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Abstract
Introduction: Poliovirus causes paralysis by infecting the 
nervous system. Currently, 2 types of polio vaccine are given 
in many countries in polio eradication program including in-
activated polio vaccine (IPV) and oral polio vaccine (OPV). Be-
cause of OPV-related paralysis, OPV should be replaced by 
IPV. Methods: The aim of this study was to prepare the gam-
ma-irradiated IPV and determine its effectiveness compared 
with the commercial vaccine (OPV) in the mouse model. The 
virus titration of OPV was determined and then inactivated 
by the appropriate dose of gamma radiation into an irradi-
ated vaccine formula. The vaccine was inoculated in BALB/c 
mice in 2 different formulations of intramuscular injection 
with 2-week intervals. The level of anti-polio-neutralizing an-
tibody and polio-specific splenocyte proliferation assay were 
evaluated by collecting the blood samples and spleens of the 
vaccinated groups with conventional vaccine and irradiated 
vaccine. Results: There was a significant increase in the neu-
tralizing antibody titration between all of the vaccinated 

groups and negative control group (A) (p < 0.05). And it 
shows that the IPV by gamma irradiation has the highest an-
tibody titration. Also, the increasing of stimulation index val-
ue in the B* group, F group, and G group was the most against 
other groups. Furthermore, the neutralizing anti-serum titer 
and splenic lymphocyte proliferation assay show humoral 
and cellular immunity were significantly increased in the ir-
radiated vaccine group as compared with conventional 
group. Conclusion: According to the results, gamma-irradi-
ated IPV could induce humoral and cellular immunity in vac-
cinated mouse groups, so the irradiated poliovirus could be 
recommended as a good candidate vaccine to prevent the 
transport of poliovirus to the central nervous system and 
thus protect against paralysis. © 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

Historically, poliomyelitis is one of the most impor-
tant acute viral infections of human central nervous sys-
tem leading to paralysis. There is no treatment for the 
resulted infection by all 3 poliovirus serotypes, and 
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there have been many reports of poliovirus infection in 
developing countries. Available preventive vaccines 
consist of live-attenuated and inactivated viruses. Live-
attenuated oral polio vaccine (OPV) is effective and 
could induce lifelong immunity, but in some cases, it 
could induce vaccine-related paralysis by producing 
mutant strains, which could be a threat for polio eradi-
cation. According to the WHO polio eradication pro-
gram, most countries must maintain the polio immuni-
zation, and both mass vaccination and OPV should be 
replaced by inactivated polio vaccine (IPV). In this 
study, we try to introduce low-cost IPV by using gamma 
radiation that could potentially be a good candidate for 
this purpose [1].

Vaccination is an effective method to control infec-
tious diseases. Poliomyelitis caused by poliovirus is an 
acute viral infection in the central nervous system that 
may cause paralysis, poliomyelitis, and disability. Polio-
virus is one of the members of Enterovirus genus and Pi-
cornaviridae family. There are 3 serotypes of poliovirus, 
and there is no cure for poliomyelitis [2]. Global polio 
eradication and prevention vaccines are available in 2 
types: live-attenuated oral polio vaccine (OPV) and an 
inactivated polio vaccine (IPV). The current vaccines 
have different strengths and weaknesses. OPV vaccine is 
very effective but can cause vaccine-associated paralytic 
polio by generating mutant strains, and it can spread 
from person to person. However, IPV is a high-cost vac-
cine and does not induce sufficient and sustained muco-
sal immunity, but it is less effective to prevent transmis-
sion. Also, IPV is very protective against polio infections. 
The risk of paralytic polio associated with OPV and the 
WHO updated polio immunization program spurred 
most of the countries to switch to IPV [3]. Different pro-
duction technologies such as virus inactivation and vac-
cine formulation have been commonly used for vaccine 
preparation. Current IPV vaccine has some difficulties in 
production process and costs. So many laboratories are 
trying to produce low-cost and affordable next-genera-
tion IPV [4].

In this study, we tried to introduce low-cost IPV by 
using gamma radiation that could be a good candidate 
for this purpose. Based on the gamma radiation tech-
nology, gamma rays are a group of short electromag-
netic rays that have a little impact on the antigenic 
property of proteins compared to chemical treatment 
such as formalin. In this research, radiation technology 
is incorporated in the principal steps of polio vaccine 
preparation [5].

Material and Methods

Cell Culture and Poliovirus Seed
Vero cell lines were grown in DMEM media with 10% fetal bo-

vine serum and were incubated at 37°C and 5% CO2 in a humidi-
fied incubator. The type 1 and 3 live-attenuated poliovirus seed lots 
were obtained from the Razi Vaccine and Serum Research Insti-
tute, Karaj, Iran. When the cells reach 90% confluency, the mono-
layers were infected with the attenuated poliovirus. Following the 
observation of cytopathic effects (CPEs), the virus-containing cul-
ture supernatants were harvested and used for virus titration by 
tissue culture infectious dose (TCID50/mL) assay.

Virus Cultivation and Titration
The attenuated poliovirus titer was determined by the end 

point dilution assay. Vero cells were grown for 2 days in DMEM 
medium and were infected by logarithmic serial dilution of virus. 
CPE formation was observed for 7 days compared with uninocu-
lated control culture and then virus titration was calculated by the 
Reed and Muench method [6].

Virus Inactivation by Gamma Irradiation
Gamma cell instrument, Nordian model 220, at a dose rate of 

2.07 Gy/s and activity of 8,677 Ci was used to cripple poliovirus 
genomic RNA and to inactivate virus infectivity. Gamma ray dos-
es of 5, 10, 20, and 25 kGy were administered to 8 viral vials of live-
attenuated vaccine, and 2 sample replicates were irradiated for 
each dose under frozen conditions (−70°C). The titers of irradiated 
virus samples were obtained by the TCID50 method, and then a 
dose/response curve was drawn using Origin software. The D10 
value (dose of gamma radiation, which can decrease 1 logarithmic 
cycle of virus population) and optimum dose of gamma rays for 
virus inactivation were determined according to the dose/response 
curve. Finally, 2 vials of bivalent polioviruses that include 50 mL 
of the poliovirus, one of them plus 20% trehalose (1 M) (a disac-
charide of glucose, as a protein protectant) and another without 
trehalose, under frozen conditions were irradiated by the optimized 
dose of gamma ray and used for safety test on cell culture (during 
4 blind cultures) to confirm complete virus inactivation [7].

Animals
Twenty-four female Balb/c mice of 4–6 weeks were purchased 

from the Pasteur Institute (Tehran, Iran) and divided into 8 groups 
(3 mice for the negative control group, A group); all animals were 
maintained in well standard of animal care conditions in an animal 
house facility. The animal experiments were carried out according 
to the international guidelines and were approved by the Medical 
Ethics Committee of the Tarbiat Modares University (Tehran, 
Iran).

The laboratory animal groups included LD (low dose) of irradi-
ated vaccine (with TCID50: 3 × 103.7) (50 μL) (B group), HD (high 
dose) of irradiated vaccine (with TCID50: 6 × 104.7) (50 μL) (B* 
group), LD of irradiated vaccine plus alum adjuvant (50 μL) (C 
group), LD of irradiated vaccine (100 μL) (D group), LD of irradi-
ated vaccine plus alum adjuvant (100 μL) (E group), LD of irradi-
ated vaccine plus trehalose (100 μL) (F group), and finally the Sa-
bin vaccine (OPV) (100 μL) as well as the negative control. The 
vaccines were injected intramuscularly in the mice 3 times at 
2-week intervals. The animals were euthanized 2 weeks after the 
last vaccination, the mice blood was collected by cardiac puncture, 
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and the spleens were removed. The splenic lymphocytes prolifera-
tion assay was done by the MTT method (Cell Proliferation Kit 1 
(MTT), Roche (Cat No: 11-465-007-001)), and the mice serum was 
separated from the blood sample for the serum neutralization test 
(SNT).

Serum Neutralization Test
Vero cells were grown to a confluent monolayer in 96-well mi-

croplates. The functional anti-polio antibodies were monitored by 
the SNT [8]. Vero cells were infected by serial dilution of serum 
samples that were collected from vaccinated mice and mixed with 
100 CCID50 of live virus sample. The neutralizing antibody titers 
are expressed as reciprocals of the highest serum dilutions that 
showed complete virus neutralization.

Splenic Lymphocyte Proliferation Assay by the MTT Method
In order to assess splenic lymphocyte proliferation, the MTT 

assay was performed. Briefly, MTT allows the quantitative mea-
surement of cell death in cell culture and shows the lymphocyte 
proliferation and function.

The spleens of the vaccinated mice were removed aseptically 2 
weeks after boost immunization. The single splenic lymphocyte 
suspensions were multiplied in 96-well plates at 5 × 104 cells/well 
by RPMI1640 plus 10% fetal calf serum at 37° and 5% CO2. The 
splenic cells were stimulated with 50 μL of phytohemagglutinin (50 
μg/mL; as a positive control), with 3 μL of irradiated inactivated 
poliovirus (types 1 and 3, with TCID50 equal 105.5/mL) in tripli-
cates (as an antigen-specific stimulation) and no antigen (as a neg-
ative control) in triplicates. After 48 h, the MTT assay was per-
formed by a Cell Proliferation Kit 1 (MTT; Roche), according to 
the manufacturer’s instructions. A yellow tetrazole substrate 
would be reduced to a purple formazan product by living cells, and 
after solubilization by adding to a dissolving solution, the absor-
bance was quantified using a spectrophotometer at 540 nm. Stim-
ulation index (SI) was calculated for each sample (SI = mean of OD 
for stimulated wells/mean of OD for unstimulated wells) [9].

Statistical Analysis
Comparison of means of the SNT and SI results was done by 

the one-way ANOVA, followed by Duncan’s multiple range test 
(SPSS software). The differences were considered to be statistical-
ly significant for p < 0.05.

Results

Virus Titration and Inactivation
For more safety, the virus seed that has been used to 

prepare the inactivated vaccine has been provided from 
conventional live-attenuated vaccine OPV. The virus ti-
tration on Vero cells for unirradiated sample was ob-
tained as 105.5 TCID50/mL. The viral samples were stored 
in −20°C and then transferred to gamma cells for irradia-
tion. The virus titration was done after irradiation of sam-
ples in each dose of gamma ray, and the results of virus 
titration were calculated by the Reed and Muench meth-
od (Table 1). When a viral suspension is irradiated at in-

cremental doses, the number of surviving cells after each 
incremental dose of gamma ray may be used to construct 
a dose/response curve, as shown in Figure 1. The radia-
tion resistance of the virus is measured by the decimal 
reduction dose (D10 value), which is defined as the radia-
tion dose (kGy) to reduce the viral load by 10-fold (1 
log10) or required for killing 90% of the first viral load [10, 
11]. The infectivity of viral samples was decreased gradu-
ally with an increase in gamma radiation doses according 
to the dose/response curve (Fig. 1) that was drawn using 
Origin software and Table 1. The D10 value (the dose of 
gamma radiation that decreases 1 log10 of the viral load) 
was calculated as 5.34 kGy by the Reed and Muench 
method. While the sterility dose of gamma radiation for 
complete inactivation was calculated to be 29.4 kGy based 
on the log10 of unirradiated virus titration and D10 value 
(sterility dose = 5.5 × 5.34 = 29.4). To evaluate the optimal 
inactivation dose, poliovirus was cultured in 4 blind pas-
sages as a safety test (Table 2). The safety test results pre-
sented in Table  2 show positive suspicious CPE for 30 
kGy irradiated viral samples in passage 1, but not in pas-
sages 2 and 3. It can explain some indirect effects of gam-
ma irradiation that are caused by the radiolytic cleavage 
of water and created from the radiolytic cleavage of O2. 
So, the addition of 30-kGy irradiated materials at high 
concentration would lead to a CPE in the first passage. 
The absence of CPE at the third and fourth passages con-
firmed the lack of infectious particles [12, 13].

Finally, the optimal dose of gamma ray that can close 
the viral titration to zero was obtained 30 kGy according 
to dose/response curve for irradiated poliovirus and safe-
ty test results on cell culture (Table 1, 2; Fig. 1).

To evaluate the performance and immunity induction, 
radiated vaccine has been injected in 8 groups of murine 
model, including negative control, formulated irradiated-
vaccine with trehalose adjuvant, formulated irradiated-
vaccine with alum adjuvant (in 2 different doses of vac-
cine: 50 μL and 100 μL), IPV (in 3 different doses of vac-
cine: LD-50 μL, LD-100 μL, and HD-50 μL), and 
conventional OPV. The sera of vaccinated animals were 

Table 1. Titration of irradiated and unirradiated viral samples

Dose (kGy) 0 5 10 20 25

TCID50/mL 105.5 103.75 102.66 102.2 101.75

TCID50, tissue culture infectious dose.
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tested by the SNT method to evaluate the anti-poliovirus 
antibodies. It can immunize mice particularly with treha-
lose as a protein stabilizer and alum as an adjuvant (Fig. 3) 
as well as OPV. There was the significant increasing in the 
neutralizing antibody titration between all of the vacci-
nated groups and negative control group (A) (p < 0.05). 
Also, it shows the IPV by gamma irradiation, HD-50 μL 
(B* group), and LD-100 μL (D group) have the highest 
antibody titration; however, the E, F, and G groups 
showed high antibody titration and the same of each oth-
er (Fig. 2). So, the best amount of vaccine doses is 100 μL 
with a viral load of 3 × 103.7 TCID50/mL and trehalose as 
the same as alum that can induce anti-polio antibody.

The splenic lymphocyte was stimulated with 3 μL of 
irradiation-inactivated OPV (types 1 and 3, with TCID50 
equal 105.5/mL). According to Table 3 and Figure 3, the 
SI value in groups A and B has significant differences 
compared with other groups (p < 0.05). Also the splenic 
lymphocyte proliferation results were increased in groups 
B*, C, D, E, F, and G. However, the increasing SI value in 
the B* group (HD of irradiated vaccine-50 μL), F group 
(LD of irradiated vaccine plus Trehalose-100 μL), and G 
group (OPV-100 μL) was the most against other groups 
(Fig. 3). So, the best amount of vaccine dose is 100 μL with 
a viral load: 3 × 103.7 TCID50/mL, and trehalose as the 
same as that of OPV can induce splenic lymphocyte pro-
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Fig. 1. Dose/response curve for irradiated 
poliovirus ranged from 5 to 25 kGy. 
TCID50, tissue culture infectious dose.

Table 2. Safety test to determine the optimal inactivation dosing based on cytopathic symptoms

Irradiated  
virus sample

CPE

first passage second passage third passage fourth passage

30 kGy Positive suspicious Negative Negative Negative
30 kGy Negative Negative Negative Negative
35 kGy Negative Negative Negative Negative
35 kGy Negative Negative Negative Negative

CPE, cytopathic effect.
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liferation. As the results are shown in Figures 2 and 3, ir-
radiated vaccine with a viral load of 3 × 103.7 TCID50/mL 
plus trehalose (100 μL) and OPV could enhance immune 
responses with a significant difference against other 
groups (p < 0.05).

Discussion

Poliomyelitis is one of the most important health 
problems around the world associated with lifelong 
movement incapability and paralysis, especially among 
children and young adults. Regardless of good effective-
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Fig. 2. Comparison of the mean anti-polio 
antibody in vaccinated groups by SNT. 
Negative control (A), low dose of gamma-
irradiated vaccine-50 (B), high dose of 
gamma-irradiated vaccine-100 (B*), low 
dose of gamma-irradiated vaccine plus 
alum adjuvant-50 (C), low dose of gamma-
irradiated vaccine-100 (D), low dose of 
gamma-irradiated vaccine plus alum adju-
vant-100 (E), low dose of gamma-irradiat-
ed vaccine plus trehalose-100 (F), Sabin 
vaccine (OPV)-100 (G). SNT, serum neu-
tralization test; OPV, oral polio vaccine.
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cytes with MTT assay. Negative control 
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lose-100 (F), Sabin vaccine (OPV)-100 (G). 
SI, stimulation index; OPV, oral polio vac-
cine.
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ness of available IPV and OPV vaccines, there are still 
some problems such as safety and production cost for 
these vaccines. For the eradication of poliovirus and given 
the risk of vaccine-associated paralytic poliomyelitis and 
circulating vaccine-derived polioviruses, the use of OPV 
must be removed from all immunization activities [14]. 
On the other hand, based on the WHO worldwide polio-
virus eradication program, countries including the Mid-
dle East, which have participated in the OPV mass vac-
cination program, should switch to IPV. The WHO in-
troduced IPV in countries with OPV vaccination 
programs in 2013. However, the risk of the infections 
from OPVs will be more significant than the risk of wild-
type virus infection; and finally, oral vaccines will be com-
pletely replaced worldwide [15].

The aim of the current study was to develop a new in-
activation process to reduce the side effects of conven-
tional IPV. Inactivated vaccines are more stable and safer 
than live vaccines. Chemical inactivation methods such 
as formalin inactivation have some toxic residues in the 
vaccine products; also some viruses may escape during 
the chemical inactivation. The most common chemical 
substances that are used in vaccine production can dam-
age antigenic epitopes, leading to reduce immunogenic-
ity. According to positive effects of radiation on biological 
reagent sterilization and pathogens inactivation, its ap-
plication for safe vaccines production is increasing. Pro-
duction of some inactivated vaccines by gamma irradia-
tion such as FMD virus and HSV demonstrated that radi-
ated inactivated viruses retained virus and antigenic 
structure [16–19]. Gamma ray is an ionizing radiation 
which is emitted from the Cobalt-60 isotope and used for 
virus inactivation without any change in viral proteins. In 
general, the optimum dose of gamma irradiation for virus 
inactivation is mainly dependent on radiation conditions, 
particularly the temperature of radiation, size, and struc-

tural arrangement of viral DNA, the presence of oxygen 
during the irradiation process, water content, and postir-
radiation conditions [11].

Since the gamma radiation has a little effect on the an-
tigenic construction, its higher penetration, and the abil-
ity to be used in frozen condition that decreases free rad-
ical damage due to the water radiolysis, it is the perfect 
method for virus inactivation [20–22]. A sterility assur-
ance level (SAL) is derived mathematically, and it defines 
the viable viral load on the final product (vaccine) after 
sterilization. SAL is normally expressed as 10−6/mL for 
the injectable products. The sterilization dose is the min-
imum dose necessary to achieve the required SAL. The 
sterilization dose depends on (i) the first titration of via-
ble viral load, (ii) D10 value, and (iii) SAL required for the 
product [10, 11].

In this research, the optimum dose for complete inac-
tivation of OPV (strains 1 and 2) was obtained about 30 
kGy, and we have substituted the conventional IPV inac-
tivation by gamma radiation inactivation based on biva-
lent Sabin strains to provide the efficient immunity in a 
low-cost process and free of live vaccine-derived poliovi-
ruses. Additionally, we have used trehalose as a protein 
stabilizer to preserve whole virus particle and antigenic 
structure intact during irradiation so it would make more 
effective immune induction and immunity. Finally, we 
can recommend the gamma irradiation technique to pre-
pare the safe IPV without antigenic changes and with the 
ability of humeral and cellular immunity induction.
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