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Introduction. Hemorrhagic fever with renal syndrome (HFRS) holds a leading place among natural focal human 
diseases in Russian Federation. There is no etiotropic therapy for the disease now. The vaccine prophylaxis is the most 
effective method to control this infection. The main criteria for inactivated vaccines evaluation are its immunogenicity 
and specific activity.
The study purposes were to develop a sensitive and specific real-time PCR method for viral RNA quantification in the 
inactivated vaccine and to study the correlation between the viral RNA amount and vaccine immunogenicity.
Material and methods. L-segment fragments of the Puumala, Hantaan, and Sochi vaccine strains were selected as 
diagnostic targets for oligonucleotides and fluorescent probes. The immunogenicity of experimental vaccines was deter-
mined by the induction of neutralizing antibodies in BALB/c mice.
Results. A highly specific, sensitive and reproducible real-time PCR method has been developed. The analytical sensi-
tivity was 1.24 ± 1.5 × 102 copies/ml for Puumala virus; 1.16 ± 1.4 × 102 copies/ml for Hantaan; 1.32 ± 1.8 × 102 copies/
ml for Sochi, with a virus content of 1.5 ± 0.5 lg FFU/ml; 1.8 ± 0.5 lg FFU/ml and 2.2 ± 0.5 lg FFU/ml, respectively. The 
viral RNA amount in experimental vaccine preparations inactivated with β-propiolactone was proportional to the neutral-
izing antibodies titer observed in mice following the immunization.
Discussion. It was found that different virus inactivators differently affects the detected viral RNA amount, but not the 
vaccine immunogenicity, which indicates the same degree of the immunogenic proteins damage. The direct relationship 
between the viral RNA copy number and vaccine immunogenicity makes it possible to use this criterion for vaccine 
dosage preparation.
Conclusion. The developed method for viral RNA quantification is a promising tool for the specific activity control of the 
HFRS vaccine.
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Введение. Геморрагическая лихорадка с почечным синдромом (ГЛПС) занимает ведущее место среди при-
родно-очаговых болезней человека в Российской Федерации. Этиотропная терапия заболевания в насто-
ящее время отсутствует. Наиболее действенным методом контроля этой инфекции может стать вакцино-
профилактика. Основными критериями оценки инактивированной вакцины являются её иммуногенность  
и специфическая активность.
Цель исследования – разработка чувствительной и специфичной методики проведения ПЦР в реальном 
времени с целью количественного определения вирусной РНК в инактивированной вакцине, а также установ-
ление корреляции между содержанием генетического материала вируса и выраженностью иммуногенности.
Материал и методы. В качестве диагностической мишени для олигонуклеотидов и флуоресцентных зон-
дов выбраны фрагменты L-сегмента вакцинных штаммов вирусов ГЛПС Пуумала, Хантаан, Сочи. Иммуно-
генность экспериментальных вакцин контролировали по индукции нейтрализующих антител (нАТ) в ответ 
на иммунизацию мышей линии BALB/c.
Результаты. Разработана высокоспецифичная, чувствительная методика проведения ПЦР в реальном 
времени, имеющая высокий показатель воспроизводимости. Аналитическая чувствительность составила 
для вирусов Пуумала 1,24 ± 1,5 × 102 копий/мл, Хантаан – 1,16 ± 1,4 × 102 копий/мл, Сочи – 1,32 ± 1,8 × 102 
копий/мл при содержании вируса 1,5 ± 0,5, 1,8 ± 0,5 и 2,2 ± 0,5 lg ФОЕ/мл соответственно. Показано, что 
количество вирусной РНК в составе экспериментальных вакцинных препаратов, инактивированных β-про-
пиолактоном (β-ПЛ), пропорционально титру нАТ в ответ на иммунизацию.
Обсуждение. Установлено, что способ инактивирования вируса влияет на выявляемое количество копий 
РНК, не оказывая при этом воздействия на иммуногенность, что указывает на равнозначное повреждение 
белков-иммуногенов при разной степени повреждения вирусной РНК. Прямая зависимость между содер-
жанием копий нуклеиновой кислоты вируса и иммуногенностью позволяет использовать этот критерий для 
дозирования вакцинного препарата.
Заключение. Разработанная система оценки количественного содержания вирусной РНК делает перспек-
тивным её применение для контроля специфической активности вакцины против ГЛПС.

Ключевые слова: геморрагическая лихорадка с почечным синдромом; инактивированная вакцина; поли-
меразная цепная реакция в реальном времени (ПЦР-РВ); формалин; β-пропиолактон 
(β-ПЛ); ультрафиолет
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Introduction
Hemorrhagic fever with renal syndrome (HFRS) is 

caused by viruses belonging to the genus Orthohanta-
virus (the family Hantaviridae, order Bunyavirales) and 
representing a group of enveloped negative-sense RNA 
viruses. They are responsible for such human diseases as 
hemorrhagic fever with renal syndrome (HFRS), mainly 
in Europe and Asia, and hantavirus pulmonary syndrome 
(HPS) in North and South America [1–3].

The hantavirus genome is composed of three sin-
gle-stranded negative-sense RNA segments: the large (L) 
segment encodes an RNA-dependent RNA polymerase; 
the medium (M) segment encodes 2 surface glycopro-
teins Gn/Gc, while the small (S) segment encodes a viral 
nucleocapsid protein (N) [4–6].

HFRS takes a leading place among natural focal dis-
eases in the Russian Federation. Around 98% of the cases 
are associated with the Puumala virus (PUUV), while the 
others are caused by Hantaan (HTNV), Sochi (SOCHIV), 
Amur, Seoul and Kurkino viruses [7].

Currently, there is no etiotropic treatment for han-
tavirus infections to effectively eliminate the virus; 
non-specific preventive measures are frequently inef-
ficient [8]. Therefore, preventive vaccination remains 
at the top of the agenda. At present, commercial, inac-
tivated, whole-virion vaccines against HFRS are being 
manufactured in the People’s Republic of China (PRC) 
and the Republic of Korea and are based on Hantaan 
and Seoul viruses [9]; however, they fail to provide 
cross-protection against Puumala virus, which is res-
ponsible for most of the infection cases in Europe and 
Russia. Considering that PUUV, HTNV and SOCHIV 
(the genotype of the Dobrava-Belgrade orthohantavi-
rus) co-circulate in the Russian Federation [7], a multi-
valent inactivated, whole-virion vaccine candidate can 
be the best solution.

The specific activity and immunogenicity are the major 
criteria for assessment of an inactivated vaccine. In the 
manufacturing process, after the pathogen is inactivated, 
the specific activity is usually assessed either by the quan-
titative content of the target immunogenic protein or by 
the number of RNA copies in a unit of volume [10].

The study was aimed at development of a sensitive 
and specific method of quantification of RNA vaccine 
strains in inactivated vaccines against HFRS, as well 
as to find and analyze the correlation between the con-
tent of the viral genetic material and vaccine immuno-
genicity.

Materials and methods
Description of the vaccine materials. Cell culture and 

viruses. To obtain the virus-containing medium we used 
Vero continuous line of African green monkey (Cercopi-
thecus aethiops) renal cells, which was received from the 
cell bank of the World Health Organization (WHO Vero 
cell bank ECACC, Accession number 991042) and which 
was certified and recommended by WHO and the Scien-
tific Center for Expert Evaluation of Medicinal Products 
of the Ministry of Health of Russia (L.A. Tarasevich State 
Research Institute for Standardization and Control of 
Medical Biological Preparations (SRISCMBP)) as a per-
mitted medium for manufacturing inactivated whole-vi-
rion vaccines.

The assessment of the viral RNA by a real-time 
polymerase chain reaction (real-time PCR, qRT-PCR) 
was performed on experimental monovalent vaccines 
(hereinafter vaccines) based on vaccine strains of 
Puumala (PUU-TKD/VERO) – VAC-PUU, Hantaan 
(HTN-P88/VERO) – VAC-HTN, and Sochi (DOB-SO-
CHI/VERO) – VAC-SOCHI, following the previous-
ly described procedure [11] and using different meth-
ods of inactivation: Formalin (F) at a final dilution 
of 1 : 4000 for 35 days; β-propiolactone (β-PL) at a final 
dilution of 1 : 6000 for 180 min; ultraviolet (UV) light at 
the layer thickness of 0.3 cm and at a distance of 24 cm 
from the shortwave UV light-emitting source at a wave-
length of 253.7 nm for 3 min [12].

The whole-genome sequences of the above strains were 
registered in the GenBank database and assigned the fol-
lowing numbers: PUU-TKD/VERO: S – MH251331, 
M – MH251332, L – MH251333; HTN-P88/VERO: 
S – MH251328, M – MH251329, L – MH251330 and 
DOB-SOCHI/VERO: S – MH251334, M – MH251335, 
L – MH251336.

The quantitative content of the viral genetic material 
was estimated at the following stages: the 1st stage – the 
purified concentrate of monovalent candidates prior to 
the inactivation; the 2nd stage – the similar concentrate 
after the inactivation, and the 3rd stage – the semi-finished 
trivalent vaccine.

Real-time PCR assessment of the viral RNA content. 
Fragments of L-segments of vaccine strains of PUU, HTN 
and SOCHI viruses were chosen as a diagnostic target 
for oligonucleotides and fluorescent probes. The analysis 
of whole-genome sequences of vaccine strains as well as 
PUU, HTN and SOCHI viral genomes available at the 
NCBI GenBank (https://www.ncbi.nlm.nih.gov) was per-
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formed to select primers and probes by using the MEGA-X 
(Molecular Evolutionary Genetics Analysis) program in 
compliance with the standard requirements. Parameters 
for primers were calculated with the online OligoCalc tool: 
Oligonucleotide Properties Calculator (http://biotools.nu-
bic.northwestern.edu/OligoCalc.html); thermodynamic 
properties of fluorescent probes and their secondary struc-
tures were assessed by using The mfold Web Server (http://
unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form). 
Oligonucleotides were carboxyfluorescein labeled (FAM) 
at the 5’ terminus, while the florescence quencher (BHQ2) 
was labelled at the 3’ terminus.

The synthesis of primers and probes was performed at 
Evrogen CJSC (Russia). The designed probes and prim-
ers are shown in Table 1.

RNA isolation and real-time PCR. RNA was isolated 
from the chromatographically purified virus concentrate 
prior to the inactivation (control) and after the inactivation 
(F, β-PL, UV) by using phenol-chloroform extraction [13] 
and the commercial TRI Reagent® (Sigma-Aldrich, USA). 
The complementary DNA (cDNA) was synthesized via re-
verse transcription in 20 μl reaction mix containing 5 × Re-
verse Transcription (RT) Buffer (Thermo Fisher Scientific, 
USA), 2.5 mM mix of 4 unmodified highly-purified 2’-de-
oxynucleoside-5’-triphosphates – dNTPs (SibEnzym, Rus-
sia), 20 µM of N6 Random primer (SibEnzym), 1 U of re-
verse transcriptase Maxima Reverse Transcriptase 200 U/μl 
(Thermo Fisher Scientific) and 10 μl of RNA solution. The 
conditions for the reaction were the following: 10 min 
at 25 °C, 30 min at 42 °C and 6 min at 96 °C. The reac-
tion mix volume for the qRT-PCR was 25 μl and includ-
ed 10 × Hot Start Buffer (Thermo Fisher Scientific), 2.5 
mM dNTPs, 5 µM of each primer and probe (Evrogen, 
Russia) (Table 1), 2 U of HS Taq DNA polymerase (Ther-
mo Fisher Scientific), 2 μl cDNA and distilled water. The 
conditions met the following requirements: 2 min at 95 °C, 
then followed by 40 15-second cycles at 95 °C, 40 sec 
at 55 °C and 30 sec at 72 °C. The real-time amplification 
and detection were performed with the AriaMx 96 Bioana-
lyzer (Agilent Technologies, USA).

Standard curve. The qRT-PCR was used for quanti-
fication of the target RNA in the sample. The method 

involves building a standard curve, which shows the 
linear relationship between the threshold cycle value 
(Cq) and the initial concentration of RNA (copies/ml) 
(Fig. 1). These curves were obtained through the am-
plification of the 10-fold serial dilution series of the 
template having mean Cq values, with consideration 
for negative and positive control results. The same ap-
proach was used for serial dilution of RNA from the 
input material to identify the correlation between Cq 
and the virus concentration expressed as focus-form-
ing units (FFU) per 1 ml. The templates were prepared 
from limiting 10-fold dilutions of the genetic material 
containing PUU, HTN and SOCHI vaccine strains at 
the specified concentration of the virus (FFU/ml). The 
study also included measurement of viral nucleic acid 
content in 1 ml of the diluted preparation and the ob-
tained results were matched against the FFU/ml values.

The template concentration (copies/ml) was measured 
by the QX200 Droplet-Digital PCR (ddPCR) System 
(Bio-Rad Laboratory, USA); the obtained results were 
further adjusted to the number of copies/ml received by 
using the real-time PCR. Then, the inactivated samples 
were analyzed with the help of standard curves to quanti-
fy the target viral RNA.

Specificity of the system. The specificity of the select-
ed probes and primers was evaluated through testing the 
RNA isolated from the monovaccine stock solution with 
other human pathogenic hantaviruses: Puumala (CG-Ka-
zan-79, Halnaas 83-L20 and Sotkamo strains); Hantaan 
(strains Lee 83-61 and 76-118); Dobrava (Belgrade-1); 
Seoul (SR-11 and A9); Sin Nombre  (strain CC/107) as 
well as with representatives of other families: viruses of 
Crimean-Congo hemorrhagic fever (strain IbAr 10200); 
dengue (strains 8356/10, 4397/11, 3140/09 and 3274/09); 
Japanese encephalitis (Nakayama); tick-borne encephali-
tis (Hochosterwitz); West Nile (MgAn 786/6/1995); Zika 
(MR766); Usutu (G39); yellow fever (Asibi); chikungun-
ya (23161) and Lassa (Josiah strain).

Assessment of the specific activity by the enzyme-linked 
immunosorbent assay (ELISA). HANTAGNOST  
test systems (M.P. Chumakov Federal Scientific Center 
for Research and Development of Immunobiological 

Table 1. Primers and probes

Strain Name of the primer/probe 5’→3’ sequence

PUU-TKD/VERO Ufa_Z 3780 BHQ1-TGC TCC TGG GAT GGT AAA TAA CCC AAC T-FAM

Ufa_F 3760 GTA TTA TGT ACG AGT AAA GTT GAG AGA

Ufa_R 3800 CCT AAA GGT ATA GGG ATT AAA CTC CT

DOB-SOCHI/VERO Sochi_Z 4500 BHQ1-ATC CCA GCT GTG ATT GGG TAC AAG T-FAM

Sochi_F 4480 TCA CTG TGA GAG AGA AGG ATC GA

Sochi_R 4530 TAG AAC ATC TGA CAT TTC ATC AAC TGT

HTN-P88/VERO Hantaan_Z 3770 BHQ1-TAC AGC ACC AGG TAT GGT GAA CCA-FAM

Hantaan_F 3750 GTG TAC TAG TAA AGT TGA ACG GTT GT

Hantaan_R 3790 GTG TAT CAG CAT GCT TGA CTT GCA
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Products (FSCRDIBP)) and the in-house HANTA-N test 
system were used for detection of hantavirus antigens in 
accordance with the manufacturer’s manual [14].

Titration of focus-forming units of the virus. The pre-
viously described method was used for detecting FFUs 
on the monolayer of Vero E6 cells [15]. The number of 
infected colonies was estimated visually; the virus titer 
was expressed as lg FFU/ml.

Assessment of immunogenicity. Immunogenicity of 
experimental vaccine candidates against HFRS, which 
were exposed to different methods of inactivation, was 
assessed during tests on clinically healthy adult female 
BALB/c mice whose weight ranged from 18 to 20 g and 
who were supplied by the Andreevka Branch of the Sci-
entific Center for Biomedical Technologies (SCBT) of the 
Federal Medical and Biological Agency (FMBA) of Rus-
sia. The studies on animals were performed in compli-
ance with the ethical principles adopted by the European 
Convention for the Protection of Vertebrate Animals and 
by the Ethics Committee of M.P. Chumakov FSCRDIBP.

The animals from the experimental groups were vacci-
nated with the studied vaccine candidate at a dose of 0.5 ml  
of the finished candidate product, non-diluted (n/d) and 
diluted, intramuscularly, three times at 2-week intervals. 
The animals from the control group were administered 
injections of 0.9% sodium chloride in the same amount 
(C-SC).

The BALB/c mice were divided into groups, depending 
on the injected experimental vaccine candidates:

1 ‒ VAC-PUU-F, 2 ‒ VAC-PUU-β-PL, 3 ‒ VAC-PUU-
UV;

4 ‒ VAC-HTN-F, 5 ‒ VAC-HTN-β-PL, 6 ‒ VAC-HTN-
UV;

7 ‒ VAC-SOCHI-F, 8 ‒ VAC-SOCHI-β-PL, 9 ‒ VAC-
SOCHI-UV.

Neutralization test (NT/FFU50). Neutralizing anti-
bodies (nAbs) were detected with the neutralization test 
by 50% inhibition of focus-forming units (NT/FFU50) 
in the Vero E6 cell culture, following the previously de-
scribed procedure [15].

Statistical analysis. The validity of the findings was 
assessed in 3 series of tests conducted in identical con-
ditions. All the obtained data were analyzed by using the 
GraphPad Prism v. 8.2.0 software. The statistical signifi-
cance was assessed by using the one-way analysis of vari-
ance (ANOVA) and Tukey’s multiple comparison test to 
compare the means of each set of data; р <0.05 values 
were accepted as significant. The statistical significance 
was reported as not significant (NS); p <0.05; p <0.01;  
p <0.005 and p <0.0001.

Results 
FAM-based fluorescence was recorded only in RNA 

tests of PUU, HTN and SOCI vaccine strains. The tests 
of the other pathogens (including other strains of PUU, 
HTN and SOCHI viruses) turned out negative, thus 
demonstrating the absence of false-positive results and 
proving the high specificity of the method.

To compare the sensitivity of real-time PCR and ELI-
SA, we used samples of serial dilutions of vaccine strains 
of PUU, HTN and SOCHI viruses. The sensitivity of the 
real-time PCR was as follows: for PUUV – 1.2 ± 1.5 
× 102 copies/ml or 1.5 ± 0.5 lg FFU/ml; for HTNV – 1.16 
± 1.4 × 102 copies/ml or 1.8 ± 0.5 lg FFU/ml, and for SO-
CHIV – 1.32 ± 1.8 × 102 copies/ml (2,2 ± 0,5 lg FFU/ml).  
The ELISA sensitivity was much lower: for PUUV –  
1 : 256 or 3.5 lg FFU/ml, for HTNV – 1 : 128 or 2.8 
lg FFU/ml, and for SOCHIV – 1 : 128 (3.2 lg FFU/ml) 
(Table 2). The Cq indices were linear and correlated with 
the PUUV, HTNV and SOCHIV RNA concentration; the 
correlation coefficient R2 = 0.99. The comparison of the 
qRT-PCR, ELISA and focus-forming assay (FFA) results 
demonstrated that the method of molecular genetic detec-
tion of virus presence is significantly more sensitive than 
ELISA. The test was repeated three times with respective 
negative controls; all the repeated tests were included in 
calculation of the standard deviation (M ± m, where M – 
the arithmetic mean, m – the standard error of the mean). 
The above data were used for identifying the correlation 
between FFU/ml and RNA copies/ml.

Fig. 1. Standard curve of the threshold cycle dependence on the initial concentration of Puumala virus RNA. The slope y = −3.44х + 39.59, 
correlation coefficient (R2) = 0.998, and efficiency (E) = 110% of the linear regression curve. FAM is carboxyfluorescein (fluorescent tag).
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Real-time PCR-based quantitative assessment of 
the viral RNA content in the inactivated vaccine. 
The quantification of PUUV, HTNV and SOCHIV 
RNA content showed that the virus concentration in 
the samples matched the standards containing the spe-
cific RNA concentration of the above agents (Fig. 1). 
The curve was used to estimate the level of RNA cop-
ies in the semi-finished vaccine after the inactivation 
(Table 3).

The exposure of PUUV, HTNV and SOCHIV RNA to 
inactivators revealed the statistically significant differ-
ence between the control samples (prior to the inactiva-
tion) and the samples inactivated by different methods 
(p <0.0001) (Fig. 2). The maximum loss in RNA was 

observed after the UV treatment; the minimum loss was 
observed after the β-PL treatment. It should be noted that 
such losses are unavoidable and are caused by inactivat-
ing agents.

Assessment of immunogenicity. One pool of the virus 
harvest having the specified titer and inactivated by dif-
ferent methods was used for assessment of immunogenic-
ity of the vaccine candidates.

No side effects (both local and general) were observed 
after the BALB/c mice had been immunized with the for-
malin, β-PL and UV-inactivated vaccines. The nAbs titer 
did not exceed the 2.32 log2 level when the immunoge-
nicity was assessed by using the NR/FFU50 method in the 
negative control groups, and the above titer value was 

Table 2. Comparison of sensitivity of real-time qPCR and ELISA

Puumala Hantaan Sochi

Virus titer,  
lg FFU/ml

ELISA qPCR Virus titer,  
lg FFU/ml

ELISA qPCR Virus titer,  
lg FFU/ml

ELISA qPCR

Аntigen titer copies/ml Аntigen titer copies/ml Аntigen titer copies/ml

5.5 1 : 2048 1.24 × 105 5.8 1 : 4096 3.06 × 105 5.2 1 : 2048 1.01 × 105

4.5 1 : 1024 3.55 × 104 4.8 1 : 1024 2.16 × 104 4.2 1 : 1024 2.25 × 104

3.5 1 : 256 6.91 × 103 3.8 1 : 1024 9.53 × 103 3.2 1 : 128 5.01 × 103

2.5 n.d. 8.58 × 102 2.8 1 : 128 3.39 × 102 2.2 n.d. 1.32 × 102

1.5 n.d. 1.24 × 102 1.8 n.d. 1.16 × 102 1.2 n.d. n.s.

0.5 n.d. n.s. 0.8 n.d. n.s. 0,2 n.d. n.s.

Note. * – ELISA test system «HANTAGNOST» was used; ** – ELISA test system «HANTA-N» was used; n.d. – not defined; n.s. – no fluores-
cence signal.

Fig. 2. Аnalysis of the dependence of the number of RNA copies on the inactivating agent/ml. The combined results of 3 independent  
experiments using a one-sided analysis of variance (ANOVA) with Tukey’s multiple comparisons test are shown. 1 – control;  

2 – β-propiolactone; 3 – formalin; 4 – UV radiation.
Note. *** – p <0.005, **** – p <0.0001.
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adopted as the cut-off value. The value of the geometric 
mean titer (GMT) above 4.32 log2 was adopted as the 
acceptable level of nAbs induction.

No statistically significant difference was observed in 
the nAbs titers after the animals were immunized with 
formalin, β-PL and UV-inactivated vaccines (Table 3). 
Although the number of RNA copies detected in the dose 
of the vaccine inactivated by different methods was dif-
ferent, the immune response did not demonstrate any crit-
ical differences (nAbs titers were not statistically differ-
ent), thus proving that immunogenic epitopes were not 
affected by the applied methods of inactivation.

To study the correlation between the number of RNA 
copies and the immunogenicity, the BALB/c mice were 
immunized with β-PL-inactivated VAC-PUU (VAC-PUU-
β-PL) in specified dilutions. The number of genetic mate-
rial copies per 1 ml was estimated in each of them and cor-
related with the titer of nAbs detected after the immuniza-
tion. The test results showed a direct relationship between 
the number of RNA copies and the nAbs titer (Table 4).

Discussion
Previously, the specific activity of vaccines was assessed 

by detecting viral antigens with ELISA using monoclonal 
antibodies against N- and/or G-proteins of hantavirus-
es [14]. This study offers a more sensitive and advanced 
method of assessment – real-time PCR based on the 
whole-genome sequence of vaccine strains; the method 

Table 3. Control specific activity of the vaccine prefabricated Puumala. Hantaan and Sochi viruses products

Vaccine material Method of inactivation Virus titer,  
lg FFU/ml qPCR (M ± m), copies/ml ELISA.  

antigen titer*** GMT nAbs (M ± m), log2**

VAC-PUU Control* 5.50 1.2 ± 0.3 × 105 1 : 2048 –

Formalin – 2.3 ± 0.4 × 104 1 : 1024 8.8 ± 0.1

β-propiolactone – 7.0 ± 0.3 × 104 1 : 2048 8.8 ± 0.1

UV radiation – 9.2 ± 0.4 × 103 1 : 2048 8.8 ± 0.1

VAC-HTN Control* 5.80 3.0 ± 0.3 × 105 1 : 4096 –

Formalin – 2.2 ± 0.4 × 104 1 : 2048 9.4 ± 0.1

β-propiolactone – 5.3 ± 0.4 × 104 1 : 4096 9.6 ± 0.1

UV radiation – 2.0 ± 0.3 × 103 1 : 4096 9.3 ± 0.1

VAC-SOCHI Control* 5.20 1.0 ± 0.3 × 105 1 : 2048 –

Formalin – 1.2 ± 0.4 × 104 1 : 1024 6.7 ± 0.1

β-propiolactone – 4.3 ± 0.4 × 104 1 : 2048 6.9 ± 0.1

UV radiation – 2.0 ± 0.3 × 103 1 : 2048 6.8 ± 0.1

Note. *The control is the initial vaccine prefabricated product before inactivation; **GMT is geometric mean titer of neutralizing antibodies. log2; 
*** – ELISA test systems «HANTAGNOST» and «HANTA-N» were used.

demonstrated high specificity, sensitivity and reproducibil-
ity in quantification of the specified strains in samples of 
β-PL-inactivated inactivated vaccine products. Compared 
to the traditional methods (ELISA), qRT-PCR provides 
high reproducibility of quantitative measurement.

The significant difference was observed in the number 
of RNA copies before and after the inactivation of the 
semi-finished vaccine by using different methods, includ-
ing application of formalin, β-PL and UV light. At the 
same time, the immunogenicity of the vaccine products 
did not show any critical differences in the number of 
induced nAbs, thus indicating the similar damage to im-
munogenic proteins, while the viral RNA demonstrated 
different levels of destruction caused by the tested inacti-
vators. During the extension studies aimed at assessment 
of specific activity of vaccines by using real-time PCR, 
the decision was made to select β-PL-inactivated vaccine 
candidates. As compared to formalin and UV-inactivated 
vaccines, the β-PL-inactivated vaccines reduce the con-
tent of ballast proteins by reducing their aggregation. This 
results in more efficient purification of the virus during 
clarification filtration and gel-filtration as well as in de-
creased losses of the target component of vaccines, which 
are caused by sterilizing filtration. The obtained data on 
correlation of the number of RNA copies with the nAbs 
titer in the blood serum of BALB/c mice after their immu-
nization make it possible to calculate the immunization 
dose of the vaccine by the quantitative content of viral 

Table 4. Correlation between RNA copy number and nAbs titer in the blood of BALB/c mice following VAC-PUU-β-PL immunization

Vaccine dilution qPCR (M ± m), copies/ml nAbs titer, log2

u/d* 7.0 ± 0.3 × 104 8.8 ± 0.1

1/2 4.3 ± 0.4 × 104 6.3 ± 0.1

1/8 7.6 ± 0.3 × 103 5.4 ± 0.1

Note. *u/d – undiluted vaccine preparation.
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nucleic acid copies in a unit of volume. Based on the find-
ings of our study, the minimum immunization dose of the 
β-PL-inactivated vaccine product, which induces nAbs in 
the 4.32 log2 titer in 10 out of 10 immunized BALB/c 
mice, is equivalent to 7.5 ± 0.2 × 102 RNA copies/ml. 
The method is highly specific and reliably reproducible, 
thus having promising future in assessment of the specific 
activity of HFRS vaccines.

Compliance with the ethical standards. The animals 
under study were kept in similar conditions. The tests 
on experimental models were performed in compli-
ance with the international and national requirements 
for animals care and use. The above requirements are 
based on the ethical principles specified by the Eu-
ropean Convention for the Protection of Vertebrate 
Animals Used for Experimental and Other Scientif-
ic Purposes, adopted on March 18, 1986 and revised 
in Strasbourg on June 1, 2006 (ETS N 123), (https://
www.coe.int/t/e/legal_affairs/legal_cooperation/biolog-
ical_safety_and_use_of_animals/laboratory_animals/
GT123(2002)63%20E%20PART%20B%20Ferrets%20
rev2.pdf), the principles adopted by the Ethics Commit-
tee of M.P. Chumakov FSCRDIBP, and the rules incor-
porated in the Good Laboratory Practice (GLP) (http://
docs.cntd.ru/document/1200101144, https://www.nc3rs.
org.uk/the-3rs) (GOST R-53434-2009 The Principles of 
the Proper Laboratory Practice).

Conclusion
Preventive vaccination against any infectious disease 

requires proper control of the quality of vaccine prod-
ucts. The designed system of real-time PCR quantifica-
tion of viral RNA, due to its characteristics, can be seen 
as promising for assessment of the specific activity of 
HFRS vaccines.
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