
Influenza A is one of the most dangerous respiratory

diseases. The lack of immunity to new seasonal and pan-

demic strains of this virus is a serious problem that could

lead to the development of severe pathologies and death.

Unfortunately, none of the existing vaccines can com-

pletely prevent contracting influenza because of the high

variability of its major surface antigens [1].

Existing approaches for creating a universal influen-

za vaccine are based on using conserved proteins and pep-

tides of the influenza virion. The efficacy of the suggested

universal vaccine depends mainly on the induction of

cross-reactive T cells [2]. Although this type of immunity

cannot prevent infection entirely, it can considerably

impede its development. For example, influenza virus

nucleoprotein (NP) could be detected on the surface of

infected cells at the early stages of infection and neutral-

ized by antibodies against this protein [3].

The discovery of antibodies reacting with the con-

served epitopes of the hemagglutinin (HA) stalk domain

has stimulated the development of universal influenza

vaccine that has been successfully tested in preclinical tri-

als [1].

It was shown using chicken embryos that incorpora-

tion of NP into the virus-like particles (VLP) facilitated

production of anti-NP antibodies and provided 100%

protection from the lethal dose of heterologous influenza

virus strain [4]. Matrix M1 protein is another conserved

ISSN 0006-2979, Biochemistry (Moscow), 2020, Vol. 85, No. 2, pp. 224-233. © Pleiades Publishing, Ltd., 2020.

Russian Text © The Author(s), 2020, published in Biokhimiya, 2020, Vol. 85, No. 2, pp. 260-271.

Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BM19-282, December 30, 2019.

224

Abbreviations: a.a., amino acid residue; ADFK, alanine–aspar-

tic acid–phenylalanine–lysine sequence; CP, coat protein;

DHFR, dihydrofolate reductase; EDC, 1-ethyl-3-(3-dimethyl-

aminopropyl)-carbodiimide; M2e, conserved epitope of

influenza A virus (25.5 kDa); NHS, N-hydroxysuccinimide;

NP, nucleoprotein; TMV, tobacco mosaic virus.

* To whom correspondence should be addressed.

Complexes Formed via Bioconjugation of Genetically Modified

TMV Particles with Conserved Influenza Antigen:

Synthesis and Characterization

T. V. Gasanova1,a*, A. A. Koroleva1, E. V. Skurat1, and P. A. Ivanov1

1Lomonosov Moscow State University, Faculty of Biology, 119991 Moscow, Russia
ae-mail: tv.gasanova@gmail.com

Received September 30, 2019

Revised November 8, 2019

Accepted November 16, 2019

Abstract—Recently we obtained complexes between genetically modified Tobacco Mosaic Virus (TMV) particles and pro-

teins carrying conserved influenza antigen such as M2e epitope. Viral vector TMV-N-lys based on TMV-U1 genome was

constructed by insertion of chemically active lysine into the exposed N-terminal part of the coat protein. Nicotiana ben-

thamiana plants were agroinjected and TMV-N-lys virions were purified from non-inoculated leaves. Preparation was ana-

lyzed by SDS-PAGE/Coomassie staining; main protein with electrophoretic mobility of 21 kDa was detected. Electron

microscopy confirmed the stability of modified particles. Chemical conjugation of TMV-N-lys virions and target influenza

antigen M2e expressed in E. coli was performed using 5 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 1 mM

N-hydroxysuccinimide. The efficiency of chemical conjugation was confirmed by Western blotting. For additional charac-

terization we used conventional electron microscopy. The diameter of the complexes did not differ significantly from the ini-

tial TMV-N-lys virions, but complexes formed highly organized and extensive network with dense “grains” on the surface.

Dynamic light scattering demonstrated that the single peaks, reflecting the complexes TMV-N-lys/DHFR-M2e were sig-

nificantly shifted relative to the control TMV-N-lys virions. The indirect enzyme-linked immunosorbent assay with TMV-

and DHFR-M2e-specific antibodies showed that the complexes retain stability during overnight adsorption. Thus, the

results allow using these complexes for immunization of animals with the subsequent preparation of a candidate universal

vaccine against the influenza virus.
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protein that stimulates effective T cell-mediated immune

response similar to NP [4, 5]. The emergence of the wide-

spectrum resistance in mice and birds was observed upon

intracellular expression of the full-size NP and M1 genes

employing vectors based on adeno-, baculo-, and

poxviruses [6, 7]. The M2 protein tetramer forms an ionic

transmembrane channel. The conserved M2e ecto-

domain of this protein (23 a.a.) exposed on the viral par-

ticle surface is also a promising target for designing the

universal anti-influenza vaccine [8-10]. M2e epitope-

based vaccines facilitate the development of resistance

against influenza virus by inducing antibody-dependent

cell-mediated cytotoxicity (ADCC) via T helper cells,

natural killer cells, macrophages, and mast cells [2].

The objective of this study was investigation of the

TMV conjugates as a platform to improve the universal

subunit vaccine for influenza A by displaying conserved

M2e antigen on the virion surface. TMV was chosen as a

carrier because of its proven adjuvant [11] and immuno-

genic [12] properties, including the ability to stimulate

stable humoral and cellular immune responses [13]. Rod-

shaped TMV particles provide a convenient platform for

displaying a large number (up to 2100 copies) of epitopes

on their surface to ensure efficient immune response [13-

15]. We investigated the possibility of using chemical con-

jugation for the generation of stable complexes between

TMV particles containing reactive lysine on their surface

and conserved M2e epitope of the influenza A virus. The

TMV coat protein (CP), which has been characterized in

detail by X-ray diffraction analysis, is capable of self-

assembly. Moreover, it is sufficiently resistant to pH and

temperature changes. According to the crystallography

data, each CP subunit contains four sites exposed to the

external environment that can be used for cloning target

sequences. In addition to the N- and C-terminal regions,

the protein also has two loops exposed at the virion outer

surface (a.a. 59-65 and 152-156) [16]. Previously, conju-

gation with the CP N-terminus was achieved by introduc-

ing additional amino acid sequences containing lysine

(K) residue with the reactive NH2-group. Out of these

sequences, ADFK (alanine–aspartic acid–phenylala-

nine–lysine) proved to be the optimal one [15]. This

approach allowed to produce complexes between stable

TMV particles containing reactive lysine and epitopes

from cytotoxic T lymphocytes associated with the

melanoma antigens p15e or Trp2. Immunization with the

modified viral particles containing both melanoma epi-

topes ensured more efficient stimulation of the anticancer

activity in comparison with the use of the same peptides

separately [13].

Insertion of reactive lysine also allows capsid

biotinylation. As a result, the particles acquire the ability

to bind targets conjugated with streptavidin. A fragment

of the L2 structural protein (36 a.a.) of the dog papilloma

virus located at the surface of such viral particles was sig-

nificantly more immunogenic in comparison with the

free L2 fragment [17]. Multivalent vaccines carrying two

or more antigens can be generated using N-hydroxysuc-

cinimide (NHS) and 1-ethyl-3-(3-dimethylamino-

propyl)-carbodiimide (EDC) reagents by attaching these

antigens to genetically modified TMV particles. It was

demonstrated that simultaneous immunization of mice

with a mixture of TMV particles carrying OmpA, DnaK,

and Tul4 proteins from Francisella tularensis significantly

promoted protective immune response to tularemia [18].

Similar results were obtained for the TMV particles con-

taining reactive lysine and conjugated with hemagglutinin

[11].

MATERIALS AND METHODS

Cloning of recombinant TMV viral vector containing

reactive lysine at the CP N-terminus. Four codons encod-

ing the ADFK sequence were inserted using the overlap

extension PCR technique. The outer primers contained

restriction sites for cloning into the intermediate con-

struct pA4083, which contained 3′-terminal part of the

TMV cDNA including the CP-coding sequence. PCR

was carried out in a Tertsik amplifier (DNK

Tekhnologiya, Russia) using Encyclo polymerase

(Evrogen, Russia) with the exonuclease activity to

decrease the probability of amplification errors. Two ini-

tial parallel PCRs were conducted with two pairs of

primers: Pr Nco-mp-p (GGAGGGCCCATGGAAC)/Pr

ADFK-m (TACTGTAAGACTTGAAGTCAGCCATA-

TTTAAAACGAATCCGATTC) and Pr ADFK-p (GCT-

GACTTCAAGTCTTACAGTATCACTACTCCAT)/Pr

Apa-cp-m (TGGGCCCCTACCGGGGGTAA). The

pA4083 plasmid was used as a template. The resulting

PCR products were purified and used in the second PCR

with the terminal primers Pr Nco-mp-p and Pr Apa-cp-m.

The isolated PCR product was treated with NcoI and

BstBI restriction endonucleases and cloned by same sites

into the intermediate vector pA4083 with the generation

of the pA4083-NLys plasmid. The presence of the inser-

tion was confirmed by sequencing. Next, the

BamHI/SalI fragment was cut out from the pA4083-NLys

construct and cloned into the binary pBIN-TMV-wt vec-

tor previously designed in our laboratory (Fig. 1a). The

final pBIN-TMV-N-lys construct contained the full-size

TMV cDNA coding for the CP protein containing ADFK

sequence in the CP N-fragment. The obtained cDNA was

under control of the Actin 2 transcriptional promoter

from Arabidopsis thaliana and contained transcriptional

terminator from the nopaline synthase (nos) gene.

Transformation of Agrobacterium tumefaciens cells.

Agrobacterium tumefaciens GV 3101 cells were trans-

formed with the produced binary vector pBIN-TMV-N-

lys. Transformed bacterial cells were cultivated in LB liq-

uid medium with the corresponding antibiotic at 28°C

(optimal temperature for A. tumefaciens growth)
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overnight on a shaker (170 rpm). Next, aliquots (100 µl)

of each overnight culture were mixed, plated on a Petri

dish with agar without the antibiotic, and incubated at

28°C overnight. A series of 10-fold dilutions of the cells

harvested by scrapping the bacterial lawn from the Petri

dish was prepared; the dilutions were plated onto LB agar

with selective antibiotics (50 µg/ml kanamycin, 50 µg/ml

rifampicin, 25 µg/ml gentamycin) followed by cultivation

for 48 h at 28°C. Agrobacterium tumefaciens colonies were

tested by PCR using the following primers: PrCP-U1-

PstI-p (ACTGCTGCAGGAGTAGACGACGCAACG-

GTGGCCATA), PrCP-U1-HindIII-m (ACTGAAGC-

TTCGCACCACGTGTGAATTACGGACACAAT),

PrTad23-p (GGGAAAAATAGTAGTAATGATCGGT-

CAGTGCCGAACAAGAAC), Pr CP-154-m (AGAG-

GTCCAAACCAAACCAG).

Agroinfiltration of Nicothiana benthamiana leaves.

Agrobacterium tumefaciens cells carrying the pBIN-TMV-

N-lys vector or binary vector expressing p19 with the anti-

silencing activity from the tomato bushy stunt virus

(TBSV) were cultivated overnight at 28°C. The cells were

collected by centrifugation at 5000g for 5 min, resuspend-

ed in the buffer (10 mM MgSO4, 10 mM MES, pH 5.6)

to the optical density OD600 = 0.5 and used for the agroin-

filtration of third node leaves from the top of 1.5-month-

old N. benthamiana plants. The agrobacterial mixture was

infiltrated into the abaxial part of the leaf using a syringe

without a needle.

Isolation of recombinant virus. Two to three weeks

after infiltration, the leaves exhibited the signs of viral

infection. Infected leaves were homogenized in two vol-

umes of 0.1 M sodium phosphate buffer (NaH2PO4,

Na2HPO4, pH 7.0, and 1% β-mercaptoethanol, v/v). Cell

debris was removed by centrifugation in a preparative

Beckman centrifuge for 10 min at 13,000g. The super-

natant containing viral particles was clarified by vigorous

shaking with chloroform (1/4 volume) for 20 min, and

the sample was centrifuged again for 10 min at 13,000g for

phase separation. The aqueous phase was mixed with

PEG6000 and NaCl [final concentrations, 4% and 1%

(w/v), respectively], and the virus was precipitated at 4°C

overnight. The next day, the virus was centrifuged for

10 min at 13,000g, and the precipitate was resuspended in

0.01 M sodium phosphate buffer (NaH2PO4, Na2HPO4,

pH 7.0). After dissolving the precipitate, the sample was

centrifuged for 5 min at 5000g to remove insoluble com-

ponents; the supernatant was collected and used in fur-

ther experiments.

TMV-N-lys

TMV-N-lys

Fig. 1. Design and purification of genetically modified viral particles. a) pBIN-TMV-N-lys binary vector produced by insertion of the ADFK

sequence into the binary vector pBIN-TMV-wt based on the pBin19 plasmid. RdRp, RNA-dependent RNA-polymerase (TMVU1) gene;

Act2, Actin 2 gene promoter from A. thaliana; NPT, neomycin phosphotransferase gene (kanamycin-resistance gene); LB and RB, left and

right borders; MP, TMV movement protein; CP, coat protein; ADFK, insertion to CP containing reactive lysine (K). b) Nicothiana benthami-

ana plant with systemic symptoms caused by the infection with recombinant TMV-N-lys 10 days post-inoculation. c) Electrophoretic analy-

sis in 8-20% polyacrylamide gel of extracts from non-infected plants (1) and plants infected with TMV-N-lys (2). d) Electrophoretic analysis

in 8-20% polyacrylamide gel of purified TMV-N-lys particles. MR, protein molecular weight markers (kDa); lane 3, TMV-N-lys, 10 µg.

(Colored versions of Figs. 1-6 are available in electronic version of the article on the site http://sciencejournals.ru/journal/biokhsm/)

b dc

a

kDa kDa
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RNA isolation from N. benthamiana plants. RNA was

isolated from 400 mg of plant material (upper leaves with

pronounced symptoms of infection) according to the

standard technique using RNeasy Mini-Kit (Qiagen,

Germany). RNA was eluted from a column with RNase-

free water provided with the kit; RNA amount was evalu-

ated spectrophotometrically at OD260.

Western blot analysis. Proteins were separated by

reducing SDS-PAGE (w/v) on 8-20% polyacrylamide gel

and immobilized on a Hybond-P PVDF membrane

(Amersham, USA) in the transfer buffer (25 mM Tris,

0.192 M glycine, 10% ethanol, v/v). Next, the mem-

branes were blocked with 5% (w/v) nonfat dry milk

(Difco, USA) for 1 h at room temperature in TBS-Tween

buffer (TBS-T; 150 mM NaCl, 10 mM Tris-HCl, 0.1%

Tween 20, v/v, pH 8.0). Following washing with TBS-T

buffer, the membranes were incubated in the same buffer

containing 2.5% (w/v) nonfat dry milk and mouse anti-

TMV antibodies (generated at the Department of

Virology, Moscow State University, via three intramuscu-

lar immunization with 500 µg protein per injection every

2 weeks; dilution, 1 : 5000), specific anti-TMV IgG (SRA

57400/1000; Agdia, USA) or mouse antibodies against

M2e peptide (generated at the Department of Virology,

Moscow State University, via three intramuscular immu-

nization with 300 µg protein per injection weekly with

adjuvant; dilution, 1 : 20,000 [9]). Following three 5-min

washing of the membranes in TBS-T buffer, the mem-

branes were incubated with secondary anti-mouse anti-

bodies conjugated with horseradish peroxidase (Sigma,

USA; dilution, 1 : 15,000) for 1 h. The membranes were

washed three times in TBS-T buffer for 5 min and visual-

ized with the ECL reagent kit (Amersham). Chemilumi-

nescence signal was registered using an X-ray film.

Electron microscopy. Virus samples were applied

onto a carbon-coated Copper EM grid (Ted Pella, USA),

washed with MilliQ water, and treated with acidified solu-

tion of 2% uranyl acetate (w/v) for contrasting.

Indirect enzyme-linked immunoassay (ELISA). TMV-

N-lys viral particles (200 ng) were incubated overnight at

4°C in microplate wells (Nunc MaxiSorb, Denmark)

blocked with PBS-T containing 2% BSA (w/v) (1 h at

room temperature). Subsequently, mouse antibodies

against TMV or M2e in PBS-T buffer were added at a

dilution 1 : 15,000 and 1 : 20,000, respectively, followed by

2-h incubation at room temperature. Incubation with the

secondary anti-mouse antibodies conjugated with horse-

radish peroxidase (Sigma; A4416; dilution, 1 : 15,000) was

carried out for 1 h at room temperature. ABTS substrate

(MP Biomedicals, France; 0.04%, w/v) in 50 mM phos-

phate-citrate buffer containing 0.009% (v/v) hydrogen

peroxide was added to each well, and the optical density at

405 nm was measured after 10, 20, and 40 min [9].

Conjugation of recombinant proteins and virus parti-

cles using EDC/NHS. Purified TMV-N-lys particles

(10 µg/µl) were mixed with the dialyzed protein

(20 µg/µl) in 0.1 M PBS buffer. EDC and NHS were

added sequentially to the mixture to the final concentra-

tion of 5 and 1 mM, respectively. The conjugation reac-

tion was carried out for 30 min at room temperature fol-

lowed by 2-h incubation at 4°C with vigorous mixing [19].

Dynamic light scattering (DLS). The size of the viral

particles and their complexes with the recombinant pro-

tein was determined by DLS based on the evaluation of

particle hydrodynamic diameter from its diffusion coeffi-

cient (Stokes–Einstein equation) using a Zetasizer Nano

ZS instrument (Malvern Instruments Ltd, United

Kingdom) equipped with a helium-neon laser (633 nm).

Each sample was tested 50 times according to the manu-

facturer’s protocol; the data were processed with a built-

in Dispersion Technology Software (DTS) v. 5.10.

RESULTS

Design and purification of genetically modified viral

particles containing reactive lysine residue. The obtained

viral vector provided exposure of reactive lysine (K) on

the surface of TMV particles; we introduced the ADFK

(alanine, aspartic acid, phenylalanine, lysin) sequence

into the N-terminus of CP using the full-size TMV cDNA

[15]. The nucleotide sequence encoding the ADFK pep-

tide was optimized for plant-based expression driven by

the virus, according to the codon usage in A. thaliana,

N. tabacum, and two viral CPs efficiently accumulated

during infection of plants with tobacco mosaic virus

(TMV-U1) and Alternanthera mosaic virus (AltMV-

MU) [9]. The following codons sequences were selected:

GCU for A; GAC for D; UUC for F; and AAG for K.

The sequence coding for ADFK in the N-terminus

of the TMV CP was inserted by the overlap extension

PCR. Next, the generated CPADFK fragment was ligated

with the binary pBIN-TMV-wt vector, and the resulting

pBIN-TMV-N-lys construct was used for the transforma-

tion of agrobacteria (Fig. 1a). The stability of the pBIN-

TMV-N-lys binary vector in the agrobacteria was checked

by PCR analysis of the formed colonies with specific

primers. The presence of the foreign sequence in the PCR

product was confirmed by sequencing. Two-week-old

N. benthamiana plants were infiltrated with the produced

agrobacterial culture.

The first pronounced symptoms of infection mani-

fested as leaf yellowing (chlorosis) and curling of upper

non-inoculated (systemic) leaves were observed 10 days

post-inoculation, followed by deformation (bending) of

the upper part of the stem (Fig. 1b). Systemic leaves were

collected for further analysis on day 14 post inoculation.

Electrophoresis of the plant extracts demonstrated the

presence of a protein band with electrophoretic mobility

corresponding to ~21 kDa, which was absent in the con-

trol non-inoculated plants (Fig. 1c). TMV-N-lys viral

particles were isolated from the leaves of infected plants
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employing polyethylene glycol (PEG) precipitation fol-

lowed by ultracentrifugation and electrophoretic analysis

in a gradient polyacrylamide gel (Fig. 1d) that demon-

strated the presence of a single protein band with elec-

trophoretic mobility corresponding to ~21 kDa, which

was in good agreement with the size of TMV-N-lys CP.

Viral RNA was isolated from the purified recombi-

nant TMV-N-lys viral particles using RNeasy Mini-Kit

(Qiagen, Germany) and used for reverse transcription-

PCR (RT-PCR) with primers specific to the ADFK

nucleotide sequence. Wild-type TMV particles (TMVwt)

were used as a negative control. Analysis of the RT-PCR

products by electrophoresis in 2% agarose gel confirmed

the presence of the introduced sequence in the chimeric

TMV-N-lys particles and genetic stability of the viral vec-

tor (Fig. 2).

The structural stability of the formed chimeric TMV-

N-lys viral particles was evaluated by electron microscopy

(Fig. 3b). It was found that the recombinant particles were

similar in size to the particles of the wild-type TMV but

differed morphologically due to a less compact structure

resulting in the slightly curved shape of the virions.

Characterization of protein–virion complexes.

Purified TMV-N-lys particles (10 µg/µl) containing reac-

tive lysine were conjugated with the recombinant protein

containing conserved M2e epitope of the influenza A

virus. The recombinant protein (DHFR-M2e) composed

of the mouse dihydrofolate reductase (DHFR) fused the

Fig. 2. Electrophoretic analysis in 2% agarose gel of RT-PCR

products obtained on isolated RNA samples. Lanes: 1 kb+, size

markers (bp); 1) TMV U1, negative control for the presence of

ADFK sequence; 2) TMV-N-lys particles; 600-bp band points to

ADFK sequence (arrow).

Fig. 3. Preparation and characterization of the virion–protein complexes. a) Conjugation of TMV-N-lys viral particles with DHFR-M2e using

EDC and NHS reagents. The reaction was optimized based on the recommendation of NHS manufacturer and previously published technique

[19]. b) Electron microphotograph of purified TMV-N-lys viral particles; magnification, 30,000×; negative contrast with 2% uranyl acetate.

c) Electron microphotograph of the virion–protein complexes; magnification, 10,000×; negative contrast with 2% uranyl acetate.

a

b c
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M2e epitope (25.5 kDa) was isolated previously in our

laboratory via expression in E. coli followed by purifica-

tion on Ni-NTA agarose [9].

The recombinant protein was dialyzed against water

(MilliQ) and subjected to chemical modifications. Unlike

previous publication [18], we performed sequential trans-

formation of free COOH-groups in the recombinant pro-

tein into activated carboxylic acid esters using 5 mM N-

cyclohexyl-N-(2-morpholinoethyl)carbodiimide-metho-

p-toluenesulfonate (EDC analogue, further indicated in

the text as EDC), followed by their transformation into

intermediate NHS-ester using 1 mM N-hydroxysuccin-

imide (NHS). NHS reaction with carboxylic acid pro-

duced carboxylic acid activated esters that reacted with

amino groups of lysine side chains on the surface of

chimeric TMV-N-lys particles with the formation of car-

boxylic acid amides (see Fig. 3a for the reaction condi-

tions). In order to develop the most efficient conjugation

technique, we performed a series of test experiments with

chemical reagents (EDC, NHS) and different buffer

solutions; we found that the most effective protein bind-

ing occurred in PBS when both EDC and NHS were

used. The obtained complexes were examined by electron

microscopy (Fig. 3c) and SDS-PAGE.

To confirm that the high molecular weight products

of the conjugation reaction contained both TMV-N-lys

particles and DHFR-M2e, they were analyzed by Western

blotting using specific antibodies against TMV CP and

DHFR-M2e produced in our laboratory [9]. The pres-

ence of appropriate bands with expected mobility con-

firmed successful conjugation of the protein with the viral

particles (Fig. 4, a and b).

The stability of the obtained complex was studied by

DLS. Each sample of the complex or control virus was

examined 50 times. In order to avoid negative effects of

NHS heterocycle, conjugation reactions were carried out

in the presence of EDC at room temperature overnight.

Analysis of the obtained data (Fig. 5) revealed that mixing

the viral particles with the protein without conjugation

produced complexes 10-150 nm in size, while the particles

produced in the presence of EDC demonstrated a shift to

the high-molecular-weight region with the size reaching

~2000 nm. In order to prove that the high-molecular-

weight components represented the products of protein

conjugation with viral particles, rather than association of

each component to each other, we performed control

experiments that showed that TMV-N-lys–TMV-N-lys

particles ranged in size from 100 to 800 nm (with a peak

size of 350 nm), while the size of the DHFR-

M2e–DHFR-M2e complexes did not exceed 300 nm.

Thus, we concluded that the TMV-N-lys–DHFR-M2e

complexes were indeed formed as a result of conjugation

reaction, since their size significantly differed from the

size of complexes in the control experiments.

The results of indirect enzyme-linked immunoassay

(ELISA) provided additional evidence for the formation

of stable virion–protein complexes (Fig. 6). Microplates

loaded with the samples (in triplicate) were incubated

overnight at 4°C. On the next day, antibodies against TMV

or DHFR-M2e were added to the wells and further steps

were conducted according to the standard indirect ELISA

protocol. The use of secondary antibodies and ABTS sub-

strate allowed visualization of the enzyme reaction pro-

ducing color reaction product. The amount of the prod-

uct was checked with a Multiskan FC microbiological

analyzer (Thermo Scientific, USA) at 405 nm after 10,

20, and 40 min of incubation. It was found that the signal

from the TMV-N-lys–DHFR-M2e complexes incubated

with the anti-TMV antibodies was 1.5 times weaker than

the signal from the virion–protein mixture without con-

jugation. This indicated that the virions were almost

entirely coated with the DHFR-M2e protein and the

binding of the anti-TMV antibodies to them was less effi-

cient than in the case of simple mixing of the two compo-

nents (virions and protein). The signals from the samples

incubated with the anti-DHFR-M2e antibodies were vir-

tually identical to the conjugated complexes and viri-

on–protein mixtures, which implied uniform coating of

viral particles with the protein.

Therefore, we concluded that the produced com-

plexes of TMV-N-lys particles with the surface-exposed

epitope M2e of the influenza A virus are stable and can be

a                              b

Fig. 4. Western blot analysis of virion–protein complexes pro-

duced by the DHFR-M2e conjugation with TMV-N-lys parti-

cles: 1) TMV CP (positive control); 2) DHFR-M2e recombinant

protein; 3) TMV-N-lys complexes with DHFR-M2e. a) Staining

with anti-TMV antibodies (dilution, 1 : 15,000); b) staining with

anti-DHFR-M2e antibodies (dilution, 1 : 10,000).
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a c

b d

Fig. 5. DLS characterization of produced TMV-N-lys complexes with DHFR-M2e. a) Mixture of TMV-N-lys particles with DHFR-M2e

before the conjugation reaction; b) complexes of TMV-N-lys particles with DHFR-M2e produced by conjugation; c) negative control (com-

plexes of TMV-N-lys particles alone); d) negative control (complexes of DHFR-M2e protein alone).

Fig. 6. Characterization of complexes between TMV-N-lys particles and DHFR-M2e by indirect ELISA (results from three independent

experiments): a) samples incubated with anti-TMV antibodies; b) samples incubated with anti-DHFR-M2e antibodies; TMV-N-lys +

DHFR-M2e, mixture of equimolar amounts of viral particles and protein.

a b
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used for animal immunization in order to further improve

the existing universal vaccine candidates against influen-

za A virus [9, 20].

DISCUSSION

According to the published data, the use of TMV as

a safe platform provides a number of advantages for devel-

oping multivalent vaccines based on the virion–protein

biocomplexes against a broad spectrum of human and

animal diseases.

The immunogenic properties of the wild-type TMV

have been investigated in detail for many years [12]. It was

established recently that TMV virions can serve as a suc-

cessful adjuvant, in particular, for repeated immunization

[11]. The usage of TMV particles as a carrier of antigenic

proteins and peptides results in the emergence of respec-

tive antibodies in the blood. It should be emphasized that

these are not “junk” antibodies. According to the data

reported by Liu et al., the presence of antibodies against

TMV in the blood of smokers positively correlates with

the decreased risk of developing Parkinson’s and

Alzheimer diseases [21]. Moreover, the presence of these

antibodies practically does not affect the results of further

vaccinations [11]. Thus, a vaccine based on the

virion–protein biocomplexes will be multifunctional, as

the antibodies against the target peptide will be supple-

mented with functional antibodies against the carrier.

The shape of particles used for immunization is

important. Thus, synthetic polymer nanoparticles with a

micelle-like shape circulate longer in an organism in

comparison with similar spherical particles. It was sug-

gested that this effect could be associated with less effi-

cient capture of elongated particles by mononuclear

phagocytes [22]. Similar results were reported for gold

nanoparticles [23]. Immunization of mice with the TMV

particles (300 nm in length) and spherical particles

(diameter, ~50 nm) produced by thermal modification of

TMV virions showed that the clearance rate for the spher-

ical particles was higher than for the rod-shaped ones

[14].

Recombinant subunit vaccines are apparently safer

comparing to inactivated or live attenuated vaccines.

Current studies on the development of subunit vaccine

against tularemia revealed several Francisella tularensis

antigens capable of inducing partial protective immune

response [24, 25]. It was shown that the protective poten-

tial of vaccine increased when multiple antigens were

present in its composition [26]. One of the essential prob-

lems in the development of multivalent subunit vaccines

is efficient delivery of such antigens across the mucous

membranes. On the contrary, induction of reliable

immune response without adjuvants is a significant

advantage for developing new vaccination strategies based

on TMV conjugation.

Two different approaches were used for evaluating the

potential for developing a multivalent vaccine: (i) vaccine

design targeting all proteins to the same TMV virion

(monoconjugate TMV vaccine); or (ii) using a mixture of

target proteins independently conjugated to their “own”

TMV particles (multiconjugate TMV vaccine). Both vac-

cine types induce formation of antibodies against all

recombinant proteins; moreover, purification and/or con-

jugation procedures do not change the conformation of

the native epitopes. Comparison of the immune responses

to the mono- and multiconjugate vaccines demonstrated

that immobilization of all proteins on the same particle is

less advantageous, while separate binding of each antigen

to TMV in equimolar amounts ensures efficient delivery of

multiple antigens [18]. TMV-conjugated vaccine is safe

and can be administered to mice in multiple doses without

side effects [27]. In order to design an efficient multicon-

jugate vaccine, various conserved antigens of the influenza

virus can be used, including M1 and NP proteins together

with conserved hemagglutinin stalk domain.

Another approach to creating multivalent subunit

vaccine may be associated with a combination of genetic

mutations and chemical conjugation in the same TMV

particle. To develop chimeric particles based on the TMV

genome, a foreign sequence can be cloned into the open

reading frame of the CP gene. It was demonstrated previ-

ously that such particles could provide protection against

influenza A [9, 20], papilloma [28], and foot-and-mouth

disease [29] viruses, as well as be used in anticancer ther-

apy [30, 31]. In particular, TMV-M2e-ala and TMV-

M2e-ser particles generated previously in our laboratory

contained up to 90% of recombinant protein in the puri-

fied preparations. The ratio of antibodies against the epi-

tope and the carrier was 5 : 1 in the case of intraperitoneal

immunization of mice, which indicated stability of these

particles in the animal post injection; this ratio was signif-

icantly higher than the one reported previously (approxi-

mately 1 : 1) [30, 32]. The TMV-M2e-ala nanovaccine

provided protection against five lethal doses of homolo-

gous and heterologous strains of influenza A virus. This

degree of protection is considered very high for this type

of anti-influenza vaccines. We believe that the use of con-

jugated protein–virion complexes generated and

described in this study will increase the efficiency of vac-

cination due to the induction of strong humoral and cell-

mediated immune responses. Furthermore, it is possible

to use various combinations of chimeric particles and

obtained complexes in order to increase the efficacy of

multivalent universal vaccines against influenza [9].
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