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Effectiveness of the immune response in the form of the production of specifc antibodies against immunogenic peptide constructs composed
of conservative fragments of the hepatitis C virus envelope protein E2 depended on the adjuvants and carriers used in their preparations. The
most effective formation of specifc antibodies was observed in response to the injection of peptide constructs containing B- and T-epitopes of the
E2 protein conjugated with a carrier with adjuvant properties, Immunomax. Antibodies obtained in response to immunization with conjugates of
peptide constructs with Immunomax bound both hepatitis C virus envelope protein E2 and the heterodimer of envelope proteins E1E2.
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INTRODUCTION

Low effectiveness of immune responses to peptide vaccines
that have been tried to be introduced into clinical practice (for
example, the therapeutic vaccine against hepatitis C [1, 2] and
against SARS-CoV2 (EpiVacCorona [3-5]) has not dampened
interest in such vaccines. This is due to the advantages of
peptide vaccines previously noted in reviews in comparison to
vaccines based on whole microorganisms (live and inactivated),
subunit vaccines and vaccines based on recombinant antigen
proteins. These included a) safe peptide production technologies;
b) a high standardization degree of peptide antigens and the
absence of foreign genetic material; c) possibility of forming an
effective immune response to antigenic determinants that have
weak immunogenicity in the whole molecule; d) exclusion of
components and fragments of pathogen molecules that cause high
reactogenicity, allergic and autoimmune reactions; e) possibility
of assembling artificial structures from several different antigenic
determinants originating from different antigen molecules [6-9].
However, one of the main disadvantages of peptide vaccines is
their inability to stimulate the innate immune system and thereby
induce the formation of a sufficiently long-lasting immune
response and immunological memory [6-10]. Peptides in the
vaccine function as immunogens — molecules to which a specific
immune response will be directed, i.e. the formation of antibodies
specific to the causative agent of the disease or its main pathogen,
the stimulation of cytotoxic and helper T cells. [1, 3, 6-9, 11].
However, an effective formation of immunological memory
needs the innate immune system stimulation and a sufficiently
long-term effect of the immunogen on cells of the immune

system in germinal centers of lymph nodes [6, 8, 9]. Peptides, as
a rule, cannot provide this due to the lack of appropriate ligand
activity and susceptibility to the action of proteases of biological
fluids. Therefore, there is an absolute need for peptide vaccines
to select adjuvants and carriers that provide both activation of
the innate immune system and increased stability of peptide
antigens [8-10]. In this work, we compared the effectiveness of
the immune response, i.e. the formation of specific antibodies
to peptide antigens composed of highly conserved fragments of
the hepatitis C virus (HCV) envelope protein E2, in combination
with adjuvants and carriers of various types.

METHODS
Peptide Synthesis

Peptides were synthesized by the solid-phase method
on a polystyrene-divinylbenzene polymer modified with
4-(2’,4’-dimethoxyphenyl-aminomethyl)-phenoxymethyl
groups (Rink amide) with a capacity of 0.55 mmol of active
groups/g polymer (Applied Biosystems, USA) based on the initial
resin loading in an amount corresponding to 100 micromoles
active groups, or 145.2 mg. o-Amino group-protected with
9-fluorenylmethoxycarbonyl(Fmoc) L-amino acids with the
following side-chain functional group protections: Asp(D),
Glu(E) — fert-butoxy; GIn(Q), Asn(N), His(H) and Cys(C) —
trityle; Arg(R) — 2,2,5,7,8-pentamethylchromane-6-sulfonyl;
Lys(K) and Trp(W) — tert-butyloxycarbonyl, Ser(S), Thr(T) and
Tyr(Y) — tert-butyl (all from ChemPep, USA) were used. The
synthesis was performed on an automatic synthesizer 433A from
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Table 1. Synthetic peptide constructs

. Amino acid sequence Mol. mass, Da Mol. mass, Da (by mass Target peptide content in
Peptide lculated spectrometry, monoiso- th tion.
of the construct (calculated) topic, dominating) e preparation, %
DYPYRLWHYGGSTGLIHLHQNI-
CR4-CR5 VDVQYLYG-amide 3576.98 3576.740 90
STGLIHLHQNIVDVQYLYGGCPTD
CR5-CR3 CFRKHPEATYS-amide 3959.90 3959.922 87

Applied Biosystems in N,N’-dimethylformamide (Puriss, Spektr-
chem, Russia). Fmoc protection was removed from o-amino
groups by treatment with 22% of 4-methylpiperidine (Acros
Organics, Belgium) [11, 12]. Fmoc-amino acids were activated
with O-(benzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium
hexafluorophosphate (HBTU) and cyanohydroxy aminoacetate
ethyl ester (Oxyma Pure; ChemPep, USA) in the presence of
2,4,6-collidine (Acros Organics) [13]. A 10-fold excess of Fmoc
amino acids was used in the coupling reactions. The peptides
were removed from the resin along with the deprotections of
the side-chain functional groups by treatment with a mixture
of trifluoroacetic acid (TFA):3,6-dioxa-1,8-octandithiol:tri-
isopropylsilane:anisole:water 183:5:2:5:5 (v/v) for 2 h [12, 13].
The peptides were precipitated with a mixture of methyl tert-
butyl ether:hexane 1:1 (v/v) and dried over KOH.

Peptides were purified by reverse-phase HPLC (ZORBAX
SB-C8 column 21 x 250 mm, 7 um, Agilent 1100 chromatographic
station, Agilent, USA), elution by acetonitrile gradient: 0-15 min
— from 0 to 32%, 15-45 min — from 32 to 38%, 45-50 min — 38-
100% in 0.1% aqueous TFA solution at a rate of 15 ml/min and
registration of eluate absorption at 210 nm. The purified peptide
preparations were evaporated and lyophilized. The purity of the
peptides was evaluated by analytical HPLC (ZORBAX SB-C8
column 4.6 x 150 mm, 3.5 pm, 100 A, acetonitrile gradient in
0.1% aqueous TFA solution 0-100% in 50 min, elution rate 1 ml/
min) and electrospray ionization mass spectrometry on a high-
resolution quadrupole time-of-flight mass spectrometer MaXis
4G (Bruker Daltonics, Germany; registration of positively
charged ions in the range of 500-2000 Da).

Peptide-containing lipid nanoparticles were prepared via
mixing 400 mg squalene (Acros Organics), 20 mg Lipoid S100
(Lipoid, Germany), 400 mg Tween 80 (Ferak Berlin GmbH,
Germany), 5 mg peptide in 10.0 ml distilled water with further
adjusting pH to 7.2-7.4 by 1M NaOH (Merck, Germany). The
mixture was sonicated in an ultrasonic disintegrator Bandelin
Sonopuls HD 2200 (Bandelin, Germany) with a titan rod KE76
at a 70% power, on ice, 6 one-minute cycles. Number of cycles
was set in order to achieve a constant light transmission value at
660 nm of at least 60% on an Agilent 8453 spectrophotometer
(Agilent, Germany) with HP UV Visible ChemStation version
A10.01 software. The resulting emulsion was filtered through
a 0.22-um filter (Merck Millipore, USA). In the filtrate, the
particle size was determined by dynamic light scattering using
a ZetaSizer Nano ZS analyzer (Malvern, UK) with Malvern
ZETASIZER 6.20 software. Peptides not bound to nanoparticles
were determined in a 10-fold concentrated ultrafiltrate prepared
after ultrafiltration of the resulting preparation using Vivaspin 6
10 kDa (Sigma-Aldrich, USA) by analytical HPLC, as indicated
above. Lipid nanoparticles without peptides were obtained in a
similar way.

Peptide conjugates with Immunomax (IM) were prepared

with the use of “Immunomax” preparation kindly donated by
Immapharma (Russia) and additionally purified by dialysis
against water and by gel-filtration on TSK-75 column (Toyo
Soda, Japan, 950x30 mm) eluted with water. Freeze-dried high-
molecular fraction, which was eluted immediately after the free
volume of the column, was used for conjugate preparations.
Conjugation was performed using diethyl ether of squaric acid
(3,4-diethoxy-3-cyclobutene-1,2-dione; DESA; Acros Organics)
in two stages [14]. At the first stage, IM was activated by DESA
in 0.1 M Na-phosphate buffer, pH 7.15, at the IM:DESA mass
ratio of 1:1.7; activated IM was separated from the reagent by
gel filtration (see above) and lyophilized. Peptides CR4-CRS and
CR5-CR3 (Table 1) were dissolved in a mixture of 8 M urea
aqueous solution and dimethyl sulfoxide (1:4 by volume) to a
concentration of 1.0 mg/ml. 0.5 ml of the peptide solution was
added to 0.5 ml of the solution of IM modified with DESA (1.5
mg) in 0.1 M phosphate buffer, pH 7.45, and after addition of 50
pl of 0.5M of Na-borate buffer, pH 8.5, the mixture was left for
12 h at 4°C. The conjugates were dialyzed sequentially against 8
M and 4 M urea solutions and 0.1 M phosphate buffer, pH 7.45.
The conjugate solutions obtained were intensively opalescent
and contained a small amount of sediment. For administrations to
mice, conjugate solutions were diluted with 0.9% NaCl (solution
“for injections™) to the required concentration of 5 pg, 20 pug and
50 pg of conjugate (per IM) in 100 pul of solution.

Peptide and conjugate immunogenicities were determined
as specific antibody titers in sera of mice immunized with
corresponding preparations. Six BALB/c mice (3 males
and 3 females) were immunized with each preparation. The
preparations (Table 2) were subcutaneously injected in a volume
of 100 pl at 6 points on the back three times with an interval
of two weeks. For immunization, peptides were dissolved in
0.85% NaCl solution with 10 mM Na-phosphate buffer pH 7.2
(phosphate buffered saline; PBS) to a peptide concentration of
1 mg/ml. Samples with Freund’s adjuvant (1st immunization
with full adjuvant, 2nd and 3rd with incomplete adjuvant) were
obtained by mixing 1 volume of a peptide solution with 1 volume
of adjuvant. Peptide samples in the form of a mechanical mixture
with IM were obtained by mixing 1 volume of a peptide solution
and 1 volume of the purified IM solution at a concentration of
1.5 mg/ml. Mice were decapitated a week after the last injection,
and serum was obtained from the collected blood, aliquoted and
stored at -20 °C until antibody titers were determined.

Determination of antibody titers against HCV peptides
and envelope proteins E2 and E1E2 was achieved by enzyme
immunoassay as previously described [15, 16], except that
peptides CR4-CR5 and CRS5-CR3 were adsorbed onto the
surface of wells of immunological plates with high adsorption
capacity directly from 0.1 M Na-bicarbonate buffer, pH 8.5. E2
protein (water-soluble form and E1E2 heterodimer) were kindly
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Figure 1. Sizes of peptide CR4-CRS and CRS-CR3 oligomers,
determined by the dynamic light scattering method.

provided by Dr. J. Dubuisson, Institute Biology de Lille, France.

In silico search for T-helper epitopes in highly conserved
fragments of the protein E1 and E2 amino acid sequences was
carried out using software products from the SYFPEITHI [17]
and IEDB [18] databases.

RESULTS AND DISCUSSION

Previously, we proposed an approach to the design of
peptide immunogens for the hepatitis C vaccine[19], it consisted
in combining highly conserved B and T helper epitopes from
envelope proteins E1 and E2 in one artificial peptide construct,
and the selected B epitope had to exhibit functional activity
essential for HCV [19]. We confirmed the effectiveness of this
approach in terms of the formation of antibodies specific to both
B-epitopes and whole envelope proteins of the virus [19]. The
immunogenicity of such constructs with the formation of both
peptide and protein-specific antibodies was demonstrated only
when they were administered with Freund’s adjuvant (AF).
The latter indicates an insufficiently effective stimulation of the
immune response by peptides alone and their incorrect orientation
in the aggregates/micelles formed in the solution [19]. However,
AF cannot be used in human vaccines because of its high
reactogenicity [10]. Therefore, we tested the immunogenicity
of peptide constructs from highly conserved fragments of
HCV E2 envelope protein in the form of preparations with
pharmaceutically acceptable adjuvants and carriers. The peptide
constructs used in the experiment (Table. 1) are composed of
the highly conserved regions CR3, CR4 and CR5 (designations
according to [20]) of the E2 protein.

Since CR3 and CR4 bound heparan sulfates responsible
for the primary fixation of the virus on cells [21], respectively,
antibodies against these B epitopes could block the primary
fixation of the virus on cells [22, 23]. CRS5 contains T helper
epitopes identified in silico using SYFPEITHI [17] and IEDB
[18] software products and confirmed in experiments on animal
immunization [19] and activation of T-lymphocytes in patients
with hepatitis C [24]. In addition, antibodies specific to at least
two linear B epitopes of the CR5 region were detected in patients
with hepatitis C [16].

In order to determine the effect of the adjuvant and carrier on
the immunogenicity of the obtained peptide constructs, mice were
immunized with the following preparations: 1) peptides dissolved
in phosphate-saline buffer; 2) mixtures of these solutions with AF;
3) peptides incorporated in phospholipid-squalene nanoparticles
(PSN); 4) conjugates; and 5) mixtures of IM with peptides;

Figure 2. Size distribution of phospholipid-squalene nanoparticles with
peptides: upper graph — PSN with peptide CR4-CRS, lower graph —
PSN with peptide CR5-CR3

6) mixtures of peptide-IM conjugates with PSN and 7) conjugates
of peptides with dextran. The use of carrier-free peptides for
immunization is justified by the fact that these peptide constructs
formed particles with a diameter of 3-12 nm (median 5 nm; CR4-
CRS5) and 5-28 nm (median 12 nm; CR5-CR3), which indicated
oligomerization in solutions with a concentration of 1 mg/ml
(Fig. 1). In some cases, the immunogenicity of such micelles
was noted in animals immunized with them, accompanied by
the formation of antipeptide antibodies [19]. Squalene is used as
an immunostimulator in the composition of emulsion adjuvants
in modern vaccines [1-3, 10, 25]. Our attempt to use PSN to
increase the immunogenicity of peptide constructs was inspired
by the effectiveness of PSN stabilized with the pharmaceutically
acceptable detergent Tween 80 as both a carrier and an
adjuvant for subunit vaccines [26]. Peptides were included in
the composition of PSN with Tween 80 during the preparation
by ultrasound treatment. The obtained PSN preparations with
peptides contained nanoparticles with an average diameter of
89-99 nm. (Fig. 2).

After ultrafiltration of PSN with peptides the peptides were
detected in a concentrated filtrate by HPLC with mass detection
in trace amounts, which indicated their rather strong adsorption
on PSN or incorporation into PSN.

IM, a high-molecular-weight lipoproteoglycan from potato
sprouts [27], capable of activating cells of the immune system
responsible for innate immunity through toll-like type 4 receptors
and registered as a drug with immunomodulatory activity, was
another carrier of peptide antigens with adjuvant activity tested
by us [27, 28]. Previously, IM was successfully used as a carrier
in the production of monoclonal antibodies against non-structural
HCYV proteins [29]. Since IM contains free amino groups, peptide
constructs also containing free amino groups were conjugated
with this proteoglycan using DESA, which provides sequential
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crosslinking of two amino-containing compound due to two
DESA carboxy groups activated at different pH [14]. Since
IM contains almost no absorbing components at 280 nm, the
conjugation of peptides could be estimated by increasing the
optical density of the conjugate solution at this wavelength,
however, the strong opalescence of the conjugate solution did not
allow an accurate assessment of the amount of bound peptide.
The complex composition and high molecular weight of the
IM components also made it impossible to estimate the amount
of the peptide conjugated with it using amino acid analysis or
by changing the molecular weight. According to previously
published data on the number of moles of conjugated peptides
per unit mass of IM [29], we assumed an approximate content of
conjugated peptides in the conjugate preparation of 1% of the IM
mass. In addition to peptide conjugates with IM, we tested the
immunogenicity of a mechanical mixture of peptide constructs
with IM, in which proteoglycan acted only as an adjuvant, as
well as a peptide conjugate with dextran, to study the effect of a
high molecular weight, but not an immunoreactive carrier.

The effectiveness and specificity of the immune response to
the administration of the above-mentioned peptide preparations
to groups of mice consisting of an equal number of males
and females was evaluated. Specificity was assessed by the
formation of antibodies both against individual fragments of
peptide constructs as B-epitopes, and against the whole envelope
protein E2 and the HCV E1E2 heterodimer. Table 2 shows the
results of determining the titers of anti-peptide and anti-protein
antibodies in animals immunized with the peptide preparations in
composition or as conjugates with various adjuvants. As can be
seen from the table, the peptides CR4-CRS5 and CR5-CR3 differ
greatly in immunogenicity: the peptide CR5-CR3 caused the
formation of specific antibodies in mice even when administered
without adjuvants, whereas to obtain antibodies against the
peptide CR4-CR5, even the simple addition of an adjuvant was
not enough, and conjugation of this peptide with IM carrier
with adjuvant properties was required. In the case of CR4-CRS5
peptide, both the fixation of the antigen on a high-molecular
carrier and the stimulation of the immune system towards the
formation of specific antibodies were apparently important.
The conjugate of this peptide with IM caused the formation of
antibodies, binding to the native HCVE2 envelope proteins and
the E1E2 heterodimer, which might indicate the formation of a
CR4-CRS5 peptide structure in the conjugate similar to that in
the envelope protein. However, this structure possibly does not
represent a linear region, since no antibodies against individual
parts of the peptide (CR4 and CRS) have been detected in the
blood sera of immune animals.

CRS5-CD3 peptide immunogenicity was also significantly
increased after the conjugation with IM: a higher antibody titer
was achieved with a 100-fold lower dose of the peptide. It is
interesting to note that when this peptide was injected together
with AF, the formation of protein-specific antibodies was
not noted, unlike in the case of the free peptide; AF probably
prevented the formation of the peptide spatial structure similar to
that in the whole protein. Antibodies against the CR3 fragment
at titers 1:500-1:1000 were detected in the blood sera of mice
immunized with the IM-CR5-CR3 conjugate; no antibodies
against the CR5 fragment were detected. PSN as an adjuvant
turned out to be less effective than IM. However, the addition
of PSN to the IM-CR5-CD3 conjugate slightly increased the
effectiveness of the formation of specific antibodies.

CONCLUSIONS

IM as a carrier with adjuvant properties proved to be the
best among the studied adjuvants for peptide immunogenic
constructs composed of highly conserved fragments of the HCV
E2 envelope protein. It is unclear what is the difference in the
mechanism of presentation of antigens associated with IM and
PSN, since the fine mechanisms of stimulating the immune
response with squalene have not yet been investigated [25]. With
regard to IM, it can be assumed that its activation of dendritic
cells through TLR4 activates the mechanisms of innate immunity,
which are subsequently involved in the formation of adaptive
immunity, including the formation of specific antibodies [27-30].
In addition, conjugation of peptides with IM can contribute to
their stabilization, increase entry into antigen-presenting cells,
and create a pool of slowly released immunogen at the injection
site. IM should probably be considered as one of the most
effective adjuvants for peptide vaccines.
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BJIUNSTHUE AJIbIOBAHTOB HA AHTUTEHHBIE CBOMCTBA IENTHJIHBbIX KOHCTPYKIUI
N3 ®PAIT'MEHTOB OBOJIOYEYHOI'O BEJIKA E2 BUPYCA I'EITATUTA C

E.A. Ezoposa', TM. Menvnuxosa®, M.B. Menvnuxosa™, M.I. 3asvsanosa’, JI. B. Kocmpioxosa', O.B. Hubuckosa’,
P.H. Amaynnaxanoé’, E.®. Konecanosa'*

"HayuHo-¥cClie[OBaTEIbCKIIA HHCTUTYT OHOMeIUIIMHCKON xuMun umenu B.H. OpexoBuya,
119121, Mockga, ya. [Torogunckasi, 10; *e-mail: EKolesanova@yandex.ru
2Vuusepcutet «Cupuycy, Oenepanbhast Tepputopust «Cupuycy, Oaumnuiickuii mp., 1
SUuctutyT oprannveckoii xumuu umenu H.JI. 3emunckoro PAH, Mocksa, Jlenunckuii mp., 47
‘DegepanbHbIi HCCIEOBATENBCKHNA IEHTP OPUTHHANBHBIX U MEPCIIEKTUBHBIX OMOMEIUIIMHCKUX
u apmaneBTHYECKUX TEXHOJIOTHH, MockBa, banTuiickas yi., 8
‘TocymapcTBeHHbIH Hay4dHbIH neHTp "MHCTUTYT HIMMYHOIOTHH"
®denepaabHOrO MEINKO-OMOIOTHUECKOro areHTcTBa, Mocksa, Kamupcekoe 1., 24

IToka3ano, yTo 3((HheKTUBHOCTE MMMYHHOIO OTBETa B BHJAE MPOAYKLMHU CHEHU(UYHBIX AHTUTEN IPOTUB MMMYHOTCHHBIX MENTHIHBIX
KOHCTPYKIVH, COCTaBJICHHBIX U3 KOHCEPBATHBHBIX ()parMeHToB obosoueyHoro Oenka E2 Bupyca renarura C, 3aBUCHUT OT UCTIONBE30BaHHBIX B COCTABE
HpernaparoB aablOBaHTOB 1 HocuTeel. Hanbonee addexruBaoe 0O6pazoBanue crieliupMUHbIX aHTUTENI OTMEUEHO B OTBET Ha BBE/ICHNE IENTHAHBIX
KOHCTPYKLMH, comepkanx B- m T-onuronsr Oenka E2, KOHBIOTHPOBaHHBIX C HOCHTEIEM C aJbIOBAHTHBIMH CBOMCTBaMH MMMyHOMakcowm.
AHTHUTeNa, NOIyYCHHBIC B OTBET HA UMMYHH3AIMIO0 KOHBIOTaTaMH HMENTHIHBIX KOHCTPYKUNH ¢ FIMMyHOMaKkcoM, CBSI3bIBaIN 000JIOUEYHBIH OeIoK
E2 u rerepopumep o6onoueynsix 6enkoB E1E2 Bupyca renarura C.

KoaroueBble ciioBa: nenTuaHble BaKUUHbI; BUpyc renarura C; o0onoueyHble OeJIKM; CUHTE3 NENTHIOB; albIoBaHTbl; FIMMyHOMaKc
OUNHAHCHUPOBAHUE

Pazpabotka crpykrypsl nentuga CR5-CR3 Obita ocymiectsiena B pamkax [ockontpakra Ne14N08.12.0025 ot 08.08.2013 . ¢
Muno6pHayku P®. [TnnoTHbIe 3KCIEpUMEHTHI ObUTH BBITIOJIHEHBI B paMKax [IporpamMel hyHaaMeHTaIbHBIX HAYyYHBIX HCCIIEI0BaHHMA

rocylapcTBeHHbIX akagemuil Hayk Ha 2013-2020 roxer (tema Ne 0518-2014-0003), pabota 3aBepmieHa B pamkax IIporpammsl
(hyH/IaMEHTANIBHBIX HayYHBIX UCCIIEA0BaHUI TOCY1apCTBEHHBIX akaaeMuii Hayk Ha 2021-2030 rogp! (tema Ne 122030100170-5).
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