10/1
pr .
chitosan 50 >0 8/3 322 2
12.5 2/9
150 200 8/3
toxoi
chitosan 50 >0 74 47 2.9
12.5 2/9
4 50 150 200 9/2
toxoi toxoi
chitosan 50 i 50 4/7 53.3 32
12.5 3/8
1 50 200 8/3
toxo1
chitosan 50 50 7/4 47 2.9
12.5 2/9
100 10/0
non-immunized mice 25 8/2 16.5 -
6.25 0/10

Note. *IE — Indices of effectiveness of protective properties
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HCCJIEJOBAHUE AJITBIOBAHTHBIX CBOMCTB XMTO3AHA B KOMILJIEKCE
C PEKOMBUHAHTHBIM BEJKOM F HAPYKHOI MEMBPAHBI 1
PEKOMBUHAHTHBIM AHATOKCUHOM PSEUDOMONAS AERUGINOSA

A.A. Kanowmun*, H. A. Muxaiinosa

HayuHo-ucciieoBarenbCKuil MHCTUTYT BaKLIMH U CbIBOPOTOK M. M.J1. MeuHukoBa
105064, Mocksa, Manbrit Kazennsiii nepeyinok, SA; *e-mail: alex-k-1973@yandex.ru

Ienbro nccienoBaHusi OBLIO M3ydYEHHE AJbIOBAHTHBIX CBOWCTB XMTO3aHA B CPABHEHHM C THIPOKCHIOM ATIOMHHHS NPU MMMYHH3aLUH
pekoMOMHAHTHBIMU Oenkamu Pseudomonas aeruginosa. B pabote ncrnonb3oBaian pexoMOuHaHTHBIA Oenok F HapyxHoi memOpansl (OprF) u
PEKOMOMHAHTHBIN aHATOKCHH P. aeruginosa, K KotopsiM jobasmsuin 0.5% mpenapar XuTo3aHa, paCTBOPESHHbIH B IIyTaMHHOBO# kuciore ¢ pH 5.0
WY T'eJIb TUAPOKCH/IA AIFOMUHUS. VICIIBITAIM COOTHOIICHUE TUAPOKCH A alloMUHUS K 6enky 3:1 u 1:1, a xuTto3an nobasisuiu B koiaudectse 100 MKr
1 50 MKT 17151 OTHOM MMMYHH3HPYIOIIEH 10361, [Ipr UMMyHH3AI[MH TIPENapaThl BBOIWIN MbIIIAM BHYTPUOPIOIINHHO JIBYKPATHO C IBYXHEICIbHBIM
HHTEPBAJIOM, a 3aTeM 4epe3 JABE HeJleNM KUBOTHBIX 3apakasld BHYTpUOpIomnHHO P. aeruginosa (PA-103), moacunThiBasi MOrMOIIMX U BEDKHBIINX
JKMBOTHBIX. IMMyHHM3anms pekomMOuHaHTHEIM GenkoM OprF B no3e 25 MKr M peKOMOMHAHTHBIM aHATOKCHHA B 103¢ S0 MKT KaK ¢ THIPOKCHIOM
QIIOMHHMS, TaK M C XHUTO3aHOM, CIIOCOOCTBOBala pPa3BUTHIO PABHO3HAYHBIX IPOTEKTHBHBIX CBOMCTB. IIpM KOMIIIEKCHOM BBEAEHHMHU JBYX
PEKOMOMHAHTHBIX OEKOB OBUIO BBISBIICHO YCHJICHHE 3alIUTHBIX CBOWCTB C HCIOJIL30BAHHEM O0OMX aablOBAaHTOB. lcciienoBany BO3MOXKHOCTD
MPUMEHEHHSI PEKOMOMHAHTHBIX aHTUT'CHOB 0€3 a/TbIOBaHTa M YMCHBIICHHUS UX HIMMYHU3UPYIOLICH 1036 IPU OycTepHOU MMMyHU3aud. CHIDKCHHE
MMMYHHU3HMPYIOLIEH 03B! B JIBa pa3a Py HOBTOPHOM BBE/ICHUH HE YMEHBILHIIO TPOTEKTUBHBIN (B (EKT, a B ClIydae XUTO3aHa, IPHBOJHIIO K YCHIICHHUIO
MMMYHHOTO OTBETa IpU OyCTEPHON MIMMYHH3AllMY peKOMOMHAHTHBIMY aHTHI'€HaMH Oe3 abloBaHTa. TakuM 00pa3oMm, A1t peKOMOMHAHTHBIX OEIIKOB
P. aeruginosa BbISIBICHBI abIOBAHTHBIE CBOIMCTBA XUTO3aHa, HE YCTYAIOIIME IO MHIYKIMH IIPOTEKTHBHBIX CBOMCTB THPOKCH/Y aJTIOMHHUSL.

KuaroueBrble cioBa: Pseudomonas aeruginosa; Xuto3aH; aJibloBaT; 6enok F napyxHoii MemOpansbl (OprF); 9k30TOKCHH A; aHAaTOKCHH
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